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Abstract We present new NMR methods to measure
slow translational diffusion coefficients of biomolecules.
Like the heteronuclear stimulated echo experiment
(XSTE), these new methods rely on the storage of infor-
mation about spatial localization during the diffusion delay
as longitudinal polarization of nuclei with long T, such as
nitrogen-15. The new BEST-XSTE sequence combines
features of Band-selective Excitation Short-Transient
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(BEST) and XSTE methods. By avoiding the saturation of
all protons except those of amide groups, one can increase
the sensitivity by 45% in small proteins. The new experi-
ment which combines band-Selective Optimized Flip-
Angle Short-Transient with XSTE (SOFAST-XSTE) offers
an alternative when very short recovery delays are desired.
A modification of the HSQC-edited version of the XSTE
experiment offers enhanced sensitivity and access to higher
resolution in the indirect dimension. These new methods
have been applied to detect changes in diffusion coeffi-
cients due to dimerization or proteolysis of Engrailed 2, a
partially disordered protein.

Keywords Translational diffusion - Heteronuclear
stimulated echoes - Proteolysis - Dimerization -
Disulfide bonds - Partially disordered proteins

Introduction

Translational diffusion coefficients can provide useful
information about molecular and supramolecular systems
(Cantor and Schimmel 1980). Great efforts have been made
to develop and improve experimental methods to determine
diffusion coefficients (Johnson 1999). Diffusion parameters
can be related directly to an effective hydrodynamic radius
according to the Stokes—Einstein equation, and can thus be
used to predict the size and shape of molecules (Chang
2000). Although other biophysical approaches can be
employed for this purpose, pulsed field gradient NMR
(PFG-NMR) techniques represent a tool of choice since the
measurement is performed in a homogeneous solution, at
equilibrium and, if desired, under physiological conditions.

It has been known since the early days of NMR that
molecular diffusion in the presence of time-independent
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gradients affects the amplitudes of spin echoes (SEs) and
stimulated echoes (STEs) (Hahn 1950). In their pioneering
work, Stejskal and Tanner (1965) introduced time-depen-
dent ‘pulsed’ magnetic field gradients. The multiple
advantages of stimulated echo experiments over simple
spin echoes have greatly contributed to the success of
diffusion measurements. The storage of the phase infor-
mation in the form of longitudinal polarization prevents
evolution under scalar couplings and, most importantly,
provides access to longer diffusion delays, since longitu-
dinal relaxation is slower than transverse relaxation, par-
ticularly in biological macromolecules. The use of nuclei
such as '°N with long spin—lattice relaxation times allows
one to extend the diffusion delay. This approach is
employed in heteronuclear stimulated echo experiments
(XSTE), which allows studying slowly diffusing macro-
molecules (Ferrage et al. 2003, 2004). Long-lived states
(LLS) (Carravetta et al. 2004) associated with scalar-cou-
pled pairs of protons have similar advantages without
requiring isotopic labelling (Cavadini et al. 2005; Cavadini
and Vasos 2008; Ahuja et al. 2009; Sarkar et al. 2008a, b).

Measuring translational diffusion of biopolymers like
proteins provides a wealth of information. The hydrody-
namic properties of globular proteins reflect their molecu-
lar mass and oligomeric state (Altieri et al. 1995).
Diffusion measurements can be used to determine disso-
ciation constants of oligomers (Danielsson et al. 2008). In
disordered or unfolded proteins, diffusion coefficients
provide a measure of the compactness of the structure
(Choy et al. 2002; Danielsson et al. 2002) and allow one to
monitor folding pathways (Buevich and Baum 2002; Li
et al. 2005). Ribosomal protein synthesis could be probed
by monitoring molecular diffusion (Hsu et al. 2007). Dif-
fusion measurements can be used to probe the behaviour of
proteins in crowded environments (Li et al. 2009). Unde-
sired aggregation or proteolysis of proteins can lead to
changes in diffusion coefficients. Such effects can be
monitored conveniently over extensive time-scales of days
without removing the sample from the spectrometer. Here,
we optimize several experiments to measure diffusion
coefficient of proteins in view of quality control of protein
samples.

