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30 SUMMARY:
31 Here, we present a protocol for the production and purification of proteins that are labeled
32  with stable isotopes, and subsequent characterization of protein-protein interactions using
33  Nuclear Magnetic Resonance (NMR) spectroscopy and MicroScale Thermophoresis (MST)
34  experiments.
35
36 ABSTRACT:
37  Filamentous proteins such as vimentin provide organization within cells by providing a
38  structural scaffold with sites that bind proteins containing plakin repeats. Here, a protocol for
39 detecting and measuring such interactions is described using the globular plakin repeat domain
40 of envoplakin and the helical coil of vimentin. This provides a basis for determining whether a
41  protein binds vimentin (or similar filamentous proteins) and for measurement of the affinity of
42  theinteraction. The globular protein of interest is labeled with °N and titrated with vimentin
43  protein in solution. A two-dimensional NMR spectrum is acquired to detect interactions by
44  observing changes in peak shape or chemical shifts, and to elucidate effects of solution
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conditions including salt levels, which influence vimentin quaternary structure. If the protein of
interest binds the filamentous ligand, the binding interaction is quantified by MST using the
purified proteins. The approach is a straightforward way for determining whether a protein of
interest binds a filament, and for assessing how alterations, such as mutations or solution
conditions, affect the interaction.

INTRODUCTION:

Interactions between proteins allow the formation of molecular machines that create order
within cells. The individual interactions are often weak but usually contribute to multivalent
complexes that can be cooperative and dynamically regulated. Sensitive assays that provide
atomic resolution and quantitative information about such complex interactions are needed to
deduce mechanisms and design interventions such as drug-like molecules. NMR spectroscopy is
an efficient method for obtaining such information about protein interactions, and also is used
for fast screening for ligands including those that bind weakly'. The NMR methods used can be
categorized into those that are protein observe or ligand observe. This manuscript uses the
former approach in which a spectrum of a stable-isotope labeled protein that is comparatively
small (usually under 20 kDa) is acquired and the unlabeled ligand is titrated. This allow the
labeled residues involved in the interaction to be mapped in favorable cases. Once the complex
forms, there are changes in the chemical environments of interacting residues that manifest
themselves as changes in the chemical shift and shape of their NMR signals. The extent of such
changes correlates with the degree of involvement of these groups in the interaction. Chemical
shift perturbations (CSPs) can be measured by comparing a series of NMR spectra of the protein
collected in the absence and presence of varying amounts of the ligand. For larger ligands or
complex interactions, the change in peak shape or intensity can be measured to deduce
interactions.

The most common 2D experiment used for detecting ligand interactions is the *°N-
heteronuclear single quantum correlation (HSQC) experiment?. This requires that one protein
be uniformly labeled with *°N, which is typically achieved by expressing them as affinity-tagged
versions in E. coli bacterial cultures grown in *>N-enriched media. Binding is apparent when the
HSQC spectra collected during the titration are superimposed, revealing peak changes for a
subset of residues involved in the complex formation. The interaction can occur in the fast
exchange regime where the free and ligand-saturated state signals collapse into one population
averaged peak. Alternatively, in the case of slow exchange between the states, both signals are
observed with integrals that represent their relative amounts. While NMR lineshape analysis
can be used to estimate the binding affinities in some cases, methods such as MST have also
proven convenient and provide cross-validation of genuine interactions.

The example provided is of two proteins found within desmosomes. They mediate junctions
between cell surfaces and the cytoskeleton and mediate multivalent interactions between cell
adhesion machines and intermediate filaments to maintain the integrity of skin and heart
tissues and withstanding of shear forces. Diseases can result when desmosomal proteins such
as desmoplakin or vimentin are compromised by mutations or autoantibodies, leading to
destabilization of cell-cell junctions, and hence their interactions are of critical importance3. The
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structural basis of ligand binding by desmosomal proteins can be characterized by NMR
spectroscopy, while the interactions can be quantified by MST. Methods herein were used to
characterize the interactions between plakin repeat domains (PRDs) which often are present as
tandem sets that offer basic grooves, and vimentin, an intermediate filament that interacts
through an acidic surface offered by its helical bundle These complexes are formed at the cell
membrane where they anchor for intermediate filaments of the cell cytoskeleton to
desmosomes that connect to adjacent cells, thus forming a network of adhesive bonds that
radiates throughout a tissue.

PROTOCOL:
1. Recombinant Protein Expression
1.1 Expression of Envoplakin PRD (E-PRD) and Vimentin 99-249 (VimRod)

1.1.1 Transform E. coli BL21(DE3) cells with the plasmid containing the desired gene. Spread the
cells on agar plates containing 100 pg/mL ampicillin. Incubate the plates at 37 °C overnight.

1.1.2 Pick a single colony and inoculate 20 mL of Terrific broth (TB) containing 100 pg/mL
ampicillin to select for the plasmid. Grow the culture at 37 °C with shaking (180 rpm) overnight.

1.1.3 Transfer the entire 20 mL culture to 1 L of TB containing 50 pg/mL ampicillin. Incubate the
culture at 37 °C with shaking at 180 rpm until the ODggo = 0.6-0.8.

1.1.4 Reduce the temperature to 18 °C and induce protein expression by adding isopropyl B-D-
1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. Continue incubation at 18 °C

with shaking at 160 rpm overnight to allow protein expression.

1.1.5 Harvest the cells by centrifuging the culture at 8000 x g for 15 min. Decant and discard the
supernatant.

1.1.6 Wash the harvested cells by resuspending the cell pellet in approximately 40 mL of
phosphate buffered saline solution (PBS: 20 mM phosphate buffer, pH 7.4, 120 mM NacCl).

Transfer the resuspension to a 50 mL tube. Centrifuge again at 8000 x g for 15 min.

1.1.7 Decant and discard the supernatant. Either immediately begin the purification protocol or
freeze the cell pellets at -20 °C for future use.

1.2. Expression of Isotopically Labeled Protein

1.2.1 Transform E. coli BL21(DE3) cells and prepare a 20 mL starter culture asin 1.1.1-1.1.2.
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1.2.2 Transfer the entire 20 mL culture to 1 L of enriched TB containing an additional 4.0 g
tryptone, 5.0 g NaCl, and 100 pg/mL ampicillin. Incubate the culture at 37 °C with shaking at
160 rpm until the ODeggo = 1.6-1.9.

1.2.3 Harvest the 1 L culture by centrifugation at 8000 x g for 15 min. Decant and discard the
supernatant.

1.2.4 Wash the cell pellet by gently resuspending in approximately 40 mL of PBS and transfer
the resuspension to a 50 mL tube.

1.2.5 Centrifuge again at 8000 x g for 15 min. Decant and discard the supernatant.

1.2.6 Resuspend the cell pellet in 20 mL of M9 minimal media (Table 1) and transfer to the
remainder of the 950 mL of M9 minimal media containing 100 pug/mL ampicillin.

1.2.7 Add 50 mL of filter sterilized nutrient mix (Tables 2 and 3).

1.2.8 Acclimatize the culture to 18 °C for 30 min before adding IPTG to a final concentration of 1
mMV.

1.2.9 Incubate overnight at 18 °C with shaking at 160 rpm.

1.2.10 Harvest the cells as in section 1.1.4-1.1.6.

2. Immobilized Metal Affinity Chromatography (IMAC) Purification of VimRod and E-PRD

2.1 Purification of His6-tagged VimRod

2.1.1 Resuspend the cell pellet in 5 mL/g of PBS containing a protease inhibitor cocktail lacking
EDTA. Homogenize with 12 strokes in a Dounce tissue homogenizer to improve the cell lysis in
the following step.

2.1.2 On ice, sonicate the cell suspension at a pulse of 1 s on/1 s off, 80% amplitude for a total
of 1.5 min. Repeat the sonication two additional times, swirling gently on ice between runs to

prevent overheating.

2.1.3 Centrifuge the sample at 75 000 x g for 45 min. Decant and filter the supernatant using a
syringe filter (0.45 um).

2.1.4 Equilibrate a 5 mL IMAC column with 5 column volumes (CV) of binding buffer (20 mM
HEPES, pH 7.5, 500 mM NaCl, 10 mM imidazole) at a flow rate of 1 mL/min using a fast protein
liguid chromatography (FPLC) system.

2.1.5 Load the filtered supernatant onto the column at a flow rate of 0.5 mL/min.
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2.1.6 Wash the column with 5 CV of Wash buffer (20 mM HEPES, pH 7.5, 500 mM NaCl, 50 mM
imidazole) at a flow rate of 1 mL/min.

2.1.7 Elute the protein with 3 CV of elution buffer (20 mM HEPES, pH 7.5, 500 mM NacCl, 350
mM imidazole) at a flow rate of 0.5 mL/min. Collect 1.5 mL fractions. If available, select the up-
flow elution mode to increase the concentration of eluted protein.

2.1.8 Identify the fractions from the FPLC chromatogram that contain the protein of interest by
SDS-PAGE and use standard methods to measure the protein concentration®.

2.1.9 Pool and concentrate the elution fractions containing the highest amounts of protein
using a centrifugal ultrafiltration device (MWCO 3 kDa, 5 mL) to 2 mL. Centrifuge at 21 000 x g

to remove any precipitate and pass through a 0.22 um filter.

2.1.10 Equilibrate a 120 mL size exclusion chromatography (S) column with 2 CV of S buffer (20
mM HEPES, 150 mM NaCl, pH 7.5, 0.5 mM TCEP) at a flow rate of 1 mL/min using an FPLC.

