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ARTICLE INFO ABSTRACT

Keywords: NMR relaxation experiments provide residue-specific insights into the structural dynamics of proteins. Here, we
NMR present an optimized set of sensitivity-enhanced '°N R; and R1, relaxation experiments applicable to fully
Relaxation measurements protonated proteins. The NMR pulse sequences are conceptually similar to the set of TROSY-based sequences and
Pmt_e"'.' dy"an‘,"cs X their HSQC counterpart (Lakomek et al., J. Biomol. NMR 2012). Instead of the TROSY read-out scheme, a
Intrinsically disordered proteins e . . s . .. .
Sensitivity-enhanced HSQC sensitivity-enhanced HSQC read-out scheme is used, with improved and easier optimized water suppression. The
Protein backbone presented pulse sequences are applied on the cytoplasmic domain of the SNARE protein Synpatobrevin-2 (Syb-2),
which is intrinsically disordered in its monomeric pre-fusion state. A two-fold increase in the obtained signal-to-
noise ratio is observed for this intrinsically disordered protein, therefore offering a four-fold reduction of mea-
surement time compared to the TROSY-detected version. The inter-scan recovery delay can be shortened to two
seconds. Pulse sequences were tested at 600 MHz and 1200 MHz 'H Larmor frequency, thus applicable over a
wide magnetic field range. A comparison between protonated and deuterated protein samples reveals high
agreement, indicating that reliable >N R; and Rj, rate constants can be extracted for fully protonated and
deuterated samples. The presented pulse sequences will benefit not only for IDPs but also for an entire range of
low and medium-sized proteins.

1. Introduction

Intrinsically disordered proteins (IDPs), or proteins with intrinsically
disordered regions (IDRs), compose about 30 % of the human proteome
and fulfill essential functions in cellular regulation and signaling [1-4].
They are characterized by high disorder and increased structural dy-
namics, resulting in high local mobility and flexibility, allowing them to
fold and adapt to various binding partners [5-7]. Recently, IDPs have
received increased attention as they are involved in organizing
membrane-less organelles [8-13]. Misfolding of IDPs can lead to several
diseases, including neurodegenerative diseases [14-17]. Characterizing
the structural dynamics of intrinsically disordered proteins is critical to a
deeper understanding of their function, conformational space, and
binding interactions [18,19]. The high internal dynamics of IDPs pose
challenges to state-of-the-art structural biology techniques such as X-ray
crystallography or cryo-EM due to diffuse electron density. NMR spec-
troscopy is, however, well suited to studying IDPs and their conforma-
tional dynamics [5,7,20-22].

15N relaxation experiments are the “working horse” for a protein
dynamics investigation by NMR spectroscopy. The original “standard”
NMR '°N relaxation methods, developed in the early 1990 s, cover the
ps-ns time range faster than the overall tumbling rotational correlation
time of the molecule [23-30]. Several sophisticated extensions were
developed, e.g., relaxation dispersion experiments, which are sensitive to
modulations of the isotropic part of the chemical shift tensor and can
provide insights into the ps-ms time range [31-37]. Applications of NMR
relaxation and relaxation dispersion experiments have led to numerous
insights into protein structural dynamics, shaping our current under-
standing of the protein energy landscape [5,38-42], but also for RNA
[43-45].

This manuscript focuses on the “standard” N NMR relaxation
methods addressing dynamics on the ps-ns time range, which can be
considered as the flexibility of the protein. For these standard methods,
several improvements have been added [25,27,46-53]. Systematic er-
rors of used pulse sequences must be minimized to guarantee a reliable
characterization of protein dynamics. This is particularly acute for IDPs
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as they are characterized by small relaxation rate constants and a high
dynamic range.

Due to the long history of NMR relaxation experiments, most pulse
sequences have been developed at magnetic field strengths of 14.1 T,
corresponding to a 'H Larmor frequency of 600 MHz and lower.
Frequently, these experiments have been designed for and tested on
small, well-folded globular proteins. Advances in magnet technology
have led to the development of increasing magnetic field strengths of
NMR spectrometers, with a 28 T magnet (1200 MHz H Larmor fre-
quency) recently becoming commercially available [54]. These high
field strengths offer unprecedented resolution and new opportunities for
investigating protein dynamics by NMR. They are particularly beneficial
for studying IDPs (because of their narrow signal dispersion in the 'H
dimension). At the same time, high field strengths put new demands on
underlying spectrometer electronics and probe design, as well as NMR
pulse sequence design. Existing methods have to be tested and may have
to be adapted, and novel NMR methods will be developed.

In the following, we introduce two optimized '°N R; and Ry, pulse
schemes with sensitivity-enhanced HSQC detection. The presented pulse
schemes have been tested at 14.1 T and 28 T magnets, corresponding to
'H Larmor frequencies of 600 MHz and 1200 MHz, respectively.

Because research on IDPs represents a highly active and growing
field within biomolecular solution NMR [5,7,20-22], we have tested the
presented pulse sequences on an IDP, the vesicular SNARE protein
Synaptobrevin-2 (Syb-2), which in its monomeric pre-fusion state be-
haves as an IDP [55-57]. Due to the small relaxation rate constants of
IDPs, even small systematic errors of less than 1 s™! will lead to sub-
stantial percentage-wise errors in rate constants. Therefore, IDPs present
an ideal test case for NMR relaxation experiments and will identify even
small systematic errors in the used pulse sequence. We have tested the
optimized sensitivity-enhanced °N R; and Rj, pulse sequences both at
600 MHz and 1200 MHz, using both a fully protonated as well as a
deuterated sample, and compared the results to the original TROSY-
based sequences, which had been tested on deuterated GB3 and 600
MHz [51]. For both fully protonated and deuterated samples, we find a
high reproducibility and robustness at both field’s strengths, suggesting
that the presented sensitivity-enhanced sequences, as well as the orig-
inal TROSY-based sequences [51], will also be applicable at any mag-
netic field strength between 14.1 T and 28 T. High agreement of
extracted relaxation rate constants, measured either by the sensitivity-
enhanced HSQC-detected or the TROSY-detected sequence, is
observed. Independent of HSQC- or TROSY-detection, we also find high
agreement between the protonated and the deuterated samples.

2. Materials and methods
2.1. NMR sample preparation

The gene base sequence encoding Synaptobrevin-2 (1-96), Syb-2
(1-96), the soluble part of Syb-2 (wt) without the transmembrane re-
gion, from Rattus norvegicus (UniProt accession number: P63045, 96
amino acids, 10.52 kDa) was codon-optimized for expression in E. coli
and subcloned in a pET28a(+) vector. To facilitate protein isolation, a
hexa-histidine tag was included at the N-terminus. Additionally, a
Thrombin-cleavage side (amino acid sequence: LVPR’GS) was inserted
for tag removal.

