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[Abstract] Site-specific attachment of paramagnetic spin labels to biomolecules causes distance-
dependent line-broadening effects, which can be exploited to study the structure and dynamics of these
molecules in solution. This protocol describes how to attach nitroxide spin labels to proteins and how to
collect and analyze NMR data using these labeled samples. We also explain how to derive distance
restraints for paramagnetic relaxation enhancement nuclear magnetic resonance (PRE-NMR) studies.
Keywords: Paramagnetic relaxation enhancement, Large protein NMR, Nuclear magnetic resonance

spectroscopy, Nitroxide spin label, Distance restraints

[Background] This protocol describes how to attach nitroxide spin labels to proteins and how the
modified proteins can be employed to derive distance restraints using paramagnetic relaxation
enhancement nuclear magnetic resonance (PRE-NMR) methods. Site-specific attachment of
paramagnetic spin labels to proteins enhances the transverse relaxation rates of nearby nuclei leading
to line-broadening effects that can be used to derive distance restraints (Battiste and Wagner, 2000;
Iwahara et al., 2004; Clore and Iwahara, 2009). PRE-derived distance restraints have been used to
characterize the structures of various molecules, including amongst others membrane proteins (Roosild
et al., 2005), multi-domain proteins displaying inter-domain dynamics (Sjodt et al., 2016), single domain
proteins (Battiste and Wagner, 2000), protein-DNA complexes (Clore and lwahara, 2009), transient
protein-protein interactions (Tang et al., 2007; Villareal et al., 2011), and intrinsically disordered proteins
(Bertoncini et al., 2005). Two approaches are generally used to obtain PRE-derived distance restraints
using proteins that are labeled with paramagnetic probes. The first method quantitatively measures the
probe’s effects on the transverse relaxation rates of nearby protein nuclei by determining I"2 (described
in detail by lwahara and Clore) (lwahara et al., 2004; Clore and Iwahara, 2009). The second method is
less quantitative, but in practice it is easier to implement. It was originally employed by Battiste and
Wagner, and measures the probe’s effects by comparing cross-peak intensity ratios in diamagnetic- and
paramagnetic-spectra of the labeled protein (Battiste and Wagner, 2000). The nitroxide spin label MTSL
is frequently used as a paramagnetic probe in PRE-NMR studies of proteins because it is readily
attached via a disulfide bond to cysteine residues, and also relatively small, inexpensive, and

commercially available. The aim of this protocol is to describe how to attach MTSL nitroxide spin labels
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to proteins and how to derive PRE-distance restraints following the approach described by Battiste and
Wagner (2000).

Materials and Reagents

10.

1.
12.

13.
14.

15.
16.
17.
18.
19.
20.

Amber vial

Desalting spin column, for example, a Zeba™ spin desalting column, 7k MWCO, 2 ml (Thermo
Fisher Scientific, Thermo Scientific™, catalog number: 89889)

15 ml conical test tube

Aluminum foil

A centrifugal filter, such as Amicon Ultra-15 centrifugal filter (EMD Millipore, catalog number:
UFC900308)

Standard 5 mm NMR tube (SP Industries, catalog number: 535-PP-7)

2D ['H-"®N]J-HSQC spectrum of the native protein acquired using standard methods (Cavanagh
et al., 1995)

Dithiothreitol (DTT); > 99% purity (Gold Bio, catalog number: DTT50)

Deuterium oxide (D20); = 99.8% purity (Sigma-Aldrich, catalog number: 617385)
Tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCI); =2 99% purity (Fisher Scientific,
catalog number: BP153)

Sodium chloride (NaCl); =2 99% purity (Fisher Scientific, catalog number: S271)
S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl (MTSL) methanesulfonothioate
(Toronto Research Chemicals, catalog number: O875000)

Acetonitrile; = 99.9% purity (Fisher Scientific, catalog number: A996)

Sodium phosphate monobasic (NaH2PQO4); = 98% purity (Fisher Scientific, catalog number:
S369)

Sodium azide; = 99% purity (Fisher Scientific, catalog number: S2271)

Sodium ascorbate; = 98% purity (Sigma-Aldrich, catalog number: A7631)

Labeling buffer (see Recipes)

200 mM MTSL stock solution (see Recipes)

Example NMR buffer (see Recipes)

250 mM sodium ascorbate stock solution (see Recipes)

Note: These reagents were used to obtain the PRE data according to Sjodt et al., 2016. However,

other brands of these materials may be used if necessary.

