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Abstract

Biosensor-surface plasmon resonance (SPR) technology has emerged as a powerful label-free
approach for the study of nucleic acid interactions in real time. The method provides simultaneous
equilibrium and Kinetic characterization for biomolecular interactions with minimal materials and
without an external probe. A detailed and practical guide for protein-DNA interaction analyses
using biosensor-SPR methods is presented. Details of the SPR technology and basic fundamentals
are described with recommendations on the preparation of the SPR instrument, sensor chips and
samples, as well as extensive information on experimental design, quantitative and qualitative data
analyses and presentation. A specific example of the interaction of a transcription factor with
DNA is shown with results evaluated by both kinetic and steady-state SPR methods.
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1. Introduction

1.1 Surface Plasmon Resonance

During the past twenty years, commercial biosensors using surface plasmon resonance
(SPR) detection have been introduced to the scientific community and have emerged as a
major and powerful approach for characterizing biomolecular interactions with high quality
kinetic and thermodynamic information (1-4). From the initial development on protein-
protein interactions, the applications of SPR have been significantly extended to diverse
biomolecule complexes, including protein-nucleic acid, protein-small molecules, and nucleic
acid-small molecules (5-8). In the SPR method one component of an interaction is
immobilized on a sensor chip to create the biosensor interaction surface. The other
component(s) of the interaction is then injected over the sensor surface in a solution at the
desired ionic strength and pH. Upon complex formation on the sensor surface between these
species, the refractive index changes are converted into SPR responses. The real time
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responses allow the extent and rates of complex formation to be quantitatively determined.
The unique SPR detection mode has numerous advantages over conventional interaction
analyses, such as optical methods for systems involving strong interactions and/or low
fluorescence and absorbance. In addition, SPR generally requires only picomole to
nanomole quantities of material which is minimal compared to other techniques generally
used for evaluation of biomolecular interactions.

Despite the widespread and long-standing use of SPR in characterizing protein-ligand and
protein-protein interactions, evaluation of protein-DNA complexes with such instruments
has been less extensive. Protein-DNA interactions present specific challenges for SPR
characterization due to their generally high binding affinity and strong electrostatic nature.
These features give rise to several practical complications: i) mass transfer limits on
kinetics, where the rates of transfer of components from the injected solution to the
immobilized component is slower than the association reaction, ii) very slow dissociation
rates with potential rebinding during the dissociation phase, and iii) limited time for the
association reaction due to volume limitations in the injection syringe. These limitations
have restricted use of these instruments with protein-DNA complex. Several approaches
have been devised to mitigate these challenges, including the use of high flow rates, low
immobilization densities, and the addition of DNA in the flow solution (9-12).

To illustrate the utility of SPR in protein-DNA interactions, and methods to optimize
experimental conditions for overcoming the limitations for some challenging systems, the
interaction between the transcription factor PU.1 (Spi-1) with a specific DNA sequence will
be used as an example in this protocol. PU.1 is a member of the ETS-family of proteins
which comprise an evolutionarily conserved family of transcription factors (13). ETS-family
proteins regulate the expression of a functionally diverse array of genes throughout the
Metazoan kingdom (14-16). Aberrent expression of ETS-regulated genes are frequently
implicated in human and veterinary cancers (17-20). All ETS proteins share a structurally
conserved DNA binding domain (known as the ETS domain) that recognizes DNA
sequences containing a central 5’-GGAA/T-3’ consensus (21). Structurally, ETS/DNA
complexes are universally characterized by the insertion of an essential recognition helix in
the major groove at the core consensus, while the flanking bases are recognized via
backbone contacts (22). Since ETS factors share only limited interchangeability in vivo (23—
25), the mechanism by which they achieve biological specificity continues to be an active
area of inquiry. Factor-specific interactions with their target DNA represent major
specificity determinants, as evidenced by the strong correspondence of sequence preference
of ETS domains in vitro to genomic occupancy of native ETS proteins in vivo (21, 26). In
the case of PU.1, recent thermodynamic and kinetic studies of DNA sequence recognition
have shed light on the mechanism of DNA recognition (27-29), and established a molecular
paradigm against which other ETS proteins may be quantitatively compared. Sequence-
specific PU.1 ETS-DNA interactions, thus, represent an excellent model system for
evaluating protein-DNA complex formation by SPR in terms of both equilibrium and kinetic
signatures. The techniques described for ETS/DNA interactions should be highly
transferrable to the investigation of other sequence-specific protein/DNA and peptide/DNA
interactions.
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1.2 Basic principles for biosensor-SPR method