The pET28a(+)-His-Syb-2(1-96) plasmid was transformed into
chemically competent E. coli BL21 (DE3) cells. Protein expression and
purification followed protocols by Pobbati et al. [57,58]. Briefly, for
precultures, cells were grown at 37 °C in 2xYT medium (Thermo Fisher,
Waltham, MA, USA) overnight. For isotope labeling of 1°N Syb-2 (1-96),
cells were grown in M9 minimal medium supplemented with 1>N-NH,-
Cl (99 %, Cambridge Isotope Laboratories, USA) as a single source for
protein synthesis. The main culture was incubated at 37 °C until an
ODgp of 0.8 was reached; at this point, protein expression was induced
with 0.5 mM IPTG. Cultures were incubated at 20 °C after induction of
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expression for 18 h. Bacterial cells were harvested for 10 min at 6,000 x
g (4 °C) using centrifugation. The cell pellet was resuspended in 20 mM
HEPES (pH 7.4), 500 mM NaCl, 8 mM Imidazole, and 0.1 mM TCEP
supplemented with protease inhibitors (Complete, Roche) and DNAse I
for nucleic acid digestion. Cells were lysed for 20 min by sonication,
followed by an additional centrifugation step for 30 min at 45,000 rpm
(4 °C). The lysate was purified by Ni>*-NTA affinity chromatography.
His-tagged Syb-2 (1-96) was eluted with 20 mM HEPES (pH 7.4), 500
mM NacCl, 400 mM Imidazole, and 0.1 mM TCEP. Thrombin cleavage
was combined with dialysis overnight at 4 °C in 20 mM HEPES (pH 7.4),
150 mM NacCl, 0.1 mM TCEP, and 1 mM EDTA. Thrombin was separated
from digested protein by ion exchange chromatography using 20 mM
HEPES (pH 7.4), 0.1 mM TCEP, 1 mM EDTA, and a Resource Q column
(Cytiva, Marlborough, MA, USA) for isolation. For elution, the same
buffer composition was used with 1000 mM NaCl added. To increase the
purity of the sample, a size exclusion chromatography was performed
afterward using a HighLoad 16/600 Superdex 75 pg column (Cytiva,
USA) equilibrated in 50 mM MES (pH 6.0), 150 mM NacCl, 0.1 mM TCEP
and 1 mM EDTA.

For the expression of deuterated 2HN¢ Syb-2 (1-96) and
2HI5N Syb-2 (1-96), commonly used filtered and deionized water (Milli-
Q, Merck, USA) was replaced by D»0. To reduce stressing conditions for
cell growth, the transition from 2xYT medium into minimal medium
with D;0 was performed slowly. First, cells were precultured in 2xYT
medium and ddH,0 at 37 °C overnight. Then, cells were precultured in
M9 minimal medium supplemented with '>N-NH,4-Cl in ddH,0 at 37 °C
for 8 h. In the third overnight preculture, ddH,O was replaced by D,0.
The main culture of deuterated ?H'°N'3C Syb-2 (1-96) was supple-
mented with 1°N-NH,-Cl and '3C-D-glucose (99 % Cambridge Isotope
Laboratories, USA) in D,0. The main culture of deuterated 2H'°N Syb-2
(1-96) was supplemented with 15N-NH4-C1 in D50. Induction of
expression with IPTG and protein isolation was performed as described
for 1°N Syb-2 (1-96); see above.

2.2. NMR spectroscopy

2.2.1. Potential sources of artifacts in standard NMR relaxation
experiments

Well-known systematic errors are generated by cross-correlated
relaxation (CCR) of the TH15N dipolar coupling (DD) and the 15N
chemical shift anisotropy (CSA) [27,46,48], which increases at higher
magnetic fields [52]. Refocusing of the respective CCR during the NMR
relaxation period is usually achieved by 180° 'H pulses [27]. For several
15N R, experiments, frequently, a train of hard 180° 'H pulses, spaced by
a 5 ms delay, was used to suppress CCR. As discussed in the earlier work
on >N NMR relaxation experiments with TROSY-detection [51], this
pulse train leads, however, to partial saturation of the water magneti-
zation. The degree of water saturation will vary depending on the length
of the relaxation period. In combination with the long T; times of the
water in the order of 3-4 s, this can substantially attenuate the available
amide proton magnetization via direct exchange with the water
magnetization or through H-'H NOEs to nearby exchangeable protons
[51], as also pointed out by Chen and Tjandra independently [50]. The
impact of progressive water saturation during the >N T; relaxation
period increased the measured '°N R; rate constant and was discussed in
detail in [51]. This apparent (artificial) increase could be correlated to
the solvent exposure of the respective amide group, with the most
solvent-exposed amide groups displaying the strongest increase [51].
That systematic error can be circumvented by choosing very long
interscan recovery delays (up to 10 s), leading to very long experimental
times that are frequently not affordable. Another possibility is to satu-
rate the water resonance entirely before the relaxation period starts,
resulting in intensity losses for amide groups subject to solvent ex-
change. As discussed in the context of the TROSY-based sequences [51],
shaped I-BURP-2 180° 'H pulses, being selective on the amide protons
and spaced by a 40 ms delay, provide an alternative [51]. The 40 ms
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inter-pulse delay was sufficient to refocus CCR but, simultaneously (in
combination with amide-selective shaped pulses), disturbs the water
magnetization only minimally. We use the same strategy for the
sensitivity-enhanced HSQC-detection scheme (Fig. 1). As pointed out,
the key is keeping or returning the water magnetization to the z-axis.
This is also achieved by the additional Bii 90(-x) pulse at the end of the
refocused INEPT transfer, which fulfills two purposes: Returning the
water to the z-axis and removing any residual antiphase coherence.
Radiation damping of the water magnetization [59] is an additional
but related concern, particularly acute for cryoprobes and high-field
magnetics [60-62]. Very weak gradients can dephase the water
magnetization and prevent radiation damping [63]. An alternative is to
return the water magnetization to the z-axis using water-flip back pulses
[49,62,64]. The TROSY-based- and HSQC-based experiments (Fig. 1, see
below) have been designed to return the water magnetization to the z-
axis in the refocused 'H-'°N INEPT transfer before the relaxation period.
Therefore, the water magnetization is aligned along the z-axis at the
start of the relaxation period. The R; relaxation delay element is
designed to disturb the water magnetization minimally (see above).
For the Ry, relaxation period, we introduce amide-selective IBURP-2
pulses, which will be discussed further below. Therefore, systematic
errors due to varying degrees of water saturation will be alleviated in the
examined sequences. Any disturbance of the water magnetization after
the relaxation period will reduce the achievable signal-to-noise ratio of
the NMR experiment but will not introduce additional systematic errors.
The TROSY detection element is advantageous regarding water
suppression, as decoupling on the 'H channel during t; evolution is
avoided; for the sensitivity-enhanced HSQC detected relaxation experi-
ments, a 180° (*H) is used to refocus J-coupling evolution. A second
180° (1H) pulse at the beginning of the t; evolution is used within the
gradient-based Echo-/ Anti-Echo encoding element. The water magne-
tization will be returned to the z-axis after the second 180° (*H) pulse.
Radiation damping can occur in principle for longer t; times and the
associated spacing of the two 180° (‘H) pulses. Although at the two
spectrometers tested, we did not observe strong radiation damping, an
optional weak rectangular gradient (<2%) can be included in the pulse
sequence (Fig. 1, gradient G10, grey) to prevent radiation damping [63],
similarly as used in [51]. We further minimized the impact of the water
signal caused by using hard 90° and 180° 'H pulses by carefully
choosing gradients (Fig. 1, see below). Using amide-selective detection
schemes, applied in SOFAST-HMQC or Band-selective Excitation Short-
Transient (BEST) detection schemes, presents an alternative [65,66].
Very recently, during the revision of this manuscript, broad-band shaped
pulses designed by optimum control theory were introduced to cover the
large spectral width at very high magnetic fields [67]. Using those
pulses, a significant SNR increase in a H, >N TROSY-HSQC experiment
could be obtained while requiring only moderate RF power levels.

2.2.2. General setup of NMR relaxation experiments

We have recorded NMR relaxation experiments using a 171.1 pM '°N
Syb-2 (1-96) sample and, for comparison, a 171.7 pM 2H!°N Syb-2
(1-96) sample in 50 mM MES (pH 6.0) buffer containing 150 mM
NaCl, 0.1 mM TCEP and 1 mM EDTA. (The N Ry experiment, inves-
tigating the influence of the recovery delay, had been recorded on a 210
pM 2HI5N13C Syb-2 (1-96) sample.)

