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[Abstract] The mechanisms of virulence and immunity are often governed by molecular interactions
between pathogens and host proteins. The study of these interactions has major implications on
understanding virulence activities, and how the host immune system recognizes the presence of
pathogens to initiate an immune response. Frequently, the association between pathogen molecules
and host proteins are assessed using qualitative techniques. As small differences in binding affinity can
have a major biological effect, in vitro techniques that can quantitatively compare the binding between
different proteins are required. However, these techniques can be manually intensive and often require
large amounts of purified proteins. Here we present a simplified Surface Plasmon Resonance (SPR)
protocol that allows a reproducible side-by-side quantitative comparison of the binding between different
proteins, even in cases where the binding affinity cannot be confidently calculated. We used this method
to assess the binding of virulence proteins (termed effectors) from the blast fungus Magnaporthe oryzae,
to a domain of a host immune receptor. This approach represents a rapid and quantitative way to study
how pathogen molecules bind to host proteins, requires only limited quantities of proteins, and is highly
reproducible. Although this method requires the use of an SPR instrument, these can often be accessed
through shared scientific services at many institutions. Thus, this technique can be implemented in any
study that aims to understand host-pathogen interactions, irrespective of the expertise of the investigator.
Keywords: Surface Plasmon Resonance, Protein-Protein interactions, Pathogens, Effectors, NLR,

Binding, Affinity, Kinetics

[Background] As part of their colonization process, pathogens can deploy an array of molecules,
termed effectors, inside the host cell (Win et al., 2012). Frequently, these effectors bind to host targets
to modify them, and/or re-direct their activities, which ultimately allows pathogens to overcome host
immune defenses and subvert host cell pathways in their favor (Dodds and Rathjen, 2010). On the other
hand, plants and animals have evolved a set of diverse intracellular immune receptors (NLRs) that
detect the presence of pathogen effectors (Jones et al., 2016). This can be by direct binding (Kourelis
and van der Hoorn, 2018). This recognition event triggers host immune signaling and restricts pathogen
growth. Therefore, understanding the association between effectors and their host targets, as well as
between effectors and immune receptors, have major implications in the study of host-pathogen
interactions.

The biology of pathogen effectors and their mechanisms of action can be investigated by a

combination of methods including cell biology, molecular biology and biophysics (Varden et al., 2017).
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The biochemical study of the interactions between effectors and their targets often employs qualitative
techniques such as Yeast-Two-Hybrid (Y2H) (Mukhtar et al., 2011; WeRling et al., 2014) and co-
immunoprecipitation (co-IP) (Fujisaki et al., 2015; Dagdas et al., 2016). However, small differences in
binding between effectors and host proteins can have major impacts in function (De la Concepcion
et al., 2018). Therefore, techniques that can quantitatively determine the binding between an effector
and a given host protein are increasingly being required.

Isothermal Titration Calorimetry (ITC) has been commonly used as the gold standard to measure
interactions between pathogen effectors and host virulence targets (Dagdas et al., 2016; Magbool et al.,
2016). This technique has also been used to investigate the binding between effectors and immune
receptors, and how this is translated into immune recognition (Zhang et al., 2017). However, in many
cases, multiple allelic variants of both effectors and host proteins are involved in the virulence/immunity
process (Zess et al., 2019), increasing the number of combinations to test and the labor-intensity of this
approach. This, together with the requirement of relatively large amounts of purified proteins, can make
the study of interactions by ITC impractical in some cases.

Surface Plasmon Resonance (SPR) has several advantages over ITC. First, the microfluidic nature
of the technique allows the use of very small volumes of proteins at often nanomolar concentration,
reducing the amount of purified protein required for the experiments compared with ITC. Also, as SPR
is a high-throughput and automatable technique, multiple interactions and their respective controls can
be tested at the same time under the same conditions, increasing the robustness and reproducibility of
the data.