The results of a biosensor-SPR experiment are typically presented as a series of
sensorgrams, which shows the SPR response units (RU) as a function of time (Figure 1).
With a DNA sequence immobilized on the chip surface, first, initial buffer flow gives a
reference baseline. Second, a protein solution is injected and as the solution flows over the
surface, protein binding to DNA is monitored by SPR changes. With sufficient time a
steady-state plateau is established where association and dissociation of protein are
occurring at an equal rate. Third, buffer flow (without protein) is restarted and the
dissociation of the complex can be monitored as a function of time (Figure 1).

For a protein (P) binding to a DNA sequence and forming a single complex (C), the
interaction is given by:

ka,
P+DNA=C (1

kq
and the equilibrium binding affinity for this interaction is:

[C] ka1

*“IP[DNA] ke K, @
where [P] is the concentration of the protein at the sensor surface, [DNA] is the
concentration of the immobilized DNA which is not bound to protein, the free DNA
concentration, and [C] is the concentration of the complex; Kp is the equilibrium binding
constant, kj is the association rate constant and ky is the dissociation rate constant.

For association:
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and for dissociation:
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Both the association and dissociation phases of the sensorgram can be simultaneously fit to a
desired binding model with several sensorgrams at different protein concentrations using a
global fitting routine (30, 31). Global fitting allows the most robust determination of the
kinetic constants and the calculation of equilibrium constant, K, from the ratio of kinetic
constants (Equation 2). Steady-state binding results from SPR experiments, where the SPR
response reaches a plateau region, can be fitted with the following model:
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where n is the stoichiometry and is one for the single-site model, r represents the moles of
bound protein per mole of DNA and Cy is the free protein concentration in equilibrium
with the complex. When Cyee is very high, r equals n. RUgps is the observed (experimental)
response in the plateau region and RU, is the predicted maximum response for a
monomer protein binding to a DNA site (8). RUnax can be calculated and determined
experimentally at the RU for saturation of the DNA binding sites, or used in Equation 5 as a
fitting parameter such that Ka, r and RU,« are determined by fitting RUgps versus Ceree.
Dividing the observed steady-state response RUqps by RUnax at saturation yields the
binding stoichiometry.

If the complex dissociates slowly, the surface can be regenerated before the complete
dissociation occurs with a solution that causes rapid dissociation of the complex without
irreversible damage to the immobilized DNA (31, 32). For example, a solution at low or
high pH (pH < 2.5 or pH =10) can unfold DNA and cause the complex to completely
dissociate. Additional injections of buffer at pH near 7 allow the immobilized DNA to refold
for additional steps in the binding experiment. After the dissociation and regeneration phase,
a stable baseline is re-established. Then another sample containing a different concentration
of protein can be injected to generate another sensorgram. With a series of sensorgrams
generated with a broad range of concentrations, both the kinetics and equilibrium constant
can be determined as discussed above.

1.3 Critical factors for protein-DNA interaction evaluation by biosensor-SPR methods

1.3.1 Concentration range and binding affinity Kp—~For the determination of an
equilibrium constant by any method, the selected set of experimental concentrations must
provide both free and bound concentrations of reactants. In the biosensor-SPR method with
DNA bound to the surface, the protein concentrations should go from below to above the Kp
to determine the Kp so that a range of bound states of DNA is obtained. The initial
concentrations have little bound protein but as the concentration of protein injected is
increased, the fraction of DNA saturation approaches one. In this way the most accurate
equilibrium constant can be obtained. The sensorgrams will go from a very low RU and will
approach a saturation value at high protein concentration, relatively to Kp. If too low a set of
protein concentrations is used, all sensorgrams will be low and it will be hard to determine
the RUpax. I too high a set of concentrations is used, all sensorgrams will be near the
saturation limit and global fitting will not be useful. Some experimentation is needed in any
new protein-DNA binding system to get an approximate Kp so that an appropriate set of
protein concentration can be prepared.

