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Abstract

Pulsed-field gradient nuclear magnetic resonance (PFG-NMR) has seen an increase in
applications spanning a broad range of disciplines where molecular translational diffusion
properties are of interest. The current study introduces and experimentally evaluates the
measurement of translational diffusion coefficients of *°N-enriched biomolecules using a H-
N HMQC-filtered band-selective excitation short transient (BEST) sequence as an
alternative to the previously described SOFAST-XSTE sequence. The results demonstrate
that accurate translational diffusion coefficients of *>N-labelled peptides and proteins can be
obtained using this alternative 'H-N HMQC-filtered BEST sequence which is
implementable on NMR spectrometers equipped with probes fitted with a single-axis field
gradient, including most cryoprobes dedicated to bio-NMR. The sequence is of potential use
for direct quantification of protein or peptide translational diffusion within complex systems,
such as in mixtures of macromolecules, crowded solutions, membrane-mimicking media and
in bicontinuous cubic phases, where conventional sequences may be not readily applicable
due to the presence of intense signals arising from sources other than the protein or peptide

under investigation.

Keywords: *H-">N HMQC BEST; complex solutions; crowded solutions; detergent micelles;

isotope-filtered; PFG-NMR; translational diffusion
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Introduction

Pulsed-Field Gradient Nuclear Magnetic Resonance (PFG-NMR), since it was first
demonstrated experimentally in 1960’s, has established itself as a powerful means for
probing molecular translational diffusion with applications spanning virtually all fields where
molecular motion is present. Over the last two decades, translational diffusion of
biomolecules probed by PFG-NMR, both in aqueous solution and under crowded conditions
(Price 2009) (Wang et al. 2010), has seen an increase in applications for the characterization
of biophysical/biological processes involving changes of effective hydrodynamic radii for
biomolecules, such as (i) protein or peptide self-association and aggregation (Ali et al. 2006;
Altieri et al. 1995; Bocian et al. 2008; Dingley et al. 1995; Jansma et al. 2010; Wahlstrom et
al. 2012; Yao et al. 2004; Yao et al. 2000), (ii) protein folding and unfolding (Buevich and
Baum 2002; Dehner and Kessler 2005; McLachlan et al. 2007), and (iii) ligand binding and
protein-protein interactions (Rothe et al. 2016; Sillerud and Larson 2012; Yan et al. 2002).
PFG-NMR has also been applied for the study of Intrinsically Disordered Proteins (IDP)
(Melnikova et al. 2017; Wang et al. 2012; Wu et al. 2008; Yao et al. 2016; Zhang et al.
2008), a unique class of proteins which only adopt stable tertiary structures in the presence of
their binding partners (Dyson and Wright 2005). An extensive range of PFG-NMR pulse
sequences, developed primarily by extensions and/or modifications to the original forms of
Spin Echo (SE) (Stejskal and Tanner 1965) and STimulated Echo (STE) sequences (Tanner
1970) to accommodate ever expanding fields of applications, have been proposed. These
include various *°N-edited Heteronuclear Single Quantum Coherence (HSQC) or Transverse
Relaxation-Optimization SpectroscopY (TROSY) based sequences dedicated to **N-enriched
biomolecules in solution for studies such as: protein folding (Buevich and Baum 2002),
protein backbone amide exchange (Andrec and Prestegard 1997; Brand et al. 2007),

translational diffusion in macromolecular assemblies (Horst et al. 2011) and of large protein
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complexes (Didenko et al. 2011), slow diffusion of partially disordered protein (Augustyniak
et al. 2011), or simply for filtering of polypeptide and protein signals in complex mixtures
(Rajagopalan et al. 2004).

The Band-selective Excitation Short Transient (BEST) scheme has gained remarkable
popularity over the last decade and is adopted in many types of experiments, including a suite
of sequences used for conventional backbone chemical shift assignments of proteins (Lescop
et al. 2007) and molecular translational diffusion measurements (Augustyniak et al. 2011,
Shukla and Dorai 2011; Yao et al. 2014). The BEST sequence achieves significant spectral
sensitivity gain through the use of band-selective RF pulses to realize longitudinal relaxation
optimization for a sub-group of nuclear spins by avoiding perturbation of magnetizations of
other protons not involved in coherence transfer pathways for a specific type of NMR
spectroscopy (Schanda 2009; Schanda and Brutscher 2005). In this report, we introduce an
alternative *H-">N Heteronuclear Multiple Quantum Coherence (HMQC) filtered BEST
sequence related to the previously described BEST-XSTE (BEST-heteronuclear stimulated
echo experiment) and SOFAST-XSTE (band-Selective Optimized Flip-Angle Short-
Transient XSTE) sequences (Augustyniak et al. 2011) for the measurement of *>N-labelled
proteins and peptides in complex solutions.