Equipment

1.
2.

Centrifuge (Beckman Coulter, model: Allegra X-14R)
SX4750A swinging bucket rotor (Beckman Coulter, model: SX4750A ARIES™ Roter)
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3. MALDI-TOF mass spectrometer (Thermo Fisher Scientific, Applied Biosystems™, model:
Voyager-DE-STR)
Note: This product has been discontinued. Examples of other MALDI-TOF instruments include
Shimadzu, model: AXIMA Assurance Linear MALDI-TOF, Bruker, model: microflex LT/SH.

4. NMR experiments system
Note: NMR experiments used in this protocol are part of the Bruker standard pulse sequence
library and were performed on Bruker Avance spectrometers equipped with triple-resonance

cryogenic probes (Bruker Corporation).

Software

1. NMRPipe (Delaglio et al., 1995)
https://www.ibbr.umd.edu/nmrpipe/install.html

2. Bruker TopSpin™
https://www.bruker.com/nc/service/support-upgrades/software-downloads/nmr/free-topspin-

processing/download-page.html
3. Sparky (Goddard and Kneller, 2008)

https://www.cgl.ucsf.edu/home/sparky/

4. Microsoft Excel
https://products.office.com/en-us/excel

5. XPLOR-NIH (Schwieters et al., 2003)
https://nmr.cit.nih.gov/xplor-nih/

Procedure

Figure 1A shows a flow chart of the steps that need to be performed in order to label a protein with MTSL
and how PRE-NMR distance restraints can be measured. In the procedure, the MTSL probe is attached
via a disulfide bond to a protein containing a single cysteine residue. NMR spectra are then acquired
and interpreted to extract distance restraints. In order to interpret the NMR spectra, the backbone

chemical shifts of the protein must first be obtained.

Copyright © 2017 The Authors; exclusive licensee Bio-protocol LLC. 3


http://www.bio-protocol.org/e2207
https://www.ibbr.umd.edu/nmrpipe/install.html
https://www.bruker.com/nc/service/support-upgrades/software-downloads/nmr/free-topspin-processing/download-page.html
https://www.bruker.com/nc/service/support-upgrades/software-downloads/nmr/free-topspin-processing/download-page.html
https://www.cgl.ucsf.edu/home/sparky/
https://products.office.com/en-us/excel
https://nmr.cit.nih.gov/xplor-nih/

Vol 7, Iss 07, Apr 05, 2017

.-
blO-pI’OtOCO' www.bio-protocol.org/e2207 DOI:10.21769/BioProtoc.2207

A (Assign the [H-"NFHsac | B
backbone chemical shifts
of the native protein

1

( Make a protein containing 1
a single cysteine residue at
L the desired probe location )

110
115
120
1259
= 1 " 130

Confirm that the cysteine ]

mutant protein is functional 0 9 8
L using appropriate assays )

l

i Label the cysteine mutant i C
with the nitroxide spin label 107 107
T 0 1 (4]
(MTSL) J S394 G444 S394 G444
1 108 F:) 108+ 0

Acquire paramagnetic and 1094619 ) 109,619 a

diamagnetic ['H-"SN]-HSQC 110 [ T540 @ T540
spectra of the labeled protein T [2) 1101 (%)
1 90 88 86 84 9.0 88 86 8.4

([ Confirm that the attached |
MTSL probe does not affect
L the protein’s structural fold )

!

Copy the chemical shift
assignments from the native
spectrum to the
probe-labeled spectra

!

Export the peak height
intensities from the D

paramagnetic (I ) and

L diamagnetic (I ) spectra !