1.3.2 Mass transport and rebinding in dissociation—For interactions on a sensor
surface, the reaction component in sample solution is injected over the flow cell surface and
must be transported from the bulk solution to the surface, which is called mass transport. In
the reaction of interest, a protein, such as PU.1, is transported to the immobilized DNA for
complex formation. This is a diffusion-controlled process, and the transport rate can directly
influence the binding kinetics if it is slower than the binding reaction. A key requirement in
accurate determination of kinetic constants by the SPR method is that the concentration of
free protein in the matrix quickly equilibrates with the flow solution. If the association
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reaction is much faster than mass transport, the observed binding will be limited by the mass
transport processes. Conversely, if transport is fast and association is slow, the observed
binding will represent the true interaction kinetics (33). Therefore, the mass transport rate is
a critical factor that must be considered in biosensor experimental design and in evaluating
kinetic constants from biosensor-SPR methods.

A similar factor that affects kinetics is the rebinding induced slow dissociation. After the
protein-DNA complex formation reaches the injection time limit, the running buffer flows
over the sensor surface to dissociate the bound protein from the immobilized DNA. For
proteins with very high binding affinities, they can frequently rebind DNA after they
dissociate from DNA but before leaving the matrix. When rebinding occurs the rate of
protein transport away from the surface is slow compared to the real dissociation rate at the
surface, which results in a very slow apparent dissociation. He et al. presented a theoretical
and experimental approach to deal with the mass transfer effect on strong binding of
proteins to DNA (9). They used the lac repressor-operator interaction as a test system and
compared their results with the previous SPR data that did not agree with filter binding
results (10, 11). They clearly showed that, with the target DNA immobilized and lac
repressor protein in the injection solution, strong mass transport effects and rebinding in
dissociation were observed at low flow rates and high density of DNA immobilization. As
the flow rate increased, the observed association rate constants were significantly increased
in agreement with elimination of mass transport effects. In the dissociation phase of the
sensorgram, the rebinding of the dissociated protein markedly restricted the determination of
the true dissociate rate. The authors designed a clever method to deal with the rebinding that
includes excess lac DNA in the flowing buffer for dissociation. By this method, the
dissociated lac repressor protein bound to the DNA sequence in the flowing buffer, instead
of the immobilized DNA on the surface, and consequently the rebinding was relieved and
the real dissociation rate was determined (9).

Overall, for kinetic measurements, it is generally recommended to use low surface densities
of the immobilized DNA and high protein flow rate (= 50 pL/min) to minimize the
limitations on binding rates by mass transport processes. In addition, the dissociation phase
can be set up for several hours or even longer with Biacore SPR which allows at least 50%
of bound protein to dissociate and a reliable kinetic fit can be performed, even with very
slow dissociation.

1.3.3 Limited time for the association due to volume limitations in the
injection syringe—The volume of the injection syringe of a biosensor SPR system is
limited, and thus the sample injection and association time is consequently limited. For
example, the Biacore T200 instrument has an injection volume of 350 pL (syringe size),
which obviously means that the association time can only be set to 7 min maximum with a
flow rate of 50 pL/min, or 3.5 min with a flow rate of 100 pL/min. These limited association
times are not sufficient for some interactions to reach the binding equilibrium necessary for
steady state analyses. Myszka et al. showed that this problem can be resolved by
immobilizing the target DNA sequence and placing the protein at different concentrations in
the running buffer (9). Then, protein samples are able to be injected for hours and the
kinetics can be determined with limited effects from mass transfer and rebinding. This
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method also allows the steady-state plateau to be reached and the K to be determined
directly (Equation 5) without any possible mass transfer issues.

In our biosensor-SPR evaluation of the interaction of PU.1 ETS domain with DNA, both
mass transfer and rebinding are carefully evaluated and minimized in the experimental
protocol which is described in detail below. The incorporation of optimally designed flow
cells in current instrumentation and optimized experimental protocols and sensor chips have
qualified biosensor-SPR as an excellent method for quantitative analysis of protein-DNA
interactions, especially for strong binding systems. Here, we show that careful use of ionic
conditions allows useful data collection over a broad range of conditions without limiting
mass transfer or rebinding problems.

2 Materials

2.1 Instrument Cleaning

These materials are for the Biacore T200 research instrument but similar materials are
required for other instruments.