We have successfully used SPR to understand how direct binding of a domain from the rice NLR
immune receptor Pik to an effector from the rice blast fungus (Magnaporthe oryzae), leads to immune
recognition (Magbool et al., 2015; De la Concepcion et al., 2018 and 2019). The rice blast effector AVR-
PikD is recognized by the rice NLR Pikp via direct binding to the integrated Heavy Metal Associated
(HMA) domain of the plant receptor (Magbool et al., 2015; De la Concepcion et al., 2018). However,
polymorphic variants of AVR-Pik that escape immune recognition are present in nature (Kanzaki et al.,
2012; Bialas et al., 2018). Although these natural variants can also bind to the integrated HMA domain,
they do so with lower affinity, resulting in lack of immune response (De la Concepcion et al., 2018 and
2019).

Although SPR can be used to calculate binding affinities and kinetics, this was not possible for some
Pik-HMA/AVR-Pik combinations due to weak binding (De la Concepcion et al., 2018 and 2019). However,
the SPR protocol presented here ranks the binding of different AVR-Pik variants to different alleles and
mutants of the integrated HMA domain of the Pik receptor in the absence of precise quantification of
binding affinities (expressed as equilibrium dissociation or Kp values), allowing us to overcome these
issues with respect to biological function (De la Concepcion et al., 2018 and 2019). Therefore, this
method presents a quick way to screen and quantitatively rank interactions, which will be informative to
understanding the biological implications of the interactions.

Although the protocol presented here has been optimized for the interaction between two proteins

where one partner is immobilized on a Nitrilotriacetic Acid (NTA) chip through a hexa-histidine tag, it is
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equally applicable if any other form of capture is used. For example, effector-DNA interactions can be

easily tested by immobilizing biotinylated DNA to a streptavidin (SA) chip (Stevenson et al., 2013).

Materials and Reagents

1. MF-Millipore™ Membrane Filter, 0.22 um pore size (Merck, catalog number: GSWP04700)

2. Proteins of interest

The proteins to be tested must be purified and concentrated prior dilution into the running buffer.

One of the proteins whose interaction wants to be tested must contain a histidine tag while the

other requires no tag.

Notes:

a. Protein concentrations must be adjusted in every case: In this protocol we provide a
particular example to which working protein concentrations have been optimized. As starting
point, we recommend using two different protein concentrations (e.g., 50 nM and 500 nM).
A range of dilutions could be tested in subsequent experiments.

b. Consider which protein is to be tagged: Consider which protein will be immobilized on to
the chip surface (ligand), and which one will be flowed over (analyte). Many factors can
affect the choice for immobilization like purity, amount available, stoichiometry and
theoretical response. Ideally both proteins could be produced tagged and untagged and
both orientations tested. Whether the hexa-histidine tag is placed in the N-terminus or C-
terminus of the protein should be also considered (e.qg., if the proteins are predicted to bind
near to the C-terminus, proteins should be attached to the chip in the N-terminus). It is also
crucial that the untagged protein does not bind directly to the chip.

HEPES (Melford, catalog number: H75030-1000.0)

NaCl (Merck, catalog number: 1064041000)

Tween® 20 (Merck, catalog number: P9416-100ML)

NiCl2-6H20 (Merck, catalog number: 203866-5G)

EDTA (VWR Chemicals, catalog number: 20302.260)

NaOH (Merck, catalog number: 221465)

9. Running buffer (see Recipes)

10. 0.5 mM NiCl2 (see Recipes)

11. Regeneration solution (see Recipes)

© N o g kW

Equipment

1. Biacore™ T200 SPR instrument (GE Healthcare, catalog number: 28975001)
Note: This method can be used with different instruments: Although the method presented
here has been implemented using a Biacore™ T200 SPR instrument, it could be adapted to run

with any SPR instrument.
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2. Biacore™ Sensor Chip Series S NTA (GE Healthcare, catalog number: 28994951)
Note: Different brands of NTA chips can be used: We use GE Healthcare NTA chips.
However, this method can use any compatible NTA chip.

