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Abstract

CPMG relaxation dispersion NMR experiments have emerged as a powerful method to
characterize protein minor states that are in exchange with a visible dominant conformation,
have lifetimes between ~0.5 and 5 milliseconds (ms) and populations greater than 0.5%. The
structure of the minor state can, in favorable cases, be determined from the parameters
provided by the CPMG relaxation dispersion experiments. Here we go through the intricacies

of setting up these powerful CPMG experiments.
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1 Introduction

Under ambient conditions in aqueous solutions protein molecules interconvert between
different conformational states that can have different populations and lifetimes [1-3].
Exchange is quite often between a dominant major state and other transiently populated
minor states [4, 5]. The populations of the states depend on their relative free energies while
their lifetimes is largely dependent on the size of the free energy barrier that separates them
from other states [6]. Peaks in NMR spectra arising from these minor conformers are usually
not visible due to their low populations and short lifetimes and these minor conformers have
to be detected by manipulating the visible major state magnetization [7]. Minor conformers
that have lifetimes between 0.5 and 5 milliseconds (ms) can be detected using the Carr-
Purcell-Meiboom-Gill (CPMG) type relaxation dispersion experiments. In the constant time
(CT) version of the CPMG experiment, transverse magnetization is allowed to evolve for a
fixed time T¢py, during which refocusing s (180°) pulses are applied [8]. The transverse
magnetization can be of the single quantum or multi quantum variety and can originate from
different nuclei like 'H, "C and "N [9, 10]. When there is chemical exchange in the

millisecond timescale regime the intensity of the visible state peak depends on the frequency

Verue at which the st pulses are applied. Here vippye = where 27.p,; is the time

4tcpme

between two 7 pulses. The effective relaxation rate Ryerr(Vepme) = — 7 L In (I(VCIP MG))
CPMG 0

depends on V., thereby giving rise to the relaxation dispersion curve. Here (v ,),) 1s the
peak intensity at a given V., value and /, is the peak intensity in the reference experiment
recorded in the absence of the T, delay. The minor state population, lifetime and chemical
shift can be obtained by analyzing the relaxation dispersion curve(s) [7, 11].

In this chapter we describe how to setup NMR CPMG experiments that probe the
dynamics at different protein backbone sites. We also provide a very limited overview on

how to analyze the data.

2 Materials

2.1 NMR Samples: Protein samples with different isotope labeling schemes are required to
study the dynamics at various protein backbone positions [12]. These include 1) A uniformly
“N/“C/°H enriched sample. ii) A uniformly “N/"*C/50%°H enriched sample. iii) A "N/"”Ca
labeled sample. Sample (i) is used to study dynamics at the amide ("H, °’N) and carbonyl

(°C) positions. Sample (ii) is used to study dynamics at Ho position. Sample (iii) is used to
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study dynamics at the Ca position. Although not necessary it is preferable to use a uniformly
“N/’H enriched sample for amide "N/'H single quantum (SQ), zero quantum (ZQ) and
double quantum (DQ) CPMG experiments. Preliminary experiments to standardize buffer
conditions, temperature etc. can be performed using just a "N enriched sample. The
concentration of protein samples used in CPMG studies are usually between 1 to 2 millimolar
(mM). Experiments can also be performed with 0.5 mM samples when the spectrometer is

equipped with a cryogenically cooled probe.

2.1 NMR Spectrometers: The experiments are usually performed on spectrometers equipped
with triple resonance probes. The minimum magnetic field strength used is 11.7 T (500 MHz
'H resonance frequency). Experiments are usually performed at two well-separated field

strengths like 11.7 T and 16.5 T/18.8 T (500 and 700/800 MHz).

2.2 Thermocouple for temperature measurement: A thermocouple with a long (~3 m)
wire connecting it to a digital display is inserted into a standard NMR sample tube. The
thermocouple is positioned where the sample center would be and the wire coming out of the
top of the tube is attached to the tube using Parafilm to hold the thermocouple in place. The
tube can now be inserted into a spinner assembly and loaded into the magnet in the usual

manner to measure the sample temperature.

3 Methods

3.1 Sample Temperature Measurement and Setting: Temperature affects the kinetics of
the processes being studied [6] and has to be kept constant during all the experiments. To
keep the sample temperature constant between different spectrometers it is important to
measure the sample temperature in each of them for a given variable temperature (VT)
setting.

1. Measure the sample temperature for a given VT setting. The sample temperature can be
easily measured using a thermocouple inserted into a standard sample tube as described in
section 2.2 or using temperature standards like methanol (See Note 1).

2. Adjust the setting of the VT unit till the desired temperature is obtained.



CPMG experiments to study protein dynamics

3.2 Setting the 'H carrier positions: In most of the experiments described here the 'H radio-
frequency (RF) carrier is centered on the water signal. In water samples the water resonance
can be quite broad (~100 Hz) on a typical triple resonance probe and the peak center cannot
be determined accurately. A simple presaturation procedure can be used to obtain the water
resonance frequency.