2.1.11 Inject the concentrated protein from 2.1.9 onto the column and elute with 1 CV of S
buffer at a flow rate of 0.5 mL/min, collecting 1 mL fractions.

2.1.12 Identify the fractions containing the protein of interest as before.
2.1.13 Pool the fractions containing the highest amounts protein.

2.1.14 Store at 4 °C for short term use or add glycerol to 20% and store at -80 °C in small
aliquots.

2.2. Purification of E-PRD Protein with the His6 Tag Removed

2.2.1 Follow the stepsin 2.1.1-2.1.8 to purify His6-tagged E-PRD protein. Pool the peak fractions
and determine the protein concentration.

2.2.2 Add tobacco etch virus (TEV) protease (1 mg/mL) at 2 uL/mg of pooled protein. Transfer
to dialysis tubing (6 kDa) and dialyze in S buffer overnight at 4 °C. This step allows cleavage of
the His6 tag and removal of the imidazole that will interfere with binding to the Ni-NTA resin in
the next step.

2.2.3 Equilibrate 5 mL of Ni-NTA resin in a gravity column with 3 CV of S buffer. Drain excess
buffer from the resin.

2.2.4 Pour the cleaved E-PRD protein onto the resin and incubate for 1 hour on a rocking
platform to allow the uncleaved His6-tagged E-PRD and the cleaved His6 tag to bind. The TEV
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protease is also His6-tagged and will to bind the resin. Collect the flow through, which contains
the tag-free E-PRD. Wash the resin with 2 CV of S buffer to ensure all of the E-PRD is recovered.

2.2.5 Concentrate E-PRD in the flow through to 2 mL using a centrifugal ultrafiltration device
(MWCO 3 kDa, 5 mL). Centrifuge at 21 000 x g to remove any precipitate and pass through a
0.22 um filter.

2.2.6 Equilibrate a 120 mL S column with 2 CV of S buffer (20 mM HEPES, 150 mM NaCl, pH 7.5,
0.5 mM TCEP for MST or 20 mM Tris-HCl, 1 mM DTT, pH 7 for NMR) at a flow rate of 1 mL/min
using an FPLC.

2.2.7 Inject the concentrated E-PRD protein from 2.2.5 onto the column and elute with 1 CV of
S buffer at a flow rate of 0.5 mL/min, collecting 1 mL fractions.

2.2.8 Identify the fractions containing the protein of interest as before.
2.2.9 Pool the fractions containing the highest amounts protein.

2.2.10 Store at 4 °C for short term use or add glycerol to 20% and store at -80 °C in small
aliquots.

3 NMR Methods
3.1 NMR Sample Preparation

3.1.1 Purify **N-labeled wild-type or R1914E E-PRD protein as previously described using 20 mM
Tris-HCI, 1 mM DTT, pH 7 as the S buffer for step 2.2.6. Protein stock solutions usually range
from 0.3 to 1 mM with volumes of about 1 mL.

Note: Protein can be concentrated to >100 puM using a MWCO 3 kDa, 5 mL centrifugal
ultrafiltration device to bring the concentration into a suitable range for sample preparation.

3.1.2 Purify a sample of unlabeled VimRod protein using 20 mM Tris-HCI, 1 mM DTT, pH 7 as
the S buffer for step 2.1.10.

3.1.3 In a final volume of 500 uL, add wild-type or mutant E-PRD protein to a final concentration
of 100uM, deuterium oxide (D20) to a final concentration of 10% (v/v), and DSS (4,4-dimethyl-
4-silapentane-1-sulfonic acid) to a final concentration of 20 uM. Bring the sample volume up to
500 pL using 20 mM Tris-HCIl, 1 mM DTT, pH 7. A representative sample preparation is
described in Table 4.

Note: The 0 ppm resonance of DSS is used to calibrate the 'H chemical shifts as well as for

indirect referencing of the >N chemical shifts of the protein®. D0 is used for the deuterium
lock signal to keep the spectrometer operating at a constant net magnetic field.
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3.1.4 Make up a second sample of E-PRD, D,0 and DSS as in the previous step and add VimRod
to a final concentration of 50 uM before bringing the volume up to 500 L.

3.1.5 Transfer the 500 uL samples to a 5 mm wide NMR tubes for the experiment.

3.2 NMR Experimental Setup

3.2.1 Turn on the air flow with the eject command “ej”; this will bring the sample up from the
magnet. Now, place the sample within a spinner on top of the magnet by the opening and
insert with the command “ij”. Wait until sample settles inside the magnet before proceeding.

3.2.2 Create a new dataset using the “edc” command and load standard 'H NMR parameters by
selecting experiment “ZGPR” (Figure 1). Fill in the NAME, EXPNO (experiment number) and
PROCNO (processed data folder number) fields. Select the solvent in the “Set solvent” field and
click on “Execute ‘getprosol’” to read standard probehead and solvent dependent (prosol)
parameters.

3.2.3 Lock the sample to the deuterated solvent, i.e., D20, using command “lock” and wait until
it is finished sweeping and achieves lock.

3.2.4 Correct the resonance frequency of the magnet by tuning the sample using the automatic
tuning command “atma”. Monitor the wobble curve until the automatic tuning is complete.

3.2.5 Shim the magnetic field using TOPSHIM (command “topshim”). Shimming is process of
adjustments to magnetic field to achieve uniformity around the sample. It is good practice to
store the shim values with the command “wsh” and read them using “rsh” before topshim, if
using the same or similar samples.

3.2.6 Adjust the receiver gain with “rga” command to achieve maximum signal to noise ratio.

3.2.7 Place the center of the spectrum on the water resonance offset (01) and set the 90 degree
proton pulse (p1) at high power using “calibolp1”.

3.2.9 Collect the proton spectrum using the zero go “zg” command and process with “efp”
which includes exponential multiplication (“em”), the free induction decay (FID) incorporating

line broadening, “ft” fourier transformation of FID and “pk” to apply phase correction.

3.2.10 Apply the automatic phase correction “apk” and the automatic baseline correction
“absn” using the polynomial without integration option.

3.2.11 Create a new dataset (as in 3.2.2) for the SOFAST HMBC experiment by selecting
“SFHMQC3GPPH” in experiment.
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3.2.12 Copy optimized P1 and O1 from proton spectrum and populate P1 dependent pulses by
using command “getprosol 1H p1 plwl”, where p1 is the optimized P1 value and plw1 is the
power level for P1.

3.2.13 Optimize the CNST54 constant to set the offset for amide chemical shift and CNST55 to
define the bandwidth in order to encompass the spectral regions of interest which allows the
receiver gain to be optimized (Figure 2). To select these parameters, extract the first FID (free
induction decay) from the two-dimensional spectrum and look for the observed signal to define
them. In addition, vary the relaxation delay (D1), number of scans (NS), and dummy scans (DS)
to obtain acceptable signal sensitivity with command “gs”, which enables go and scan to
monitor data quality in real time.

3.2.14 Record the spectra using Zero Go “zg”.
3.3 NMR Data Processing

3.3.1 Set the processing parameters to the size of the direct F2 (*H) and indirect F1 (*°N)
dimensions of the spectrum using “SI F2=2048, F1=512" with optional linear prediction in
indirect dimension (Figure 3).

3.3.2 Select “QSINE” as the Window function and enter a Sine bell shift (SSB) of 2 to process the
two-dimensional spectrum.

3.3.3 Enter the command “xfb” to process the data in both directions with window function and
fourier transformation.

3.3.4 Use the command “apk2d” to carry out automatic phase correction in both directions. If
the automatic process does not achieve a satisfactory level of phase correction, extract FIDs
with the “rser” command, calculate phase values from 1D processing, and apply them to the 2D
data.

3.3.5 Correct the baseline with the automatic baseline correction function “abs2” for 2D data.
This applies a polynomial function between the ppm values defined in the processing
parameters and will produce a 2D spectrum for further analysis.

3.3.6 If planning to perform serial processing for comparison of interaction data with another
molecule, store the processing parameters with the command “wpar” and recall them with
“rpar”. In this way all the datasets will be processed with same parameters and variations will
not be introduced due to processing differences.

3.4 NMR Data Analysis

3.4.1 Enter the command “pp” to begin the process of peak picking.
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3.4.2 Define the ppm range and minimum intensity/maximum number of peaks based on
expected peaks (Figure 4). Click on OK and verify the results by visual inspection. If needed, re-
run the process until results are satisfactory based on spectra quality.

3.4.3 Generate a peaklist with the “pp” command.

Note: This peaklist contains data height/peak intensity information by default and can be
exported to subsequent spectrums and can be read by other programs.

3.4.4 Observe changes in the peak intensities or movement in chemical shifts in the protein
HSQC spectra that indicate interaction with another molecule. If the interacting molecule is
large, expect reductions in peak intensities along with disappearance of some peaks.

3.4.5 Import the peak list to the next data set by clicking on the “peaks” tab and selecting
“import” with a right click in the peaks window.

3.4.6 Visualize the peaks over the spectrum and if needed shift them to new positions. Click on
“reset intensities” for “complete table” to generate a peaklist for the spectrum with intensities
(Figure 5). This peak list will carry over the position information from stored peak list.

3.4.7 Export the peak lists from different datasets to a spreadsheet or other mathematical
program for analysis by selecting the “Export” function.

3.4.8 Calculate the change in peak intensities with the function “peak intensity in complex
spectrum/peak intensity in protein spectrum” for each peak. Values can be converted to
percentage change by multiplication of 100. Note that peak volumes are also useful although
peak intensities are easier to measure for peaks that are positioned close to each other, as is
usually the case for proteins with a high density of relatively broad peaks.