3. Direct Detect® Infrared Spectrometer (Merck, catalog number: DDHW00010-WW)
Note: Different methods to measure the concentration of the proteins can be used: As
some of the proteins we used in the example do not contain aromatic residues, we used a Direct
Detect® Infrared Spectrometer to determine concentrations. However, other standard methods
such as Bradford or absorbance at 280 nm can be used. Also, the concentration of the His-
tagged proteins does not necessarily have to be known as their concentrations can be assessed

by the response on binding to the chip.

Software

1. Biacore™ T200 evaluation software (GE Healthcare)
2. R studio (R Core Development Team, 2018) with ggplot2 package (Wickham, 2016)

Procedure

For all experiments, dock an NTA chip into the SPR instrument and prime it with running buffer. Prior to
docking, the NTA chip needs to equilibrate at room temperature for 10-30 min to prevent condensation.
Once docked there are four flow cells available with a Biacore T200. In this experiment, use two of these
flow cells, with flow cell 1 as the reference (FCref) without immobilize-d ligand and flow cell 2 as the test
cell (FCtest). For all experiments, load the tubes with the appropriate amount of solution and placed in
the rack as detailed in the Biacore™ T200 Control Software.

Note: Leave the reference cell blank: In this protocol, the reference flow cell is blank and the analyte
injected over both cells, this will reveal any non-specific binding of the analyte to the chip and will be
subsequently subtracted from the final result. Ideally very little or no binding of the analyte to the chip

surface should occur.

A. Preparation of the ligand protein
The method uses a hexa-histidine tagged protein (Magnaporthe oryzae AVR-Pik, C-terminally
tagged in our example), which is captured to the surface on a standard NTA chip (Figure 1). We
purified the proteins as described in Magbool et al. (2015) and De la Concepcion et al. (2018 and
2019).
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Figure 1. Cartoon representation and example result of the four steps of the binding

experiment. (1) Activation of the NTA chip with nickel. (2) Binding of the his-tagged protein ligand

to the chip. (3) Binding of the protein analyte. (4) Regeneration of the chip with EDTA to remove

everything bound to start the cycle again. Steps 1 and 2 are only carried out on Flow cell 2 whereas

steps 3 and 4 are carried out over both flow cells. The sensorgram shown represent a typical trace

of the subtracted FC2-1 sensorgram.

Preparation of stock dilution of His-tagged (ligand) protein

The concentration of the protein that will be immobilized on the chip is measured and diluted in
buffer (20 mM HEPES, 150 mM NacCl, pH 7.5) to obtain 2 ml of stock solution at 2 uM.

Note: The stock solution can vary depending on the experiment: The amount of stock
solution we prepare in our example is larger than needed. This is because the proteins used in
this example can be produce in large amounts, are stable, and can be kept on ice for a few days.
If the protein to be tested is not produced in enough quantities and/or is not stable, we
recommend preparing a fresh stock solution with a lower volume each time before running.
Preparation of working solution of ligand protein

From the stock solution, we take 25 pl and dilute it with 975 pl of running buffer to obtain a
50 nM dilution. The volume of the ligand solution will vary depending on the number of cycles

that are set up, and will be indicated by the Biacore™ T200 SPR control software.

B. Manual run to estimate the amount of protein immobilized onto the chip

Once the proteins that will serve as ligand are prepared, test the binding to the chip by performing

a manual run. In our experiments, we aimed to use a final capture level of ligand of 250 + 50

Response Units (RU) for each ligand to be tested.
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Note: Ligand RUs value: In this experiment, we aim for a ligand immobilization level of ~250 RU
as the value that gives a response sufficiently large enough to be measured even for weak binders.
This value was selected by using the Rmax calculation in the data analysis section and this theoretical
response obtained is related to the molecular weight of the two proteins and the amount of the His-
tagged protein immobilized on the chip. Therefore, we first recommend determining the optimal level
of immobilization for each ligand. If the level of binding of the ligand differs too much from the desired
RU, it can be corrected by reducing or increasing the concentration of ligand in the working solution.
If multiple His-tagged protein are to be tested, the concentration to use to capture on the chip will

need to be optimized for each protein.

