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Introduction

Pulse field gradient (PFG) NMR spectroscopy (Stejskal and 
Tanner 1965; Johnson 1999) is a well-established tool for 
the measurement of translational diffusion coefficients of 
protein molecules in solution (Yao et al. 2014). The obtained 
diffusion constants can, in turn, be used to gain insight into 
a variety of important biochemical processes, including, for 
example, protein oligomerization (Dingley et al. 1995; Price 
et al. 1999; Dehner and Kessler 2005; Huang et al. 2016), 
conformational changes (Buevich and Baum 2002; Choy 
et al. 2002; Weljie et al. 2003), ligand binding (Hajduk et al. 
1997; Yan et al. 2002) and the formation of molecular com-
plexes (Didenko et al. 2011; Horst et al. 2011; Sekhar et al. 
2015). The measurement of diffusion coefficients in PFG-
based NMR experiments is based on the application of a 
PFG that labels the initial position of diffusing molecules, 
followed by a second gradient that is applied after a period 
during which the molecules diffuse that encodes the extent 
of diffusion through an attenuation of signal intensity (Tan-
ner 1970). Key to the success of the experiment is the use 
of well-tuned diffusion times and PFG strengths and dura-
tions that lead to the diffusion-based attenuation of the sig-
nals of interest so that diffusion coefficients can be reliably 
quantified. In applications to slowly diffusing systems using 
conventional hardware this presents a significant challenge 
since gradient strengths and often durations are limited.

One approach to mitigate the problem is to take advan-
tage of stimulated echo (STE) based experiments (Tanner 
1970), with the diffusion interval occurring when the mag-
netization of interest is along the z-axis, so as to exploit 
the large difference in longitudinal and transverse relaxa-
tion rates for macromolecules. Another approach involves 
the design of long-lived coherences that has proven to be a 
powerful method for extending diffusion intervals, leading 
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to increased gradient attenuation (Ahuja et al. 2009). In a 
somewhat related manner it is possible to take advantage 
of moieties in proteins such as methyl groups, that have 
favorable relaxation properties, and further that can be 
manipulated in ways that increase the effective sensitivity 
of PFGs for the measurement of diffusion. For example, 
it is well known that the effect of gradients on coherences 
of order n scales as n2 (Martin et al. 1982; Zax and Pines 
1983; Kay and Prestegard 1986), and the three protons of 
the methyl AX3 spin system offer, therefore, an attractive 
opportunity to generate a triple-quantum (TQ) based dif-
fusion experiment, with close to an order of magnitude 
enhancement in attenuation from diffusion. Indeed, Price 
and coworkers have developed a four-quantum scheme 
based on 13CH3 labeled methyl groups and showed the 
desired response to the application of PFGs (Zheng et al. 
2009). Our work follows closely on their approach but 
offers at least a factor of 4 increase in sensitivity that is 
critical for biomolecular applications (see below).

Our interest in the development of a sensitive pulse 
scheme for the measurement of slow diffusion rates is 
motivated by our studies of the hydrodynamic proper-
ties of intrinsically disordered proteins that phase sepa-
rate into membraneless cellular organelles (Brangwynne 
et  al. 2015). In some cases these phase-separated mol-
ecules retain high levels of intrinsic dynamics on the 
pico- to nano-second timescale, yet diffuse with rates 
that are expected for a 600  nm spherical particle (Nott 
et al. 2015; Brady et al. 2017). An understanding of the 
properties that give rise to such slow diffusion would 
represent an important step forward in characterizing the 
physical basis for the formation of these organelles and 
how they are stabilized. With this in mind we present a 
pulse scheme for the measurement of translational diffu-
sion coefficients of slowly diffusing proteins that takes 
advantage of TQ coherences from methyl groups. The 
utility of the approach is demonstrated with applications 
to a number of systems where both SQ and TQ diffu-
sion experiments are operative. Subsequently, we have 
applied our pulse scheme to the measurement of diffu-
sion rates in a 236-residue fragment of the germ granule 
protein Ddx4 that spontaneously phase separates to form 
a highly concentrated, condensed phase (300–400  mg/
mL) and for which reliable diffusion coefficients cannot 
be extracted by conventional SQ PFG-NMR methods.