Intrinsically disordered proteins, which have been
widely investigated over the last decade (Dyson and Wright
2005), are particularly unstable in solution, mainly because
of their sensitivity to proteolysis. Cystein oxidation impedes
proper characterization of their residual structures,
dynamics and functions. NMR signals of disordered pro-
teins are poorly dispersed and chemical shifts are expected
to be fairly insensitive to structural changes, particularly if
modifications occur in regions with overlapping signals. By
contrast, diffusion coefficients can reveal if a protein is still
in its native form.

@ Springer

Recently, biomolecular NMR experiments have come to
benefit from longitudinal relaxation-enhanced techniques
(Pervushin et al. 2002; Schanda and Brutscher 2005;
Schanda et al. 2006). These experiments are based on
selective manipulations of the magnetization of amide pro-
tons. If one avoids the direct perturbation of the polarization
of the aliphatic protons, the polarization of the amide proton
recovers more rapidly through efficient cross-relaxation
with aliphatic protons. Here, we extend this approach to
diffusion measurements using heteronuclear stimulated
echoes. In addition, the sensitivity of HSQC-edited XSTE
experiments (Orekhov et al. 1999; Choy et al. 2002) could be
improved by a better use of the diffusion delay.

The separation of species with slightly different diffu-
sion coefficients by PFG-NMR is rather poor (Jerschow
and Miiller 1998) since overlap in the spectra leads to low
accuracy and precision in the determination of diffusion
coefficients by DOSY. HSQC-edited diffusion experiments
have been developed to boost the spectral resolution so that
one can determine diffusion coefficients of coexisting
species (Orekhov et al. 1999; Choy et al. 2002; Buevich
and Baum 2002; Brand et al. 2007; McLachlan et al. 2009).
This allows one to separate folded and unfolded states of a
protein in very slow exchange (Choy et al. 2002). When
working at low (Martinez-Viviente and Pregosin 2003) or
high temperatures (Jerschow 2000), convection in the
sample may have deleterious effects on the measurement of
diffusion coefficients. Although pulse sequences designed
to suppress the effects of convection may help, (Jerschow
and Miiller 1997; Jerschow 2000; Buevich and Baum
2002), the use of Shigemi tubes with restricted volumes
and moderate temperatures (between 295 and 305 K)
reduces misleading effects of convection. We favor the use
of heteronuclear stimulated echo-type experiments (Fer-
rage et al. 2003, 2004; Orekhov et al. 1999; Choy et al.
2002). In order to keep the diffusion delay A constant, such
techniques normally achieve chemical shift labelling in the
indirect dimension using a constant-time evolution interval.
A decrease in sensitivity is the price to pay for high reso-
lution in the indirect dimension. In this work, the increase
in the duration of the evolution interval t; is compensated
by a (harmless) decrease in the longitudinal diffusion
delay. High resolution in the indirect dimension, which is
essential for partially disordered proteins, thus becomes
accessible without paying an exorbitant price in sensitivity.

The new family of PFG-NMR pulse sequences is used to
detect cystein oxidation and proteolysis in Engrailed 2, a
homeoprotein with long disordered fragments. The con-
struct contains a single cystein, so that oxidation results
necessarily in dimerization via the formation of an inter-
molecular disulfide bond. The diffusion coefficient of the
reduced (monomeric) form was found to be nearly twice as
large as that of the oxidized (dimeric) form. HSQC-edited
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experiments that provide diffusion coefficients for each
residue allow one to identify the boundaries of protein
fragments and identify proteolysis cleavage sites. These
results were confirmed by mass spectrometry. Addition of
protease inhibitors significantly increases the lifetime of
our samples.

Materials and methods
Sample preparation

The recombinant chicken Engrailed 2 protein was expres-
sed and purified as previously described (Augustyniak et al.
2011). Uniformly 'N-labelled protein was used in the
NMR experiments. The sample employed to study prote-
olysis was prepared without protease inhibitors. Likewise,
the sample used to identify oxidation and dimerization was
initially prepared without TCEP (tris(2-carboxyethyl)-
phosphine) reducing agent. Uniformly '*N-labeled human
ubiquitin (1.5 mM, pH 4.5 in 50 mM acetate buffer) was
used to compare the sensitivities of variants of XSTE dif-
fusion experiments.