All NMR experiments were performed at 278.15 K using a 250 pl
volume filled in a 3 mm NMR sample tube'. Experiments at 600 MHz 'H

1 For 3 mm NMR tubes, a minimal sample volume of 150 pl is recommended.
We, however, suggest the use of a slightly larger volume of about 200 pl, as for
smaller volumes, we noticed difficulties of the automated shimming routine
(Topshim routine on Bruker NMR spectrometers), leading to substantially
increased higher-order shims (Z6 in particular) and resulting in high shim-coil
temperatures. We did not notice any adverse effects on the shim symmetry
when using larger sample volumes of 200 pl or 250 pl.

Methods 223 (2024) 1-15

Larmor frequency were conducted on a Bruker 600 MHz AVANCE III HD
spectrometer equipped with a Bruker 5 mm QCI 1H, 15N, 3¢, 8lp
quadruple resonance cryoprobe. Experiments at 1200 MHz 'H Larmor
frequency were recorded on a Bruker 1200 MHz AVANCE NEO spec-
trometer (Bruker, Billerica, MA, USA) equipped with a 3 mm TCI 1y,
15N, 13C triple resonance cryoprobe.

The optimized '°N R; and R, pulse sequences with sensitivity-
enhanced HSQC detection presented here (Fig. 1) employ a sensitivity-
enhanced HSQC detection scheme [27,68] and can be applied to fully
protonated proteins. The basic building blocks of those two sequences
are conceptually similar to the previous TROSY-based sequences and
their HSQC counterparts, initially designed in the Bax laboratory [51].
At that time, those pulse sequences had been tested on deuterated GB3 at
600 MHz. While the TROSY-detection [69,70] offers the best water
suppression by using fewer 'H pulses and avoiding 'H decoupling, the
sensitivity-enhanced HSQC scheme provides a higher signal-to-noise
ratio (SNR) in principle (up to two-fold theoretically). In the
sensitivity-enhanced read-out scheme, more 'H pulses are used by
design. While care was taken to return the water magnetization to the z-
axis by the end of the pulse sequence, radiation damping of the water
magnetization during the pulse sequence and its associated water tra-
jectory is a potential pitfall. Previously, radiating damping was
(partially) avoided by the use of soft rectangular gradients (of fixed
duration) placed in the delay periods, requiring, however (in our hands),
a very careful and frequently tedious gradient optimization. In turn, the
potential gain in SNR of the HSQC-based sequence was often limited by a
still strong water signal, limiting the affordable receiver gain setting
[51].

The >N Ry and Ry o pulse sequences with sensitivity-enhanced HSQC
detection presented here offer an improved water suppression (see Re-
sults section, Fig. 3), and an easier to optimize water suppression (in our
hands), by replacing those previous weak rectangular gradients by soft
shaped gradients that can be adjusted in their gradient strengths and
duration. Further, the °N R;, experiment uses two shaped 'H pulses
rather than two hard 180 (*H) rectangular pulses spaced by a weak
rectangular gradient in the delay period. To obtain the best water sup-
pression in the sensitivity-enhanced HSQC experiments, we recommend
optimization of the 'H carrier frequency using a pre-saturation experi-
ment (Bruker: zgpr sequence) and adjusting the H carrier frequency
(Bruker: ol) such that the water signal is minimized. Because of the
easier-optimized water suppression combined with the high SNRs that
can be achieved (see below), we anticipate these sequences to be of
practical importance and valuable for various fully protonated small to
medium-sized proteins.

In the following, we briefly discuss the magnetization transfer
pathway of the 1°N R; and Ry, pulse sequences shown in Fig. 1. After the
recovery delay, a hard 90° (!°N) pulse destroys any residual non-
Boltzmann magnetization that could be present on °N. A refocused
INEPT element (two consecutive INEPT transfers [70]) transfers the
initial 'H Boltzmann magnetization to in-phase magnetization on the
15N nucleus. During the following relaxation period, magnetization on
the >N nucleus decays - depending on the length of the relaxation delay,
and results in decreased intensities as a function of the relaxation delay.
The observed decay of intensities will be fitted by a mono-exponential
decay function later to obtain the relaxation rate constants. Residue-
specific intensities and rate constants will be acquired by the
following t; evolution period of the transverse 1°N magnetization. For
quadrature detection (phase sensitivity in the N dimension), 1°N co-
herences are encoded by an Echo/ Anti-Echo encoding scheme with
alternating gradients [27,68]. The 15N evolution period is followed by a
refocused INEPT element, which transfers the magnetization to the
amide protons. During a final Hahn-Echo element, the decoding
gradient of the Echo/ Anti-Echo scheme follows. The complete pulse
scheme is illustrated in Fig. 1. Gradients during the INEPT elements are
implemented both for coherence selection and to prevent radiation
damping of the water magnetization (here, only weak gradient strengths
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Fig. 1. Pulse sequence schemes of NMR relaxation experiments using a sensitivity-enhanced HSQC read-out scheme. The following phase cycling is applied: ¢¢ =y,
Vs Vs Vs @7 =Y, <Y, Prec =¥, -¥, ¥, y. The quadrature detection is implemented with the polarity inversion of the encoding gradient Gs and the phase cycling of ¢;
(Echo/ Anti-Echo detection [27]). A: Pulse sequence scheme of the used 1°N R relaxation experiment. Narrow rectangles correspond to 90° hard pulses with phase x,
if not marked otherwise. 180° hard pulses are displayed as broad rectangles. B: Pulse sequence scheme of the used '°N Ry, experiment. Apart from the bracketed

relaxation period, the R;, experiment is similar to the R; experiment.

are used) [63,71].

2.2.3. °N R; experiment

The central part of pulse schemes is the relaxation period, which will
be discussed in more detail in the following: In the >N R; experiment,
the relaxation period is elongated by increasing a loop counter and the
associated number of repetitions (n) of the bracketed part of the pulse
scheme (Fig. 1A). The entire relaxation period is omitted in the first
experiment, resulting in the 7, = O reference point. Cross-correlated
relaxation of the >N chemical shift anisotropy (CSA) and the 'H-!°N
dipolar coupling interactions during the relaxation period is refocused
by a central I-BURP-2 180° pulse [72], selective to the amide proton
resonances at A/2, the center of the respective loop element. The
relaxation loop is repeated an even number of times (n = 0, 2, ...) to
balance the evolution of longitudinal cross-correlated relaxation during
the relaxation period A. These [-BURP-2 pulses invert the amide proton
magnetization during the relaxation period. Here, it is essential to use
selective pulses to avoid exciting the water resonance, as partial

saturation of the water magnetization for more extended relaxation
periods would impact the return to 'H Boltzmann equilibrium adversely
[49], resulting in erroneous and too high >N R; rate constants for
solvent-exposed residues (see section 2.2.1.) [50,51]. Any amide proton
will spend half of the relaxation period in the a-state and half the time in
the p-state (assuming an ideal case, without any random ‘H-'H spin-
flips during the relaxation period). As a result, the longitudinal cross-
correlated relaxation between the *H-'°N dipolar coupling and the 1°N
chemical shift anisotropy will be averaged out.