Materials and methods

Protein expression and purification

A highly deuterated Ileδ1-[13CH3], Leu,Val-[13CH3,12CD3]-
labeled B1 domain of peptostreptococcal protein L with a 

Y45W mutation (referred to as protein L in what follows) 
and a U-[13C,15N]-labeled protein L sample were prepared as 
described previously (Mittermaier and Kay 2001; Bouvignies 
and Kay 2012). Protein concentrations were 1.2 and 1.8 mM 
for the ILV-methyl-labeled and uniformly 13C,15N-labeled 
protein L samples, respectively, dissolved in 50 mM sodium 
phosphate, 0.05% NaN3, 99% D2O (ILV-methyl-labeled) 
or 90% H2O/10% D2O (U-[13C,15N]-labeled), pH 6.0. A 
U-2H, Ileδ1-[13CH3], Leu,Val-[13CH3,12CD3], Met-[13CH3]-
labeled sample of the half proteasome (α7α7, 360 kDa) was 
prepared as described previously (Sprangers and Kay 2007). 
The protein concentration of the half proteasome sample 
was 0.9 mM, in 25 mM potassium phosphate, 50 mM NaCl, 
4.6 mM NaN3, 1 mM EDTA, 100% D2O, pH 7.4.

Samples of wild-type human Ddx4(1-236) (referred to 
in what follows as Ddx4) and Ddx4 in which all 14 Phe 
residues were replaced by Ala, Ddx414FtoA, were prepared 
as described previously (Nott et  al. 2015). E. coli codon 
optimized cysteine free (Cys to Ser) Ddx4 concatemers 
(Ddx42x and Ddx43x, containing 2 and 3 Ddx4 repeats, 
respectively) were synthesized (Genscript) and sub-cloned 
into pET-SUMO vectors. Briefly, N-terminal His-SUMO 
constructs were expressed in E. coli and cell pellets were 
lysed in the presence of 6  M guanidinium HCl (GuHCl), 
500 mM NaCl, 50 mM sodium phosphate, pH 7.5. Samples 
were purified using pre-packed nickel Sepharose columns 
and eluted with 400  mM imidazole, 1  M NaCl, 50  mM 
sodium phosphate, pH 7.5. His-SUMO tags were cleaved 
using Ulp1 during an overnight dialysis in 10 mM imida-
zole, 1 M NaCl, 50 mM sodium phosphate, pH 7.5, 4 °C. 
Ddx4 constructs were then separated from His-SUMO 
fragments and Ulp1 by reapplication to a nickel-Sepha-
rose column and the resulting samples concentrated in 
2 M GuHCl, 1 M NaCl, 50 mM sodium phosphate, pH 7.5 
using 3 kDa molecular weight cut off (MWCO) concentra-
tors before size-exclusion chromatography in 1  M NaCl, 
50 mM sodium phosphate, pH 6.5. For Ddx43x, size-exclu-
sion chromatography was performed in the presence of 2 M 
GuHCl to prevent phase separation from occurring on the 
column. After purification, unlabeled samples were doped 
with 10% U-[13C,15N]-labeled protein to facilitate NMR 
analysis. NMR samples of phase separated Ddx4, Ddx42x 
and Ddx43x were prepared by dialysis into buffer containing 
20  mM sodium phosphate, 100  mM NaCl, 5  mM TCEP, 
10% D2O, pH 6.5. For Ddx414FtoA, samples were exchanged 
into buffer containing 20 mM sodium phosphate, 100 mM 
NaCl, 5 mM TCEP, 90%H2O/10%D2O, pH 6.5 and concen-
trated using 4-mL 3-kDa cut-off MWCO Amicon Ultra fil-
ters at 4000 g, 25 °C. All samples were subsequently trans-
ferred into 3 mm NMR tubes (Wilmad), gently centrifuged, 
and allowed to equilibrate at 30 °C for a minimum of 24 h 
to ensure that the condensed droplets coalesce to a homoge-
neous phase. Care was taken to ensure that the condensed 
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phase filled the NMR coil volume (and beyond). It is worth 
noting in this regard that phase separated samples of Ddx4 
can be visually identified as having two phases, so that it 
is not difficult to ensure that only the condensed phase is 
in the active region of the coil. The great majority of the 
dilute phase (that is above the condensed phase) is typically 
removed from the sample prior to experiments.