1. Select flow cells
Carry out the experiments using flow cells 1 and 2. The ligand is captured in flow cell 2 and the
analyte is injected over both flow cells. The final result (sensorgram) is a subtraction of the
response from flow cell 2 min cell 1 (FC2-1).

2. Activation of the chip
Inject 30 pl of 0.5 mM NiClz with a flow rate of 30 pl/min to activate the chip. This step only
applies to flow cell 2.

3. Immobilization of the ligand
Inject 30 pl of C-terminally His-tagged AVR-Pik in flow cell 2 with a flow rate of 30 pl/min. Binding
to the Ni?* on the surface of the chip is recorded as (RU). An additional check should be carried
out without activation with NiClz to ensure that the protein does not non-specific binding to the
chip surface.

4. Regeneration
Regenerate the sensor chip by removing anything bound to the chip, with an injection of 30 pl
of 0.35 M EDTA with a flow rate of 30 yl/min over both the flow cells.

C. Preparation of the protein analyte
Once the manual run is completed and the binding of each ligand to the chip is around 250 + 50
RUs, prepare the working dilutions of the protein analyte. In our case, we produced purified Pik-
HMA domain as described in De la Concepcion et al. (2018 and 2019).
1. Preparation of stock dilution of analyte protein
After measuring the concentration of the protein, dilute it in buffer (20 mM HEPES, 150 mM
NaCl, pH 7.5) to obtain 2 ml of stock solution at 2 uM as described above for the protein ligand.
2. Preparation of working solution of analyte protein
Make serial dilutions of the protein stock to obtain final concentrations of 4 nM, 40 nM and
100 nM. The total volume depends on the number of cycles and will be indicated by the
Biacore™ T200 SPR control software.
Note: Adjust working concentration of analyte: The working concentration of the analyte will

vary in each experimental case depending the strength of interaction between proteins. We
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recommend starting with concentrations of 560 nM and 500 nM to find the appropriate
concentrations to use. Ideally a top concentration should be used where the binding is saturated

for the strongest interaction to be tested.

D. Set up cycle parameters and Rmax run

For the experiment, dock the chip in the instrument and prime it with running buffer. We carried out
the experiment at 25 °C but the samples are stored at 4 °C. We used a flow rate of 30 ul/min.
Note: Adjusting experimental temperature and flow rate: The optimal temperature and flow rate
can vary depending on the proteins to be tested. The parameters used by this protocol are standard,
but some proteins might require a different temperature and/or a higher contact time (achieved by
a lower flow rate) for a successful interaction. Likewise, the time that the protein stock can be stored
at 4 °C is protein-dependent. As a standard, we do not recommend freeze-thaw the protein aliquots
(working with small, single-use protein aliquots is preferred).

Each experimental cycle consists of 4 steps described below and represented in Figure 1. This cycle
can be repeated multiple times in an automated fashion using different concentrations of analyte

tested over different ligands.

1. Chip activation
As a first step, inject a solution of 0.5 mM NiClz with a flow rate of 30 pl/min over Flow cell 2 to
activate the chip.

2. Ligand immobilization
After chip activation, inject the His tagged protein (ligand) to be tested (in our case C-terminally
tagged AVR-Pik effector) over the flow cell 2 (FCtest). Sixty seconds are used as the injection
time to achieve a desired response at this concentration. After the ligand has been immobilized
buffer is flowed over FC1 and 2 to ensure any non-specific his tagged protein is removed and a
stable baseline should be achieved prior to analyte injection.

3. Analyte injection
Once the ligand is bound to the chip surface, inject the test analyte at a given concentration (or
buffer-only control) over both flow cells (FCref and FCtest). A contact time of 120 s is used as a
standard to make sure the maximum concentration is (ideally) reaching the steady state. After
injection of the protein, the system switches back to buffer only flow and the bound protein will
start to dissociate. Generally, 120 s of buffer only is used to see this dissociation. This region of
the sensorgram can be used to evaluate differences between analyte proteins as generally
tighter interactions take longer to dissociate.