1. Obtain an estimate of the water resonance frequency from a one scan 1D spectrum
obtained using a small flip angle (~10-15°) pulse applied at the highest allowed power
(usually 25-50 kHz).

2. Array the 'H carrier frequency in 1 Hz steps around the estimated offset from step 1 and
record a series of 1D experiments with a weak 2 second presaturation applied at a very low B,
field of ~100 Hz followed by the small flip angle pulse applied at full power. Process each
recorded FID in an absolute value (magnitude) mode. The spectrum with the lowest intensity

water peak is obtained when the carrier is at the water resonance frequency.

3.3 Calibrating Pulse widths and powers: Pulses have to be calibrated accurately to
suppress artifacts and maximize the signal to noise ratio (S/N) of the experiments. All pulses
should be calibrated every time experiments are set up, including the pulses for °C and “N.
1. '"H Square pulses: Both hard and decoupling "H square pulses are calibrated using the
water signal.

a. Set the '"H RF carrier on the water resonance frequency.

b. Record a series of single scan 1D experiments at the desired B, field strength varying the
pulse width in steps of 1 ps around the pulse width for a 360° (27) pulse. Process the FIDs in
absolute value mode. The spectrum with the lowest water peak intensity is the one where the
pulse width is closest to the 2w pulse. Subsequently, array the pulse width in smaller steps
around the pulse width estimated around this value to obtain a more accurate estimate of the
pulse width. Typical array spacing for the 'H hard pulses is 0.1 us but can be larger for longer
square pulses like decoupling pulses. The 'H hard pulses are applied at the highest possible
power and typical pulse widths for hard 90° pulses are between 6.5 and 9 pus. CPMG pulses
are applied at a lower power to avoid damaging the probe and pulsewidths for the refocusing

180° pulses vary between 21 and 22 ps.

2. '"H Selective pulses for water suppression: Due to radiation dampening 90° water

selective pulses that bring water magnetization down from the Z axis to the transverse plane
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are longer than those that take water from the transverse plane to the Z axis [7]. The water
selective pulses are calibrated using a two-pulse sequence where the first pulse and the
second pulse are 180° out of phase. To calibrate the pulse that brings the magnetization down
to the transverse plane from the Z axis the first pulse is the water selective pulse that has to be
calibrated while the second one is a hard 90° proton pulse. To calibrate the pulse that takes
water magnetization from the transverse plane to the Z axis, the order of the hard and
selective pulses is reversed.

a. Place the 'H RF carrier on the water resonance and set the hard pulse power and pulse
width to that of a 90° pulse.

b. Select the shape and set the power for the water selective pulse. Typical shapes include a
square pulse, a SEDUCE pulse [13] and the EBURP pulse [14].

c. Record a series of single scan 1D experiments varying the selective pulse width around the
expected pulse width. The step size can be 10 to 20 ps for 1.5 to 2 ms selective pulses and
50-100 ps for 5 to 10 ms selective pulses. Process the FIDs in the absolute value mode. The
minimum water peak intensity is obtained when the selective pulse width is equal to the
length of the 90° pulse. Alternatively one can array the power of the selective pulse while
keeping the pulse width fixed. At 500 MHz the 90° square water selective pulses are ~1.5 ms
long, SEDUCE pulses are ~1.8 ms and the EBURP pulse is ~7ms. These pulses are usually
not scaled with field strength.

d. Set the selective pulse width and power to the optimized values and array the small angle
phase of the selective pulse around 0° in steps of 1°. Process the spectra as above to obtain the
phase at which the water intensity is the lowest. For newer spectrometers it is very close to 0°
but can be larger for older spectrometers mainly due to non-linearity of the amplifiers and

pulse imperfections.

3. PN square pulse: "N square pulses are calibrated using a modified HSQC experiment that
contains an extra "N pulse that is to be calibrated placed between two Z gradients. This
calibration element is placed after the first 'H =»"’N INEPT transfer. The first INEPT period
[15] generates a density matrix element proportional to the 2H,N, longitudinal two-spin order
magnetization. Applying an extra "N (or 'H) pulse followed by a strong Z gradient will
destroy all the magnetization and no signal will be observed when the pulse width

corresponds to 90° pulse. It is best to use a sensitivity enhanced HSQC with gradient
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selection [16] for this purpose. A N labeled protein sample in H,O is required to perform
this calibration.

a. Place the 'H RF carrier on the water resonance and the N carrier at 119 ppm, which is in
the middle of the amide region.

b. Set powers and pulse widths of the 'H hard and water selective pulses. Set the small angle
phase shift of the water selective pulses.

c. Set the "N hard and decoupling pulse widths and powers to reasonable values. Set the
shape and the power of the pulse to be calibrated to the desired value. These can be taken
from the last calibration performed on the sample or from calibrations performed on a
standard sample.