1. Maintenance chip with a glass flow cell surface for cleaning without damage to
experimental sensor chips.

0.5% (wi/v) sodium dodecyl sulphate (SDS, Biacore Desorb solution 1).
50 mM glycine pH 9.5 (Biacore Desorb solution 2). (see Note 1)

1% (v/v) acetic acid solution

0.2 M sodium bicarbonate solution.

6 M guanidine HCI solution.

N o g M~ WD

10 mM HClI solution. (see Note 2)

2.2 Sensor Chip Preparation Solutions for DNA Immobilization

1. A CM4 or CM5 sensor chip that has been at room temperature for at least 30 min
prior to use (all sensor chips are available from GE Healthcare Inc.). (see Note 3)

IMaintenance chips are available from GE Healthcare Inc. “Desorb” is a Biacore software command that instructs the instrument to
remove adsorbed proteins from the flow system. A detailed list of commands and operations are shown in Table 1. Make sure that the
analysis and sample compartment temperatures are not below 20 °C, since SDS in Desorb solution 1 may precipitate at low
temperature. For biological samples such as protein, the Sanitize method should also be used after Desorb to insure that there is no
Brotein left for microorganisms to grow in the liquid injection and flow system.

After running the regular Desorb, if the baseline is still not stable with £1.0 RU/min, an additional super clean method may be used.
First, run Desorb using 1% (v/v) acetic acid in place of desorb solutions 1 and 2 with deionized water at 50 °C as running buffer,
followed by one Prime to wash out the residual acetic acid. Then, run Desorb using 0.2 M sodium bicarbonate followed by one Prime
to wash out the sodium bicarbonate residuals. Last, run Desorb using 6 M guanidine HCI in place of SDS (solution 1) and 10 mM HCI
for glycine (solution 2). Prime the instrument a few times to thoroughly clean all residuals and flow buffer to stabilize the instrument.

The choice of sensor chip depends on the nature and demands on the application. For general purposes, a Biacore CM5 sensor chip,
which carries a matrix of carboxymethylated (CM) dextran covalently attached to the gold surface, can be used. It has a high surface
capacity for immobilizing a wide range of ligands from protein to nucleic acids and carbohydrates. For protein-DNA interaction
investigation, the Biacore CM4 sensor chip is another good choice because it is similar to sensor chip CM5 but has a lower degree of
carboxymethylation (~ 30% of that of CM5 chip) and charge that helps to reduce non-specific binding of the highly positively charged
molecules, such as protein, to the surface. Sensor chip SA has a surface carrying a dextran matrix to which streptavidin has been
covalently attached. Streptavidin has a very high binding affinity with biotin (Kp ~ 10~15 M), so that the surface provides a high
capture of biotinylated ligands. The SA chip is particularly suited to work with nucleic acids since the 5’ or 3’ terminal biotinylation
of nucleic acid is a well-established procedure.
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NHS: 100 mM N-hydroxysuccinimide freshly prepared in water.

EDC: 400 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
freshly prepared in water.

Immobilization buffer; 10 mM sodium acetate buffer pH 4.5.
200 pg/ml streptavidin solution in immobilization buffer.
1 M ethanolamine hydrochloride in water pH 8.5.

Running buffer (HBS-EP): 10 mM HEPES pH7.4, 150 mM NaCl, 3 mM EDTA,
0.05% (v/v) surfactant P20.

2.3 DNA Immobilization Solutions for a SA chip

1.

2.4 Flow Solutions:
1.

A streptavidin—coated sensor chip (SA chip or prepared as outlined above) that has
been at room temperature for at least 30 min.

Running buffer (HBS-EP): 10 mM HEPES pH7.4, 150 mM NaCl, 3 mM EDTA,
0.05% (v/v) surfactant P20. (as in Section 2.2).

Activation buffer: 1 M NaCl in 50 mM NaOH.
Biotin-labeled nucleic acid solution (20 nM of 5’-biotinylated single strand or

hairpin DNA dissolved in HBS-EP buffer.

General Buffers

HBS-EP (see Note 4): 10 mM HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.05%
(v/v) surfactant P20.

10 mM Tris pH 7.4, 100 mM NaCl, 1 mM EDTA, 0.05% (v/v) surfactant P20.

25 mM NayHPO4 pH 7.4, 400 mM NaCl, 1 mM EDTA, 0.05% (v/v) surfactant
P20.

2.5 Regeneration Solution

1.

Generally used regeneration solutions are listed in Table 2. In general, milder
conditions are initially used, and more harsh conditions are applied as needed.
Some other regeneration solutions for special samples are available from the
Biacore website. In our studies, 1 M NaCl solution is typically used as a gentle but
efficient regeneration solution to remove protein from the DNA immobilized
sensor chip surface. (see Note 5)

4The selection of experimental buffer depends on the nature of the target protein and DNA sequence. Salt concentration can be
adjusted based on the experimental requirement. With the increasing of salt concentration, the binding affinity for protein-DNA
interaction typically decreases for positively charged protein.

