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[Abstract] This protocol describes how to measure protein-protein interactions by microscale
thermophoresis (MST) using the Monolith™ NT.115 instrument (NanoTemper). We have used the
protocol to determine the binding affinities between three different flavodoxin reductases (FNRs) and a
flavodoxin-like protein, Nrdl, from Bacillus cereus (Lofstad et al., 2016). Nrdl is essential in the
activation of the manganese-bound form of the class Ib ribonucleotide reductase (RNR) system. RNRs,
in turn, are the only source of the de novo synthesis of deoxyribonucleotides required for DNA
replication and repair in all living organisms.
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[Background] Protein-protein interactions are often characterised in terms of the associated
dissociation constant, Ko. The binding constant can be established using a variety of techniques, such
as isothermal calorimetry (ITC), NMR spectroscopy, and surface plasmon resonance (SPR). An
alternative method is based on thermophoresis, a phenomenon where distinct molecules (such as a
protein-protein complex versus individual proteins) respond differently to a temperature gradient (Duhr
and Braun, 2006; Seidel et al., 2013). This method is rapid, no sample immobilisation is needed and
the sample requirement is low. Briefly, one of the proteins is labelled with a fluorescent dye and kept at
a constant, low concentration. A dilution series is set up, where the other protein is diluted up to 16
times, creating a vast concentration range. The two proteins are subsequently mixed and loaded into
capillaries, which are scanned in the Monolith™ NT.115 instrument, developed and sold exclusively by
NanoTemper. The samples are subjected to a temperature gradient, and the movement of the
fluorescently labelled molecule is tracked. The difference in the fluorescence of the molecule at the
initial temperature and at the new temperature is used to generate a binding curve as a function of the

concentration of the unlabelled protein.

Materials and Reagents

1. Tubes
15 (VWR, catalog number: 525-0400)
50 ml (VWR, catalog number: 525-0402)
2. Pipette tips
0.1-10 ul (VWR, catalog number: 613-0735)
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1-200 pl (VWR, catalog number: 613-0740)

100-1,250 pl (VWR, catalog humber: 613-0739)

0.2 um filter (SARSTEDT, catalog number: 83.1826.001)

Syringe, 50 ml (BD, catalog number: 300865)

Protein 1 (here, Nrdl, locus-tag: bc1353) and protein 2 (here, FNR1 bc0385, FNR2 bc4926,
FNR3 bc1495)

6. MO-L001 Monolith™ Protein Labeling Kit RED-NHS (Amine Reactive) (NanoTemper) (contains
NT-647-NHS dye [store at -20 °C]; spin column for buffer exchange [store at 4 °C]; gravity flow
column for purification [store at 4 °C]; labeling buffer [store at 4 °C])

7. MO-K002 Monolith™ NT.115 Standard Treated Capillaries (NanoTemper) (contains Monolith™
NT.115 Standard Treated Capillaries [store at RT]; 10% Tween 20 [store at 4 °C]; Albumin
fraction A [store at 4 °C]; MST buffer [store at -20 °C]; 200 pl vials)

DMSO (Sigma-Aldrich, catalog number: D4540)
Liquid N2

10. HEPES (AppliChem, catalog nhumber: A3724)

11. Potassium chloride (KCI) (EMD Millipore, catalog number: 104936)

12. Tween-20

13. Buffer A (see Recipes)

Equipment

Pipettes (various sizes)

Benchtop centrifuge

Vortex

Monolith™ NT.115 with Blue/Red filter (NanoTemper Technologies, model: MO-G008)

P w N PR

Software

1. MO.Control (NanoTemper)
2. MO.Affinity Analysis (NanoTemper)

3. Origin (OriginLab Corporation) or equivalent

Procedure

A. Labelling the protein with fluorescent dye
1. The instructions for this step are based on using a dye and consumables supplied from
NanoTemper. The NanoTemper dyes (namely RED, BLUE, and GREEN) are available with
either an NHS-ester group that reacts with primary amines on for example lysines, or a

maleimide group that reacts with sulfhydryl groups on e.g., cysteines. Other dyes may also be
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used, or alternatively proteins that have a fluorescent tag, in which case no further labelling
should be required. Note that your dye (or tag) of choice must be compatible with the filters that
are installed in the instrument and that the dye, once bound to the protein, should not block any
potential binding sites.

Note: When labelling one of your proteins with a fluorescent dye, you first need to determine
which of the two proteins you want to label. It may be useful to consider that you will only use a
very small amount of the labelled protein and that, depending on the Kb, you might have to use
much more of the unlabelled protein (at least 20x the Kp). Our measured binding affinities were
in the 20-50 uM range and in order to have a satisfying binding curve the protein
concentrations in the capillaries were approximately 20 nM of labelled Nrdl, and 1 mM FNR in
capillary 1 to 15 nM in capillary 16 with a 1:1 dilution series.

2. We chose to label Nrdl since we were testing its binding affinity to three other proteins (FNRS).
Nrdl was labelled with the RED-NHS dye, as it contains eight lysines and no cysteines. Based
on the Nrdl crystal structure (Rghr et al., 2010) we do not expect any of the lysines to be in the
proximity of the binding site.