NMR data acquisition and processing

All NMR experiments were performed on a Bruker Avance 
III HD 14.0 T spectrometer, equipped with a cryogenically 
cooled x,y,z-pulsed field gradient triple resonance probe. 
1D experiments were recorded at 25 °C for protein L and 
α7α7, and at 30 and 35 °C for Ddx4, Ddx42x, Ddx43x and 
Ddx414FtoA samples, using either a SQ-based pulse scheme 
with 15N and 13C pulses interchanged (Choy et  al. 2002) 
or the TQ-based sequence of Fig.  1. Diffusion constants 
were obtained by integrating 1H signals in 1D experiments, 
recorded as a function of encoding/decoding gradient 
strengths, over frequency ranges extending from −0.2 to 
1.3 ppm, from 1.90 to 2.10 ppm and from 1.95 to 2.07 ppm 
for protein L, α7α7 and Ddx4, respectively. Diffusion con-
stants were obtained by non-linear least-squares fits of 
intensity data via Eq.  3 using calibrated gradient inten-
sity values that were obtained from diffusion experiments 
of HOD in a D2O solution at 25 °C where the diffusion of 
HOD is known (Price 1998).

Results and discussion

Figure  1 illustrates the TQ-based pulse scheme that we 
have developed for measurement of diffusion constants in 
biomolecules. In order to highlight the important elements 
of the sequence we first briefly outline the magnetization 
transfer pathway as follows,
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to refocus magnetization further to Hz and 4HzHzHz, with 
Hz expected to have more favorable relaxation properties 
than the other longitudinal terms, at the expense of an addi-
tional INEPT element both before and after Δ. In applica-
tions to a number of systems we have found that in some 
cases refocusing to z-magnetization is preferable for Δ 
values on the order of 150 ms or larger. Both options are 
available in the pulse code that is included in Supporting 
Information. Finally, at the end of the gradient decode ele-
ment [second of the g5180°(1H)g5 pair] only terms of the 
form 8HxHyHyCz ultimately lead to observable magnetiza-
tion, corresponding to retention of ¾ of the starting mag-
netization [Eq (1)]. The theoretical ¼ sensitivity loss that 
is predicted in Eq. (1) has been verified experimentally by 
comparing signal-to-noise values (s/n) in spectra recorded 
of 2-13C acetate with the scheme of Fig. 1 and with a nearly 
identical scheme where the phase cycling has been modi-
fied such that all 1H pulse phases are fixed to the first value 
of the phase cycle that effectively removes the TQ filters. 
The resulting s/n is indeed reduced to ¾ of the initial value.

The net signal can be calculated by integrating the prod-
uct cos 3� cos 3�′ over the complete sample volume taking 
into account the probability of finding the diffusing mole-
cule at positions z1 and z2 at the start and finish of the diffu-
sion period, respectively. This gives the well-known expres-
sion for the attenuation of magnetization from diffusion,

where n = 3. We have measured relative signal-to-noise val-
ues for the pulse scheme of Fig. 1 and a previously devel-
oped experiment that encodes and decodes 4-quantum 
coherences (H1

+
H2

+
H3

+
C+, H

1
−
H2

−
H3

−
C−) using a variety of 

test samples ranging from acetate to α7α7. Sensitivity gains 
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on the order of a factor of 4 are obtained for the present 
experiment when molecules are labeled with 13C only in the 
methyl position and in the limit that Δ’→ 0 (Figure S1A). 
Losses in the 4-quantum experiment result principally from 
selecting 4-quantum over 3-quantum coherences and the 
use of a gradient coherence selection scheme as opposed 
to phase cycling (Zheng et al. 2009). Notably, applications 
to uniformly 13C labeled proteins establish much more sig-
nificant sensitivity loses with the 4-quantum experiment, 
in excess of an order of magnitude, that arise from evolu-
tion due to the one-bond 13Cmethyl–13C couplings during 
the lengthy delays in the pulse scheme (Figure S1B); Met 
residues do not suffer this loss. However, the 4-quantum 
experiment does offer modest improvements in studies of 
slowly diffusing molecules, with n = 3.25 (=[3γH + γC]/γH), 
such that similar levels of signal attenuation are obtained 
in applications of the 4- and 3-quantum experiments for 
systems with diffusion constants in the ratio of 0.85:1, 
respectively.