!

[ Estimate the PRE-derived |
distances from the
intensity ratios (I /I

!

*N (ppm)

K499R1 (dia) K499R1 (para)

*N (ppm)

E559R1 (dia) E559R1 (para)
N536 &
N541E496 pg33
S563 ©
L

Q355
Gaos V494

ES559R1
*

ox red
-
o

1

red )

Normalized | /I
o
(3,

Use the PRE-derived 0.0

distance restraints in s
NMR structure calculations 260 #2y @IV 528 Al 2R
4 J Residue

Figure 1. A flow chart of nitroxide labeling and representative PRE data. A. A flow chart
describing the steps taken when site-specifically labeling proteins with nitroxide spin labels for
PRE-derived structural studies. B. Representative ['H-'>N]-HSQC spectrum of IsdHN?N3 (see
Sjodt et al., 2016 for more information). Boxed regions indicate the representative sections of
each PRE probe’s spectra shown in (C) (K499R1 and E559R1). C. Magnified regions showing
the selective distance dependent line-broadening for the K499R1 (top) and E559R1 (bottom)

probes. For each probe the diamagnetic and paramagnetic spectra are shown on the left and
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right panels, respectively. D. Representative PRE profile of the E559R1 probe data. Normalized
intensity ratios (lox/lred) are shown as a function of residue number. The asterisk depicts the
location of the probe. Errors of the ratio measurements are approximately 10-15% based on
signal to noise of the NMR spectra, which can lead to values in excess of 1. Errors also can
occur as a result of manipulating the sample (adding ascorbate to reduce the probe) and
instrument instability. These errors are partially accounted for by adding + 5 A to the distance

restraints that are obtained from the ratio data (Battiste and Wagner, 2000).

A. Assign the backbone chemical shifts of the native protein

1.

Acquire a high quality 2D ['H-"®N]-HSQC spectrum of the native protein to be used as a
reference (i.e., a spectrum containing the appropriate number of resolved cross-peaks based
on the amino acid sequence of the protein).

Assign the backbone amide chemical shifts in the native protein using standard NMR

procedures (for standard NMR experiments see Cavanagh et al., 1995).

B. Generate a protein mutant with a single cysteine residue

1.

For these studies, the protein should contain a single cysteine residue. Check the protein’s
primary sequence to determine if it contains native cysteine residues that could be inadvertently
labeled by the nitroxide probe. If necessary, make conservative mutations to these cysteine
residues to prevent non-specific labeling. If biochemical assays are available for the protein,
they should be performed to ensure these mutations do not impair its function.

Choose the desired location in the protein to which the nitroxide probe will be attached. This
location needs to be at a residue whose sidechain is solvent-exposed. The residue should be
located in a structured loop or within defined secondary structure. This is important because if
the probe is located in a structurally disordered region of the protein, the increased flexibility of
the polypeptide backbone can reduce the quantitative strength of the technique.

Perform site-directed mutagenesis to incorporate a single cysteine residue at the desired
location to which the nitroxide probe will be attached.

Purify '*N-labeled protein containing the cysteine mutation. Use buffers that are supplemented
with 2.5 mM DTT to prevent formation of inter-molecular disulfide bonds that can lead to protein
aggregation (see Note 1). For a review on expression and purification of proteins see Graslund
et al. (2008).

Prior to labeling the purified cysteine mutant with MTSL, verify that the cysteine mutation does
not affect the structure of the protein. This can be accomplished by comparing the ['H-'SN]-
HSQC spectra of the mutant and native proteins. The chemical shift position of the cross-peaks
in the spectra should be similar, with only localized changes occurring near the site of the

mutation.
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C. Site-specific labeling the protein
The aim of the following steps is to label the 'H-"°N labeled purified cysteine mutant of the protein
with MTSL. Care is taken to maintain the cysteine mutant under reducing conditions until it is
modified with MTSL. The apparatus used to label the protein is shown in Figure 2, and consists of

a conical tube and desalting column.