d. Set the pulse width of the "°N pulse to be calibrated to 0 and record the first increment of
the HSQC experiment (no t; delay) with 8 scans. Process the FID with water suppression and
suitable apodization and phase the spectrum focusing on the amide 'H region. Ensure that
water suppression is adequate and that the S/N of the amide protons is adequate. If not one
can increase the number of scans. An acquisition time of 64 ms and an interscan delay of
1.5-2 s is usually sufficient.

e. Record a series of 1D spectra as above varying the pulse width of the pulse to be
calibrated. The pulse width is varied in steps of 0.33 to 0.5 us for hard and CPMG pulses that
are ~35-45 ps long. Process the spectrum exactly as in the previous step. The amide peaks
will be positive when the pulse width is less than the 90° pulse width and negative when the
pulse width is greater than the 90° pulse width. Almost no signal will be seen when the pulse
width is almost 90°. Hard "N 90° pulses are ~35 ps long. To avoid damaging the probe
CPMG pulses are applied at a lower power with 180° pulsewidths ranging between 80 and 90

us.

4. "N REBURP pulse: The refocusing REBURP pulse [14] can be calibrated in a manner
similar to the hard pulse because when the pulse is applied for half its duration it behaves like
a 90° pulse with respect to starting Z magnetization.

a. Set the shape of the pulse to be calibrated to a REBURP pulse and the power to the desired
value.

b. Record a series of 1D spectra using the first increment of the HSQC experiment as in step
3 varying the width of the REBURP pulse. The pulse width is varied in steps 1-2 us around
the estimated 90° value. For example if the desired pulse width of the REBURP pulse is 1.5
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ms then the pulse width is arrayed in steps of ~2 ps around 0.75 ms. Process and compare the
series of 1D spectra as in step 3 to obtain the 90° pulse width. Doubling this value will give
the pulse width of the REBURP.

c. Confirm that the REBURP pulse is accurately calibrated. Set the pulse width of the
REBURP to the calibrated value. Record two spectra, one with the REBURP pulse power set
to 0 and one with the REBURP pulse power set to the desired value. When the calibration is
accurate the amide region will be inverted in the second spectrum, with the height of each
amide peak in the second spectrum being at least 95% of its height in the first spectrum. The
amide selective "N REBURP pulse width is typically ~1.4ms (at 16.65T) and needs to be

scaled according to field strength.

5. '"H REBURP pulse: The 'H REBURP pulse can be calibrated in a manner similar to the
"N REBURP pulse. The "N REBURP pulse is replaced by the 'H REBURP pulse in the
above sequence and the process is repeated with two small differences. i) During the 'H
REBURP pulse the 'H carrier is placed at ~7.7 ppm in the middle of the amide proton region.
ii) A water selective pulse that is usually applied after the 'H to "N INEPT period is turned
off. The amide selective '"H REBURP pulse is generally chosen to be ~1.4ms long (at

16.65T) and needs to be scaled according to the field strength.

6. "C Square/Shaped pulses via HNCO experiments: In uniformly '"N/”°C enriched
protein samples dissolved in water the "*C pulses are calibrated in a manner similar to the "N
pulses. Here the first scan of a gradient selected sensitivity enhanced HNCO experiment [17]
is used instead of the HSQC experiment. A Z gradient followed by the extra "*C pulse to be
calibrated followed by a strong Z gradient is inserted after the "N =»"*CO INEPT period and

calibrated in a manner identical to the °N pulses as described above.

7. *C Square/Shaped pulse via HSQC experiments: "°C pulses can be calibrated using "*C
labeled methyl groups in samples which are not dissolved in water or when the carbonyl
groups are not °C enriched. As in the case of the °N pulse calibration an extra °C pulse to be
calibrated followed by a strong gradient is inserted after the 'H =»'"°C INEPT in a standard
'H-""C HSQC experiment. The procedure for calibration is similar to that for the "N pulse.

The "C carrier is placed in the middle of methyl region (~20.5 ppm) and the pulse width is
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calibrated by looking at methyl proton peak intensities between -0.5 and 1 ppm just as one

focused on the amide protons during the °N calibration as described above.
p g

3.4 Measuring Sample heating: Experiments with '"H decoupling can heat the samples and

consequently change the kinetics of the process being studied. Hence the effect of the

experiment on the sample temperature has to be measured and compensated by adjusting the

VT setting (See Note 2).

1. Record a high-resolution 1D WATERGATE spectrum [7, 18] of the amide or methyl

protons at 1 °C higher than the desired temperature. Methyl protons are preferred but amide

protons are used when methyl protons are absent due to *H labeling.

2. Record a 1D WATERGATE spectrum of the amide or methyl protons at the desired

temperature. The peaks in this spectrum will move compared to the one recorded in the

previous step allowing one to calibrate peak position change as a function of temperature.