In the following, we briefly discuss the experimental parameters of
the 1N R; experiment: The duration of the delay in the INEPT transfer is
§ = 2.65 ms; the delay € corresponds to the decoding gradient G4 (201
ps). This delay makes inserting the decoding gradient without adding a
linear phase error to the proton dimension possible. The variable delay
corresponds to the delay between two shaped 180° I-BURP-2 pulses,
selective on the amide proton region. For the duration of the individual
I-BURP-2 pulses, we choose a length of 1000 ps at 1200 MHz to cover the
amide 'H chemical shift region of the IDP Syb-2 (1-96). We used a delay
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of 40 ms; the choice of the delay depends on the relaxation properties of
the protein, which must be faster than the cross-correlated relaxation
rate of the protein. The relaxation period is elongated by increasing the
loop counter n and the associated repetition of the bracketed element of
the pulse scheme. In the first experiment, the entire relaxation period
will be jumped over. The relaxation loop is repeated an even number of
times (n = 0, 2, ...) to match the chosen relaxation delay. For the
elimination of any cross-correlated relaxation between the 3C and °N
nuclei (applicable to 13C labeled samples) on the 3C channel, four 180°
pulses, two selective rectangular 180° 13C pulses are applied on *3C’ as
well as on 13C% at A*1/4 and A*3/4 of the relaxation period. The
duration of the selective rectangular 1*C’ pulse is chosen such that the
13¢* resonances are not excited and vice versa (see below) [64]. The
length of these selective rectangular 180° pulses is defined by % [64].Q
corresponds to the chemical shift difference between °C* and '3C’;
therefore, the pulse length of the 180° pulses was set to 23.7 ps at 1200
MHz. Gradients are sine-bell shaped, identical to the sine.20 gradient
shape of the Bruker gradient library, apart from G7, which is a sine.50
shaped. The gradient strengths are G; (200 ps, 1 % (at our spectrometer
setting), corresponding to 0.58 G/cm), and G (200 ps, 2 %, 1.16 G/cm),
G3 (800 ps, 31 %, 17.98 G/cm), G4 (200 ps, 11 %, 6.38 G/cm), Gs (201
ps, 50 %, 29.00 G/cm), Ge (1000 ps, 50 %, 29.00 G/cm), G7 (200 ps, 50
%, 29.00 G/cm), Gg (200 ps, 5 %, 2.90 G/cm), and Gg (200 ps, 14 %,
8.12 G/cm). Further, we include an optional Gradient G10 (t1/4, 0.5 %,
0.29 G/cm) during the first half of the t1 evolution period that can be
switched on in case radiation damping is observed. In the !N dimen-
sion, a garp decoupling with an RF amplitude of 1.25 kHz, corre-
sponding to a 90° pulse length of 200 ps, is applied.

For the measurements conducted at 600 MHz we used the identical
gradient setup. Therefore, this gradient setup should be widely appli-
cable to various spectrometer frequencies between 600 MHz and 1200
MHz. At least the suggested gradient setup provides a good starting
point for any further (and spectrometer dependent) optimization of the
water suppression.

2.2.4. BN R, experiment

For the 1°N Ry, experiment (Fig. 1B), providing rate constants of the
transverse relaxation, Ry (see below), an adiabatic half-passage pulse
turns the '°N magnetization from the z-axis to the transverse plane, or
the effective field direction for off-resonance nuclei, respectively
[73,74]. The adiabatic half tanh/tan pulse [74] has the same strength as
the applied spin-lock RF amplitude (2 kHz). During the relaxation
period, the magnetization is spin-locked in the rotating frame, and the
intensity decay of the respective resonances is measured as a function of
the lengths of the relaxation delay period A.

In principle, the RF amplitude should be as high as affordable to
reduce exchange contributions and off-resonance effects at the edges of
the spectrum. The higher the spectrometer frequency, the more signif-
icant potential off-resonance effects will be. At 1200 MHz, for example, a
2 kHz spin-lock RF amplitude will be equivalent to 1 kHz at 600 MHz in
terms of off-resonance effects. Particular care must be taken to properly
align the magnetization along the effective field axis using an adiabatic
pulse with the same RF amplitude as the following spin-lock. Confirming
that the adiabatic pulse fulfills its adiabaticity condition for the given RF
amplitude is important. Otherwise, magnetization components orthog-
onal to the effective field axis will be generated that will get dephased
during the initial spin-lock period, leading to a sudden intensity drop in
the decay curve and, consequently, a bi- or multi-exponential decay.

During the relaxation period, two 180° I-BURP-2 pulses, selective to
the amide proton resonances, are applied at A*1/4 and A*3/4 of the
relaxation period to average out contributions by transverse °N
chemical shift anisotropy (CSA)/'H-!°N dipolar coupling cross-
correlated relaxation. In the case of 3C labeled samples, a selective
soft rectangular 180° pulse is applied, one at the 13C’ and the other at the
13C* carrier, to prevent any errors potentially introduced by cross-
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correlated relaxation between '°N and '3C. In both Rip and R; experi-
ments, a temperature-compensation element [51] is applied off-
resonance on the '°N channel. On modern NMR probes, that tempera-
ture compensation element will not necessarily be required and could be
switched off to reduce the power deposition in the probe, at least in our
experience.

In the following, we briefly describe the setup of the °N R;, exper-
iment: Apart from the bracketed relaxation period, the Ry, experiment is
similar to the R; experiment. The gradient setup is identical. The addi-
tional gradient G9 is a sine-bell-shaped (sine.20 Bruker gradient library),
with a duration of 200 ps and a strength of 10 %, corresponding to 5.8 G/
cm. (This gradient will dephase residual orthogonal magnetization. A
stronger gradient is advisable but has to be adjusted as a trade-off be-
tween dephasing efficiency and good overall water suppression.) The
variable delay is equal to the length of the relaxation period. A spinlock
with an RF amplitude of 2 kHz is applied during the relaxation period.
Before the spinlock, an adiabatic half passage pulse (AHP) with a
duration of 3000 ps aligns the magnetization on the effective field axis
[63], and a second AHP returns the magnetization to the z-axis after the
spinlock period. Those AHPs are displayed as triangle pulses before and
after the spinlock. They correspond to the first and second half of a
tangent-hyperbolic tangent (tanh/tan) adiabatic inversion pulse, as
defined in the Bruker pulse library (100 kHz total sweep width, { = 10,
tan(x) = 20, emax = 2 kHz). As for the Ry experiment, 180° pulses on the
13¢> and the '3C* are used to eliminate the cross-correlated effects
resulting from the 13C-1°N dipolar interactions in '3C labeled samples.
The two I-BURP-2 pulses stop the transverse cross-correlated relaxation
contributions from the >N chemical shift anisotropy and the 'H-1°N
dipolar coupling interactions.

The optimized NMR pulse sequences can be downloaded at www.
ipb.hhu.de/en/teams/team-lakomek/pulsesequences.

2.2.5. Application to intrinsically disordered proteins

To test the applicability of the pulse sequences on fully-protonated
intrinsically disordered proteins and at high magnetic field strengths,
we recorded '°N R and Ry , relaxation experiments on monomeric Syb-2
(1-96), see above, which is intrinsically disordered in its monomeric
state [55,57,75]. NMR spectra were acquired at 1200 MHz and 5 °C,
with 16.03 ppm spectral width in the 'H direct dimension and 30.02
ppm spectral width in the >N indirect dimension. Altogether, eight
different relaxation delays were recorded for the 15N R; and N Rip
experiments. Each spectrum (=plane of the pseudo-3D) was acquired
with 1024 complex data points in the *H dimension, corresponding to an
acquisition time of 53.25 ms in the 'H dimension. In the >N dimension,
experiments were performed with an acquisition time of 70.14 ms and
256 complex data points per spectrum. Frequency carriers were placed
for protons at 4.690 ppm, nitrogen at 117 ppm, and carbon at 176 ppm.
For the R; experiment, the following relaxation delays were randomly
shuffled: 0 ms, 960 ms, 240 ms, 800 ms, 160 ms, 640 ms, 320 ms, and
480 ms. In the Ry, experiment, the following delays were used: 5 ms, 65
ms, 25 ms, 45 ms, 15 ms, 55 ms, 35 ms, and 10 ms. The first delay serves
as the reference point. For the spinlock on the N channel, a radio
frequency (RF) amplitude of 2 kHz was applied. A four-step phase cycle
was employed, limiting the applicable number of scans to multiples of
four. As an interscan delay, 2.0 s were used unless specified otherwise.
The experiments at 1200 MHz had a duration of 12 h 12 min total for the
R; experiment and a duration of 10 h 19 min for the R, experiment. A
detailed overview of the chosen experimental parameters is shown in
Table S1. Experimental NMR parameters for the relaxation experiments
recorded at 600 MHz are shown in Table S2.