This alternative *H-"N HMQC-filtered sequence introduced here takes a simpler form
than both the BEST-XSTE and SOFAST-XSTE sequences with only a single-axis field
gradient employed and is complementary to the previously described 3D BEST ‘H-*C
HMQC-edited sequence used for resolving spectral overlaps in DOSY (Shukla and Dorai
2011). This alternative sequence, therefore, can be readily implemented on NMR
spectrometers equipped with probes fitted with a single-axis field gradient, including most
cryoprobes dedicated to biomolecular studies. This alternative sequence provides additional

means for direct measurements of *°N-enriched peptides and proteins in complex solution
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conditions, such as SDS micelles commonly used to mimic a membrane environment and
crowded protein solutions for simulating the in-cell background. The non-selective *H-"*N
HSQC-edited (Buevich and Baum 2002; Didenko et al. 2011) or band-selective *H-3C
HMQC edited (Shukla and Dorai 2011) sequences may be not directly applicable under such
conditions due to either: (i) the presence of underlying amide solvent exchange, or (ii) intense
background signals in the aliphatic region. The sequence was first experimentally evaluated
using a phosphopeptide with a single **C/*°N-labelled residue and comparing the translational
diffusion coefficient measured with those obtained using alternative sequences, namely (1)
conventional Bipolar Pulse Pair Longitudinal Eddy-current Delay (BPP-LED) sequence with
water suppression achieved with excitation-sculpting (Figure S1c, Supplemental Materials),
(2) the non-isotope-edited BEST-STE sequence (Figure S1b, Supplemental Materials) (Yao
et al. 2014), and (3) *H-*C HMQC-edited BEST sequence (Figure Sla, Supplemental
Materials) (Shukla and Dorai 2011). Subsequently, results are presented using the *H-""N
HMQC-filtered BEST sequence for: (1) a uniformly N-labelled B1 immunoglobulin-
binding domain of Streptococcal protein (GB1) in an imidazole buffer, (2) the
phosphopeptide in the presence of equimolar ribonuclease A (RNase A), and (3) a single
residue °N-labelled model membrane protein, gramicidin A, in Sodium Dodecyl Sulfate

(SDS) micelles.

Materials and methods
PFG-NMR diffusion measurements and analyses

All spectra were acquired either on a Bruker Avance |11 600 equipped with a TCI or a Bruker
Avance 1l 800 spectrometer equipped with a TXI cryoprobe fitted with a single-axis field
gradient (Gz). The field gradient strengths of both spectrometers were calibrated by back
calculation using the self-diffusion coefficient of residual H.O in a 100% 2H,O sample

5
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measured at 298.13 K against published value of 1.90 x 10° m? s (Callaghan et al. 1983) as
described previously (Yao et al. 2008; Yao et al. 2000). Maximum gradient strength, Gmax,
was calibrated to be 57.31 and 55.89 G cm™ for cryoprobes of the 600 MHz and 800 MHz
spectrometers, respectively. Spectra were processed using TOPSPIN (Version 3.2, Bruker)
and the analyses of diffusion data were initially carried out using the T1/T, relaxation module
within TOPSPIN (Version 3.2, Bruker) and subsequently performed using SigmaPlot
(Version 12.5, Systat Software Inc). The translational diffusion coefficient, D, was
determined by non-linear regression of diffusion weighted intensities or volumes of selected

peaks to the following equation:
I =I,exp {—y252g262 (A — g) D} = I,exp (—K?2D) (1)

where vy is the proton gyromagnetic ratio and s, g, 6 and A are the shape factor, amplitude,
duration and separation of the single pair of gradient pulses, respectively (see Figure 1, and
Figures Sla and S1b, Supplementary Materials). For the conventional BPP-STE sequence
(Figure Slc), A is replaced by (A-t1/2) with t; being the time interval between the bipolar
gradient pulses within the bipolar gradient encoding or decoding segment, set at 200 us in the
present study. The inter-transient and/or inter-increment relaxation delays, excluding the
duration of acquisition, were set at 0.2 s for all BEST version sequences in line with delays

commonly used in BEST sequences and 2.0 s for the conventional BPP-STE sequence.
Sample preparations