Regeneration conditions must be harsh enough to break the complex and remove the bound reagent but mild enough to keep the
DNA strand intact. It is highly recommended to start with the mildest conditions and short surface contact times since regeneration
solutions can cause an undesired effect on DNA or immobilized matrix.
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3.1 Sensor Chip Preparation for DNA Immobilization

1.

Dock the CM4 or CM5 chip, then Prime with running buffer (HBS-EP). Start a
sensorgram in all flow cells with a flow rate of 5 uL/ min until baseline is stable
(drifting < 1 response unit (RU) / min). “Dock” and “Prime” are Biacore control
software commands that instruct the instrument to carry out specific operations.
The commands and corresponding functions are listed in Table 1.

Mix 100 pL of NHS and 100 pL of EDC into one vial.

Inject the mixture of NHS/EDC for 10 min (50 L) to activate the carboxymethyl
surface to reactive esters.

Use Manual Inject to inject streptavidin solution over all flow cells with a flow rate
of 5 uL/min for 20 min (100 pL). Track the RU immobilized, which is available in
real time readout, and stop the injection after the desired level is reached (typically
2500 ~ 3000 RU for CM5 chip and 1000 ~ 1500 RU for CM4 chip).

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

Prime several times to ensure surface stability.

Then the sensor chip is ready for DNA immobilization as described under Section
3.2. (see Note 6)

3.2 DNA Immobilization on a SA chip

1.

Dock a streptavidin—-coated chip (SA chip) and start a sensorgram with a 25 pL/min
flow rate.

Inject activation buffer for 1 min (25 pL) five to seven times to remove any
unbound streptavidin from the sensor chip.

Prime several times to ensure surface stability.
Allow buffer to flow at least 5 min before immobilizing the nucleic acids.

Start a new sensorgram with a flow rate of 1 pL/min by choosing only one flow cell
under “flow path” (e.g., flow cell 2 (FC2)) on which to immobilize the nucleic acid.
Note 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 is left blank for subtraction,
and different nucleic acids are immobilized on the remaining three flow cells
(FC2-4).

Wait for the baseline to stabilize which usually takes a few minutes. Use Manual
Inject, load the injection loop with ~100 uL of a 20 nM nucleic acid solution and
inject over the current flow cell.

6The same procedure can be applied to immobilize other protein or DNA that is labeled with a terminal amino group. Other molecules
with a free amino group can also be captured by this method.
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The amount of DNA to immobilize on the sensor chip depends on the relative
molecular weights of the target DNA and protein and on the sensitivity of the
biosensor system. Since the SPR response is directly proportional to the mass
concentration of material at the surface, the theoretical protein binding capacity for
a 1:1 interaction of a given surface is related to the amount of DNA immobilized
(12):

MWof protein

MWOIDNA ximmobilizedDNAlevel(RU) (6)

For example, the molecular weight of DNA in Figure 2 is 16962 Daltons and the
molecular weight of the PU.1 ETS domain is 12000 Daltons, immobilizing 100 RU
of DNA will give a theoretical PU.1 binding capacity of 70 RU assuming that the
PU.1is 100% bound in a 1:1 complex. (see Note 7)

Track the RU immobilized and stop the injection after the desired level is reached
(typically ~ 300 RU for hairpin nucleic acid in ~20-30 bases in length, and ~100
RU for hairpin nucleic acid containing ~ 50-60 bases for kinetic experiments to
minimize the mass transport effects).

At the end of the injection and after the baseline has stabilized, use the instrument’s
crosshair to determine the RUs of nucleic acid immobilized. The amount of nucleic
acid immobilized is required to determine the theoretical moles of protein binding
sites for the current flow cell.

Repeat steps 5 to 9 for other flow cells (e.g., FC3 and FC4).

Stop the sensorgram and change the immobilization buffer for the experimental
buffer and Prime the system four times.

Before the first experiment, leave the sensorgram running overnight at 10 yL/min
in order to stabilize the baseline of the newly prepared sensor chip.

3.3 Sample preparation

1.

The sample solution must be prepared in the same buffer used to establish the
baseline (the running buffer). If the protein requires the presence of a reducing
agent, such as DTT (dithiothreitol) or TCEP (Tris(2-carboxyethyl)phosphine), to
prevent oxidation of free cysteines, or nonspecific DNA (NS DNA) to reduce the
nonspecific interaction with immobilized DNA, the same amount of agent or NS
DNA must be added to the running buffer to minimize the refractive index
difference.