1 mL of
®N-labeled cysteine
mutant protein + DTT

A

desalting DTT binds
column ~ “— the column

/‘5N-Iabeled cysteine
<« mutant protein flows

2.5 mL of through the column

labeling buffer

+ 10x MTSL \@

Figure 2. Schematic of the apparatus used to label proteins with MTSL

1. Buffer exchange the '°N-labeled cysteine mutant into labeling buffer that has been
supplemented with fresh 2.5 mM DTT. The protein concentration should be at least 250-300 pM.

2. Make a stock solution of MTSL by adding acetonitrile directly to the amber vial in which the
MTSL was shipped. The final concentration of the stock solution should be 200 MM MTSL. Store
the MTSL stock solution at -20 °C (see Notes 2 and 3).

3. Immediately before starting the labeling reaction, dilute the protein with labeling buffer to a final
concentration of 250-300 uM protein. The final volume of the diluted protein solution should be
1 ml. The protein should be diluted with labeling buffer that does not contain DTT. From this step
forward, all buffers used in this procedure should not contain DTT.

4. Equilibrate a Zeba spin desalting column with labeling buffer as per the manufacturer’s
instructions.

5. Construct the MTSL solution that will be used to label the protein. Pipette 2.5 ml of labeling
buffer into a clean 15 ml conical tube. Add MTSL from the stock solution to the conical tube. The
amount added should be sufficient to achieve a final concentration of MTSL that is 10x the molar
amount of protein that will be labeled (e.g., if the final concentration of protein in the reaction will
be 300 pM then the concentration of MTSL should be 3 mM). Make sure to shield all MTSL
solutions from light by covering the tube with foil first.

6. Construct the apparatus that will be used to label the protein (Figure 2). Place the equilibrated
desalting column into the conical tube from step C5. The column will rest above the MTSL-

containing solution and will leave room for the protein solution to flow through.
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Slowly pipette the protein onto the center of the column’s resin bed (Figure 2).

Centrifuge as per the manufacturer’s instructions. The protein will flow through the column and
into the labeling solution, while DTT present in the protein solution will remain on the column.
The process is considered complete after the elution of all the protein solution into the MTSL
solution at the bottom of the collection tube. This will produce a solution located at the bottom
of the conical tube that has a total volume of ~3.5 ml. Discard the desalting column.

9. Cover the conical tube containing the modification reaction with foil and let it incubate under
agitation for 15 min at room temperature.

10. After 15 min, add additional MTSL from the stock solution to the modification reaction. The
amount of added MTSL should yield a final concentration that is 20x greater than the protein’s
concentration in the conical tube.

11. Place tube back onto a rotating device and let the protein:MTSL mixture incubate under agitation
overnight at room temperature (~16 h).

12. Buffer exchange the MTSL-labeled protein sample into the desired NMR buffer using a fresh
Amicon Ultra-15 centrifugal filter. This will remove any excess (unligated) MTSL (see Notes 4-
6). As mentioned above, the NMR buffer should not contain any DTT.

13. Verify that the protein is labeled with MTSL by MALDI-TOF mass spectrometry. As compared to
the unligated protein, the mass of the modified protein should increase by ~186 Da (the weight
of the attached probe). Although MALDI-TOF is not quantitative, in the mass spectrum > 90%
of the protein should be labeled with MTSL. If biochemical assays are available for the protein,
they should be performed on labeled protein to verify that MTSL attachment does not impair its
function.

14. For NMR studies, the MTSL modified protein should have a final concentration of ~300 uM (see
Note 7). The NMR buffer should contain 8-10% D20, but be devoid of any DTT. Place the sample
in a standard NMR tube and shield from light using foil.