4. MicroScale Thermophoresis (MST)
4.1 Preparation of the Ligand Protein E-PRD

4.1.1 Exchange the ligand into an MST compatible buffer by dialyzing up to 800 uL of protein in
a 3.5 kDa mini-dialysis unit suspended in 1 L of 20 mM HEPES, pH 7.5, 10 mM NadCl, stirring
slowly at 4 °C overnight.

4.1.2 Concentrate the ligand using a centrifugal ultrafiltration unit (3 kDa MWCQ) by
centrifuging at 14 000 x g for 10 min. Transfer the concentrated protein to a clean tube.

4.1.3 Centrifuge the ligand at 21 000 x g for 10 min and carefully transfer the supernatant to a
new tube to remove any precipitated protein. Determine the concentration of the ligand using
the absorbance at 280 nm and the ligand extinction coefficient. Add 10% Tween-20 to give a
final concentration of 0.015%. Tween-20 is added to the assay buffer to prevent adsorption to
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the capillaries. The final assay buffer that is used for the MST experiments is 20 mM HEPES, pH
7.5, 10 mM NacCl, 0.015% Tween-20.

4.2 Preparation of Dye-labeled Target Protein VimRod

4.2.1 Reconstitute the RED-tris-NTA dye by adding 50 pL of 1x PBS-T supplied with the RED-tris-
NTA to give a concentration of 5 uM. Dispense 2 pL aliquots into 200 pL tubes and store at -20
°C.

4.2.2 Dilute the target protein to 0.34 uM with assay buffer. Add 58 pL of target toa 2 pL
aliquot of RED-tris-NTA dye and incubate for 30 min at room temperature. The final
concentration of dye-labeled target is 0.33 uM. Centrifuge the labeled target at 21 000 x g for
10 min and carefully transfer the supernatant to a new tube to remove any precipitate. The
RED-tris-NTA dye binds to proteins through the His6 tag and has a binding dissociation constant
(Kp) in the sub-nanomolar range. It is effectively 100% bound to the target protein so no further
purification is required.

4.2.3 Turn on the MST instrument and open the Control Software. Select the Red setting for the
RED-tris-NTA dye. Turn on the temperature control to 25 °C.

4.2.4 Select the Pretest to validate the labeling of the target and check for aggregation or
adsorption to the cuvettes. An assessment of these parameters is automatically provided.

4.2.5 Mix 17 uL of assay buffer and 3 uL of target protein and mix by pipetting. Fill two standard
capillaries by dipping them in the diluted target and drawing up liquid into the center of the
capillary. Place capillaries in the tray and into the instruments. Start the measurement.

4.2.6 Review the results looking for a sufficient level of fluorescence and no signs of adsorption
(distortion in the capillary line shape) or aggregation (distortions in the MST trace) which will be
flagged in the software analysis. If results are positive move on to the ligand steps, if not a
different buffer must be tried or the amount of Tween-20 may be increased to 0.05% or higher.

4.3. Preparation of the E-PRD Ligand Two-fold Dilution Series
4.3.1 Prepare a dilution series by labeling 16, 200 pL tubes from 1-16.

4.3.2 Add 17 pulL of the ligand at 1.17x greater concentration than the maximum ligand
concentration desired to Tubel. This volume is twice the amount needed (8.5 pL) as an aliquot
will then be transferred to the next tube in series. The final volume of the assay is 10 uL so 8.5
uL of 1.17X concentration of ligand will be diluted to 1x by addition of 1.5 uL of the target
protein, VimRod. This maximum concentration chosen should be at least 20 times the
estimated Kp value.
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437  4.3.3 Add the 8.5 uL of assay buffer to Tubes2-16 using a new pipette tip for each aliquot.

438 Reusing pipette tips can affect the accuracy (for advice on accurate pipetting see

439  manufacturer’s instructions). Transfer 8.5 pL of ligand from Tubel to Tube2 slowly releasing the
440  solution into the assay buffer without generating bubbles. Mix the ligand and buffer by

441  pipetting up and down at least 6 times, again without generating bubbles. The E-PRD in the
442  most concentrated tube was 1.5 mM and the labeled VimRod was present at a final

443  concentration of 50 nM.

444

445  4.3.4 Transfer 8.5 plL of ligand from Tube2 to Tube3 and mix with the assay buffer. Repeat the
446  serial dilution until all tubes have had ligand added. Discard 8.5 pL from Tubel6 so that all
447  tubes contain 8.5 plL of ligand in a series of two-fold dilutions.

448

449  4.4. Preparation of the Binding Reaction and MST experiment

450

451 4.4.1 Add 1.5 pL of the labeled target protein to each of the tubes and mix gently by pipetting
452  up and down being careful to avoid bubbles. Incubate for 15 min.

453

454  4.4.2 Select the Expert Mode for the binding assay and enter in the parameters for a serial
455  dilution series. Make sure temperature control is set to 25 °C, the excitation power is set to
456  40%, and the MST power to medium. These parameters must be optimized for other binding
457  partners being studied.

458

459  4.4.3 Fill the capillaries with the binding reactions and place in the capillary tray. Load the tray
460 into the instrument, wait for the temperature to regain 25 °C and start the measurement.

461

462  4.5. Data Analysis

463

464  4.5.1 Open the binding assay file in the Affinity analysis software. Review the capillary scans;
465  Fluorescence levels should not vary more than 10% from the average, no aggregation or

466  adsorption should be detected as described in section 3.6.

467

468  4.5.2 Select the MST analysis on the right panel and drag the assay data into the analysis set. If
469  there are multiple runs of the same target-ligand binding assay under identical conditions they
470 can be merged by dropping in the same set. Alternatively, each run can be dropped into

471  analysis independently.

472

473  4.5.3 Move to the Dose Response Fit tab to graph the data. Choose the Kp model if a single
474  binding site is expected. The Hill model is also an option for multiple binding sites with

475  cooperative behavior. Outlier points that did not pass quality control can be removed from the
476  fit at this stage. Merge sets with multiple assays will be averaged and errors calculated as the
477  standard deviation.

478
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4.5.4 Open the final tab and compare results between all plots on a single graph. Retrieve
fitting results for each curve from the table that is generated. Export the data or fitted curves to
other presentation or analysis software if desired.

REPRESENTATIVE RESULTS:

The E-PRD domain (residues 1822-2014 cloned into pProEX-HTC) of the human envoplakin gene
and the VimRod domain (residues 99-249 cloned into pET21a) of human vimentin* were
expressed with His6 tags and purified. Figures 6 and 7 demonstrate the levels of purity of
VimRod (18.8 kDa) and E-PRD (21.8 kDa) obtained from this method of protein purification. The
removal of the His6 tag from the E-PRD construct is essential for the MST experiments as the
VimRod protein is labeled using a His6 tag binding dye and any E-PRD retaining its His6 tag may
compete for binding of the dye. The second IMAC column after cleavage of the tag with TEV
protease removes the TEV protease, the cleaved tag and any uncleaved His6-E-PRD that
remained. The final polishing step of the purification is size exclusion chromatography. Despite
both proteins being of a similar size, the VimRod elutes from the column at a 51 mL while the E-
PRD elution peak is centered at 72 mL where a protein monomer of this size would be
expected. The apparent increase in size of VimRod is likely due to the its characteristics as a
filamentous long rod shaped protein as analytically ultracentrifuge experiments demonstrated
that VimRod was monomeric®. Lower yields of protein are obtained from the cultures grown in
M9 than those from rich broth due to a lower amount of cells being produced in the minimal
media. The initial growth of larger starter cultures for M9 preparations in TB allows
improvement of cell yields while maintaining the extent of >N labeling necessary for the NMR
experiments.

The >N-1H HSQCs were acquired for the wild type and R1914E mutant of E-PRD in presence or
absence of VimRod (Figure 8A-8D). The spectrum of E-PRD in Figure 8A shows the expected
number of well resolved peaks, indicative of a properly folded protein. In the presence of
VimRod (Figure 8B) the spectrum shows extensive line broadening and peak disappearance,
corresponding to binding between the E-PRD and VimRod. This binding is lost by mutation of
R1914E as evidenced by comparison of Figure 8C and 8D. Little change is observed in the
spectrum upon addition of VimRod to the R1914E mutant indicating a lack of binding between
this mutant E-PRD and VimRod. The E-PRD peak intensities in the presence/absence of VimRod
were compared and plotted as the relative peak intensities in Figure 8E, which indicates the
range of peak broadening in the E-PRD complex. The R1914E mutant of E-PRD (not shown)
retained about 97% of peaks at 20% or higher peak intensities in presence of VimRod compared
to about 20% for the wild type (Figure 8E). This represents a loss of function point mutant, with
additional mutants having intermediate effects also having been studied®.

To validate and quantitate the binding of VimRod and E-PRD MST analysis using His6-VimRod
labeled with fluorescent RED-tris-NTA dye as the target mixed with decreasing concentrations
of the ligand E-PRD from 1.28 mM to 39.1 nM were performed. Three binding titrations were
carried out and the results are averaged and shown in Figure 9. The data were fit with a
standard model of one-site ligand binding and gave a Kp of 25.7 £ 2.1 uM. Evaluation of the
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binding between VimRod and E-PRD by surface plasmon resonance gave a similar Kp value of
19.1 + 1.3 uM4.