The sample concentration depends on the magnitude of the binding constant (Ka).
With a single binding site, for example, concentrations at least 10 times above and
below 1/ K should be used (i.e., a 100 fold difference between the lowest and

TThe Biacore T200 is good for experiments with less than 10 RU, while the Biacore 3000 and X100 have around 1/10th sensitivity of
Biacore T200. Another way to calculate the amount of DNA immobilized is by using a standard ligand with known binding
stoichiometry and binding affinity such as DNA minor groove binder netropsin to titrate the amount of DNA on the surface (31). This
is especially useful as sensor chips are used numerous times and begin to lose immobilized DNA.
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highest concentrations). A larger concentration range above and below 1/ K will
yield a more complete binding curve. For binding constants of 10’-10° M1, as
observed with many nucleic acid/protein complexes, protein concentrations from
0.01 nM to 10 uM in the flow solution allow accurate determination of binding
constants (see Section 1.3.1). Injecting samples from low to high concentration is
useful for eliminating artifacts in the data from adsorption or carry over (see Note
8).

Possible problems at high sample concentrations: poor sensorgrams and
nonspecific binding may be obtained. For proteins that self-associate, it is
important to maintain concentrations well below levels at which oligomerization
occurs. For example, the PU.1 ETS domain is known to dimerize at above 10 pM
and above 1 uM in the DNA bound-state (29). Therefore, the sample concentrations
of PU.1 in this protocol are maintained well below this level (< 0.4 uM) to ensure
that the protein presents as a monomer in both free and bound states.

Regeneration is the process of removing bound analyte from the sensor chip
surface after analysis of a sample, in preparation for the next analysis cycle.

Regeneration conditions should remove the bound analyte completely from the
surface without destroying the immobilized reagent. Generally used regeneration
solutions are listed in Table 2. In general, milder conditions are initially used, and
more harsh conditions are applied as needed. Some other regeneration solutions for
special samples are available from the Biacore website. In our studies, 1 M NaCl
solution is typically used as a gentle but efficient regeneration solution to remove
protein from the DNA immobilized sensor chip surface. (see Note 5)

Injections of 30 ~ 60 sec of regeneration solution are usually sufficient. Longer
exposure to regeneration conditions involves greater risks of lose of binding
activity on the surface, and often does not improve regeneration.

After injection of regeneration solution, three 1-min injections of running buffer are
recommended to reduce the remaining regeneration solution.

At the end of each cycle, 5 min running with buffer flowing is also set to ensure
that the chip surface is re—equilibrated for binding (i.e., the dextran matrix is re-
equilibrated with running buffer) and the baseline has stabilized before the next
sample injection.

3.5 Data Collection and Processing

The Biacore control software allows users to write a method or to use a method wizard to set
up experiments. Several key factors, such as flow rate, flow path, association and
dissociation time, injection order, surface regeneration and post-regeneration re-

8To estimate an unknown Ka., it is necessary to conduct a preliminary experiment with several samples in concentrations spreading
over a broad range. Then a more focused set of concentrations covering the binding range is run to determine the Ka accurately.
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equilibration, must be considered in setting up experiments. An example of the method used
to collect PU.1 binding data on DNA surface is shown below.

1.

A Biacore T200 instrument (GE Healthcare Inc.) is used as an example in this
protocol. This is one of the most sensitive biosensor-SPR instruments but other
instruments are excellent and the application will determine what sensitivity is
needed. Binding small molecules to a protein or DNA requires high sensitivity
while the interaction of two proteins, a protein with DNA or other macromolecule
complexes, requires less sensitivity.

Streptavidin is immobilized on a CM4 sensor chip as described in Section 3.1, and
then three biotin-labeled hairpin DNAs are immobilized in different flow cells as
described in Section 3.2. The biotin-labeled target DNA sequence discussed in this
example is shown in Figure 2. This DNA is based on the AB motif of the 1g2-4
enhancer (34), 5’-AAAGGAAGTG-3’, a native high-affinity cognate site for PU.1
(35, 36).

1 M NaCl is used as regeneration solution.

The ETS domain of murine PU.1 (residues 167—-262 from the murine sequence) is
overexpressed in Escherichia coli and purified as previously described (28).