3. Using the same VT temperature, perform the CPMG experiment of interest for about five

to ten minutes so that the sample temperature has reached a steady state.

4. Queue a single scan 1D WATERGATE experiment of the amide/methyl region to run

immediately after the CPMG experiment from step 3. has finished recording. This

experiment should have no dummy scans.

5. The peak positions would have changed compared to the spectrum recorded in step 2 due

to sample heating during the CPMG experiment. By comparing the peak positions in the

three spectra recorded in steps 1, 2 and 4 the heating caused by the CPMG experiment can be
— Wy

. . Wy .
estimated according to - , where ,, @, and W, are the resonance frequencies of a
2

particular amide/methyl proton in spectra recorded in steps 1, 2 and 4 respectively. Do this
for 3 to 5 peaks that move consistently and take the average value.

6. The VT value can now be reduced to compensate for the heating.

3.5 CT "N TROSY CPMG experiment: The CT "N TROSY CPMG experiment exploits
both the improved relaxation properties of the "N TROSY component during the Tpc
period and the enhanced resolution of the "N-'"H TROSY correlation map. This experiment is
necessary to perform "N CPMG experiments with larger proteins but can also be used with
smaller proteins. This experiment has to be performed with uniformly "’N enriched samples.

Uniform °H labeling will improve the performance of the experiment but is not required. If
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the sample is “C enriched a single carbon pulse is used to refocus the “C-"N scalar
couplings during the "N chemical shift evolution.

1. Place the 'H RF carrier on the water resonance, the "N carrier at 119 ppm in the middle of
the amide region and the °C carrier at 118 ppm in between “CO and "*Ca. resonances. Values
of the delays are available in [19].

2. Set powers and pulse widths of the 'H hard and water selective 90° pulses.

3. Set powers and pulse widths of the N 90° hard pulses and CPMG i pulses (see Note 3).
To avoid damage to the probe, CPMG pulses are applied at lower power with the 180° pulse
width ranging from 80 to 90 us. A REBURP  pulse can be applied during the first INEPT
period to suppress resonances arising from lysine and arginine sidechains.

4.1f the sample is °C enriched set the power for a ~400 ps adiabatic pulse [20] with adequate
bandwidth to invert both the carbonyls and alpha carbons.

5. Set the Tp,; delay (See Note 4). T, values usually lie between 20 and 40 ms. Values
above 40 ms are not chosen as applying a large number of “N refocusing pulses can damage
the probe.

6. Set the number of scans in multiples of the phase cycle to obtain good signal to noise.

Typical values are 8 or 16 scans.

n .
where n is an

7. Decide on the vcpyg Values to use. Vepyg values that can be used are ——

integer starting from 1 [19, 21]. v¢pyg values up to ~1000 Hz can be used with current probes.

L to 1000 Hz with

Experiments are performed for ~15 to 20 vcpyg values ranging from m
CPMG

two or three repeat values for error estimation. Lower vy values are sampled more closely.
8. Record 'H-"N correlation maps for each of the Vpyg values and a reference plane without
the Ty delay in an interleaved manner. The usual experimental time varies from 12 to 24

hours. See Note 5.

3.6 CT "N CPMG experiment with '"H decoupling: Here the amide proton is decoupled
from the amide "N nucleus using '"H CW decoupling during the T, delay [21]. This
experiment is particularly useful while performing CPMG experiments in alignment media
and is also significantly less prone to off-resonance artifacts. If the sample is "’C enriched, a
single carbon pulse is used to refocus the *C-"N couplings during "N evolution.

1. Set the 'H, N and “C carrier offsets as described in section 3.5, step 1. The 'H carrier is
moved to 8.1 ppm in the middle of the amide region when CW 'H decoupling is performed.

Values of delays are available in [21].

10
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2. Set powers and pulse widths of the 'H hard, water selective 90° pulses and CW decoupling
field. An EBURPI [21] pulse is used to bring the water magnetization from the Z axis to the
transverse plane. The CW 'H decoupling is applied at 15 kHz at 18.8 T [21, 22] and scaled
according to the field strength.

3. Set powers and pulse widths for the "N pulses as in step 3 of section 3.5. Additionally set
the power for "N decoupling during acquisition. At 18.8 T WALTZ-16 "N decoupling is
performed with B, of 1.3 kHz [23]. This "N decoupling field should be scaled with magnetic
field strength.

4. If the sample is °C enriched use a adiabatic pulse for decoupling as described in section
3.5, step 4.

5. Set the T, delay as described in section 3.5, step 5. T, values usually lie between 20
and 30 ms. Due to heating effects of the 'H CW field it is prudent to set Tpp; < 30 ms.

6. Measure the heating due to the '"H CW field and compensate for it by adjusting the VT
setting. Alternatively see Note 2.

7. Set the number scans, choose the vqp\g values and run the experiment as described in

steps 6, 7 and 8 of section 3.5.