D. NMR data acquisition

1. Use a standard 2D- ['"H-"SN]-HSQC pulse sequence to acquire a spectrum of the freshly MTSL-
labeled protein. Typically, the "H and '°N dimensions are defined by 2,048 and 256 complex
points, respectively. At this time, the sample is in its paramagnetic state. Its spectrum should be
well dispersed, indicating that the modified protein is folded and not aggregating.
Make a stock solution of 250 mM sodium ascorbate by dissolving it in NMR bulffer.
After the ['H-"SN]-HSQC spectrum has been acquired of the paramagnetic protein (step D1),
remove the NMR tube from the magnet. Using a long pipette that fits into the NMR tube, add
sodium ascorbate to a final concentration that is 5x greater than the concentration of the labeled
protein. This step should be performed carefully, by pipetting the solution up and down slowly
so as to mix the solution, while preventing any sample loss. Addition of sodium ascorbate will
reduce MTSL’s unpaired electron to form the diamagnetic state. Let the sample reduce for a

minimum of 3 h at room temperature (no agitation is needed).
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4. Acquire a ['H-">N]-HSQC spectrum of the reduced diamagnetic MTSL:protein sample using

acquisition parameters that are identical to those used to acquire the paramagnetic spectrum

described in step D1.

Data analysis

A. Process and analyze the paramagnetic and diamagnetic NMR data

1.

Process the acquired NMR data using standard software (e.g., NMRPipe [Delaglio et al., 1995]
or Bruker TopSpin™ software). Both the paramagnetic and diamagnetic datasets should be
processed identically. Representative ['H-"°N]-HSQC spectra of diamagnetic and paramagnetic
samples are shown in Figures 1B and 1C.

Analyze the NMR spectra using standard software (e.g., Sparky) (Goddard and Kneller, 2008).
The diamagnetic spectrum should be analyzed first, as it is most closely related to the previously
assigned spectrum of the native protein. Assign the cross-peaks in the diamagnetic spectrum
using the known chemical shifts of the native protein. This can readily be accomplished by
overlaying the ['H-"N]-HSQC spectra of the native and labeled proteins, and then transferring
the chemical shift assignments. The cross peaks in the spectra should overlay well, with only
localized differences occurring for cross peaks that originate from residues that are located near
the attached probe. Considerable care must be taken to make sure that the assignments are
correctly assigned.

Measure the intensities of the cross peaks in the assigned spectrum of the diamagnetic protein.
Care should be taken to make sure that the cross peaks that are analyzed are well resolved
(see Note 8). When making the intensity measurement, make sure that it is made at the peak’s
maximum. In our experience, measuring peak height is sufficient for extracting distance
restraints. However, measuring cross peak volumes is also acceptable. It is critical to
extensively check the sequence-specific chemical shift assignments of the diamagnetic
spectrum. Generate a list of cross peak intensities using the analysis software. The list should
contain the cross peak’s intensity and the identity of the residue.

Label the cross peaks in the paramagnetic spectrum using the curated chemical shift list that
was used to analyze the diamagnetic spectrum. Using the procedures outlined in Data analysis
A3, measure the peak intensities of isolated cross peaks in the paramagnetic spectrum. If a
cross-peak in the paramagnetic spectrum is significantly broadened such that its intensity is
near the noise level (e.g., Figure 1C, residue S563 in the E559R1 paramagnetic panel), accurate
measurement of its intensity is not possible. Therefore, these cross peaks should not be
employed to quantitatively relate the NMR data to inter-atomic distances, and intensities from
these cross peaks should not be analyzed further. However, the identity of residues exhibiting
significant line broadening in the paramagnetic spectrum should be noted. This is because
distance restraints to these amino acids can still be employed in the structure calculations as

complete broadening indicates that they are within ~12 A of the probe. Use the software to
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generate a list of cross peak intensities using the analysis software. The list should contain the
cross peak’s intensity and the identity of the residue. A sample table depicting a list of cross

peak intensities is shown in Table 1.

Table 1. Sample list of peak intensities and ratios?

Chemical SN-Chemical  'H-Chemical Paramagnetic Diamagnetic Peak Height Ratio
Shift Shift (ppm) Shift (ppm) Peak Height Peak Height (Paramagnetic:
Assignment Diamagnetic)

E343 128.26 9.05 827155 787464 1.05

H344 119.68 8.92 259998 744839 0.35

A346 126.94 8.37 423217 1671520 0.25

N348 116.84 7.98 686791 1164493 0.59

R350 120.95 9.23 169304 377806 0.45

aNote: This data was adapted from the NMR study of IsdH"?N? (Sjodlt et al., 2016).