The sample consisting of Val-7 'C/N  double-labelled  phosphopeptide
(DKE{pTyr}YTVKDDRD) was prepared in 50 mM phosphate buffer (pH 6.8) at 1 mM.
After measurements in buffer solution were completed, RNase A was added to the sample to

reach an equimolar concentration. The single-residue **C/**N double-labelled phosphopeptide
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was obtained from Genscript and RNase A was purchased from Sigma and used without
further purification. The B1 immunoglobulin-binding domain of Streptococcal protein (GB1)
sample comprised 0.3 mM N-labelled GB1 in an imidazole buffer with 50 mM imidazole
and 10 mM CaCl; at pH 6.8. Protocols for the expression and purification of GB1 have been
described previously (Sethi et al. 2016). The sample of gramicidin A in SDS micelles was
prepared by mixing 10 uL of 50 mM gramicidin A in trifluoroethanol (TFE) with 500 uL of
250 mM SDS solution in 90% H,0/10% 2H,O followed by bath sonication to aid
incorporation of the peptide into micelles. The final molar ratio of SDS:gramicidin A was
250:1 with a measured pH of 6.0. Assuming an aggregation number of 62 SDS monomers per
micelle, this ensured that the micelles were in molar excess of gramicidin A. Gramicidin A
(with N labelled Val-7) and SDS (99%) were purchased from CSBio (Menlo Park, USA)

and Merck (New Jersey, USA).

Results and discussion
'H->"N HMQC-filtered BEST PFG-NMR Sequence

The pulse sequence of the *H-">N HMQC-filtered BEST sequence is depicted in Figure 1. It
was constructed by appending the diffusion encoding/decoding segment of the standard STE
sequence (Tanner 1970), after replacing non-selective hard RF pulses with band-selective
shaped-pulses, to the SOFAST-HMQC sequence (Schanda and Brutscher 2005) in a similar
fashion as in the **C-edited 3D BEST-DOSY sequence (Shukla and Dorai 2011). The first
and second 'H shaped-pulses are a polychromatic PC9 and r-SNOB as used in the original
form of the SOFAST-HMQC sequence, whereas the two shaped-pulses flagged by the
translational diffusion encoding/decoding gradient pulses are EBURP-2 and time-reversal

EBURP-2, respectively. Durations of each type of shaped pulses were adjusted accordingly
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with excitation band-width to match with the spectral region of interest. The 180° *3C-pulse,
an adiabatic pulse (Crp60,0.5,20.1) placed in the middle of the indirect chemical shift

dimension, is for *C decoupling when the biomolecules are both **N and **C labelled.
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Figure 1 Schematic diagram of *H-">"N HMQC-edited band-selective pulse sequence for
measuring translational diffusion coefficients of N-labelled peptides and proteins. The
sequence is constructed by appending the diffusion encoding/decoding segment of a standard
STE sequence to the SOFAST-HMQC sequence (Schanda and Brutscher 2005) in a similar
fashion as previously described for 3D *3*C BEST-DOSY sequence (Shukla and Dorai 2011).
The first *H excitation pulse, with a flip angle of either 90° or 120°, takes a polychromatic
PC9 shape with the second refocusing pulse being an r-SNOB shaped pulse similar as used in
the original SOFAST-HMQC sequence (Schanda and Brutscher 2005). The last two shaped
90° pulses flanked by the diffusion encoding and decoding gradients are EBURP-2 and time-
reversal EBURP-2 pulses, respectively. Phases for both RF pulses and the receiver are as
indicated. Gradients used for the encoding and decoding (marked with horizontal lines) of
translational diffusion are sinusoidal-shaped pulses whereas all other (non-stepping) gradients
used for coherence selection (HMQC) or artefact suppression (spoiler) are smoothed square
pulses (shaded in grey). Durations for g1, g», and gz are 1 ms, 1 ms, and 0.6 ms, respectively,
with corresponding gradient strengths of 7% Gmax, 11% Gmax, and 5% Gmax. Source code of
the sequence for Topspin2.5 and above is available upon request.