3.7 Amide 'H CPMG experiment: The amide 'H CPMG experiment is used to study
dynamics at the amide proton sites. A uniformly "N labeled protein sample is used. *H
enrichment is desirable but not necessary. To suppress peaks arising from ROE transfer the
experiment is performed on 2H N, antiphase magnetization. If the sample is "°C enriched, a
single carbon pulse is used to refocus the *C-"’N couplings during “N evolution. Details can
be found in [24, 25].

1. Set the 'H, N and “C carrier offsets as described in section 3.5, step 1. The 'H carrier is
moved to 8.1 ppm in the middle of the amide region during the CPMG period. Values of
delays are available in [24, 25]. The modifications described in [25] have to be used to if the
procedure described here is to be used.

2. Set powers and pulse widths of the '"H hard, CPMG and water selective 90° pulses. To
avoid damaging the probe the 'H CPMG pulse is applied at a lower power with a 180°
pulsewidth of ~21 ps. A REBURP pulse is used to invert the amide protons without
perturbing the o protons in the middle of the CPMG period. The length of the REBURP and

the amide carrier frequency need to be optimized to cover as many if not all the amides. A

11
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square 180° pulse applied at the same power as the other CPMG pulses can be used if the
sample is labeled with *H at the H” positions.

3. Set powers and pulse widths of the "N pulses as described in section 3.6, step 3.

4. If the sample is °C enriched use a adiabatic pulse for decoupling as described in section
3.5, step 4.

5. Set the T¢py,; delay and number of scans as described in section 3.5, steps 5 & 6. Tepyg
values usually lie between 20 and 30 ms.

6. Decide on the vy values to use and run the experiment as described steps 7 and 8 of

section 3.5. Unlike "N CPMG experiments Vepyg values up to 2000 Hz can be used with

current probes. Experiments are performed for ~15-25 vpyg values ranging from to

Tcrpme

2000 Hz with two or three repeat values for error estimation.

3.8 "CO CPMG experiment: The carbonyl CPMG experiment is performed using a
uniformly "N/"°C enriched sample.

1. Place the 'H carrier on the water resonance, the "°C carrier at 176 ppm in the middle of the
carbonyl region and the N carrier at 119 ppm in the middle of the amide region. Values of
delays are available in [26].

2. Set powers and pulse widths of the 'H hard and water selective 90° pulses as described in
step 2 of section 3.5. Additionally here WALTZ-16 decoupling is carried out and is
performed at 6 kHZ at 18.8 T.

3. Set powers and pulse widths of the "N 90° hard pulses as in step 3 of section 3.5 and
power for the °N decoupling sequence as in step 3 of section 3.6.

4. Square "C 90° pulses are applied at a field strength (given in Hz) of AQN15 where AQ is
118 ppmxdfrq where dfrq is the carbon frequency in MHz. The square “C 180° pulse is
applied at the highest possible power leading to a pulse width of ~25 us (20 kHz) for the 180°
pulse. The SEDUCE-1 sequence [13] is used to decouple the “Ca from *CO during the t,
“CO chemical shift evolution period. The SEDUCE-1 pulses are cosine modulated at a
frequency of 118 ppm with a maximum B, of 3.14 kHz at 11.7 T. The length of the
SEDUCE-1 90° pulse is ~335 ps at 11.7 T and is scaled according to the field strength. Note
that due to the cosine modulation decoupling is applied at four times the power. During
acquisition the '"HN-""CO J coupling is decoupled using the WURST-2 decoupling sequence
with a bandwidth of 12 ppm [20]. A maximum B, of 0.6 kHz is required at 18.85 T and
should be scaled with field strength. A shaped pulse [26] related to the REBURP pulse is

12
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used during the "C CPMG period. The length of this 180° pulse is 380 us at 18.85 T and
should be scaled according the magnetic field strength. This pulse is calibrated in a manner

similar to the REBURP.

5. Set the T¢py; delay and number of scans according to steps 5 and 6 of section 3.5. T¢py6

values usually lie between 20 and 30 ms.

6. Decide on the vpy,g values to use as described in step 7 of section 3.5 keeping in mind that
although V¢pyg values up to 1000 Hz can be used with current probes, at lower magnetc field
strengths the length of the shaped "C CPMG pulse places an upper limit on the highest Vepyg

value that can be used. Experiments are performed for ~15 v¢py,g values.