FIGURE AND TABLE LEGENDS:

Figure 1. Screen Capture of the Setup of the NMR Experiment. The window shown is used to
set up a standard experiment to collect a HSQC dataset. Experiment parameters are read in
adjacent to Experiment. The ZGPR experiment shown is chosen as an initial experiment to load
the standard and solvent dependent proton parameters. The Title window is used to input
experimental details for record keeping purposes. To collect the HSQC spectrum the ZGPR
experiment is replaced with SFHMQC3GPPH.

Figure 2. Adjusting of NMR Experimental Parameters. The window shown is used for entering
the basic parameters for the NMR pulse sequence in order to optimize the signal.

Figure 3. NMR Data Processing. Parameters used for processing each of the two dimensions of
the NMR spectrum are shown, with arrows indicating those that are typically adjusted.

Figure 4. Parameters for NMR Peak Picking. The parameters used for picking NMR peaks in the
processed NMR spectrum are shown with typical values. Adjust the ppm range, intensity and
number of peaks to optimize the spectra.

Figure 5. Representative Peaklist with Intensities. Each peak that is picked in the NMR
spectrum is given a number, and its *H and >N chemical shifts and signal intensity are
displayed. This peaklist can then be used to compare spectra obtained in the presence/absence
of an interacting partner.

Figure 6. Purification of His6-tagged VimRod by IMAC and S. A. The chromatogram for the
elution from the IMAC column shows one major peak of VimRod. B. The chromatogram for the
elution from the S column shows one major peak. C. SDS-PAGE of fractions collected over the
course of purification: MW standards with the MW indicated in kDa to the left of the gel (M),
cell lysate (1), IMAC flow-through (2), wash (3), pooled elution (E1), pooled S elution (E2). Bands
visible at higher molecular weights in lanes E1 and E2 are oligomers of pure VimRod as
confirmed by western blot (data not shown).

Figure 7. Purification of E-PRD by IMAC and S. A. SDS-PAGE of the IMAC purification showing
the molecular weight standards with the MW indicated in kDa to the left of the gel (M) and the
eluate from the first IMAC column (E1), the TEV cleavage products (+TEV), and the flow through
from the second IMAC column (FT). B. The chromatograph from the S column shows one major
peak. C. SDS-PAGE of the molecular weight standards (M) and the fractions from S peak.

Figure 8. HSQC Spectra of Wild-type and R1914E Mutant of E-PRD in the Presence and

Absence of VimRod. The HSQC spectra show wild-type E-PRD (100 uM) in 20 mM Tris-HCl, 150
mM NaCl, 1 mM DTT, pH 7 in the absence (A) or presence of 50 uM VimRod (B). Panels C and D
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are the HSQC spectra of the R1914E mutant (100uM) in the absence or presence of 50 uM
VimRod, respectively. In panel E the relative *H-°N peak intensities of the E-PRD with or
without VimRod binding are shown as a function of the peak number, which is arbitrarily
assigned and not based on sequence position. These values can be used to define a significance
cutoff for peak intensity reduction upon addition of a ligand. If assignments are available, the
significant values can often be seen to map to a binding area.

Figure 9. Binding of E-PRD to VimRod. E-PRD was diluted in a series of two-fold dilutions from
1.28 mM to 39.1 nM and incubated with labeled VimRod before performing MST analysis. Data
from three independent assays were combined. The data were fit to a Kp model giving a Kp of
25.7 uM with a Kp confidence of £ 2.1 uM.

Table 1. M9 media for Isotopic Labeling.

Table 2. Nutrient Mix for Supplementation of M9 media.

Table 3. Metal Mix Supplement for Enriching the MT Nutrient Mix.
Table 4. NMR Sample Preparation.

DISCUSSION:

The 2D *°>N-resolved NMR experiment is one of the most widely used methods to show how
two molecules interact. It is the most information-rich method that allows both partners’
signals to be continuously monitored throughout a titration experiment in solution state.
Although typically qualitative in the case of large complexes, the method can also be used in
favorable cases to measure binding affinities where NMR signals can be tracked in high
resolution spectra. Where assignments can be conveniently made, such as in the case of many
proteins under 20 kDa in size, the binding sites can also be mapped. Complementary assays
such as MST provide quantitative information about interactions in solution, and require less
protein in unlabeled states. Comparison of mutant binding data is useful for providing controls
to ensure that interactions evidenced by NMR line broadening are genuine and not artifacts of,
for example, aggregation or viscosity changes.

Protein Expression

Streamlining the expression process reduces the amount of labor intensive protein production.
Part of this optimization process involves identification of an appropriate strain of E. coli for the
recombinant expression of protein. Strain preference depends on elements including the
nature of the vector in use and, more specifically, the ultimate stability of the recombinant
protein being expressed’. The risk of degradation of the heterologous protein by endogenous E.
coli proteases can be reduced by use of protease deficient E. coli such as the BL21 strain. For
genes containing rare codons, a strain such as BL21-CodonPlus (DE3)RIPL may be preferred.
This strain combines the protease deficient nature of the BL21 strain with additional
endogenous copies of rare codon tRNAs for arginine, isoleucine, proline, and leucine.
Alternatively, rare codons that can compromise overexpression may be avoided by ordering a
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codon-optimized construct from a commercial source. Many strains of E. coli are available for
recombinant gene expression, each optimized for circumvention of a particular problem during
expression’. In the case of this study, the standard protease deficient strain BL21(DE3)
produced adequate quantities of soluble protein for subsequent purification and analysis.

Protein Purification

The purification protocol for a given protein is often unique in the sense that each protein
remains stable and soluble under different conditions such as temperature, salt concentration,
or pH. The overall effectiveness of purification through affinity chromatography is also sensitive
to the concentration of eluting species such as imidazole at various steps during the purification
process. In this work, critical buffer conditions for IMAC were pH for the E-PRD, and imidazole
concentration for the VimRod. A pH of 7.5 was required to avoid precipitation of the E-PRD
following initial elution from the IMAC column. For the IMAC purification of VimRod, increasing
the concentration of imidazole from 30 to 50 mM during the column wash step was found to
have a substantial improvement in the purity of the final elution fractions. For the elution step,
increasing the concentration of imidazole from 250 to 350 mM also was found to improve the
yield of the final elution. Initial attempts to elute protein using 250 mM imidazole led to
incomplete elution of VimRod as revealed by a final 1 M imidazole strip of the column (data not
shown). Increasing the imidazole concentration to 350 mM for the elution was sufficient to
recover all of the protein bound to the column. S can serve a dual purpose because it acts as a
polishing step for protein purification while simultaneously performing buffer exchange. Buffer
exchange is a critical step for subsequent binding analysis since it removes the imidazole used
to elute Hisb-tagged protein. It also serves as an opportunity to change conditions such as salt
concentration or pH, which may impact the efficacy of certain downstream techniques or
assays. Protein thermal shift (PTS) can be used to identify optimal buffers for downstream
assays, especially for those requiring stable protein for prolonged periods of time at room
temperature®®.

Binding Analysis

Protein that is freshly prepared is critical for accurate binding assays, although frozen protein
can also be used as long as the results are compared. Filamentous proteins such as vimentin
multimerize in a salt and pH dependent fashion, and hence the solution condition need to be
optimized and the oligomeric state estimated by a method such as SEC'%*!, dynamic light
scattering®? or analytical ultracentrifugation®*>. NMR spectroscopy is well suited for measuring
ligand interactions of small proteins at atomic resolution. However, when a protein interacts
with larger molecule, slower tumbling ensues, and this results in loss of signals, which can
confirm binding although it does not necessarily allow mapping of binding sites, which would
also require assignment of at least backbone resonances. In this scenario, NMR experiments do
not allow identification of the interaction site. Hence site directed mutagenesis is applied to
identify the critical residues needed for the binding. Such mutants therefore do not exhibit
signal loss. In this protocol, a mutant form with a substitution at position 1914 retains the peak
intensities in presence of VimRod and therefore confirms disruption of the interaction of E-PRD
and VimRod. Assignment of the backbone and sidechain resonances would add value to this
approach, particularly as the structure for the free E-PRD has been solved by X-ray
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crystallography?®. Future applications of NMR include characterization of complex interactions
between larger molecules and will benefit from ultra high field magnets and the use of other
observable groups such as *3C-labeled and trifluoro methyl groups as reporters.

MST has a number of advantages for studying binding interactions'®. The binding partners are
free in solution and not immobilized. Analysis of the quality of the samples is built into the
software with quality control reporting of aggregation, adsorption to the capillaries or
insufficient fluorescent labeling of the target molecule. Small amounts of the target are
typically used, the concentration of the labeled target is usually between 20-50 nM in a 10-20
uL volume/reaction. This protocol uses very small reaction volumes (10 puL) to maximize the
concentration of ligand that can be achieved in the titrations allowing weak binding interactions
to be characterized. This necessitates accurate pipetting and care being taken to avoid
introducing bubbles while still thoroughly mixing. Adequate mixing is critical for accurate,
consistent fluorescence measurements along the set of serial dilutions. The amount of Tween-
20 in the MST experiments was reduced from a standard 0.05% to 0.015% to lower the
tendency to create bubbles and improve mixing.