Translational diffusion measurement of *>N-labelled peptide in aqueous solution

The *H-">"N HMQC-filtered BEST sequence (Figure 1) for the measurement of translational
diffusion coefficients of °>N-labelled biomolecules was first evaluated in aqueous solution

using a phosphopeptide (DKE{pTyr}YTVKDDRD) with a single *C and **N labelled
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residue, Val-7. The diffusion coefficient of the phosphopeptide in phosphate buffer measured
at 298 K using the *H-"N HMQC-filtered BEST sequence (Figure 1) was compared with
values determined using alternative sequences (Figure S1, Supplementary Materials), namely
(1) *H-"*C HMQC-filtered band-selective sequence, (2) the previously described non-isotope-
filtered BEST-STE sequence, and (3) the conventional BPP-STE sequence. The results are
summarized in Figure 2. Clearly, the translational diffusion coefficient of the peptide
obtained from the new 'H-""N HMQC-filtered BEST sequence (Figure 1) is in excellent

agreement with values obtained from all three sequences examined here (Table 1).

As spectral resolution in the heteronuclear (*°N or **C) dimension does not provide
additional information for a single residue isotope labelled peptide, only pseudo 2D datasets
instead of a complete pseudo 3D dataset were acquired for both *H-N HMQC-filtered and
'H-3C HMQC-filtered datasets. A full 3D dataset with the complete acquisition of the *°*N
chemical shift dimension would provide the resolution needed for resolving potential
multiple species in solution in a similar fashion as described previously for the H-*C

HMQC-edited BEST sequence (Shukla and Dorai 2011).
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Figure 2 Summary of translational diffusion coefficients for a phosphopeptide,
DKE{pTyr}YTVKDDRD, with a single-residue (Val-7) labelled with both **C and **N in
phosphate buffer and pH 6.8, measured at 298.13 K on a Bruker Avance Ill 600 using PFG-
NMR sequences shown in Figure 1 and Figure S1, Supplementary Materials. (A)
Translational diffusion induced signal attenuation shown as relative intensity of amide peak
arising from *C/*°N-labelled residue Val-7 versus the strength of diffusion encoding gradient
K2 acquired using *H-">N HMQC-filtered-edited BEST sequence (Figure 1) together with 1D
'H spectrum at the lowest diffusion-encoding gradient (K* = 0.005 x 10° sm); (B) Similar to
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(A) obtained using the *H-*C HMQC-filtered BEST sequence (Figure Sla, Supplementary
Materials); (C) Similar to (A) and (B) obtained using the simple non-filtered BEST-STE
sequence (Figure S1b, Supplementary Materials) with the carrier frequency of band-selective
pulses centred at the amide (8.4 ppm) and the aliphatic (1.5 ppm) region; (D) Similar data
resulting from the conventional non-selective BBP-STE sequence with water suppression
achieved using excitation sculpting before acquisition (Figure Slc, Supplementary
Materials). Resonances used for the determination of translational diffusion coefficient are
indicated in the corresponding diffusion-weighted *H spectra depicted. For all measurements,
a diffusion delay, A, of 50 ms and diffusion gradient pulse duration, 3, of 5.0 ms along with a
total of 16 steps of gradient encoding, corresponding to K values ranging from 0.005x10°
sm™to 10.520 x10° sm, were used.

Translational diffusion measurement of *°N-labelled protein

The application of the *H-">"N HMQC-filtered BEST sequence (Figure 1) to *N-labelled
proteins was also examined. The results obtained for “N-labelled Bl domain of
Streptococcal protein B (GB1) at 298 K are summarized in Figure 3. The pseudo 3D dataset
was acquired using 1024 and 64 complex points for the *H and >N dimensions, respectively,
and with 16 steps (K? values ranging from 0.054 x10° sm? to 19.44 x10° sm?) in the
translational diffusion dimension. Diffusion coefficients of GB1 were determined from either
individual backbone amide residues or the overall backbone amide profile and the resultant
values are in excellent agreement. These measured values are also in excellent agreement
with the value measured of resonance (6= 2.04 ppm) in the aliphatic region using the
conventional BPP-STE sequence (Table 1). Notably, the translational diffusion coefficients
of proteins or peptides measured using the band-selective excitation sequence are not
compromised by the potential presence of amide protons in rapid exchange with solvent
water. This was evident by both diffusion coefficients resulting from the analysis of a single
residue T11 located in the loop region, which exhibited rapid chemical exchange with solvent
water (confirmed by the CLEANEX experiment recorded with a mixing time of 30 ms), and
the overall amide profile, including all mobile backbone amides, being able to be fitted

satisfactorily to a mono-exponential decay against K2. Corresponding results for residues T11