3.9 'He. CPMG experiment: The 'Ha chemical shift provides useful structural information
and is extremely useful for structure determination of the minor state. However the Ha
nucleus is scalar coupled to amide protons (HN) and HP} nuclei. The scalar coupling to the
amide protons can be eliminated by dissolving the sample in D,0, so that the amide proton is
replaced by a *H nucleus. However there is no straightforward way to produce protein
molecules that are Ho labeled while being ~100% °H enriched at the Hf position. By
overexpressing the protein in E coli grown in 50% D,0 minimal media with *H/"”C glucose
as the sole carbon source, the Hf is 50-88% deuterated reducing the effect of °J Hanp Coupling.
The 'Ho CPMG experiments consist of a J refocusing element in the middle of the CPMG
period [27]. Neglecting relaxation, this J refocusing element uses the 'J.,, coupling to
refocus the effects of the °J nanp coupling to first order. In this experiment dispersion profiles
are obtained by analyzing 'H-"Ca correlation maps.

1. Place the 'H RF carrier on the water resonance, the °C carrier at 58 ppm in the Ca. region
and the "N carrier at 119 ppm in the amide region. Values of delays are available in [27].

2. Set powers and pulse widths of the 'H hard and CPMG pulses. CPMG pulses are applied at
a lower power as described in section 3.7, step 2.

3. Set the power and pulse width for the '’N hard pulse if the sample is °N enriched. As there
is no water in the sample the "N pulse width and power have to be set to the last values
calibrated on the same sample.

4. Set the power and pulse width for the °C hard pulse and decoupling sequences. During
acquisition C decoupling is performed using a 2.5 kHz WALTZ-16 decoupling scheme at
18.8 T. The decoupling power has to be scaled with field strength. Carbonyl and "“Cf are

13
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decoupled from “Ca during t, evolution. "CO decoupling is performed using a CAWURST-
8 scheme [28, 29] with 10 ppm bandwidth centered at 175 ppm and applied with a maximum
field strength of 0.4 kHz at 18.8 T. "C[ decoupling is performed using i) A CAWURST-8
scheme with a 30 ppm bandwidth swept from 15 to 45 ppm centered at 30 ppm with a
maximum B, of 0.5 kHz at 18.8 T and ii) A second CAWURST-8 scheme with a 30 ppm
bandwidth swept from 101 to 71 ppm centered at 86 ppm with a maximum B, of 0.5 kHz at
18.8 T. The second field eliminates decoupling artifacts. During the the J refocusing element
CP decoupling is performed using a WURST-2 scheme [30] centered at 27.5 ppm with a 25
ppm bandwidth and a maximum B, of 1.22 kHz at 18.8 T.

5. Set the T, delay (See Note 4). T,,,,; values can be quite low due to the short Ha 7,
values and usually lie between 15 and 30 ms.

6. Set the number scans in multiples of the phase cycle to obtain good signal to noise. The
sensitivity of these experiments is low due to 50% 'H labeling at the o position and because
the experiments are not carried out in a sensitivity-enhanced manner. Hence significantly

more number of scans are required with typical values ranging from 24 to 48 scans.

2n .
where n is an

7. Decide on the vcpyg Values to use. vepyg values that can be used are —

integer starting from 1. vy values upto 1000 Hz can be used. Experiments are performed

2
Tcrpme

for ~10 to 15 Vepyg values ranging from to 1000 Hz with two or three repeat values for

error estimation. Lower vpy, values are sampled more closely.
8. Record 'H-"C correlation maps for each of the Vcpyg values and a reference plane without
the Tpy delay in an interleaved manner. The usual experimental time varies from 24 to 48

hours (See Note 5).

3.10 "Co. CPMG experiment: The “Ca chemical shift provides very valuable structural
information. As the Ca chemical shifts are not well separated from the Cf chemical shifts a
sample that is °C enriched at only the Ca sites is used. In this experiment dispersion profiles
are obtained by analyzing 'H-"Ca correlation maps.

1. Place the 'H RF carrier on the water resonance, the °C carrier at 55 ppm in the Ca region
and the "N carrier at 119 ppm in the middle of the amide region. Values of delays are
available in [11].

2. Set powers and pulse widths of the 'H hard pulses. The 'H CW decoupling field during the
CPMG period is applied at a B, field strength of ~14.5 kHz. Purge trim CW pulses to dephase

water are applied at 16 kHz. Proton to carbon and carbon to proton transfers are carried out

14
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using DIPSI-2 sequences with 'H and "*C fields of 8 kHz at 18.8 T. 'H decoupling during "*C
t; evolution is performed using a 5 kHz (18.8 T) WALTZ-16 sequence.

3. Set the power and pulse width for the "’N hard pulse.

4. Set power and pulse width for the "*C hard pulse and CPMG pulses. The CPMG pulses are
applied at lower field strength with a 180° pulsewidth of ~31 ps. “C decoupling during
acquisitions is performed using a 2.5 kHz (18.8 T) WALTZ-16 sequence. The decoupling
field strength is scaled with the spectrometer frequency. Proton to carbon and carbon to
proton transfers are carried out using the DIPSI-2 sequence [31] with proton and carbon
fields of (8 kHz at 18.8 T). The decoupling field strength is scaled with magnetic field
strength.