5. Calculate the intensity ratios using standard analysis software (e.g., Microsoft Excel). Import
both the diamagnetic and paramagnetic intensity lists (generated from Data analysis A3 and A4)
into a single spreadsheet. For each residue, use the cross peak intensity data to calculate the
ratio of its intensity in the paramagnetic (lox) and diamagnetic (Ired) states. A representative plot

of the intensity ratios versus protein sequence is shown in Figure 1D.

B. Estimating distance restraints from the NMR data
The aim of this section is to describe how to relate the cross-peak intensity ratio data calculated in
the previous section to distance restraints. A detailed description describing the effects of
paramagnetic relaxation on cross peak intensity, and its relationship to interatomic distance has
been described in detail elsewhere (Battiste and Wagner, 2000; Clore, 2015). The reader is
encouraged to consult these references to understand the underlying theory. Briefly, the effect can
be described by the following equation:
Tox Ry e_R;pt
led Ry+RP

(1)

where, lox and lres are the measured intensities of the cross peaks for the paramagnetic and
diamagnetic forms of the protein, respectively, t is the total evolution time of the transverse proton
magnetization during the NMR experiment. The values of R correspond to the rate of the transverse
relaxation of the amide proton, Rz is the intrinsic relaxation of the proton, R2*P, is the contribution to
the relaxation caused by the paramagnetic probe. The value of R2%F is dependent upon r, the
distance between the amide proton and the probe. This relationship is described using a modified
version of the Solomon-Bloembergen as shown in Equation 2 (Solomon and Bloembergen, 1956;
Battiste and Wagner, 2000)
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r=[é(4rc+ i )]1/6 )

1+witi

where, K is a constant (1.23 x 10 cm® sec?) that describes the spin properties of the MTSL spin
label (Battiste and Wagner, 2000), wsis the Larmor frequency of the proton spin, Tc is the apparent
PRE correlation time (Simon et al., 2010). As wn is known, and values of Tc can be estimated based
on the molecular weight of the protein (Cavanagh et al., 1995), a calibration curve can be generated
using Equations 1 and 2. The curve relates the intensity ratio for a given cross peak to the distance
between the amide proton and the probe. For MTSL probes, lox/lred ratios less than 1 indicate that
the probe and proton atom are within 13-25 A, whereas lox/Ireq ratios equal to ~0 and ~1 indicate that
the probe and proton are separated by less than ~12 A, or more than ~30 A, respectively. It is critical
to note, that the calibration curves only provide an estimate of the interatomic distances as the probe
exhibits significant flexibility. As a result, the distance restraints obtained from the intensity data are
imprecise and structure calculation strategies represent the probe using multiple conformers
(lwahara et al., 2004; Clore, 2015).
1. Construct an intensity to distance calibration curve (lox/lrea Versus r). This is done using
Equations 1 and 2, and estimated values of 7c and the average amide proton linewidth (Rz/1T)
for structured residues in the protein. A representative calibration curve is shown in Figure 3 and

employs values of 23 Hz and 16.4 ns for R2/1T and 1c, respectively.

40 -
30+
< 204
101
0- T T T T T T T T T T T
00 02 04 06 08 1.0
lox"red

Figure 3. Calibration curve for the estimation of PRE-derived distances. A representative
calibration curve used for the conversion of intensity ratios into distances for the NMR study of
IsdHN2N3 (Sjodt et al., 2016). The curve was generated according to Equations 1 and 2 using an

average linewidth (R2/1r) and correlation time (1c) of 23 Hz and 16.4 ns, respectively.

2. Convert the experimental intensity ratios into distance separations using the calibration curve
generated in Data analysis B1.