For comparison, TROSY experiments were acquired as described in
[51].

2.2.6. Evaluation of NMR relaxation data
To evaluate the experimental data, the dedicated NMR pipe [76]
scripts originally published in the context of the TROSY-based sequences
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[51] were modified slightly. Scripts can be downloaded under the
following link:
www.ipb.hhu.de/en/teams/team-lakomek/pulsesequences.
The Ry rate constants were calculated by the following formula
[77,78]:
Ry= K M

T 5?0 tan®0

The angle ¢ = arctan (%) represents the angle between the axis of the
effective magnetic field Besr and the external magnetic field By, ; is the
RF amplitude of the spin-lock and Q the chemical shift offset (the dif-
ference between the '°N chemical shift of the respective residue and the
15N carrier frequency) [77,78].

The experimental error was estimated using the NMR pipe-
integrated Monte-Carlo-based error analysis [76]. The signal-to-noise
ratio obtained for the various experiments (cf. Table 1) was calculated
by taking the mean of the intensities of the three most intense reso-
nances in the reference spectrum (first entry in the relaxation delay list).
Those signals had to be non-overlapping signals. Their average intensity
was divided by the noise estimated using nmrDraw / nmrPipe scripts
[75]. Further, a “weak” SNR takes the average intensity of the three least
intense signals and is divided by the noise calculated with nmrDraw. All
SNR values were calculated for the reference spectrum acquired with the
first entry of the vplist in the R1, experiment or with the first entry of the
vclist in the Ry experiment.

3. Results and discussion

We have tested the optimized NMR relaxation experiments for their
applicability to intrinsically disordered proteins. As a model system, we
used the soluble cytoplasmic part of the vesicular SNARE protein
Synaptobrevin-2 (1-96), frequently referred to as VAMP-2 (vesicle-
associated membrane protein 2). Synaptobrevin-2 (1-96), dubbed Syb-2

Table 1

Signal-to-noise comparison for the >N R; and Ry (R1p) NMR relaxation experi-
ments recorded on 'H '°N Syb-2, using the sensitivity-enhanced HSQC-detection
or for comparison using the TROSY-detection scheme. (A) The SNR is calculated
by taking the average of the three most intense resonances. For comparison, the
“weak” SNR is also calculated by taking the average of the three least intense
(“weakest™) resonances (B) to get a better impression of the dynamic range. A.

A

Experiment NS read out Field/ SNR ExtrapolatedSNR
MHz (strong) (at 8 NS)?

Rip 4 HSQC 1200 688 972

Ry 8 TROSY 1200 388 388

Ry 4 HSQC 1200 717 1014

R 8 TROSY 1200 404 404

Ryp 4 HSQC 600 332 469

Ry 8 TROSY 600 237 237

R 4 HSQC 600 337 477

Ry 8 TROSY 600 228 228

B

Experiment NS read out Field/ SNR ExtrapolatedSNR
MHz (weak) (at 8 NS)*

Ry 4 HSQC 1200 47 66

Rip 8 TROSY 1200 35 35

Ry 4 HSQC 1200 55 78

Ry 8 TROSY 1200 38 38

Rip 4 HSQC 600 65 91

Ryp 8 TROSY 600 57 57

Ry 4 HSQC 600 71 100

Ry 8 TROSY 600 57 57

! Extrapolated SNR: As the HSQC-detected schemes were recorded with four

scans only, their measured SNR was multiplied by a factor /2, to be comparable
to the TROSY-detection schemes, which were recorded with eight scans.
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(1-96), is intrinsically disordered in its monomeric pre-fusion state. As a
first assessment of the IDP character of Syb-2 (1-96), we recorded two-
dimensional 'H-°N HSQC spectra on 15N Syb-2 (1-96), both at 600 MHz
and 1200 MHz.

3.1. Comparison of H-'>N HSQC spectra of 1°N Syb-2 (1-96) recorded
at 600 MHz and 1200 MHz

Fig. 2 shows spectra of fully-protonated Syb-2 (1-96) measured at
600 MHz (Fig. 2A) and 1200 MHz (Fig. 2B). Both spectra have been
recorded with an acquisition time of 106.5 ms in the direct 'H dimen-
sion, corresponding to 1024 complex points in the direct 'H dimension
at 600 MHz and 2048 complex points at 1200 MHz. In the indirect °N
dimension, 256 complex points were recorded. The timewise increment
is defined by 1/SWH (or 1/(2*SWH), respectively, depending on the
employed quadrature detection and implementation of the pulse
sequence), with the spectral width in Hz dubbed SWH. Therefore, at
1200 MHz, the length of the timewise increment, 1/SWH, will be only
half as long as the corresponding one at 600 MHz. Thus, the double
number of increments must be recorded at 1200 MHz relative to 600
MHz to achieve the same total acquisition time and resulting spectral
resolution in Hz (which correlates inversely to the total acquisition
time). While a longer acquisition time in the direct 'H dimension will
minimally increase the overall experimental time, the twice-as-long
acquisition time in the indirect dimension due to the doubling of the
recorded complex points will double the experimental time. However,
when doing so, the resolution can be further increased (Fig. 2C). As
evident from Fig. 2, higher magnetic field strengths will be beneficial for
recording highly resolved NMR spectra of IDPs, even when fully
protonated.

3.2. BNR 1» Ry, with sensitivity-enhanced HSQC-detection and improved
water suppression

3.2.1. Modifications in the >N R; and R; » Dulse sequences

We briefly reiterate the main modifications for the >N R; and 1°N
Rj, relaxation experiments using a sensitivity-enhanced HSQC read-out
scheme: starting from the original TROSY-based NMR relaxation ex-
periments and their HSQC counterpart [51], we have implemented 1°N
R; and Rj, pulse sequences using a sensitivity-enhanced (Rance-Kay)
HSQC read-out scheme with improved water suppression

(Fig. 1). We emphasize that for both read-out schemes, the TROSY
and the HSQC-detected ones, the “standard” >N R; and Ry, (auto-
relaxation) rate constants are measured. Relative to the original imple-
mentation (compare SI Fig. S1 in [51]), instead of weak rectangular
gradients of fixed duration, we have used shorter shaped gradients that
can be adjusted both in duration and time, allowing an easier to opti-
mize water suppression. For the R;, experiment, we replaced the two
hard 180° pulses (plus the soft gradient in between, preventing radiation
damping) with two shaped I-BURP-2 pulses, which are selective on the
amide protons. Fig. 1 shows the improved set of NMR R; and Rj,
relaxation pulse sequences with sensitivity-enhanced (Rance-Kay) HSQC
detection and improved water suppression, applicable at high-field
magnets. We refer to the Materials and Methods section for details on
the experimental setup.