5. Set the Ty, delay (See Note 4). T, values can be quite low due to the short Ca ™
values and usually lie between 15 and 30 ms. Further due to heating effects of the 'H CW
field it is prudent to set Tpy,; < 30 ms.

6. Measure the heating due to the 'H CW field and compensate for it by reducing the VT
setting. Alternatively see Note 2.

7. Set the number of scans in multiples of the phase cycle to obtain good S/N ratio. Due to
the method of sample production the *Ca. enrichment is at most 50%. Further the experiment
is not carried out in a sensitivity-enhanced manner. Hence a significantly larger number of
scans are required with typical values ranging between 16 to 48 scans.

8. Decide on the vqpyg values as described in step 7 of section 3.5. Note that although Vpyg
values upto 1500 Hz can be used with current probes values up to 1000 Hz are preferred.

9. Run the experiment as described in step 8 of section 3.9.

3.11 Amide 'H-"N ZQ/DQ CPMG experiment: In addition to 'H and "N single quantum
transitions one can also excite zero quantum (ZQ) and double quantum (DQ) transitions in
the coupled amide 'H/°N spin system. Relaxation dispersion curves for the ZQ and DQ
transitions can also be recorded using CPMG experiments [32]. During ZQ/DQ CPMG
experiments, ZQ/DQ coherence 1is generated and refocusing pulses are applied
simultaneously on both the '’N and 'H nuclei during the T, period. In the case of exchange
the change in the frequency of the ZQ transition between the minor and major states in ppm
units is IAWy- AWyl while the change in the frequency of the DQ transition is [AT+ATW.
Hence if IAwyl > 0 and IA@yl > 0 then either the ZQ or the DQ transitions will give larger

dispersions than the SQ experiments making them more sensitive to the underlying exchange
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process in CPMG experiments. Additionally, ZQ/DQ CPMG experiments also provide
information about the relative signs of AWy and Aw,,. If the size of the DQ dispersion is
larger than the ZQ dispersion then AT, and Awy have the same sign and the opposite is true
when Aw, and A, have opposite signs. Relaxation dispersion curves are obtained by
analyzing 'H-"N correlation maps and the experiment is performed with "N/°H enriched
proteins dissolved in 90%H,0/10%D,0 to back exchange the amide protons.

1. Set the 'H and “N carrier frequencies as described in step 1 of section 3.5. Values of
delays are available in [32].

2. Set powers and pulse width of the 'H hard, CPMG pulses and water selective pulses as
described in step 2 of section 3.7. A water selective EPURPI pulse is used to bring the water
magnetization from the Z axis to the transverse plane.

3. Set powers and pulse widths of "N hard and CPMG pulses as described in step 3 of section
3.5. Here also magnetization is transferred to the TROSY component of '"H magnetization at
the end of the pulse sequence and data is acquired without ’N decoupling.

4. Set the T,,,,; delay as in step 5 of section 3.5 and check the S/N in both the ZQ and DQ
experiments. It is best to use the same 7, delay for both.

5. Set the number scans in multiples of the phase cycle to obtain good signal to noise. Typical
values are 16 or 24 scans.

6. Decide on the v(py,g values to use as described in step 7 of section 3.5. Vqpyg Values that

2n

can be used are where n is an integer starting from 1. Vpyg values up to 1000 Hz can

Tcpme

be used with current probes.
7. Record 'H-"N correlation maps for each of the Vepy values and a reference plane without
the Ty delay for both the ZQ and DQ components in an interleaved manner. The usual

experimental time varies from 24-48 hours (See Note 5).

3.12 Extracting Relaxation Dispersion Curves from the data: The NMR data is typically
processed using standard programs like NMRPipe [33] and visualized using programs like
SPARKY [34]. Peaks intensities in the different 2D planes can be extracted using programs
like FUDA [35], PINT [36] and MUNIN [37]. In all three of these programs one can impose
that only the peak intensity varies from plane to plane while the line shape and peak position
remain the same in the all planes reducing the number of fitting parameters and improving
the precision of the extracted intensities. The programs are also capable of dealing with

partially overlapped peaks. The quality of fits can be gauged in FUDA and PINT by
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visualizing the spectra along with the fitted peaks to decide if the fit is reliable. Once the
peaks have been fit to the spectra the dispersion data can be calculated from the intensities.
Errors in the R, ;values are estimated on the basis of repeat measurements. Generally, a

minimum error between 0.3 and 0.5 s is assumed to account for various systematic errors.