NMR spectroscopy

All NMR studies were carried out at 303 K on a Bruker
Avance III 600 MHz spectrometer equipped with a TXI
triple-resonance triple-gradient probe using 5 mm Shigemi
tubes. Gradient calibration was performed by recording a
1D image of a plexiglass phantom with 1 mm diameter
holes drilled at 5 mm intervals, inserted into a 5 mm NMR
tube, using the gradient echo sequence described by Price
(1998). The 1D image was slightly distorted due to non-
uniform gradients, which led to an uncertainty on the peak
amplitude of gradient pulses larger than expected from the
precision of frequency difference measurements. Although
the spatial distribution of the amplitude of magnetic field
gradients can be mapped and taken into account in the fit of
gradient echo decays (Connell et al. 2009), such an analysis
was not carried out in the present study. We obtained
G = 0.695 £+ 0.044 T/m (69.5 £ 4.4 G/cm, i.e., = 6%)
for the maximum amplitude of the gradient along the
z-axis. This calibration is essential for the precision and
accuracy of the diffusion measurements presented in this
work. Error propagation of experimental noise suggests
that the measurements are quite precise. Indeed, when
comparing data obtained on the same apparatus, small
variations are significant. However, because of the uncer-
tainty of the gradient amplitude G,, all the data presented
here may suffer from a systematic error as large as 13%.
This potential source of inaccuracy should be kept in mind
when comparing results obtained with different hardware.

All encoding and decoding gradients were applied along
the z-axis while most other gradients were applied in the
x—y plane. This allows proper suppression of the water
signal since interference of encoding and decoding gradi-
ents with WATERGATE gradient pulses is avoided. When
using a probe that is only equipped with z-axis gradients, a
WATERGATE sequence (Piotto et al. 1992) can be applied
after the decoding gradients (Sarkar et al. 2008a, b). This
may however lead to sensitivity losses and poor water
suppression for some gradient amplitudes.

Longitudinal relaxation-enhanced XSTE pulse sequen-
ces are presented in Fig. 1. Both sequences are adapted
from the heteronuclear stimulated echo experiment. Pulse
shapes, durations and carrier frequencies are identical
to those typically used in Band-selective Excitation
Short-Transient (BEST) methods (Schanda et al. 2006) and
band-Selective Optimized Flip-Angle Short-Transient
(SOFAST) approaches (Schanda and Brutscher 2005).
RE-BURP pulses where used for refocusing and inversion
while E-BURP and time-reversed E-BURP pulses were
employed for 90° rotations (Geen and Freeman 1991).
Polychromatic PC9 pulses were used for 120° rotations
(Kupce and Freeman 1994). Refocusing of the proton
chemical shifts was achieved by shifting both 180° pulses
from the centre of the retro-INEPT sequence by an
adjustable delay ¢'. Although the SOFAST-XSTE scheme
must be distinguished from SOFAST-HMQC, it relies on a
similar concept, with an effective 60° rotation for the
proton magnetization that lies along the z-axis at the end of
the longitudinal diffusion delay T;. This delay can be as
long as 1 s (Ferrage et al. 2003, 2004), a duration com-
parable to (or longer than) the effective longitudinal
relaxation times of the amide protons. At the end of Ty, the
proton polarization is close to its equilibrium value. The
effective 60° rotation after the delay A preserves half of
this proton polarization for the following scan, so that very
short recovery delays can be used. Note that we must
distinguish the total diffusion delay A, which is the interval
between encoding and decoding gradients, from the lon-
gitudinal diffusion delay Ty, defined as the duration during
which the phase information is stored as longitudinal
polarization.