NayHPO,4 buffer (25 mM NayHPO,4, 1 mM EDTA and 0.05% (v/v) surfactant P20,
pH 7.4) with different concentrations of NaCl have been used as experimental and
running buffer in search of the optimum ionic conditions. An example of mass
transport effects on PU.1-DNA interaction with 300 mM NacCl is shown in Figure
3. It is clear to see that the shapes of sensorgram and apparent Kinetics are strongly
dependent on flow rates (see Section 1.3.2). Sensorgrams with the same samples at
other flow rates, such as 75 and 100 uL/min, have also been run with 300 mM and
400 mM NacCl and they are very alike (data not shown) which suggests that by
increasing the flow rate the mass transport effects could be minimized and finally
removed. Therefore, a high flow rate (100 pL/min) is employed in this protocol and
NayHPO,4 buffer containing 400 mM NaCl, with and without 300 pM/base pair of
salmon sperm DNA as non-specific DNA, is used as the experimental buffer. (see
Note 9)

A series of concentrations (concentration range is from 1 nM to 400 nM) of PU.1 is
prepared with the experimental buffer to cover the concentration range around the
Kp at any salt concentration. (see Section 1.3.1)

The flow rate is set to 100 pL/min to minimize mass transport effects.

Several buffer samples are injected at the start of each experiment as a baseline
stabilization step. At the beginning of each sample injection cycle, experimental

9As mentioned above (Note 4), the salt concentration in buffer can be adjusted for experimental requirements. Here, the strong
binding of PU.1 with its native high-affinity DNA needs at least 400 mM NaCl to be evaluated by SPR without mass transport effects.
By conducting the experiments at different salt concentrations, a linear log Kp vs. log [Na+] plot is obtained that can be extrapolated
to less salt concentrations (27).
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buffer flows over the sensor chip surface for 5 minutes to give a very stable
baseline that is essential for accurate binding analysis.

Inject 250 pL of each concentration of PU.1 solution and set 600 seconds as the
dissociation time (see Note 10). Protein samples are injected from low to high
concentration to eliminate artifacts in the data from adsorption carry-over on the
instrument flow system.

Inject 1 min regeneration solution (1 M NaCl) in the end of the dissociation phase,
followed by three 1-min experimental buffer flow to provide a stable baseline for
the next sample cycle.

After the data are collected, open the experimental sensorgrams in the Biacore
evaluation software for data processing (see Note 11). Zero the baselines on the
response (y-) and the time (x-) axes by choosing a small region of a few seconds
for averaging prior to sample injection on both the sample and control flow cells.

Subtract the response of the reference flow cell (FC1) from the reaction flow cell
(i.e. FC2-1, FC3-1, and FC4-1). This can remove the effects from any bulk shift
contribution on the changes of RUs.

Subtract a buffer injection, or an average of several buffer injections from a series
of ligand injections at different concentrations on the same reaction flow cell. The
reference correction and the buffer correction are known as double subtraction and
can eliminate specific baseline irregularities (8, 37). At this stage, the data are
ready for analysis as discussed below.

After the sensorgrams are processed as described above, kinetic and/or steady state
analysis is performed. Both kinetic and steady state fitting can be done in Biacore
evaluation software or with the Scrubber-2 package written by Myszka and
collaborators (http://www.biologic.com.au). As can be seen in Figures 4A-B, PU.1
binding reaches a steady state plateau in the injection period so that both kinetic
and steady state analysis can be used. In this case the binding rate is not limited by
mass transfer and the association and dissociation rate constants can be determined.
The average of the data over a selected time period in the steady state region of
each sensorgram can be obtained, converted to r (r = RUgps/RUmax, Equation 5)
and plotted as a function of protein concentration in the flow solution, as shown in
Figures 4C-D. (see Note 12)

104 sufficient association phase with a plateau region is needed for steady state analysis. For the most accurate fitting of the
dissociation phase it is highly recommended to allow sufficient time for the protein to dissociate at least 50% from the complex.
Other software programs such as Scrubber 2 and CLAMP are available for processing Biacore data. The results can also be
exported and presented in graphing software such as KaleidaGraph. For the Biacore T200 user, data processing can be automatically
performed with the Biacore T200 evaluation software, which is sufficient for most routine analyses and much more convenient for

new users.

In some instances at low concentrations where the response does not reach the steady state, the equilibrium responses can be
obtained from kinetic fits of the sensorgrams using the known RUmax from the higher concentration sensorgrams. This extrapolation
method works well with sensorgrams where the observed response is at least 50% of the equilibrium RU.
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2. Equilibrium constants can be obtained by fitting the sensorgrams to the equivalent
site model in Equation 5.