4. Chip regeneration
After the analyte has been injected in the flow cell, pass a regeneration solution of 0.35 M EDTA
over both flow cells (FCref and FCtest) at a flow rate of 30 ul/min. This strips the Ni** from the
chip, and the proteins bound to it. After this step, the response should return to similar levels to

those prior to Step D1.
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For each analyte, we set 3 replicates of each cycle at working concentration of 4 nM, 40 nM and
100 nM. In addition, two start up cycles were carried out using buffer only as the analyte. The
total running time of 11 cycles is around 4 h for each ligand to be tested and once initiated it
does not require further user intervention. Multiple runs involving different ligands and analytes
can be stack together in a single run.

When the experiment is completed, the NTA chip can be removed from the instrument and
stored in buffer at 4 °C until next use. The chip can be re-used multiple times for different
experiments. Each time a chip is re-used the capture of nickel and his-tagged protein is checked.
As long as this is what is expected the chip can be used again. On the rare occasions a chip

fails it is obvious as the nickel and his tagged protein is no longer captured.

Data analysis

To compare the results between multiple cycles, the data must be normalized by correcting the
different capture levels and according to the molecular weight of the different proteins. To do this,
calculate the theoretical maximal binding at saturation of the analyte (Rmax) value for each run
(Buckle, 2001; Majka and Speck, 2007). This value is measured in Response Units (RU), which is

how binding events are recorded in SPR. This is calculated following the equation:

Mw(analyte)

Rmax (RU= 5 isand)

x stoichiometry x ligand capture (RU)

Mw is the molecular mass of the protein bound to the chip (ligand) and the protein flowed over the
chip (analyte). This is corrected with the stoichiometry of the binding between the proteins and the
amount of ligand immobilized on to the chip surface measured as Response Units (RU).

Note: The stoichiometry of the binding will affect to the final result: For example, if the binding
stoichiometry is 2:1 analyte: ligand, the final %Rmax could be higher than 100% compared to
assuming a 1:1 binding. If the stoichiometry is not known by other techniques, we recommend

assuming a 1:1 binding and correct if the final result indicates otherwise.

Once we establish the Rmax for each run, we can express the level of binding as the percentage of

Rmax calculated as follows:

RUmax
Rmax

%Ry = x 100

Where RUmax is the binding response measured immediately after the end of the injection of the

analyte and expressed in Response Units (RU).

In the case of the results for the binding between Pikm-HMA and AVR-PikD (1:1 binding
8
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stoichiometry) presented in De la Concepcion et al. (2018 and 2019), calculations were as follows
(Table 1):

Table 1. Example of binding values obtained for Rmax calculation extracted from De la

Concepcion et al. (2018)

Ligand Mw Analyte Mw Concentration RU Capture Rmax RU Capture % Rumax
(Ligand) (Analyte) Analyte (nM) (Ligand) (Analyte)
AvrD 11786.3 Pikm 8536.9 0 299.58 217.0 -1.54 -0.7
AvrD 11786.3 Pikm 8536.9 4 301.43 218.3 35.89 16.4
AvrD 11786.3 Pikm 8536.9 40 301.17 218.1 146.33 67.1
AvrD 11786.3 Pikm 8536.9 100 301.26 218.2 158.59 72.7

For visualization, export the SPR data and plot it using R v3.4.3 (https://www.r-project.org/) and the

function ggplot2 (Wickham, 2009). SPR box plot graphs as presented in De la Concepcion et al.

(2019) can be generated as follows:

1.

Preparation of dataset

We first prepare the dataset to generate the graph. We assigned a sample name and a position
in the graph corresponding to the effector used as ligand (1, 2, 3 and 4 for AVR-PikD, AVR-PIkE,
AVR-PikA and AVR-PIkC, respectively). We annotated the analyte concentrations (4, 40 and
100 nM) for each dataset as we generated their respective graphs separate. Rmax corresponds
to the value calculated as presented above. Data belonging to each biological replicate is ranked
with 1, 2 and 3, respectively. And the two analytes to be compared (Wild-type Pikp-HMA and
Pikp-HMANKKE in this case) are classified as A or B in HMA.