The RED-Tris-NTA dye provides a quick, easy and convenient way to fluorescently label any
protein that has a His tag. The labeling is effectively complete in only 30 minutes and is very
tight so that no dye removal procedure is necessary. No modifications are made to amino acid
residues in the protein that might alter the ligand binding properties. A caveat is that only the
protein to be labeled should have a His6 tag. This required the cleavage of the tag from the
ligand protein, E-PRD, and the removal of the tag and uncleaved E-PRD with a second IMAC
column step. If possible, the ligand protein should be prepared without the use of a His tag.
Alternatively, proteins may be covalently labeled with a fluorophore through amine coupling to
lysine residues or thiol coupling to cysteine residues. However, care must be taken when using
such systems since the covalent attachment of a fluorophore may affect electrostatic or polar
binding interactions relying on lysine or cysteine residues. The quantification of binding affinity
between the VimRod and E-PRD by MST was unusually sensitive to salt concentration. This
problem was mitigated by initially dialyzing both the target and ligand into the same batch of
assay buffer. Nonetheless, saturation of the MST binding curve could not be achieved when
performing the MST assay in the presence of 150 mM NacCl due to the complex behavior of
VimRod. Reliable, complete data was obtained once the concentration of NaCl was lowered to
10 mM allowing accurate calculation of the Kp. Hence, careful optimization of solution
conditions and comparison with complementary assays are recommended to achieve robust
results. Furthermore, MST may be used to quantify the salt dependence for a given interaction,
guantify stoichiometric properties of protein interactions, monitor protein folding, and probe
into enzyme kinetics'’.
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Reagent Quantity
Sodium phosphate, dibasic (anhydrous) 6.0g
Potassium phosphate, monobasic (anhydrous) 3.0g
Sodium Chloride 05g

H,0 Up to 950 mL
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Table2

Reagent Quantity
sNH,CI 10g
Glucose (or *C-glucose) 2.0g

1 M MgSO, 2mL

50 mM Cadl, 4 mL

20 mg/mL Thiamine 1.0 mL

3 mM FeCl, 400 plL
Metal Mix (Table 3) 500 pL

H,O

Up to 50 mL

Click here to access/download;Table;Table 2.xIsx %
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Table3

Reagent Quantity

4 mM ZnSO, 323 mg

1 mM MnSQO, 75.5 mg

4.7 mM H,BO, 145 mg

0.7 mM CuSO, 55.9mg

H,0 Up to 500 mL

Click here to access/download;Table;Table 3.xIsx %
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Table4

1 mM E-PRD in buffer

1ImM VimRod in

Click here to access/download;Table;Table 4.xIsx %

Buffer A (uL)
1
buffer A (uL
Sample A (k) uffer A (L)
E-PRD alone 50 0 50
E-PRD + VimRod 50 50 0

'Buffer A: 20 mM Tris-HCI, 1 mM DTT, pH 7
*Buffer B: 23 mM Tris-HCl, 1.14 mM DTT, pH 7
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200 uM DSS in D,O

Total

Buffer B (uL) Volume
(ML)
(uL)
50 350 500
50 350 500



Table of Materials Click here to access/download;Table of Materials;JoVE_Materials.xls.xIsx 2

Name of Material/ Equipment Company Catalog Number
Monolith NT.115, includes control and analysis software NanoTemper Technologies MO-G008
His-Tag Labeling Kit RED-Tris-NTA NanoTemper Technologies MO-L008
Standard capillaries NanoTemper Technologies MO-K022
HisTrap HP, 5 mL GE Healthcare 17524801
HisPur Ni-NTA resin, 100 mL Thermo Fisher Scientific 88222
HiLoad 16/600 Superdex 75 pg GE Healthcare 28989333
TEV protease Sigma Aldrich T4455
BL21(DE3) Competent E. coli New England Biolabs C2527H
cOmplete Protease Inhibitor Cocktail Tablets EDTA-Free Sigma Aldrich 11873580001
TCEP, Tris(2-carboxyethyl)phosphine hydrochloride Sigma Aldrich C4706
Reagents (HEPES, NaCl, etc) Sigma Aldrich various
Ammonium chloride (15N, 99%) Cambridge Isotope Laboratories NLM-467
D,0, Deuterium Oxide (D, 99.8%) Cambridge Isotope Laboratories DLM-2259
DSS, Sodium 2,2-dimethyl-2-silapentane-5-sulfonate-D6 (D,98%) Cambridge Isotope Laboratories DLM-8206
Precision 5 mm NMR Tubes, 7” long SIM/Deuterotubes BOROECO-5-7
NMR spectrometer (14.1 Tesla) Bruker
TClI 5mm z-PFG cryogenic probe Bruker
Software
Bruker TopSpin 4.0.1 Bruker
MO.Control NanoTemper Technologies

MO.Affinity Analysis NanoTemper Technologies
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Comments/Description

Instrument for microscal thermophoresis
RED-tris-NTA dye for MST

capillaries for MST

IMAC column

IMAC resin

SEC column

cleavage of his tag from E-PRD

cells for protein expression

protease inhibitors for protein purification by IMAC
reducing agent for protein purification
Preparation of media and buffers
isotope labelling for NMR

NMR sample preparation

reference for NMR

NMR tubes

acquisition of NMR data

acquisition of NMR data

processing of NMR data
included with Monlith NT.115
included with Monlith NT.115
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ARTICLE AND VIDEO LICENSE AGREEMENT

1 Detined Teoms  As used in this Article and Video Licente
Agreomont, the following tenms shal haw the follewing
meanings: “Agreement” means this Article and Video License
Agreement; "Anticle” means the stitle specified on the last
page of this Agreement, inckiding ary assciated materials
such as tows, figures, tables, arwork, abstracts, of summanes
contained thereln, “Authoe” mears the authee who &5 a
tgnatory to this Agreement; “Collective Work” means 3 work,
such as a periodical issue, anchelegy o encyciopeda, in which
the Materials in thow entirety in unmaedied form, aleng with a
rumber of other contributions, constituting separate and
Independent works In themaedves, are assembled into a
collective whole; “CRC Likense™ means 1he Creative Commons
Anributien-Non  Comenescisi-No  Ders 30 Unporied
Agreemant, the terms and condions of which can be found
at: http/fereativecomeons. ceg/licenses/by ne-
2 0legalcode; "Dervative Work™ means a woek bated
upon the Materials of upen the Materials and other pre-
edsting works, sich as a translation, mardcal aerangoment,
damatization, fictionalization, metion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other foem i which the Materials may be recast, transionmed,
or adaptod; “Institution™ moans 1he Instiiation, listed on 1he
last page of this Agreement, by which the Author was
employed 3t the thne of the creation of the Materals, “JoVe”
means Myove Comeration, a Massachusetis corpartion and
the publisher of The Jownal of Viswaized Fxperinents
“Materlals” means the Artidle ard [ or the \Wdeo; “Parties”
means the Author and JoVE; “Video™ means any wdeo(s} made
try the Author, alone of in conjincuicn with any ocher parties,
or by JoVE or s afMlates or agonts, indvidually o in
colaboracion with the Awshor or aw  othar  paties,
incorporating all or any portion of the Article, and in wivich 1he
Author may or Imay rat appear.

6125426

2. Dackuround The Author, wha is the aucher of the Articln,
In order to eraure the dssemination and protection of the
Article, detires to have the JaVE pubkth the Article and create
and tronsrs videos bated on the Article. 'n furthersace of
wich goals, the Paries detire 1o momon akeo in this Agreemont
the respective rights of each Party in and 1o the Article and the
Video,

3. Grant of Rights In Article. ‘n considevation of JoVE agraeing
to publish the Artidde, the Author herchy grarts to JoVE,

whect 1o Sections 4 and 7 befow, the exclustee, royalty-froe,
poepetial {for the fudl o of copyright i the Article,
Inchading any oxtensions therelo] licende (a} o poblish,
reproduce, distribute, display and store the Artiche in all forme,
formats and media whether now fnown or hereaftor
dovoloped (icchuding withowe limisation in poiei, dighal and
sectronic form) throughewt the world, (b) 1o trandate the
Artiche into other lnguagns, Create adapmations, SUemmarie: of
extracts of the Aricle or other Derivative Works lincuding,
without Mmitation, the Video] or Collective Works based on all
of Jery portieon of the Article and exrcise all of the nights set
ferth in (a] abowe In swch warslations, adaptatices,
wsmmanes, oxracts, Derivative Works or Collective Works and
(c] 10 Meense athers to do any or all of the above. The
foregoing rights may be exercisod in o media and formats,
whather now known or beeeafter devised, and inclodo the
right to make such modifications as are technizally necessary
10 exercise the rights in other medis and formats If the “Open
Acgess” box has been chicked In Itom 1 above, JoVE and the
Author hereby graee 1o the public a8 such rights in the Anicle
us peondded in, bus sudect 1o ol Emitations and requirérnts
wet forth in, the CRC Licenie.
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exchisive hcense granted to JoVE in Section 3 above, the
Author shall, with respect 10 the Anicle, retain the non
exchusive righs to use Al or part of the Anicle for the pon
commeecil purpese of ging lectures, proseniations of
toaching classes, and 10 post a copy of the Article on the
institution’s websiie or the Auchor’s porsonal webakie, In each
cae provided that 8 link to the Article on the JoVE website Is
provided and notice of JeVE's copyright i the Asticle is
Included. All non copynghe intoflectual property rights in and
to the Anide, such as patent nghts, shall remain with the
Author.