3.2.2. Improved water suppression

Fig. 3 displays the improved water suppression obtained using the
presented 5N R; and R1, NMR relaxation experiments with sensitivity-
enhanced HSQC detection, tested both at 1200 MHz and 600 MHz. For
comparison, the water-suppression using the previous implementation
(SI Fig. S1 in [51]) is shown [51]. The water-suppression obtained for
the deuterated Syb-2 sample (see below) is shown in Fig. S2. Apart from
the >N Ry experiment at 600 MHz, the level of water suppression of the
new implementation is improved compared to the previous imple-
mentation. At 1200 MHz, using a 3 mm Bruker TCI cryoprobe, the level
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Fig. 2. Two-dimensional 'H-'>N HSQC spectra of fully protonated Syb-2 (1-96). All spectra were acquired at 5 °C with 8 scans, an interscan delay of 1.2's, and a
spectral width of 16 ppm in *H dimension and 30 ppm in '°N dimension. A: HSQC at 600 MHz with 1024 complex points in the 'H dimension and 256 complex points
recorded in the '°N dimension. B: HSQC at 1200 MHz with 2048 complex points in the 'H dimension and 256 in the '°N dimension. C: HSQC at 1200 MHz with 2048
complex points in the 'H dimension and 512 complex points in the >N dimension, resulting in the same acquisition time as 600 MHz (but doubling the experi-

mental time).

of improvement is higher than at 600 MHz using a 5 mm Bruker QCI
probe. The same sample in a 3 mm NMR tube was used for both NMR
spectrometers.

3.3. Protonated sample: Comparison between TROSY- and HSQC-
detection scheme

3.3.1. Application at 1200 MHz

The N R; and Ry, relaxation rate constants of the fully protonated
15N Syb-2 (1-96) sample measured at 1200 MHz using the sensitivity-
enhanced HSQC detection scheme displayed in Fig. 1 are shown in
Fig. 4A and 4D (blue) and compared to the data obtained using TROSY-
detected pulse sequences (orange) [51]. The °N R, rate constants are
derived from the measured >N R; and Ry, rate constants using the
formula (1). Low '°N R, rate constants indicate high internal dynamics
at the N-terminus of Syb-2 (1-96), consistent with the intrinsically
disordered state of monomeric Syb-2. Increasing relaxation rate con-
stants along the protein backbone to the C-terminus point to decreasing
internal dynamics. In the region of residue S80 up to W90 the Ry
relaxation rate constants reach a maximum before the rates drop due to
the internal highly dynamic amino acids at the C-terminus. These ob-
servations correspond well to our earlier finding on 2H'°N!3C Syb-2
(1-96) [57]. The R; data only show small variations along the
sequence and do not follow a clear trend.

We re-emphasize that the HSQC-detected and the TROSY-detected
schemes measure the “standard” R; and Rj, auto-correlation rate
constants.

The N R; rate constants, measured using either the HSQC or the
TROSY-detection scheme, follow a very similar pattern and show a high
correlation, with a Pearson correlation coefficient of R = 0.989 and a

root mean square deviation (rmsd) of 0.021 (Fig. 4B). A box plot analysis
was performed to assess the agreement quality better. In Fig. 4C, the
difference of rate constants is measured using the HSQC or TROSY
detection scheme. The agreement is best if the average deviation is zero
and the width of the distribution, shown by the box plot bar (inter-
quartile range), is small. We find that the average of the R; rate con-
stants measured using the TROSY-detection scheme minus those
measured using the HSQC-detection scheme is about —0.76 %. This
means that rate constants measured using the TROSY-detection scheme
are underestimated compared to those obtained using the HSQC-
detection scheme by about 0.76 %. We observe an experimental error
between 0.2 % (most intense resonances) and 3 % (least low resonances)
for the HSQC-detected and between 0.3 % and 4 % for the TROSY
experiment.

The 15N R, rate constants (obtained from the 15N Ry, rate constants
by formula 1) are, on average, about —0.84 % lower for the TROSY-
detection scheme than for the HSQC-detection scheme (Fig. 4F) but
agree with a Pearson correlation coefficient R = 0.997 and an rmsd =
0.444. The experimental error is 0.3 % and 3 % for the HSQC-detected
experiment and between 0.4 % and 4 % for the TROSY-detected
experiments.

Compared to the TROSY-based R;,, experiment [51], in the new pulse
scheme presented in Fig. 1B, we modified the way the evolution of cross-
correlated relaxation is refocused. In the new experiment, two 180° I-
BURP-2, selective to the amide protons and spaced at A*1/4 and A*3/4
duration of the relaxation period, refocus the cross-correlated relaxa-
tion. Previously, this was achieved by two hard 180° 'H composite
pulses. To avoid radiation damping of the water magnetization, a very
weak gradient (that alternated its phase halfway) was introduced be-
tween those two 180° 'H composite pulses [51]. As evident from Fig. S3,
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Fig. 3. Improvement of water suppression in >N R;, and R;, NMR relaxation experiments with sensitivity-enhanced HSQC-detection using the new implementation
(left, see also Fig. 1) and compared to the old implementation (right, SI Fig. S1 in [51]). Shown is the 1D spectrum obtained from the first FID recorded on the

protonated '°N Syb-2 sample. (A) Optimized '°N Ry, experiment at 1200 MHz compared to (B) previous implementation. 15N R, experiment at 1200 MHz: (G) new
and (D) old. >N Ry, experiment at 600 MHz: (E) new and (F) old. 15N R; experiment at 600 MHz: (G) new and (H) old.
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Fig. 4. Comparison of relaxation rates of fully protonated 'H-'>N Syb-2 (1-96) acquired with the pulse schemes in Fig. 1 A, B at 1200 MHz and compared to data
recorded on the same sample using the TROSY read-out pulse schemes. A: Residue-specific R relaxation rate comparison. B: Correlation plot of the compared R
relaxation rate constants. C: Box plot of the residue-specific percentual differences of R; relaxation rate constants. D-F: Same plots as in A-C, illustrating the com-

parison of Ry (R;,) rate constants.

we find excellent agreement between relaxation rate constants
measured using either of both implementations. In our hand, the new
implementation using amide selective I-BURP-2 pulses shows slightly
better overall water suppression.

The 2 kHz spinlock RF amplitude used at 1200 MHz seems sufficient
to avoid off-resonance effects. At least we do not observe any unex-
pected deviations of the '°N R, rate constants of residues with the most
5y upfield or downfield resonances (Fig. S4).

3.3.2. Application at 600 MHz

To test the applicability of the pulse sequences with sensitivity-
enhanced HSQC detection on a 600 MHz spectrometer, we recorded
15N R; and 5N Ry, experiments on the protonated sample, using either
the HSQC or the original TROSY-detection scheme. Also, at 600 MHz,
the !N R; rate constants show good agreement (Fig. 5A-C), with a
Pearson correlation coefficient of R = 0.949 and a rmsd of 0.032
(Fig. 5B). For the box plot analysis, the average deviation between both
data sets is —0.45 % and a relatively even distribution around that is
observed (Fig. 5C), pointing to a stochastic experimental error.
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Fig. 5. Comparison of relaxation rate constants of protonated >N Syb-2 (1-96) at 600 MHz, acquired with the pulse schemes in Fig. 1 A, B, using sensitivity-
enhanced HSQC detection and, for comparison, with the TROSY-detection. A: Residue-specific R; relaxation rate constants comparison. B: correlation plot of the
R; relaxation rate constants. C: Box plot of the residue-specific percentual differences of R; relaxation rates. D-F: Same plots as in A-C, illustrating the comparison of

R, (Ryp) rate constants.
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The 1°N R, rate constants, derived from the '°N Ry p rate constants by
formula 1, show good agreement with a Pearson correlation coefficient
of R = 0.995 and a rmsd of 0.216 (Fig. 5E). 15N Ry data obtained using
the TROSY-detection scheme are, on average —0.43 % lower than the
ones obtained using the sensitivity-enhanced HSQC-detection scheme.
For both experiments the average deviation lies within the experimental
error margin (between 0.5 % and 2 % for HSQC and 0.5 % and 3 % for
TROSY).