As a first test of the methodology we measured diffusion 
constants for protein L, a small protein of 63 residues, using 
both the standard SQ experiment of Choy et al. (Choy et al. 
2002) and the TQ scheme of Fig. 1. A comparison of signal 
intensities with very small diffusion times and g5 = 0 shows 
that ~50% of the signal is preserved in the TQ scheme rela-
tive to the SQ experiment when applied to protein L, that 
includes losses due to the TQ selection elements as well 
as from relaxation during the increased number of delays 
in the pulse sequence. Experiments were recorded on both 
2H, Ileδ1-[13CH3],Leu,Val-[13CH3,12CD3]-labeled (Fig. 2a) 
and uniformly [13C,15N]-labeled (Fig.  2b) samples, where 
in the latter case methyl-only spectra were obtained via TQ 
selection. Figure 2 shows intensity profiles, obtained from 

Fig. 1   Pulse scheme of the 13C-methyl select 1H TQ-based stimu-
lated echo diffusion experiment. All narrow and wide bars cor-
respond to 90° and 180° pulses, respectively, applied at maximum 
power with phase x unless otherwise indicated; hatched rectangles 
denote composite 180° pulses (Levitt and Freeman 1979). 1H and 13C 
transmitters are placed in the center of the methyl region (1.0  ppm 
for 1H and 20.0 ppm for 13C). The 90y–g0–90x–g1– element prior to 
the recovery delay, d1, dephases any residual magnetization from the 
previous scan. Water suppression can be achieved via presaturation 
during d1 or by a WATERGATE scheme during the final INEPT ele-
ment (Sklenar et al. 1993). The delays are τa = τb = 2 ms with ∆ and 

δ adjusted for each sample. Gradients are applied with the following 
durations (ms) and strengths (G/cm): g0: (0.75, 6.75), g1: (0.75, 13.5), 
g2: (0.5, 9), g3: (0.3, 4.5), g4: (0.256, 6.75), g6: (0.4, −2.25), g7: (0.75, 
27), g8: (0.3, −4.5), g9: (0.3, −6.75), g10: (0.256, 4.5). Gradient g5 
is used for encoding/decoding; its strength is varied in a set of 1D 
experiments. The following phase cycling is employed: φ1 = {0°, 60°, 
120°, 180°, 240°, 300°}, φ2 = {36(x), 36(−x)}, φ3 = {18(x),18(−x)}, 
φ4 = {6(90°), 6(150°), 6(210°), 6(270°), 6(330°), 6(30°)}, 
φ5 = {18(x), 18(−x)}, φ6 = {6(0°), 6(60°), 6(120°), 6(180°), 6(240°), 
6(300°)}, φr = {3(x, −x), 3(−x, x), 6(x, −x), 3(−x, x), 3(x, −x), 3(−x, 
x), 3(x, −x), 6(−x, x), 3(x, −x), 3(−x, x)}
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integrating 1D spectra as a function of encoding/decoding 
gradient strengths, obtained for both TQ and SQ measure-
ments. A high level of agreement is obtained between the 
two approaches, as can be seen by the near superposition 
of the intensity profiles. The diffusion constants meas-
ured via the different schemes are tabulated in the legend 
to Fig. 2. As expected, slight differences for diffusion con-
stants for the different protein L samples were obtained, 
that reflects the approximately 20% higher viscosity of 
D2O buffer ([Ile,Leu,Val-13CH3]-labeled sample) relative 
to 90%H2O/10%D2O, 25 °C, that was the solvent for the 