5. Grant of Righis in Wdgo - Starchird Access. This Section 5
applics If the “Standard Access™ box has been checked in Hem
1 above or if no box has been checked in Mem 1 above. In
considoration of JOVE agreeing 0 prodice, display or
otherwiso assst weh the Video, the Mnhor  horoby
acknowledges and agrees that, Subject to Section 7 below,
JoVE 18 and shall be the sole and extiusive awner of all rights of
any nature, Induding, withowe Mimitation, M copyrighes, in and
to the Wdeo. To the oxtont that, by law, tho Author &
doomod, nerney OF 31 Aty Sime i the fupure, 1o have any rights
of arw nature in or to the Wideo, the Author herobly dischaims
all wuch nights and trasafers alf such rights to JovE

& Srans of Righesin Video = COoen 5cess  This Secton &
applies only f the “Open Access™ box has been checked in
ftem 1 above. In corsaderation of JoVE agreoeg to produce,
Auplay o otherwise 35351 with the Wideo, The Author heroby
grants to JOVE, subject to Section 7 bolow, the exclusive,
royalty free, porpetual (for the full 1erm of copynight In the
Article, Including any extonsions thereto) Beense (o) to publish,
repeoduce, distriiune, daplay and woee the Wdeo in all forms,
formnats and media whether now known or  hereafter
developed (mcluding without imeation in prnt, digiial and
electronic form} throughout the weoeld, (b} to trandite the
Vidoo o other linguages, creato adaptations, summaries o
extracts of the Video or cther Derivative Works or Colfective
Works based on all or any portion of the Video and exercise all
of the rights set forth In {a) abowe In such translations,
adapiationd,  susmarnied,  evracts, Owiivative  Woeks  or
Collective Works and (¢} 10 Bcense others 10 do any or 3l of
the above, The foregolng rights may be oxercised in off media
and fermats, whether now known or hercaftor devised, and
Inchude the night to make such modifications a5 are technically
Cossary 1o exarcise the rights @ othee media and formats,
For any Video 1o which this Section & is applicable, JeVE and
the Author heroby grant to the pubdic all such nghas in the
Video as prowded in, but subject to Al limitations and
requirersents set forthin, the CRC Ucense.

7. Goweenmens mployees |f the Author & a United States
government employee and the Article was prepared in the
course of his or hor dnies a5 3 Unitod Sates goveenmont
omployee, a5 Indcated In ttem 2 above, and any of the
liceraes or grants granted by the Auchor hercunder oxceed the
scope of the 17 USC 403, then the rights granted hereunder
shall be lmited to the mademum rights penmitted under such

6125426
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wanme. In such case, all provistons contaned heroin that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so confiict
thall bo deemed te boe amended 10 as 1o provide 1o JoVE the
adenum cights poersksutio within such statute

& Llenpss Prevacy Porzonalily. The Author herey grants
JoVE the right 1o use the Author's name, voite, Wheness,
pictire, photograph, image, bography and peefarmance In aoy
way, comenceckal of otherwise, In connection with the
Materials and the sale, promotion and detnbution thercof.
The Author herchy watves any and a rights he or she may
have, relaling 1o his of her apposrarce In the Video or
otherwsse redating 10 the Materials, under al applcably
privacy, Mkeness, porsonality or sirmilar laws.

9. Authge Warranses  Tho Author represents and warranis
that the Articlo Is ceiginal, that it has not been published, that
the copyright Incerest is owned by the Author (or, ¥ more than
one outhor is listed ot the beginning of this Agreemont, by
wch authers collectivedy} and has not been assigned Noered,
or otherwise trancforred to any cther party. The Aathor
repeosenss and warcanis that the mehee(s) kscod at the top of
this Agreemont are the coly muithors of the Materlasis. Hf more
than one author i listed 22 the top of this Agreement and f
nevy such authes has not ortered o 3 separate Article and
Video Uconse Agreomens with JoVE redating to tho Materials,
the Author represents and wamrants that the Author has been
astherized by each of the other wuch authors 1o execute the
Agreomont on M of her hehat! and 1o bend him o her with
rospect 10 the torms of this Agreamant as ! each of thom had
boeen a party hereto as an Author. The Author warrants that
the wie, regroduction, distribution, public or  povate
peeformance or display, and/or medification of all or any
portien of the Materials does not and wil not viclate, mfringe
and/or mizappropriate the patent, trademark, ellectusd
propesty of othes nghts of any thied party. The Anther
reprosents and warrants that it has and Wil comtinue 10
comply with ol governmeny, institusional and  other
repulations, incoding, without hmitation all mstitutional,
laberatory, hospital, ethical buman and aremal treatment,
privacy, and ol oihver rules, regulaions, laws, procedhunes or
guidelings, applicable to the Materish, and 1hat all research
Inwolving human and aramal subjecis has beon spproved by
the Author's rdevant institutional roeview board

10 JOVE Dicrepion If the Author requiests the assistance of
JoVE in preducing the Video in the Author's faclity, the Author
thall ensuro that the presence of JoVE employoes, agents or
Independent contractors &8 In accordance with the redevant
reguationd of the Author's instituticn.  |f more than ene
auchee Is Bstod at the beginning of this Agreomens, JoVE may,
In #ts sole discretion, elect not take any action with respect to
the Article until such time as It has recehved complete,
expouted Arsicle and Video Licende Agreeramis ‘rom each
wach suthor. JoVE reserves the right, in ics abokite and solo
discretion and withow: givieg any reaton therefore, to accopt
or decine any work submitted to JoVE  JovE e it
employess, agents and independent contractoes shall have
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full unfettored access to the faokties of the Author or of the
Author’s irstitution as necessary Lo make the Wideo, whether
actually pebiched or not.  oVE has scle discrotion as to the
mechod of making and publishing the Matanals, Irchuding
withous mvtaticn, 1o ofl dectisons regarding edning, Sghoing
flmarg, siiming of publicazion, If any, length, qualiy, concont
and the ke

11, |odecntlication. The Acthor agrees 1o indemnify JoVE
and/or 15 successors and assigns from and against any and atl
chims, costy, and coqenses, Incloding attomey’s fees, arlsing
cant of any breach of any warranty or ather repecsentations
contaned hivein, The Author furthor agrees to iIndemed'y and
hold harmless JoVE from and against any and all cdalens, costs,
and expenses, Including attomey’s fees, resdiing from the
beeach by the Mnthor of any repteteniation of warranly
contaned heroin or froen allogatices or instances of volation
of imellectual property rights, damage to the Author’s or the
Author’s etitution's fackmies, fraud, Abel, defamation,
research, equipment, egerments, property damage, personal
injury, viclations of Institutional, laboratory, hospital, ethical
Mman and animal treatment, privaty or other rues,
reguiations, laws, procedhres or guidelings, kabilivies and
other lestes or damages related in any way 1o the submission
of work to JoVE, making of videos by JoVE, or publication in
JOVE o elsowhiere by JoVE. The Author shall be rosponsiie
for, and shall hoid JoVE harmbest from, damages caused by
lack of sterilzation, lack of dleanliness or by contamination
due 10 the makirg of a video by JoVE 1 employeet, agents or
independent contraciors. Al sterilization, cleanliness or
decontamination peocedures shall be sololy the respormidliny
of the Author and thall be undestaken a2t the Authoe's
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epense, Al smndomnifications provided horein shall inchado
JoVE's attorney’s fees and costs redated o svd losses or
damages.  Such indemadfication and heldng harmless shall
Inciude such losses or daemnages incuerod by, of In Connection
with, &1s or ombstons of OVE, Bs erployees, apiniy or
Independent contractors

12 Zpes  To cover the cost Incurred for publication, JoVE
ST feceive payment before production and pudiication the
Materials, Paymont & due in 21 dans of inwoice. Should the
Materials not be published due to an edtonial or production
dicidon, thewe funth will be returned to the Mnhoe.
Withdrawal by the Asthoe of any submitted Materials aftor
findl peer reviews approval will rosalt in a USS1,200 foe to
cover pre-production expenses incurred by JoVE If payment i
ot recetved by the coenpletion of Niming, production and
putdication of the Matorials will be stispended untl payenent i
recetvid,

13 Iranglee Governing Law Ths Agreement may be
assignod by JoVE and shall inure 50 the benefits of sy of
JoVEs successors and asdgnoes.  This Agroement shall bo
gowmpd and toostrued by the Intermal faws of the
Commonwealth of Massachusests without giving offect to any
conflict of law provision thereunder,  This Agreement may be
enecuted in courterpons, cach of which shall be deerned an
crigEnal, bus 3l of which together shall be deerod to me cne
and the same agreement. A signed copy of this Agreement
delivered by facdmile, e-mall or other mears of dectronk
oranamission dhall be decened 10 have the same legal offect as
delvery of an coginal signed copy of this Agroomen:.

Asigned copy of this document must be sent with all new submissions. Only one Agreement required per submission.

CORRESPONDING AUTHOR:
Name: - Michael Overduin
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Signature: Michael Overduin

,loa:e: " May 25,2018
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1) Upload a scanned copy of the document as a pfd on the JoVE submission site;
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Authors Response to Reviewers
Changes to the manuscript and figures by the Authors to address the reviewers’ comments are shown in
red text.

Editorial comments:

Changes to be made by the Author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling
or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the submitted
revision may be present in the published version. The authors have double checked for spelling and
grammar issues.

2. Figures 6 and 7: Please change “ml” to “mL”. Please provide units for the numbers in the SDS-PAGE
figure. Figure 6 and 7 units have been changed to mL, the units for the MW markers (kDA) have been
added to the figure legends.

3. Figure 8: The unit for 15N chemical shift should be ppm, not pm. This has been changed as requested.
4. Tables 1-3 are mentioned in the manuscript but are not uploaded. Please upload each table
individually to your Editorial Manager account as an .xls or .xlIsx file. These have now been uploaded.

5. Please rephrase the Summary to clearly describe the protocol and its applications in complete
sentences between 10-50 words: “Here, we present a protocol to ...” This has been rephrased.