Note: We have used buffer A (see Recipes) as our labelling buffer. When using the NHS-based
dyes, the protein should not be in a buffer that contains primary amines, as these might
compete with the protein in the labelling reaction. Similarly, when using the maleimide-based
dyes, the protein cannot be in a buffer that contains sulfhydryl groups. Also, the reducing
agents DTT and B-mercaptoethanol should not be used with either dye (TCEP may be used for
both dyes). If the protein is dissolved in a buffer that contains any of the above-mentioned
reagents, a buffer exchange step is required prior to labelling. NanoTemper provides a labelling
buffer in the labelling kit that may be used, as well as a spin column for buffer exchange.
a. Dilute the protein stock to a concentration that is lower than your expected Kp using
labelling buffer. Nrdl was diluted to 25 uM and a final volume of 188 pl.
Note: NanoTemper recommends using a protein concentration between 2 and 20 uM and a
volume of 100 pl.
b. Dissolve the dye in 100% DMSO (30 ul). Vortex well and ensure that all the dye is
dissolved.
c. Dilute the dye with labelling buffer to a concentration that is 2-3x the concentration of your
protein. Here, the NT-647 dye was diluted to 75 yuM and a final volume of 188 pl.
d. Mix the protein and the dye solution in a 1:1 volume ratio and incubate at room temperature
in the dark for 30 min.
Note: This is the suggested reaction condition as described in the NanoTemper labeling kit
manual, but varying the dye:protein ratio or the incubation time might increase the labeling
yield.
e. In the meantime, wash the gel filtration column that is supplied in the kit. Pour off the

storage solution and equilibrate the column with 3 x 3 ml buffer A using gravity flow.
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f. Add the protein/dye mix to the centre of the resin in the column. When the sample has
completely entered the column bed, add buffer to adjust the total volume of applied sample
to 500 ul (We added 500 - (2 x 188) = 124 ul buffer). Do not collect the flow through.

g. Elute the labelled protein with 600 ul buffer A and collect the flow through in a clean tube.
Note: It is also possible to collect smaller fractions (e.g., 4 x 150 ul) and check the
fluorescence intensity of each fraction in order to find the fraction that contains the labelled
protein. Note that free dye might elute at the end.

h. Perform a capillary scan (cap scan) and check the fluorescence intensity of the labelled
protein.

Note: The degree of labelling should also be determined (see Notes).
i. Aliquot the protein in 20 pl fractions, flash freeze in liquid N2 and store at -80 °C. The

fluorescently labelled Nrdl protein was used within 4 months.

B. Kbp-measurement

1. Spin down protein stocks at 15,000 x g for 5 min.

2. Dilute the fluorescently labelled protein with buffer A to a concentration that gives a
fluorescence count between 200 and 1,500 (the detection limits of the instrument). Remember
that the protein will be diluted 1:1 in the actual experiment and that you might have to increase
the concentration of the labelled protein to remain within the detection limit. The fluorescently
labelled Nrdl protein was diluted 1:25.

Note: You can adjust the counts by either changing the LED-power or the concentration of your
fluorescently labelled molecule.

3. Perform a cap scan to ensure that the concentration is within the detection limits and that the
protein is not sticking to the capillary walls (sticking is evidenced by shoulders or double peaks
in the cap scan traces instead of a smooth, symmetrical curve) (Figure 1).

Note: If the protein is sticking to the capillaries, you may want to try adding detergents or
additives such as Tween-20, BSA, or Pluronic F-127, changing the pH or ionic strength of your

buffer, changing to a different buffer, or using the premium coated capillaries.
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Figure 1. Cap scan of 1:25 dilution Nrdl in standard capillaries at 20% LED-power

Number 16 microtubes 1-16.

Note: The tubes are provided with the capillaries.

Pipet 10 pl buffer A in tubes 2-16.

Note: Use a 10 ul pipette in steps B5, B6, and B7 to improve accuracy.

Pipet 20 pl of the unlabelled protein into tube 1. Remove 10 pl, and add these to tube 2. Mix by
pipetting up and down several times. Remove 10 pl and add these to tube 3. Mix well. Continue
like this for all the tubes. In tube 16, remove 10 pl and discard the liquid. You should now have
10 ulin all the tubes.

Note: The unlabelled protein must also be in the assay buffer to avoid any buffer dilution effects.
You may want to use a new pipet tip for each transfer to ensure consistent volumes in the serial
dilution.

Add 10 pl of the fluorescently labelled protein to all the tubes and mix well. Use a new pipet tip
each time.

Note: Do not use less than 20 ul total volume of reaction mixture so that sticking and
evaporation issues are minimised and pipetting errors are reduced.

Incubate the reaction mixtures for 5 min at room temperature.

Load the samples into the capillaries and place the capillaries in the sample holder.

Note: Be careful not to touch the capillaries in the middle and avoid any bubbles in the middle
of the capillary.