uniformly-labeled sample. As a second test we focused on a 
much larger protein system, corresponding to the 360 kDa 
half proteasome. Figure  2c shows profiles obtained from 
SQ and TQ experiments, which again highlight the good 
agreement between the two methods. Notably, the small 
discrepancy (~7%) in calculated diffusion constants from 
the two methods is reduced to within experimental error 
(<2%) when x-gradients are substituted for z-gradients 
for encoding/decoding, while the remaining gradients 
are left as z (inset to Fig.  2c) or when all z gradients are 
replaced by x. We have noted that, at least on our system, 
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Leu,Val-[13CH3,12CD3], Met-[13CH3]-α7α7 (360  kDa) with diffusion 
constants measured via SQ (red) and TQ (blue) experiments, 25 °C; 
extracted values of (3.44 ± 0.07) × 10−7 and (3.63 ± 0.07) × 10−7 
cm2s−1 are obtained, respectively, with all gradients along the z-axis. 
When the encoding/decoding gradients are along the x-axis (inset) the 
extracted diffusion constants are within 2% of each other for SQ and 
TQ approaches. ∆′ is set to 0.15 s, with δ/2 = 2 ms (SQ) and 0.667 ms 
(TQ). d Linear correlation plot of diffusion constants measured by 
SQ—(x-axis) and TQ—(y-axis) schemes for Ddx414FtoA over a range 
of concentrations (10, 24, 38, 75, 145 and 250 mg/mL), 30 °C
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using x- or y-gradients for encoding/decoding seems to be 
slightly more robust for measuring slow diffusion, although 
with the exception of applications to α7α7 all measurements 
were performed with z-gradients exclusively. The reason 
for this difference is unclear to us presently. As a final test 
we measured self-diffusion constants of a mutant of the 
N-terminal intrinsically disordered domain of Ddx4 in 
which all 14 Phe residues in the 236-residue construct were 
replaced by Ala, Ddx414FtoA. Unlike the wild-type version 
of the protein this variant does not phase separate under our 
experimental conditions (Nott et al. 2015). We have chosen 
protein concentrations from 10 to 250 mg/mL (10, 24, 38, 
75, 145 and 250 mg/mL) that provide a range of diffusion 
rates that can be accurately quantified using both SQ and 
TQ experiments. Figure 2d shows a linear correlation plot 
of diffusion constants obtained in this manner, with excel-
lent agreement between the two approaches.

Having established the utility of the methodology we 
next focused on an application where the SQ experiment 
fails, involving measurement of the self-diffusion of Ddx4 
in a phase-separated condensed droplet (Nott et al. 2015). 
Figure 3a shows a small region from a series of SQ diffu-
sion spectra recorded on wild-type Ddx4 using encoding/
decoding gradients of 4 ms net duration and Δ′ = 400 ms, 
focusing on the Met region. It is noteworthy that Ddx4 is 
intrinsically disordered (Brady et  al. 2017) so that all the 
Met methyl signals in the protein superimpose, providing a 
high sensitivity data set. Of interest, little decay in intensity 
(<5%) is observed as a function of gradient strength. By 

contrast, much more decay (40%) is noted in the case of 
the TQ experiment, Fig. 3b, enabling the reliable extraction 
of the diffusion constant (7.8 ± 0.4 × 10−9 cm2s−1, 30 °C). 
The TQ pulse sequence has also been applied to the meas-
urement of diffusion rates for slower diffusing systems as 
well. Here we have focused on N- to C-terminal concat-
enated Ddx4 units (residues 1-236), Ddx42x and Ddx43x, 
where the subscript refers to the number of units. Both 
Ddx42x and Ddx43x form condensed phase liquid droplets 
(300–400 mg/mL) from which we were able to extract self-
diffusion coefficients as low as (2.3 ± 0.2) × 10−9 cm2s−1 
(Ddx43x, 35 °C). Finally, we have tested for the presence of 
convection by recording experiments with different diffu-
sion delays, Δ′, ranging from 0.15 to 0.4 s. Diffusion con-
stant values within 1–2% of each other were obtained.

In summary, we have presented a TQ-based pulse 
scheme for the accurate measurement of small diffusion 
coefficients, on the order of 10−9 cm2s−1. The utility of the 
approach has been demonstrated on a number of protein 
systems, including the phase separated state of Ddx4. It is 
anticipated that studies of self-diffusion of molecular con-
stituents of phase separated droplets will provide impor-
tant insights into the origin of the forces that stabilize these 
membraneless organelles and that the TQ experiment will 
prove useful in this regard.
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Fig. 3   Attenuation of superimposed methionine resonances from a 
condensed phase sample as a function of increased gradient strength 
in SQ—(a) and TQ—(b) experiments, 30 °C; ∆′ and δ/2 are set to 
0.4 s and 2 ms, respectively, in the measurements. c Intensity profiles 
from diffusion measurements of Ddx4 (blue), Ddx42x (yellow) and 

Ddx43x (teal) as a function of g2
5
�2�′. The respective diffusion con-

stants of the samples (35 °C) are labeled on the graph. (∆′, δ/2) are set 
to (0.28 s, 2 ms) for Ddx4 and (0.5 s, 3 ms) for Ddx42x and Ddx43x. 
The gradient strengths used are 4.5, 9.0, 13.5, 18.0, 22.5, 27.0, 31.5, 
36.0, 40.5 Gauss cm−1
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