6. Please use x g instead of xg for centrifuge speeds. Spaces have been inserted between x and g.

7. Please use Sl abbreviations for all units: L, mL, pL, h, min, s, etc. Now corrected throughout text.

8. Please include a space between all numbers and their corresponding units: 15 mL, 37 °C, 60 s, 8000 x
g; etc. Now corrected throughout text.

9. Please remove all commercial language from your manuscript and use generic terms instead. All
commercial products should be sufficiently referenced in the Table of Materials and Reagents. For
example: Falcon, GE healthcare, HiLoad 16/60 Superdex, Bruker, NanoTemper Technologies, Tween-20,
etc. Company names and product names have been moved to the Table of Materials.

10. Please revise the protocol text to avoid the use of any personal pronouns (e.g., "we", "you", "our"
etc.). Instances of “we”, “you” and “our” have been removed.

11. 1.1.3: Please break up into sub-steps. This step has been split into sub-steps.

12. 1.2.6: What volume is considered to be small here? Small volume was replaced with 20 mL in 1.2.6.
13. 2.1.4: What does pH 7.5 refer to? Is the column equilibrated with these solutions separately or
together as a mixture? How is the flow rate controlled? Please specify throughout. Buffers are now clearly
defined, FPLC was used and the flow rates are indicated for each step.

14. 2.1.8: What do peak elution fractions refer to? Section 2.1.8-9 refer to identifying the fractions to pool.
15.2.1.9 and 2.1.10: What is the flow rate here? Flow rates indicated throughout.

16. 2.1.10: Is the concentrated cleaved protein taken from step 2.1.8? This is now 2.1.11 and the
concentration protein to be loaded is indicated as being from step 2.1.9 in updated protocol

17. 2.2.1: Please describe how to determine the protein content using A280. Alternatively, add references
to published material specifying how to perform the protocol action. Reference added in step 2.1.8.

18. 2.2.4: Please specify where to load the cleaved E-PRD protein. Section reworked to add more details.
The cleaved E-PRD in added to the equilibrated resin in 2.2.4 as indicated.

19.3.2.4,3.2.13,3.3.2, 3.4.3, 3.4.4, 3.4.7, 4.5.4: Please write the text in the imperative tense. Any text
that cannot be written in the imperative tense may be added as a “Note.” These have been reworded.

20. 3.2.13: Please mention how these parameters are optimized. The parameters are optimized using the
constants are CNST54 and CNST55, extracting the first FID and looking for observed signals to define
bandwidth and center of the spectrum. This section has been updated.

21.4.1.2, 4.1.3: What happens after centrifugation? Is the supernatant kept or discarded? Please specify.
The insertion of text makes it clear that the supernatant is transferred to a new tube.

22. There is a 2.75 page limit for filmable content. Please highlight 2.75 pages or less of the Protocol
(including headings and spacing) that identifies the essential steps of the protocol for the video, i.e., the
steps that should be visualized to tell the most cohesive story of the Protocol. Remember that non-
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highlighted Protocol steps will remain in the manuscript, and therefore will still be available to the reader.
The NMR section 3 has been highlighted for filming.

23. Please ensure that the highlighted steps form a cohesive narrative with a logical flow from one
highlighted step to the next. Please highlight complete sentences (not parts of sentences). Please ensure
that the highlighted part of the step includes at least one action that is written in imperative tense. These
steps will take the user through collecting and analysing an NMR sample.

24. As we are a methods journal, please revise the Discussion to explicitly cover the following in detail in
3-6 paragraphs with citations:

a) Critical steps within the protocol

b) Any modifications and troubleshooting of the technique

¢) Any limitations of the technique

d) The significance with respect to existing methods

e) Any future applications of the technique

The discussion is now reworked to focus on the methods, their applications and troubling shooting.
Reviewers' comments:

Reviewer #1:

Manuscript Summary:

The authors describe with great details their approach in characterizing the interactions of globular and
filamentous proteins by nuclear magnetic resonance and microscale thermophoresis. The article is well
structured and clearly written. But there are some issues and details, which must be improved before the
manuscript can be accepted for publication. | recommend the acceptance of this manuscript after major
revision.

Major Concerns:

1. the authors explain nicely the protein purification. But when it comes to the characterization of
interactions, it is less clear how the procedure took place. For example, NMR sample preparation (3.1.1):
there is no information on the concentration of the proteins used for the experiments. This information
must be added, so that the sample preparation is clear. The protein concentrations are now stated in
3.1.2 and Figure 8.

2.1 Similarly as above | recommend rephrasing the Preparation of the Ligand (4.1). At this point the
ligand should be defined. Which protein was used as a ligand? The ligand is now defined as “the protein
ligand E-PRD”.

2.2Please, rename also the MST buffer into assay buffer. NanoTemper namely provides MST buffer,
which has different composition than the buffer used by authors. Replacing the "MST buffer" with "assay
buffer" will guarantee, that the readers who are familiar with "MST buffer" provided by NanoTemper, do
not get confused. Thus, exchange the "MST buffer" with "assay buffer" thought the manuscript. The
ligand is defined as E-PRD throughout the text. MST buffer was replaced with assay buffer and defined
as 20 mM HEPES, pH 7.5, 10 mM NacCl, 0.015% Tween-20 in 4.1.3.

3. Line 339: "PBS is an alternate recommended buffer for MST." Please, rephrase or omit this sentence.
The meaning of it is not clear. Sentence removed

4. The title: Preparation of labelled target compound (4.2) is misleading. The authors labeled the protein.
Please, state which protein was labeled at this point. The labeled protein is defined as VimRod in 4.2

5. The official name of the dye is RED-tris-NTA and not RED-NTA. Please, correct the name thought the
manuscript. Corrected throughout.

6. Why there is no free dye removal step with this dye? Please, elucidate the reasons behind and the way
how RED-tris-NTA labels the proteins. Explanation added to 4.2.2 and to the discussion, binding analysis
paragraph 5.



7. Preparation of the dilution series (4.3): name the ligand directly to prevent confusion. Also, briefly
mention why the factor 1.17x. Ligand named throughout and the dilution factor explained in 4.3.2

8. Point 4.3.3: Why changing the tips each time when aliquoting the buffer in empty tubes? This is quite
unusual, so please, add a comment on that. Also add the information on the final labeled target
concentration and the dye concentration. Pipetting accuracy is affected by reusing tips. Sentence added
as well as a recommendation to consult manufacter’s guides such as the Gilson link given

9. Data Analysis 4.5.3: The error of the data fit (Kd) is not returned as a standard deviation, it is calculated
as Kd confidence. Please, correct. This has been corrected in the Fig 9 legend where it is mentioned.

10. Representative results: Explain why is the removal of the His-tag from the E-PRD construct essential?
This is explained in results, paragraph one.

11. In Discussion you have an opportunity to present and discuss the uniqueness of RED-tis-NTA
(specificity of labeling, no need for removal of free dye, need to remove His-tag from the ligand etc.).
Please, expand the discussion with this information. This is now added to the discussion, binding analysis
paragraph 5.

12. Last paragraph of the discussion: in this paragraph should be clear that the observation relates only to
this specific interaction pair. At present it is written as it would be a general issue with MST. The reader
must understand the difference between the uniqueness of tested system and the specific characteristics
of MST. Additionally, some citations are recommended. The statements at present are too vague. The
discussion has been changed to reflect more troubleshooting of the method and indicate that the results
herein are specific to this system and other binding interactions would require optimization.

Reviewer #2:

Manuscript Summary:

In this method article, Overduin and colleagues provide a combined method, using NMR spectroscopy
and microscale thermophoresis, to establish flamentous and globular proteins interactions with ligands.
In addition, this methodology serves to identify solution conditions for the interactions as well as
screening of mutations that alter protein-ligand interactions.

The manuscript is well written and well descriptive. Approaches on how to proceed and identify protein-
ligand interactions by solution NMR spectroscopy are provided in detail. The MST experiments are
presented as alternative and complementary methods to quantify interactions in solution using minute
amounts of protein. The manuscript should be accepted after answering the following comments:

Major Concerns:

1. Given that the major limitation of the proposed studies is the size of the protein, the author need to
provide the size for the envoplakin PRD. Also, are both PRD and VimRod from human origin? The sizes
are now included in the results, first paragraph as is the human origin.

2. What plasmids are being used to express the recombinant proteins? Plasmids are indicated in results,
paragraph one.

3.1 do not see Tables 1, 2, and 3 in the current submission Will be uploaded

4. How is His-tagged VimRod cleaved? What are the cleavage conditions? It is not cleaved. The tag
needs to be present to bind the RED-tris-NTA

5. Figure 3: why is "BC_mod" labeled with an arrow? No description of this step is indicated in the text.
The arrows have been removed.

6. Why is Tween-20 added in MST experiments? Sentence “Tween-20 is added to the assay buffer to
prevent adsorption to the capillaries.” added to 4.1.3

7. The authors should provide a description of what the RED-NTA dye does. This is now added to the
discussion, binding analysis paragraph 5.

8. The authors should discuss the result shown in Figure 8E. The result shown here is now described in
more detail in the results section.



Minor Concerns:

1. Please provide full name for MST in the summary section Added microscale thermophoresis (MST) to
summary.

2. Section 3.1.1: What is the range of protein concentration recommended? What is the sample volume
recommended? This is now indicated in section 3.1.1.

3. Please provide the name of the Bruker (and version) software described in the manuscript. The
software and instrument are indicated in the Materials Table.