Put the sample holder in the MST-instrument. Perform a cap scan of all the capillaries and run
the MST-experiment. The NrdI-FNR interaction was measured using 20% LED-power and 40%
MST-power.

Note: The LED-power can be adjusted up to 95%, whereas the MST-power should ideally not

be increased to over 40%.
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Data analysis

A. Inspecting the raw data

1. Evaluate the cap scans. They should be symmetrical and should not exhibit any bumps in the
traces. The maximum fluorescence intensity of each peak should not differ by more than + 10%
(Figure 2).
Note: If the fluorescence differs by more than 10% in a concentration-dependent manner, it
either indicates that the fluorescence is changing upon binding, or that the labelled protein is
lost due to precipitation or unspecific adsorption during the sample preparation, which is carried
through in the serial dilution. If the fluorescence differs by more than 10% in a

non-concentration dependent manner, the assay conditions must be optimised, as described in

step B3.
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Figure 2. Cap scan inspection. A. Cap scan of a representative experiment; B. Variation in

fluorescence intensity of the cap scan in A.

Inspect the MST-traces (Figure 3). Any bumps indicate that the samples are not homogenous.

The traces should also not cross each other.
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Figure 3. MST traces of a representative experiment

Note: Thermophoresis can be both positive and negative. We have observed positive
thermophoresis (see Figure 3), i.e., a net decrease in the observed fluorescence because the
fluorescently labelled molecules move from the hotter region in the capillaries to the cooler
region. We attribute the increase in the MST-traces at the end of each run to convection
(Figure 3).

B. Data processing and analysis

Data processing and analysis were carried out using the MO.Affinity Analysis program

(NanoTemper). Three or four replicates were merged to form one dataset.

1. Select the appropriate binding model. We selected Kb.

2. Enter the concentration of your fluorescently labelled molecule (TargetConc) and fix this by
ticking the box.

3. The program will compute the Kp-value and the associated uncertainty. The NrdI-FNR
interaction was analysed using the ‘Thermophoresis with T jump’ evaluation strategy.
Note: The program automatically computes the binding constant taking into account both
temperature jump (immediate change in fluorescence upon the temperature change) and
thermophoresis effects (the movement of the molecules in the temperature gradient). This
mode is called Thermophoresis with T jump. It is possible to change the evaluation strategy by
selecting the ‘Expert mode’. In this mode four options are available: Thermophoresis with T
jump; Thermophoresis; T jump; and Manual. In the manual mode you can manually define the
before/after regions that are to be used in the analysis. Further explanation and discussion of
the different modes can be found in Scheuermann et al. (2016).

4. Inspect the binding curve. The amplitude of the curve should be at least 5 response units and

the noise in the baseline should be at least 3 times less than the amplitude.
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Notes

To compare several datasets, the fluorescence of each dataset may be normalised, AFnorm, by
selecting this option in the MO.Affinity Analysis program. The normalised fluorescence of each
dataset can, in turn, be divided by the amplitude of the binding curve, as seen in Figure 4. We
transferred the data points and the associated uncertainties as well as the fitted traces from the
MO.Affinity Analysis program to Origin, where the AFnorm-values were divided by the amplitude

of the binding curve and the curves were re-plotted (Figure 4).
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Figure 4. Normalised fluorescence traces (adapted from Lofstad et al., 2016)

The binding constants may vary from one protein preparation to another.

Valuable control experiments that should be carried out include testing the binding affinities at

different pH-values and at different ionic strengths, and also testing the fluorescently labelled

protein against either a known non-binding protein or against a protein that is known to bind

strongly to the labelled protein (or both).

Determining the degree of labelling (as described in the FAQ: How do | determine the protein

concentration after labeling and the degree of labeling (DOL)? [NanoTemper]):

a. Collect an absorbance spectrum of the labelled protein using a UV-vis spectrophotometer.

b. Read the absorbance at 280 nm and the absorbance at Amax of the dye (varies depending
on the dye used).

c. The concentration of the labelled protein can be found using the following formula:

Aprot _ A280 - AmaxCF

8protd gprotd

Cprot -
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where,

d is the path length of the spectrophotometer,

€prot IS the extinction coefficient of the protein,

Amax is the absorbance at Amax,

CF is the correction factor of the dye, taking into account the absorption of the dye at 280
nm.

The degree of labelling can be found using the equation below:

DOL = Caye _ Amax/smax _ Amaxgprot
Cprot Aprot/eprot (A280 - AmaxCF)gmax

where,
€max IS the extinction coefficient of the dye.

Recipes

1. Buffer A (50 mM HEPES, 100 mM KCI, 0.05% Tween-20)
1.192 g HEPES
0.745 g KClI
Make up to 90 ml with Milli-Q distilled H20, adjust the pH to 7.5 using KOH, and make up to
final volume 100 ml with Milli-Q distilled H20. If necessary, adjust the pH again
Sterile filter the solution using a syringe and 0.22 ym filter and store at 4 °C until use (the buffer
has been used within 5 days)
Add 500 pl 10% Tween-20 to a final concentration of 0.05% prior to the experiments
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