3. The RU on the surface is directly indicating the amount of PU.1 bound. Based on
the RU at saturation we can determine that PU.1 forms a 1:1 complex with target
DNA as expected.

4. A global kinetic fit in a 1:1 model with mass transport is applied for the
sensorgrams in Figures 4A-B to determine the binding kinetics and affinity, and
the results are listed in Table 3. With 400 mM NaCl, PU.1-DNA interaction has a
very fast association [ky= (3.1 £ 0.1) x 10’ M~1 s71] and an overall binding affinity
of 7.0 nM. In the presence of non-specific DNA, the dissociation of PU.1 is barely
affected, while the association rate is decreased around 10-fold resulting in a 10-
time weaker binding affinity (Kp= 73 £ 1 nM) compared to PU.1 binding without
non-specific DNA. The steady state plateau is obtained for every injection in
Figures 4A-B, which allows the steady state fits to be performed (Figures 4C-D).
The binding affinity values are in excellent agreement to the results determined by
kinetic rate constants (Kp= Ky / ks, Table 3). This suggests that the mass transfer
effect is not significant and does not dominate the kinetics evaluation in these
experiments. (see Note 13 and Note 14)

5. Comments on more complex binding models can be input through Biacore or other
evaluation software.
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Figure 1.
Representative SPR sensorgrams with three major stages: (1) initial buffer flow for a stable

reference baseline; (2) ligand association phase with sample injections over the sensor chip
surface; (3) ligand dissociation phase with buffer flow over the surface.
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5'-biotin-CCAAATAAAAGGAAGTGAAACCAAG T

GGTTTATTTTCCTTCACTTTGGTTC C
T

Figure 2.
5’-biotin-labeled target hairpin DNA sequence for PU.1.
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Figure 3.
Sensorgrams of PU.1 binding with target DNA sequence with 300 mM NacCl at flow rate of

(A) 10 uL/min and (B) 50 pL/min. The PU.1 concentrations from bottom to top are 1, 2, 3, 5
and 10 nM in both plots.
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Figure 4.

Sensorgrams (color) and global kinetic fitting (black overlays) in a 1:1 binding model for
PU.1 binding to the target DNA sequence with (A) 400 mM NaCl and (B) 400 mM NaCl in
the presence of 300 uM salmon sperm DNA as non-specific DNA. The PU.1 concentrations
from bottom to top are (A) 2, 4, 8, 15, 25, 50, 75 and 100 nM, and (B) 10, 25, 50, 100, 200
and 400 nM. (C) and (D) Steady state fitting of the sensorgrams in Figures 4A and 4B,
respectively. RU values from the steady state region were converted to r (r = RUgps/RUmax)
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and are plotted as a function of unbound protein concentration with equilibrium in the
complex.
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Table 1
Biacore instrument commands”.
Biacore Control
Software commands Function

Desorb Removes adsorbed materials from the flow system

Sanitize Removes disinfects from the flow system
Prime Strongly flushes the flow system with running buffer
Dock Docks the sensor chip into the instrument

Undock Undocks the sensor chip from the instrument

*
These commands are for Biacore instruments, but other commands with the same functions might be used with other instruments.
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Table 2
Regeneration solutions.
Interaction Acidic Basic Hydrophobic lonic
Strength
pH>25 pH<9 pH<9
10 mM Glycine/HCI | 10 mM HEPES/NaOH 50% ethylene glycol 1 M NaCl
Weak
HCI
formic acid
pH 2-2.5 pH 9-10 pH 9-10
10 mM Glycine/HCI | 10 mM Glycine/NaOH 50% ethylene glycol 2 M MgCl,
Intermediate formic acid
HCI NaOH
H4PO,
pH<2 pH>10 pH>10
10 mM Glycine/HCI NaOH 25-50% ethylene glycol 4 M MgCl,

Strong

HCI

formic acid

H3PO,

6 M guanidine-chloride
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Binding affinities and kinetics for PU.1 with and without non-specific (NS) DNA at 400 mM NaClI".

Table 3

Ka Kg Kp (nM)
(x10°M7 s G Kinetic fit | Steady-state fit
No NS DNA 31+1 0.22+0.01 7.0+£0.2 6.8+£0.3
300 uM NS DNA 24+0.1 0.18+ 0.01 73+ 1 63 +2

Errors listed in this table are standard errors for the fit of 1:1 binding model.
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