11
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and W43 obtained using a non-selective *H-">"N HSQC-edited PFG-NMR sequence (Figure
S3, Supplementary Materials) are shown in Figure S2b. The translational diffusion induced
signal decay of residue T11 clearly deviated from a single exponential decay due to
underlying chemical exchange with solvent. In contrast, the translational diffusion induced
signal decay of residue W43 (located within a 3-strand and not under rapid exchange with the
solvent water) follows a single exponential decay with a resultant translational diffusion
coefficient in very good agreement with the value on resonance (6= 2.04 ppm) in the aliphatic

region measured using the conventional BPP-STE sequence.
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Figure 3 Translational diffusion coefficient of *>N-labelled GB1 measured using the *H-*N
HMQC-filtered BEST sequence (Figure 1) on a Bruker Avance |1 800 spectrometer. (A) *H-
*N HMQC spectrum (plane) at the lowest diffusion encoding/decoding value, K*> = 0.054 x
10° sm™. Backbone amide residues T11 and W43 used in the diffusion analysis are indicated.
Assignments were adopted from those reported previously (Barchi et al. 1994). (B, C)
showing diffusion plane of residue T11 (located in a loop region which exhibited rapid
exchange with solvent water as confirmed by the CLEANEX experiment acquired with a
mixing time of 30 ms) and corresponding diffusion induced T11 signal attenuation versus the

13



261
262
263
264
265
266
267
268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

strength of diffusion encoding gradient K? together with fit to Eq.1. (D, E) Same as (B, C)
shown for backbone amide W43 (located within a B-strand and not under rapid exchange
with the solvent water). (F, G) 2D Projection along the diffusion dimension and diffusion
induced signal attenuation of all backbone amide protons versus the strength of diffusion
encoding gradient K2. Line in (G) represents fit to Eq.1 for the bulk amide signals (integrals
from 6.0 to 11.0 ppm). A diffusion delay, A, of 50 ms and diffusion gradient pulse duration,
8, of 7.0 ms along with a total of 16 steps of gradient encoding, corresponding to K? values
ranging from 0.054x10° sm™to 19.44 x10° sm™, were used.

A number of non-selective *N-HSQC/TROSY edited diffusion sequences have been
described previously for various applications (Andrec and Prestegard 1997; Buevich and
Baum 2002; Horst et al. 2011; Nesmelova et al. 2004; Rajagopalan et al. 2004). The
translational diffusion coefficients measured using the band-selective sequences, however,
are significantly less likely to be compromised by the presence of solvent exchange of
backbone amide protons (Fig. 3F and 3G). Unless translational diffusion-based experiments
are applied specifically to probe backbone amide NH exchange where diffusion behaviour of
solvent is of interest, the band-selective *N-filtered sequences, including the one described
here, should prove to be superior to the non-selective counterparts for many other types of
applications. Such applications could include the filtration of polypeptide and protein signals
in complex mixtures (Rajagopalan et al. 2004), the definition of association states of proteins
during folding (Buevich and Baum 2002), and direct measurement of biomolecular

translational diffusion coefficients in various solution conditions.

Translational diffusion measurement of °N-labelled peptide in the presence of

equimolar unlabelled protein: a model crowed protein solution

The 'H-"N HMQC-filtered BEST sequence has also been applied to measure translational
diffusion coefficient of the same phosphopeptide in the presence of equimolar RNase A (1.0
mM). Results obtained from the *H-"N HMQC-filtered BEST sequence, together with those

obtained from the conventional BPP-STE sequence and the *H-**C HMQC-filtered sequence,