3. Construct a distance restraint table to be used in XPLOR-NIH calculations (Figure 4). The
distance restraints should be made between the nitrogen atom of the MTSL ring and the affected
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Notes

amide proton using standard XPLOR-NIH restraint table format (Schwieters et al., 2003). It

should be stressed that these distances boundaries are estimates and are not to be used as

accurate distance measurements. Two types of distance restraints are employed in the

calculations:

a. If lox/lred is < 0.80, the restraint is called ‘attractive’ and is given the assigned distance from
Data analysis B2 with an error of + 5 A (see Note 9).

b. If lox/lred 2 0.80, the restraint is called ‘repulsive’ and is given a lower bound distance of 20
A with no upper bound distance (Battiste and Wagner, 2000; Reckel et al., 2011; Gottstein
etal., 2012).

(s egld ALTL and residue 511 and name NS1) or (segid ALT2 and res: ldue 511 and name NS1) or (segid ALT3 and res: ldue 511 and name NS1)) C(re Ldue 343 and name HN)) 24
({se g d ALTL and residue 511 and name NS1) or (sepid ALT2 and e 511 and name NS1) or (segid ALT3 and e 511 and name NS1)) ((residue 344 and name HN)) 15
(
(

id ALT1 and residue 511 and name NS1) or (segid ALT2 and u u
(segxu ALTL and residue 511 and name NS1) or (segid ALT2 and residue 511 and name NS1) or (segid ALT3 and residue 511 and name NS1)) C(re idue 348 and name HN)) 17
sex and residue 511 and name NS1) or {segid ALT2 and residue 511 and name N51) or {(segid ALT3 and residue 511 and name NS1)) ((residue 358 and name HN)) 16

g
E
g
I
s
E
&

Figure 4. Example of XPLOR-NIH restraint table. An example of PRE-distance restraint input
table in XPLOR-NIH format. This table was adapted from the NMR study of IsdHN?N3 (Sjodt et
al., 2016). The ‘segid ALT’ portion identifies the MTSL molecule that was modeled onto the
starting structure in three randomized orientations. (For more information on generating a
restraint table, the reader is encouraged to refer to Schwieters et al., 2003; lwahara et al., 2004;
Sjodt et al., 2016).

Make fresh DTT solution before each use.

MTSL will precipitate at high concentrations of acetonitrile, so keep the stock concentrations
below 200 mM.

MTSL is light- and air-sensitive.

Make sure to extensively wash the protein in step C11. Excess unligated MTSL will lead to
artifacts in the NMR experiments.

The NMR buffer should be optimized for the protein of interest. For a review on buffers suitable
for NMR see Kelly et al. (2002).

The pH of the buffer should be chosen based on the stability of the protein as the MTSL radical
is quite stable once ligated to the protein. However, at basic pH it is possible for some of the
free MTSL groups to be hydrolyzed to thiols. These groups could react with the remaining free
MTSL molecules and lead to formation of disulfide linked biradicals, which would decrease the
labeling efficiency. Therefore, buffers that are above neutral values should be avoided. To
account for this possibility, a 20-fold molar excess of MTSL is used during the labeling process
to ensure efficient labeling of the protein.

The protein concentration should be kept low to prevent non-specific inter-molecular PRE

effects.
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8. It has been reported that the tail of a cross-peak that is completely broadened by PRE effects
can reduce the height of a neighboring peak by up to 15%, giving rise to false positive
broadening effects (Battiste and Wagner, 2000).

9. The large error bounds placed on the attractive restraints are provided to account for the
inherent flexibility of the MTSL probe.

Recipes

1. Labeling buffer
50 mM Tris-HCI (pH 7.8)
50 mM NaCl
2. 200 mM MTSL stock solution
Dissolve 10 mg MTSL into 18.92 pl acetonitrile
3. Example NMR buffer
20 mM NaH2PO4 (pH 6.0)
50 mM NaCl
0.01% NaN3
4. 250 mM sodium ascorbate stock solution

Dissolve 49.5 mg sodium ascorbate into deionized water to a final volume of 1 ml
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