3.3.3. Signal-to-noise comparison

TROSY-detection schemes offer several advantages, such as excellent
water suppression (see above) due to fewer pulses and the absence of
proton decoupling. Also, in terms of line widths, TROSY-detection will
yield smaller line widths and, therefore, better resolution compared to
HSQC-detection because of the partial cancellation of the transverse
auto-relaxation and cross-correlated relaxation, resulting in slower
transverse relaxation and in turn reduced line widths. In addition, in
principle, longer acquisition times in the direct dimension can be
afforded due to the absence of composite pulse decoupling during the
acquisition period, so resolution is not limited by the acquisition time.
For higher molecular weight proteins (>20 kDa), TROSY will also win
over HSQC regarding signal-to-noise.

However, for small and medium-sized proteins, in particular, at low
concentrations, the sensitivity-enhanced detection scheme offers a
higher signal-to-noise ratio (SNR). Table 1 shows a signal-to-noise
comparison between the HSQC and TROSY-detection schemes. For
fully protonated Syb-2, which is an IDP, we find an approximately two-
fold increase in the SNR when using the sensitivity-enhanced HSQC
scheme compared to the TROSY-detection scheme, which agrees with
the maximum theoretically expected improvement of the HSQC vs
TROSY-detection (which is two-fold), based on detection of the H
operator of the sensitivity-enhanced HSQC detection compared to
detection of the H'NP operator for (sensitivity-enhanced) TROSY detec-
tion. However, we also find slower 'H T; relaxation of the H'N® TROSY
line used for detection than the H™ operator in the HSQC scheme (see
Fig. S5). We estimated 'H T; (TROSY) = 1.24 s, compared to H T
(HSQC) = 0.86 s at 1200 MHz, which further enhances the SNR in the
HSQC-detection scheme, given the inter-scan recovery delay of 2 s, used
in both experiments.
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3.4. Relaxation rate constants of deuterated vs. protonated '°N Syb-2
(1-96)

3.4.1. °NR, experiment

Figs. 4 and 5 show the rate constants measured on a fully protonated
15N Syb-2 (1-96) sample. In principle, the N-H amide group can be
considered an isolated two-spin system in good approximation. How-
ever, we cannot exclude a residual interaction with the surrounding
proton network. Therefore, measuring relaxation rate constants on a
deuterated sample, with aliphatic side chains deuterated, and amide
protons and exchangeable side-chain protons fully back-exchanged to
protons (in a protonated buffer) is preferable in principle [79-81].
However, deuteration is cost-extensive, and frequently, deuteration puts
an additional burden on the biochemical sample preparation. We,
therefore, tested how well the rate constants agree for a fully protonated
versus a deuterated sample, with amide protons fully back-exchanged
(Fig. 6).

Fig. 6A shows a residue-wise comparison of the measured '°N R rate
constants of the fully protonated >N Syb-2 (1-96) sample (compare
Fig. 4A) with those measured on the deuterated 2HI5N Syb-2 (1-96)
sample (of equal concentration). Both samples were measured using the
sensitivity-enhanced HSQC-detection scheme. On both samples, the °N
R; rate constants follow a very similar pattern and show a high corre-
lation, with a Pearson correlation coefficient of R = 0.976 and a root
mean square deviation (rmsd) of 0.026 (Fig. 6B). In Fig. 6C, the differ-
ence in rate constants is measured on the protonated and deuterated
samples. We find that the average deviation of the Ry rate constants
measured on the protonated sample minus those on the deuterated
sample is close to zero on average.

For deuterated samples, IH T; times increase because of the more
dilute proton network. We, therefore, compared different interscan re-
covery delays (2 s vs. 4 s). Fig. S6 compares the >N R; experiment
(Fig. 1A), recorded with a 2 s vs 4 s interscan recovery delay, both for the
fully protonated (Fig. S6 A-C) and the deuterated sample (Fig. S6 D-F).
The 2 s and the 4 s experiment correlate with R = 0.992 (protonated)
and R = 0.985 (deuterated), and a rmsd of 0.016 and 0.02, respectively,
indicating high correspondence between both experiments (2 s vs. 4 s
interscan recovery delay). Also, data points scatter stochastically, and
the average difference is close to zero. Thus, we concluded that a 2 s
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Fig. 6. Comparison of relaxation rate constants of deuterated ?H-'°N Syb-2 (1-96) and protonated 'H-'°N Syb-2 (1-96) acquired with the pulse schemes in Fig. 1 A, B
at 1200 MHz. A: Residue-specific comparison of °N R; relaxation rate constants. B: Correlation plot of the compared R; relaxation rate constants. C: Box plot of the
residue-specific percentual differences of R, relaxation rate constants. D-F: Same comparing plots as in A-C, but illustrating the comparison of R, (R;,) rate constants.
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interscan delay is sufficient.

A modified °N R; relaxation experiment has been suggested [82],
which maintains the transverse magnetization of aliphatic protons in a
dephased state (saturated state) during the variable I5N relaxation
period T and uses a cosine modulated I-BURP-2 scheme that inverts both
the amide and the aliphatic protons simultaneously. In our hands, >N Ry
data recorded on the fully protonated sample agree well with those on
the deuterated sample, arguing against a strong impact of the magne-
tization state of the aliphatic protons.

3.4.2. N R;, experiment

Fig. 6D compares the 1°N R, rate constants measured using the HSQC
vs the TROSY detection scheme. While we find a Pearson correlation
coefficient of R = 0.997 and rmsd of 0.507 (Fig. 6E), indicating a close
correlation, we also observe an offset of, on average, 2.79 % higher
values observed for the protonated sample (Fig. 6F). More structure/
rigid residues show a more substantial deviation.

Deuteration of protein side chains may have a minimal impact on
protein dynamics [83], e.g., the C-D bond length is marginally shorter
than the C-H bond lengths (approx. 0.005 f\) [84]. However, this impact
is subtle and less clear than dissolving the protein in a buffer of heavy
water (D20) [83,85]. Here, we work with a deuterated protein dissolved
in Hy0 buffer (with only 5 % D20 added for reference). The slightly
reduced C-D bond lengths may lead to an overall marginally smaller
hydrodynamic radius, affecting the overall tumbling correlation time.
This may explain the slightly lower >N R, rate constants observed for
the deuterated sample.

3.5. Deuterated sample: Comparison between TROSY- and HSQC-
detection scheme

To test whether, for the deuterated Syb-2 sample, the TROSY-
detection scheme yields the same rate constants as when using a
sensitivity-enhanced HSQC read-out scheme, we repeated the analysis
described in section 3.3. (protonated sample) also for the deuterated
sample.
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3.5.1. Application at 1200 MHz

Fig. 7 compares the 1N R; and Rj, experiments recorded with the
TROSY-detection scheme and the sensitivity-enhanced HSQC-detection
scheme. Data were recorded at 1200 MHz. In Fig. 7A, both R; data sets
show only minor, non-systematic differences and follow a similar
pattern. The correlation plot also shows a strong correlation between
both data sets (Fig. 7B). As demonstrated in the box plot in Fig. 7C, °N
Rj1, and Ry rate constants are, on average, 0.59 % and 0.80 % higher for
the HSQC-detected experiments vs. the TROSY-detected ones. An even
stronger correlation between both pulse schemes is observed for the Ry
datasets (Fig. 7 D-F), underlined by a correlation coefficient R = 0.997
and rmsd of 0.359.

3.5.2. Application at 600 MHz

We also recorded the >N R; and '°N Ri, experiments with
sensitivity-enhanced HSQC detection and, for comparison with TROSY-
detection at 600 MHz spectrometer, using the deuterated sample. Also,
at 600 MHz, the '°N R; rate constants show good agreement (Fig. 8A-C),
with a Pearson correlation coefficient of R = 0.955 and a rmsd of 0.031
(Fig. 8B). For the box plot analysis, a close to zero average deviation
between both data sets and a relatively even distribution around that is
observed (Fig. 8C), pointing to a stochastic experimental error.