Diffusion coefficients can be measured at the residue
level with the XSTE-3D sequence (see Fig. 2), in analogy
to HSQC-edited XSTE experiments (Orekhov et al. 1999;
Choy et al. 2002). In this experiment, a signal stemming
from a given NH pair can reflect a superposition of signals
of the same residue belonging to different fragments or
states of the protein. Although we probe a single residue
at a time, each response may thus result from a sum of
fragments or states. In this case, the term ‘effective dif-
fusion coefficient” would be more appropriate. In contrast
to earlier work (Choy et al. 2002), composite-pulse
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Fig. 1 Pulse sequences designed to measure diffusion coefficients of
isotopically I5N- or '3C-enriched molecules. a Band-selective exci-
tation short transient combined with heteronuclear stimulated echo
(BEST-XSTE) sequence; b band-selective optimized flip-angle short-
transient combined with heteronuclear stimulated echo (SOFAST-
XSTE) sequence. Filled and open symbols indicate 90° and 180°
pulses, respectively. The star identifies a polychromatic PC9 pulse
(Kupce and Freeman 1994) with a 120° flip angle. Other bell-shaped
pulses represent (180°) RE-BURP, (90°) E-BURP and time-reversed
(90°) E-BURP pulses (Geen and Freeman 1991). The durations of
shaped pulses were 2, 2.03 and 1.92 ms for PC9, RE-BURP and
(time-reversed) E-BURP pulses, respectively, at 600 MHz for
protons. Unless otherwise mentioned, all pulses are applied along
the x-axis of the rotating frame. The phase cycling employed was:

decoupling (CPD) is applied to the nitrogen-15 channel
during acquisition. In order to control potential heating
effects, the 2D version of the X-STE experiment was run
with and without CPD during detection with a recovery
delay of 2 s as in the XSTE-3D experiments. The dif-
fusion coefficients measured with and without CPD
during acquisition were identical (data not shown). A
critical modification is the removal of a constant-time
delay for nitrogen-15 chemical shift labelling. The total
diffusion delay A has to be kept constant whilst the
chemical shift labeling delay t; is incremented. Indeed, if
the diffusion delay A were to increase with t;, this would
result in line broadening of peaks in the indirect

@ Springer

®; =Yy, =¥, 2 =Y, y, —y, —y. For both experiments, the receiver
phase was ¢,.. =x, —x, —x, x. Here, the total diffusion delay
A = Ty + 61 was set to 200, 400 or 500 ms (see text). The INEPT
delays were 1 = 2.72 ms ~ I4JHNI_l (Jun & — 92 Hz). The adjust-
able ¢’ delay was set to 502 ps. The encoding and decoding gradients
(Gencode = Gdecode) had durations 6 = 1 ms and calibrated ampli-
tudes of 4.43, 8.36, 12.3, 16.2, 20.1, 24.1, 28.0, 31.9, 35.9, 39.8 G/cm.
Durations and peak amplitudes over the x, y and z directions of the
other gradients were respectively: G; = 0.6 ms, 42.5 G/cm, 0, 8.34
G/cm; G, = 0.6 ms, 0, 0, 41.7 G/cm; G3 = 0.6 ms, 27.5 G/cm, 0, 0;
G4 = 0.6 ms, 35 G/cm, 37.8 G/cm, 17.4 G/cm; G5 = 0.6 ms, 0, 29.7
G/em, 0; Gg, 1 ms, 30 G/cm, 32.4 G/cm, 0. In the SOFAST-XSTE
experiment the duration of G; was 1.33 ms

dimension. This line broadening, which is proportional to
the square of the intensity of encoding gradients, would
contribute to a significant overestimation of diffusion
coefficients if, for example, t;h.x & 0.25 A. In this work,
we have removed a constant-time delay for the evolution
of the nitrogen-15 chemical shifts. The increase in t; is
compensated by a decrease in the longitudinal diffusion
delay Ti.

One should be aware that improper suppression of N,
and N, components at the beginning of A may result in
significant artefacts if T2(15N) is comparable to A. There-
fore, particular attention should be given to the choice of
the amplitude and direction of the purge gradient Gy.
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Fig. 2 HSQC-edited XSTE (XSTE-3D) sequence designed to mea-
sure diffusion coefficients of macromolecules at the residue level.
Filled and open symbols indicate 90° and 180° pulses, respectively.
Bell-shaped pulses represent water flip-back Sinc pulses with
durations of 1.2 ms. Unless otherwise mentioned, all pulses are
applied along the x-axis of the rotating frame. The phase cycling was:

NMR data were processed and analyzed using NMRPipe
(Delaglio et al. 1995). 1D spectra of Engrailed 2 and
ubiquitin were integrated over the entire amide region, i.e.,
7.5 <6 <9 ppm for Engrailed 2, and 5.5 < 6 < 9.5 ppm
for ubiquitin. The backbone resonance assignments of
Engrailed 2 are available at the BMRB (accession code
17325, Augustyniak et al. 2011).