Sample Effector Conc Rmax ReplicaHMA

NameA 1 40 67 1A

NameB 1 40 66.6 1B

2. Generation of the box plots

a. We attached the dataset and defined the factors in the X and Y axis as:

> graph <- ggplot (dataset, aes(x=factor (Effector), y=Rmax))

b. Then we defined the colour for each analyte and for the different biological replicas:

> colori2=c ("#8faadc", "#c9a9ff")
> colori3=c ("#f£85ff", "#00b4b5", "#£8£f300")

c. The aestethic parameters for the graph are defined as follows:

Graph + geom boxplot (aes (x=factor (Effector), y=Rmax,
fill=factor (HMA)), position=position_ dodge (width=0.9), 1lwd=0.3,
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fatten= 4, outlier.shape = 21, outlier.size = 0.7, outlier.stroke=0)

+ scale fill manual (values=colori2) + theme bw () +
theme (panel.grid.major = element blank(), panel.grid.minor =
element blank(), panel .background = element rect (fill =
"transparent"), rect = element rect(fill = "transparent")) +
scale y continuous (breaks=seq(0,70,10), limits=c (0, 70)) +
geom point (aes (x=factor (Effector), y=Rmax, fill=factor (HMA),

colour=factor (Replica)),
position=position jitterdodge (jitter.width=0.7, jitter.height=0,
dodge.width=0.9), size=0.7, shape=16) + scale colour manual (values

= colori3)

d. As afinal step, we produced the graph image with the following command:

ggsave ('P-NK Rmax 35x3.png', width = 3.5, height = 3, dpi = 300, bg

= "transparent")

e. The generated figure will then look similar to the graph presented below (Figure 2):

704
o0 " factor(HMA)

. E'EI A
501 . B4 B
40 1 g
factor(Replica)
1

20
- . 2
10 Iﬂ 3
04 b
1 2 3 4
factor(Effector)

Figure 2. Example graph generated to represent Rmax results. Side-by-side comparison box
plot graph for the binding of each Analyte (HMA A or B) to the different Ligands (Effector). The
position of the values for each ligand are distributed on the X axis while the calculated %Rmax
value in represented on the Y axis. The centre line represents the median, the box limits are the
upper and lower quartiles, the whiskers extend to the largest value within Q1 - 1.5 x the
interquartile range (IQR) and the smallest value within Q3 + 1.5 x IQR. All the data points are
represented as dots with distinct colours for each biological replicate (with three technical
replicates within each biological replicate). The graph has been generated using the results

presented in De la Concepcion et al. (2019).
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Recipes

Prepare all solutions using ultrapure water and analytical grade reagents. Filter all solutions with a
0.22 pm pore size filter prior use. Solutions can be stored at room temperature.

Note: Running buffer should be modified according to the protein investigated: The buffer
presented in this protocol has been optimized for a particular subset of proteins. Running buffers
should be based on the buffer condition were the protein of interest is stable. It is also important to
include any component necessary for the interaction, e.g., presence of metals in the solution. As a

good starting point we recommend using a standard concentration of 1560 mM NaCl.

1. Running buffer
20 mM HEPES pH 7.5
860 mM NaCl
0.1% Tween®20
2. 0.5mM NiClz
a. Prepare 10 ml of 100 mM NiClz stock solution by dissolving 0.24 g of NiCl2-6H20 in water
b. 0.5 mM NiCl2working solution is prepared before use by diluting 50 pl of stock solution into
10 ml of water
3. Regeneration solution
a. 0.35 M EDTA prepared by dissolving 6.5 g EDTA in 50 ml of water
b. pH must be adjusted to 8.0 with NaOH for EDTA solubilization
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