14
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are summarised in Figure 4 and the measured apparent translational diffusion coefficients of
the phosphopeptide are listed in Table 1. Translational diffusion coefficients of the
phosphopeptide measured by both the *H-*N and 'H-"*C HMQC-filtered BEST sequences
agree very well (Figure 4a and 4b). Both values are slightly lower than those measured in the
absence of RNase A (Figure 2), reflecting an increase of solution viscosity in the presence of
RNase A. This is confirmed by a decrease, D = 0.9 + 0.02 x10° m?s™ in the presence of
RNase A versus D = 1.00 + 0.02 x 10° m’s™ in the absence of RNase A, observed for the
measured diffusion coefficients of dioxane in the solution (Figure S4, Supplementary
Materials). As evident from Figure 4c and Table 1, in the presence of equimolar unlabelled
protein RNase A, direct quantification of the peptide translational diffusion coefficients with
the conventional BPP-STE in the absence of isotope-filtering is significantly compromised
(Table 1) due to spectral overlap of resonances arising from both the phosphopeptide of
interest and the background protein RNase A. Apparent diffusion coefficient determined from
peak intensities at a given chemical shift is clearly weighted by resonances contributing to the
peak intensities, in the present case, the phosphopeptide and RNase A. Also note that in the
lower panel of Figure 4b, aliphatic peaks arising from unlabelled protein RNase A and small

molecules, such as dioxane are also visible (peaks marked with x).
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Figure 4  Translational  diffusion  coefficient ~of the  phosphopeptide,
DKE{pTyr}YTVKDDRD, in the presence of equimolar RNase A in phosphate buffer, pH
6.8, measured at 298.13 K on a Bruker Avance Il 600. (A, B) Translational diffusion
induced signal attenuation shown as relative intensities of peaks across the spectrum versus
the strength of diffusion encoding gradient K? acquired using the *H-"N and *H-*C HMQC-
filtered BEST sequences, respectively. (C) Similar as (A) and (B), obtained using
conventional BBP-STE sequence (Figure S1c, Supplementary Materials). The lower panel in
(C) displays the full 1D *H spectrum of the phosphopeptide in the presence of equimolar
RNase A (in black) with peaks used for the analysis (upper panel) indicated. Corresponding
1D 'H spectrum, acquired with a narrow spectral-width, of phosphopeptide in the absence of
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RNase A (in red) is also included for comparison. Same values for A, 8, and K?, as in Figure
2, were used.

Translational diffusion measurement of °N-labelled membrane peptide in SDS micelles

Translational diffusion coefficients of a single residue (Val-7) *°N-labelled model membrane
protein, gramicidin A, in SDS micelles measured with the *H-">N HMQC-filtered BEST
sequence (Figure 1) and the non-isotope-filtered BEST-STE sequence (Figure S1b,
Supplementary Materials) are in very good agreement (Figure 5a and 5b, Table 1). Similar
results for the SDS micelles measured with the conventional BPP-STE sequence) Figure S1,
Supplementary Materials), are shown in Figure 5¢c and Table 1. The apparent translational
diffusion coefficient of SDS micelles (D = 8.67 + 0.04 x 10™ m?s™) is slightly higher than
that of gramicidin A (D = 7.24 + 0.03 x 10™ m?s™ from BEST-STE and D = 7.36 + 0.06 x
10™ m?™? from *H-">N HMQC-filtered BEST, respectively) similar as previously reported
for AB42 peptide in micelles (Yao et al. 2014) and outer membrane protein A (OmpA) in
DMPC nanodiscs and Fos-10 detergent micelles (Susac et al. 2014). This observation is
consistent with experimentally measured apparent diffusion coefficient of detergent micelles

being a weighted average of those with and without protein molecules.
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Figure 5 Translational diffusion coefficient of single residue (Val-7) **N labelled membrane
peptide, gramicidin A, in SDS micelles at 318.13 K measured on a Bruker Avance 11 600.
Obtained with: (A) the *H-">N HMQC-filtered BEST sequence (Figure 1), and (B) the non-
filtered BEST sequence (Figure S1b, Supplemental Materials). (C) Corresponding diffusion
coefficient of SDS micelles measured using the conventional BPP-LED sequence (Figure
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Slc, Supplemental Materials). The inset in (C) displays a partial spectrum of resonances
arising from the amide and aromatic protons of gramicidin A after scale-up by a factor of
1024. A diffusion delay, A, of 50 ms and diffusion gradient pulse duration, d, of 8.0 ms along
with a total of 16 steps of gradient encoding, corresponding to K? values ranging from
0.012x10° sm™to 26.58 x10° sm™, were used.