4. Figure 3: the spectrum type selected is HMQC. Please correct to HSQC. HMQC is correct for the
Spectrum type as the experiments were SOFAST-HMQC. This change does not affect processing and is
required for the file to be read by addon analytical software like Dynamics Center by Bruker.

5. 3.3.2: Qsine should be capitalized. Qsine is now capitalized.

6. 3.3.5: is this referring to ABSG? The abs2 is a run line command for baseline correction of 2D spectra
as is now indicated in the text and its use is described in this section.

7. To make readable for nonexperts, please identify what F1 and F2 are in section 3.4 These are now
defined in 3.3.1.

8. Section 4.1.2.: do the authors meant multiple spins may be required if less than 500 uL of ligand need
to be concentrated? This sentence has been removed.

9. Provide full name for KD KD is no defined as binding dissociation constant (K,) in 4.2.2

10. Line 390: what is step 7? Reworked this section to make clear and removed step 7 reference.

Reviewer #3:

Manuscript Summary:

In this manuscript the authors describe a protocol for measuring protein:protein interactions using NMR
chemical shift perturbation mapping supported by microscale thermophoresis (MTS). Details of the
sample preparation are given, along with general parameters for NMR and MTS data collection and
analysis. Presented is a rather idealized analysis that does not mention limitations of the methodology.

Major Concerns:

-Figure 8 is problematic. The peak intensities for the wildtype E-PRD protein are not very consistent in
terms of intensity (panel A). The differences in peak intensity for the wild type must be justified in
particular compared to the relatively uniform intensities of the mutant (panel C). Is this protein known to
be monomeric? (The oligomeric state of the binding partner is reported to be very dependent on osmolyte
concentration and pH.) The E-PRD protein is monomeric as shown in ref4 and fig 7B and this in now
stated in Results, paragraph 1. The spectrum for panel A (wild type E-PRD) have been plotted to a
contour level which shows comparable intensities to the mutant form in panel C.

-Panel E must be described better in the legend. Is the x-axis a random peak number or is it really a
residue number? Peak numbers were arbitrarily assigned as is stated now in the legend of Figure 8.

-No mention is made of backbone assignments (a limitation of the method) in particular of those in the
bound state. Some general discussion of backbone assignments is warranted with additional discussion
of how the bound state was assigned (if it was). At the least, mention of how backbone assignments
would improve interpretation of the method would be useful. Backbone assignments are out of scope for
this study but are briefly mentioned in the Discussion under Binding Analysis, paragraph 1.

-The concentration of the R1914E mutant is not stated, but should be even if equivalent to the wild type
(100 uM). Also, the single amino acid change affects the entire 15N-HSQC spectra, thus this has a very
large effect on the overall fold. This and any other information known about the mutant should be



mentioned and discussed more thoroughly. The idea that site directed mutagenesis can be used to
identify critical residues needed for binding is not valid in this case and should be explained. Equivalent
concentrations of E-PRD and the R1914E mutant were used, as is clarified in the section 3.1.4, Table 4
and the Figure 8 legend. Most of the R1914E peaks retained their chemical shifts in the improved Figure
8 panels, indicating retention of the overall structure. Size exclusion chromatographic analysis showed
monomer for wild type and mutant form of E-PRD.

R1914E was chosen as an extreme loss of function point mutant for the purpose of better understanding
the method. Other mutants have intermediate effects, as is now mentioned in the results section.

-The MST results were not reliable at anything close to physiological conditions (150 mM NacCl). This
must be acknowledged as a limitation. Also, a direct comparison or mention of the MST conditions versus
the NMR conditions is needed. (What was the NMR buffer, beyond the addition of 10% D20 and DSS?)
Buffer conditions have been updated throughout the method, and this limitation of the VimRod protein is
now discussed in the last paragraph of the discussion.

Minor Concerns:

-Detailed information about how the peaks intensity was determined needs to be included along with
justification of comparing peak intensity versus peak volume. This is intended to deal with the problem of
line broadening, or at least an explanation of what conditions must be met for this not to be considered.

The E-PRD interaction with VimRod leads to the formation of larger molecular weight species and have
rapid longitudinal relaxation rates and therefore we see disappearance of the majority of the peaks in
Figure 8B. There are only a few peaks observed in the spectrum. We used peak intensity for analysis as
it was hard to identify a peak area for volume calculation for a disappeared peak. There was no real
difference observed for visible peaks in the inferred binding activity when judged by comparison of
relative peak intensity or by comparison of peak volumes. However, by measuring peak intensities, we
could analyze peaks that were positioned close to each other and hence obtain more complete coverage.
This point is now considered in 3.4.8

-Somewhat related to the backbone assignments, is the structure of E-PRD known? In particular, is the
region from approximately residue 205 to the end in Figure 8, panel E structured (if those are residue
numbers)? Discussion of the structure (and dynamics) might help in explaining the differences in peak
intensity and the presence of observable signals in the bound state. This point is now discussed in the
Discussion under Binding Analysis. The peak numbers in 8E are random and not residue numbers. This
method is intended to assess binding interactions in the absence of a structure.

Reviewer #4:

Manuscript Summary:

this protocol describes the purification and preparation of a globular and a filamentous protein, and two
methods demonstrating their interaction : heteronuclear NMR and microscale thermophoresis.

Major Concerns:
Table 1 to 3 of paragraph 1.2 are not to be found in the manuscript. These are now uploaded. Table 4 for
NMR sample preparation is added.

Minor Concerns:

line 221 : please modify as following "direct reference for the 1H and indirect reference for the 15N
chemical shifts" This is now clarified in step 3.1.3.

line 254 : please modify as following "of the spectrum on the water resonance" This is now clarified in



step 3.2.7.
line 258 : "FID (?)", please replace the question mark by "free induction decay" This is now clarified in
step 3.2.9.

lines 357-339 : Why is dialysis needed to exchange buffer, as the last step of purification is size exclusion
chromatography ? Why not performing SEC directly in the appropriate buffer ? Dialysis is required in step
2.2.2 to remove imidazole prior to performing a second round of IMAC chromatography. This is now
clarified in this step.

line 390 : "repeat step 7", you meant step 4.3.3 ? This has been corrected.

line 431-432 : "the removal of the His tag...is essential”, please add a few words reminding that it is
essential only because of your choice of NTA-Dye This is now explained in results paragraph one and in
the discussion, binding analysis, paragraph five.

lines 467-473 and 476-480 : please add in the figure legend the expected molecular weights of VimRod
and E-PRD This has been added to the results section, paragraph one.

line 571 : typing error on "although" corrected

Reviewer #5:
This is a well written article with a lot of detail and | believe that the authors did a good job in describing
the relevant methods. | was able to find only some minor issues which are listed below.

Section:

1.2 Expression of isotopically labeled protein

*1.2.6-1.2.7 There is no mention of the nature of radioactive precursor used to label the protein. It would
be important to mention as to what was used to label the protein with15N. The protein is not radioactive, it
is isotopically labelled using N15-ammonium chloride as indicated in Table 2 which was missing from the
submission and is now uploaded.

2.1 Purification of 6xHis-tagged VimRod

*2.2.2-2.2.4 There is no mention of how the TEV protease was removed after the incubation. Is the TEV
protease His-tagged as well? It would be important to provide a description of how the protease was
removed from the reaction and the cleaved E-PRD protein. The TEV is his-tagged and removed by the
second IMAC column, this is now included in section 2.2.4.

*Protein Purification, third paragraph. Line 553. Size exclusion.

*Please discuss why gel filtration elution is different for two proteins that are very close in size (fig. 6B and
7B). VimRod elution peak is at approximately 50ml while E-PRD is at around 72ml. Given that void
volume of that column is around 40ml, is the peak observed for VimRod due to an oligomer (dimer)
formation or due to the nature of VimRod being a filamentous protein? It would be important to discuss
this point. This point has been addressed in the Results, paragraph one.

4.1 Preparation of the ligand

*4.1.1 It's confusing to mention Tween-20 at the beginning. It's my understanding that the Tween-20 was
added only in the last step (4.1.3). Tween-20 was added to the ligand 4.1.3, and the target 4.2.2 and
ligand were diluted 4.3.3 in assay buffer containing Tween-20 at a concentration of 0.015% as clarified in
the text. All of the preparations used in the MST experiments were in the same buffer. This assay buffer is
defined in 4.1.3

*4.2 Preparation of Labelled Target Compound — Compound changed to Protein and defined as VimRod
*4.2.2 According to the protocol there is no mention of removal of unincorporated dye (RED-NTA). Please
provide a brief mention in the paper of why this is not required for this specific dye. This is now addressed
in 4.2.2 and added to the discussion, binding analysis paragraph 5.

4.3 Preparation of ligand two-fold dilution series



*4.3.3 Did the MST buffer used in this case contained Tween 20 or no Tween 20. From the description, it
is my understanding that the labeled target had Tween 20 at that concentration. Was it needed for
consistency in the experiments or only for labeling? It may be good to clarify this point because of a
vague reference that Tween-20 was used as an additive (target labeling. 4.2.6) Assay buffer is defined in
4.1.3 as 20 mM HEPES, pH 7.5, 10 mM NaCl, 0.015% Tween-20. In 4.2.6 it is indicated that the amount of
Tween-20 may be increased to 0.05% if protein adsorption to the capillaries is observed.

In conclusion. Chromatograms and SDS-PAGE gels from the protein purification look good indicating that
the protein is more than 95% homogeneous. NMR 2D spectra look very good as well and peaks are very
well dispersed, suggesting that the protein is well folded. Binding curves are also impressive.