3.13 Analyzing Relaxation Dispersion Curves: Initially amide "N/'H dispersion data is
recorded and analyzed. Quite often complete kinetic studies can be performed with only
amide ""N/'H dispersion data [38]. In the first step larger dispersions where the change in the
R,.; is greater than 5 or 10 s are analyzed. A two-state exchange model is fit to the
dispersion data collected at two different field strengths in a site-specific manner. The
programs CATIA [39] and CHEMEX [40] perform the fits by numerically propagating the
Bloch-McConnell equations [41]. From the quality of the fits and the site-specific distribution
of the exchange rate k,, and the minor state population p, one can use various statistical tools
to judge if there is a single global two state process or there are multiple processes. If there is
a single global process then similar k,, and p, values will be obtained from almost all the site-
specific fits [42] and one can proceed to fit a single process to all the data. If the site-specific
k,. and p, values differ from site to site one can consider fitting a global three state model [43]
or look to see if the k, and p,values cluster and that residues close on the structure have
similar k,, and p, in which case one can fit multiple two state models to sets of residues [44].
If the exchange parameters are not ideal for a CPMG investigation one can either change the
sample conditions like temperature or use other NMR experiments like CEST to study slower
processes [45, 46] or R, experiments to study faster process [47]. If k,, is fast and p,, is poorly
defined one can use the shifts in peak positions between HSQC and HMQC spectra to define
p, [25]. After the experimental conditions have been established using "N/'H data other
“C/'H CPMG experiments can be performed. Analysis of the relaxation dispersion data
provides only the absolute value of the change in chemical shift between the ground and
excited state. The sign information can be obtained comparing peak positions in HSQC
spectra recorded at different fields or between HSQC and HMQC spectra recorded at the
same field [48]. R,, experiments can also provide sign information [49]. Once the sign
information is available the chemical shifts of the minor state resonances can be calculated
and the spectrum of the minor state can be reconstructed.

3.14 Atomic resolution structure of the minor state: By comparing the minor state

chemical shifts with the unfolded state chemical shifts [SO] parts of the molecule that are
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unfolded in the minor state can be identified [51]. In fact, identification of local or complete
unfolding can be done with reasonable confidence using just '"H/°N data. A preliminary
analysis of the minor state backbone chemical shifts using programs like TALOS [52, 53] can
provide information about changes in secondary structure between the major and minor states
[54-57]. In favorable cases it is possible to obtain the three-dimensional structures of proteins
from just chemical shifts [58, 59] and the structure of a minor state of a protein has been
obtained by using this strategy [55]. Using the minor state secondary or three-dimensional
structural information mutants can be designed to shift the population towards the minor state
conformation and test if the CPMG derived parameters are meaningful [55]. The quality of
structures can significantly be improved by using residual dipolar couplings (RDCs) and
residual chemical shift anisotropy shifts (RCSAs) [60, 61]. Minor state RDCs and RCSA
shifts can be obtained by performing CPMG experiments in the presence of alignment media
[19, 62, 63] and these restraints can also be used to obtain structures of the minor state [54,
56, 57]. Here we have described CPMG experiments to study the dynamics at protein
backbone sites. CPMG experiments have also been developed to study dynamics at sidechain
sites [8, 64, 65] and provide information regarding the conformation of the sidechains in the

minor state [66, 67].

4. Notes

1. Using a thermocouple is more convenient as it does not require shimming and recording
spectra to calculate the temperature like in the case of the standard sample.

2. Alternatively, some newer NMR spectrometers are equipped with a so-called NMR
thermometer [68, 69], which measures the temperature inside the NMR sample during the
experiment using a second locking agent. If such a system is available and if a second locking
agent can be added without interfering with the chemical exchange process under
investigation, then the NMR thermometer provides a convenient way of keeping the
temperature constant during all experiments.

3. PN pulsewidths can change when a CPMG pulse train is applied particularly when "N
CPMG experiments are performed using a cryogenically cooled probe. The problem does not
occur with 'H or "C CPMG experiments. To test if there is a change in the "N pulsewidths
due to the CPMG pulse train, the "N (CPMG) pulse is calibrated using a "N CPMG
sequence where a gradient, an extra pulse to be calibrated, and a strong gradient are applied

immediately after the CPMG pulse train. At this point in the sequence a density element
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proportional to either N,, 2N,H,, or N,(1-2H,) is present depending of the type of CPMG
experiment and the "°N pulsewidth can therefore be calibrated in the usual manner and this is
performed for different v, values. If the "N pulsewidth depends on v py,;, CPMG pulse
sequences that keep the load on the probe constant for various vp,,; values should be used in
order to keep the pulsewidth constant.

4. Increasing the 7., delay allows for a greater number of exchange events to occur
leading to a greater change in signal intensity as a function of v, and also allowing for a
larger range of v, values as the lowest possible Vipyi 1S 1/ Tepyg (Or 2/Tcpy based on
sequence). However large T,,,; delays can lead to a large reduction in the S/N due to
relaxation losses making it difficult to quantitate the change in intensities. As a compromise it
is common to choose a T, delay where the peak intensity has reduced by half compared
with the reference spectrum that has no 7,,,; delay.

5. As a large number of pulses are applied during the 7, delay, a long interscan delay (d1)

has to be used to avoid damaging the probe. Typical d1 values lie between 2.1 and 2.5 s.
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