The '°N R;, rate constants, derived from the 1°N Ry, rate constants by
formula 1, show good agreement with a Pearson correlation coefficient
of R = 0.994 and a rmsd of 0.214 (Fig. 8E) and close to zero average
deviation.

4. Conclusions

Advances in magnet technology have led to higher available field
strengths, which have improved spectral resolution. Hence, new op-
portunities are offered, especially regarding the investigations of IDPs.

Recently, NMR relaxation measurements could provide novel in-
sights into fast internal protein dynamics of intrinsically disordered
proteins [19-21,86-99]. Temperature-dependent NMR relaxation ex-
periments have allowed for identifying different dynamics modes in an
intrinsically disordered protein [87,89] or examining the effect of
crowding on IDP dynamics [13,86,98]. Detailed atomic-resolution
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Fig. 7. Comparison of relaxation rates of deuterated 2H-'°N Syb-2 (1-96) acquired with the pulse schemes in Fig. 1 A, B at 1200 MHz and of deuterated H-'°N Syb-2
(1-96) obtained with the TROSY read-out schemes [51] at 1200 MHz. A: Residue-specific R; relaxation rate comparison. B: Correlation plot of the compared R;
relaxation rate constants. C: Box plot of the residue-specific percentual differences of R; relaxation rate constants. D-F: Same plots as in A-C, but illustrating the Ry

(Ry,) rates comparison.
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(R;,) rates comparison.

insights on IDP dynamics can be obtained when NMR relaxation mea-
surements are combined with molecular dynamics simulations [88,100]
or further experimental probes, such as e.g. fluorescence or SAXS mea-
surements, are included [101-103].

We established sensitivity-enhanced HSQC-based R; and R, relax-
ation pulse sequences with improved water suppression and tested them
at 14.1 T (600 MHz 'H Larmor frequency) and 28 T (1200 MHz 'H
Larmor frequency). We showed that relaxation rate constants obtained
using these pulse sequences correspond well with those obtained using
the TROSY-based pulse schemes introduced previously [51]. These pulse
schemes reduce systematic errors from partial water saturation and
cross-correlated relaxation. As we observe high robustness and repro-
ducibility of the I5SN R; and Ry p experiments both at 600 MHz and 1200
MHz, we conclude that both the sensitivity-enhanced HSQC-detected
experiments as well as the TROSY-detected experiments can be applied
for any magnetic field in between, ranging between 600 MHz and 1200
MHz.

Further, we showed a high correlation and high agreement of
relaxation rate constants between a deuterated and non-deuterated
protein sample, using both sets of pulse sequences (sensitivity-
enhanced HSQC and TROSY-based). Our data demonstrate that reliable
relaxation rate constants can be obtained on fully protonated samples,
and deuteration (for getting isolated 'H-1°N spin pairs) is not required
per se. Consequently, the subset of proteins accessible to a backbone
structural dynamic investigation is enlarged, simultaneously reducing
the costs of NMR sample preparation. The presented NMR relaxation
sequences sensitivity-enhanced HSQC-detected are not limited to IDPs
but will work equally well for small and medium-sized proteins.

4.1. Which detection scheme to use? TROSY or HSQC?

The HNP TROSY-line detected in the TROSY-based read-out scheme
shows slower relaxation (and sharper linewidth) than the H™ line
detected in the sensitivity-enhanced HSQC experiments. (The H™ oper-
ator results from applying the H" detection operator on the Hy or Hy
operator, respectively.) The slower relaxation of the TROSY line origi-
nates from the partial cancellation of the Ry auto-relaxation and the
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transverse cross-correlated relaxation of N-H dipolar coupling and the
15N chemical shift anisotropy [69]. This partial cancellation becomes
effective at 'H Larmor frequencies above 500 MHz and reaches a
maximum of around 1000 MHz [104,105]. The corresponding line
widths will also be smaller because of the TROSY line’s slower relaxa-
tion. Therefore, TROSY detection is always preferable in terms of line
width. However, as only one doublet component is detected, the signal
intensity will only be half if relaxation is neglected. Therefore, for a
small and highly dynamic protein (which is characterized by small
transverse relaxation rate constants), such as the IDP investigated here,
the HSQC signal intensity will be twice, as both the HNP and H'N® line
will add up and be detected in the decoupled HSQC spectra.

The resulting signal intensity, HSQC vs TROSY, will now be a trade-
off between the double signal intensity of the HSQC spectra (in the
absence of relaxation) and the TROSY line (H'N? in the direct H
dimension and N'H? in the indirect !N dimension, respectively)
becoming gradually stronger for increased transverse relaxation. At
some point, the intensity of the TROSY line will become more intense
than the HSQC line (which is the average of the TROSY and anti-TROSY
line because of H'NP + H'N® = 2H"). This is the breakeven that will be
reached when TROSY outperforms HSQC, not only in terms of line width
but also in terms of SNR. For a fully protonated rigid globular folded
protein, the breakeven will be reached at a molecular weight (MW) of
about 20-30 kDa. For even higher MWs, deuteration of the protein is
recommended to dilute the proton network and reduce transverse
relaxation due to H-'H dipolar couplings with the surrounding proton
network. This breakeven for proteins with high internal dynamics will
be shifted towards higher MWs as fast internal dynamics will lead to
lower transverse relaxation rates.

In the following, we will give a brief guideline on when to choose the
TROSY and when to select the sensitivity-enhanced HSQC detected >N
R; and °N R1, experiments:

1. When the main priority is to obtain the highest resolution
(smallest line widths), the TROSY-detected experiments will al-
ways be the best option.



T. Stief et al.

2. TROSY-detected experiments will also always give the best water

suppression.

3. When a high signal-to-noise ratio (SNR) is the main criterion, it

will be a judgment call, depending on the following points: (A)

The molecular weight of the investigated biomolecule, (B) the

(expected) internal dynamics of the studied biomolecule, (C) the

magnetic field the sample is measured at, and (D) whether a fully

protonated or a deuterated sample is used.

Below 20 kDa, we recommend using the sensitivity-enhanced

HSQC detection when SNR is the main criterion.

Proteins with high internal dynamics (like IDPs) will give more

intense resonances due to smaller transverse relaxation. There-

fore, for IDPs, the HSQC detection may be beneficial up to 30

kDa.

(C) Below 800 MHz, the TROSY effect will be less effective. There-
fore, the breakeven point for TROSY may be shifted towards
higher MW.

(D) The TROSY effect will be more effective for deuterated proteins,
shifting the breakeven points to lower MW.

(A

[

(B)

This brief guideline can, however, only be over-simplified because all
factors A to D contribute and will influence each other. Therefore, we
strongly recommend to follow the following empirical approach:

TROSY will always win in terms of line width. If SNR is the main
criterion, we suggest the following approach:

1. Set up both the TROSY-detected and the HSQC-detected NMR
relaxation experiments. (With the easier-to-optimize HSQC-detected
NMR experiments, this should be easy.)

2. Record the first FID of each sequence. The corresponding 1D spec-
trum (after the Fourier-Transformation of the first FID) will yield a
good impression of the expected SNR. Choose the detection scheme
that offers higher SNR.

3. To estimate the maximum duration that should be sampled, record,
e.g., the second FID with the most extended relaxation delay period.
If possible, the entire exponential decay curve down to 30 % of the
initial signal intensity should be sampled.

4. For the 1°N R1, experiment, be careful not to exceed the (probe and
spectrometer-specific) maximum power and duration of the CW
irradiation during the spinlock period of the relaxation delay.
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