Results and discussion

The sensitivities of four 2D heteronuclear stimulated echo
experiments were compared. A series of 1D spectra was
recorded on a sample of uniformly nitrogen-15 labelled
human ubiquitin with the same total duration. Here, we
define the sensitivity as the ratio of signal integrals over the
amide region to the square root of the number of scans.
Figure 3a and b allow one to compare the sensitivity of the
BEST and SOFAST schemes with the original XSTE
sequence for total diffusion delays A = 200 and 500 ms. In
both cases, the BEST-XSTE scheme is the most sensitive,
with an improvement of the sensitivity up to 75 and 80 %
for total diffusion delays A = 200 and 500 ms respec-
tively, for very short recovery delays Trp, which are
defined to include the acquisition delay. In most cases, the
SOFAST-XSTE scheme is less sensitive than the BEST-
XSTE sequence, except for Trp < 800 ms. For a long total
diffusion delay A and a very short recovery delay Tgrp
(Fig. 3b), the SOFAST-XSTE experiment is the most
sensitive. SOFAST-XSTE thus appears to be adapted for
large macromolecules or supramolecular assemblies that
require long diffusion delays (Ferrage et al. 2003, 2004).
The sensitivity of the XSTE experiment was also compared

{

4 Gdecode _Gdecode

QL=X, =X, P2 =X, X, X, X, ¥, ¥, ¥, ¥; 3 =, y, —y, —y and the
receiver phase was (. = X, —X, —X, X, —X, X, X, —x. The total
diffusion delay, the INEPT delays as well as the gradient amplitudes
and durations were identical to those used in Fig. 1 for the BEST-
XSTE sequence. The short delay ¢” leads to an effective value
t; = 0 ms for the first time point in the indirect dimension

to a variant where water flip-back elements were removed.
The increase of sensitivity due to water flip-back pulses
(Grzesiek and Bax 1993) is only of the order of 10%.

A potential limit of BEST-XSTE and SOFAST-XSTE
experiments may be reached for very long total diffusion
delays A. Indeed, the improvement in sensitivity is smaller
for a total diffusion delay A = 500 ms and is expected to
decrease further with increasing A. The duration of typical
double- and triple-resonance pulse sequences is on the
order of 100 ms, i.e., an order of magnitude shorter than a
typical recovery delay Trp which can be as long as 1 s.
The duration of XSTE experiments is also on the order of
1 s. Reducing the recovery delay Trp from 2 s to 300 ms
in XSTE experiments allows one to increase the number of
scans in the same total duration from 24 to 88 (a factor 3.6)
when A = 200 ms but only from 24 to 64 (a factor 2.7)
when A = 500 ms.

We investigated the sensitivity of the modified XSTE-
3D sequence by comparing intensities of the individual
signals in 'H-'°N planes with those obtained using a
constant-time 3D XSTE sequence (CT-XSTE-3D) similar
to the sequence of Choy et al. (2002). Both sequences were
run on a 0.6 mM sample of a 114-residue construct of the
chicken protein Engrailed 2 with identical parameters
(recycle delay Tgp, total diffusion delay A, t7"** and t3"*)
and processed in the same manner. The intensities were
compared for the first 2D '"H-'°N planes obtained with
weak encoding and decoding gradients. Figure 4 shows the
intensity ratios for many residues of Engrailed 2. Signal
enhancements range from 18% to 178%. Enhancements of
100% or more are observed in the globular homeodomain
region (residues 200-259) and in the hydrophobic cluster
around the aromatic residues (Trp169, Trp172 and Tyr174)