Depending on the average aggregation number for individual detergents, significantly
higher molar ratio for the detergent to peptide/protein is usually needed to ensure that the
micelles are in excess of the peptide. In our current example, a molar ratio of 250:1 for
SDS:gramicidin A was used. Assuming an average aggregation number of 62, this translates
into a molar ratio of 4:1 for SDS micelles:gramicidin A. As a result of the molar excess of the
detergent, the 1D *H spectrum is dominated by the signal arising from the SDS (Figure 5C,
lower panel). This makes a direct diffusion measurement of the peptide by a conventional
PFG-NMR sequence practically impossible unless fully deuterated SDS was to be used.
Furthermore, with an SDS to peptide molar ratio of a few hundreds to one, even if the
gramicidin A were **C-labelled, the *3C attached *H signal arising from the acyl chain of SDS
at natural abundance would still dominate the aliphatic region of the *H spectra, which would

hamper application of the *H-"*C HMQC-filtered BEST sequence.

Conclusions

An alternative *H-">"N HMQC-filtered BEST sequence is described in the present report. The
sequence takes a simpler form than previously reported BEST-XSTE or SOFAST-XSTE
sequence and is readily applicable to NMR spectrometers equipped with probes fitted with a
single-axis field gradient, as is the case for most cryoprobes dedicated to bio-NMR. The
newly introduced sequence was applied to a number of examples mimicking various solution
conditions, including *N-enriched protein and peptide in aqueous solution, **N-enriched

peptide in the presence of equimolar unlabelled protein, and **N-enriched membrane peptide

19



367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382
383

384
385
386
387
388
389
390
391
392
393
394
395
396
397
398

in protonated SDS micelles. Experimentally measured translational diffusion coefficients of
protein and peptide under all examined conditions agreed very well with results obtained
using existing sequences. This alternative 'H->N HMQC-filtered sequence provides
additional means for the characterization of translational diffusion properties of **N-enriched
proteins and peptides in solution. The sequence should be applicable to use in complex
systems (Barhoum et al. 2016), such as protein and ligand complexes (Gossert and Jahnke
2016), protein or peptide in crowded protein solutions (Li et al. 2009; Roosen-Runge et al.
2011; Wang et al. 2010), proteins in detergent micelles — a membrane-mimicking media
(Andersson et al. 2004; Chou et al. 2004), and molecules within bicontinuous cubic phases
(Eriksson and Lindblom 1993; Larkin et al. 2017; Meikle et al. 2017; Zabara et al. 2017),
where use of alternative sequences is hampered due to practical limitations of individual

sequences.
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Table 1 Comparison of translational diffusion coefficients of biomolecules measured with
'H-*"N HMQC-filtered BEST and alternative PFG-NMR sequences

D (x107% m?s™)?

PFG-NMR sequences

'H-®N BEST-STE BPP-STE 'H-BC
HMQC-BEST HMQC-BEST
1, Phosphopeptide in phosphate buffer (298 K)
2.17 £0.03 2.10£0.02 2.15+£0.02 2.22 £0.02
(val-7,8.16 ppm)  (peak, 1.15ppm)  (peak, 1.63 ppm) (Val-7, 0.93 ppm)
2.16 £0.02 2.17 £0.02

(peak, 7.06 ppm)
2, GB1 (298 K)
1.39+0.01
(Thr-11)
1.40 £ 0.01
(Trp-43)
1.37£0.01
(All amides)
3, Phosphopeptide in equal molar of RNase A (298 K)
2.03+0.01
(Val-6, 8.16 ppm)

4, Gramicidin A in SDS micelles (318 K)
0.736 £ 0.006
(Val-7, 8.76 ppm)

(peak, 8.38 ppm)

1.44 +£0.02
(peak, 2.04 ppm)

1.11+£0.01
(peak, 0.78 ppm)
1.16 £ 0.01
(peak, 1.71 ppm)
1.87 £0.02
(peak, 7.06 ppm)
1.45+0.01
(peak, 7.96 ppm)

2.05+0.01
(Val-6, 0.93 ppm)

0.724 £ 0.003
(peak, 8.28 ppm)

& Corresponding diffusion-induced signal decays and non-linear regressions are shown in

Figures 2-5 and Figure S2a, Supplementary Materials.
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