@ Springer
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Fig. 3 Signal integral over the amide region divided by the square
root of the number of scans as a function of the recovery delay Trp
between consecutive scans, obtained with different 2D NMR pulse
schemes for a sample of 1.5 mM uniformly 5N labeled human
ubiquitin in 50 mM ammonium acetate, pH 4.5, at 600 MHz.
The data have been extracted from 1D spectra recorded with
low encoding/decoding gradient amplitudes (Gencode = Gdecode =
s G™* = 4.43 G/cm; where s is the shape factor and G™* the peak

of the non-globular N-terminal extension. Disordered
regions are characterized by a smaller, yet significant,
increase in sensitivity (on average by 50%). Overall, signal
enhancements reflect local order that correlates with
R2(15N) (Klein-Seetharaman et al. 2002). Indeed, taking
into account the effects of relaxation during t; and Ty, the
ratio of signal intensities between schemes with and
without constant-time evolution periods is:

Snoct/Scr = exp{[Ra("N) — Ry (PN)](t"* — t;)} (1)

where R,(*°N) and R;('°N) are the transverse and longitu-
dinal relaxation rates. This ratio is equal to 1 for t; = t1"**,
but it is larger for t; < t7"**. Residues in the homeodomain
that show no sign of chemical exchange have typical back-
bone transverse relaxation rates Rz(15 N) =~ 10 s~! and
longitudinal relaxation rates R1(15 N) =2 s~ '; and we used
t7'™* = 110 ms. The intensity ratio of (1) is expected to be 2.4
for t; = 0. Compared to this estimate, some of the ratios
displayed in Fig. 4 appear too large. Relaxation of antiphase
coherences during part of t; as well as small contributions of
chemical exchange to R2(15N) for some residues combined
with the window function employed (a sine-bell window
function shifted by 90°) in the t; dimension may explain this
higher-than-expected signal enhancement.
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Tro [8]

amplitude of the PFGs) using XSTE-WFB (with water flip-back)
(triangles), BEST-XSTE (squares), SOFAST-XSTE (circles) and
XSTE without water flip back (crosses) with integration over the
amide region (7 < 0" < 9.5 ppm). The comparison has been per-
formed for a total diffusion delay A = Ty + 6t = 200 ms (a and
¢) and 500 ms (b and d). The dashed lines show interpolations of
experimental data. The total duration of each experiment was 500 s
(550 s) for A = 200 ms (500 ms), respectively

The resolution in the @; dimension of a constant-time
experiment is expected to be higher than in a non-constant-
time experiment. In our case, resolution in the indirect
dimension is sufficient in both experiments. All peaks that

Signal ratio
L}

0L . I . I I I .
143 160 180 200 220 240 259

Residue number

Fig. 4 Ratios of signal intensities obtained by the new XSTE-3D
method to those obtained by the conventional constant-time XSTE
method (Choy et al. 2002) for individual residues in uniformly '°N
labeled Engrailed 2 (0.6 mM). Data were recorded at 600 MHz and
obtained by extracting the 2D 'H-'’N planes measured with low
diffusion gradient amplitudes (Gepcode = Gdecode = 4-43 G/cm) with
a total diffusion delay A = 400 ms and a recovery delay Trp = 2 s.
The total duration of each experiment was 13 h and 50 min
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were sufficiently resolved for quantitative analysis in the
"H-'°N planes of the constant-time experiment were also
resolved when using the sequence of Fig. 2.

So far, our attempts to combine 3D and BEST approa-
ches were unsuccessful. Sample heating by CPD during
acquisition can be significant when short recovery delays
are used. An in-phase/antiphase (IPAP) version of the
experiment was therefore developed, in analogy to earlier
work (Choy et al. 2002). Even after addition of the two
resulting signals of the two proton doublet components the
signal-to-noise ratios were lower than those measured with
the XSTE-3D sequence. Further developments will be
necessary to overcome this limit.

XSTE sequences were applied to monitor the stability of
a 114-residue construct of Engrailed 2, which is partially
disordered. This construct consists of a globular homeo-
domain (residues 200-259) and a long disordered N-ter-
minal extension (residues 146-199). The disordered
N-terminal extension is particularly sensitive to the for-
mation of intermolecular disulfide bonds and to degrada-
tion by proteases. XSTE experiments were employed to
optimize the buffer conditions to achieve sample stability
over several weeks.

The BEST-XSTE sequence was used to monitor dimer-
ization of Engrailed 2 through the oxidative formation of
intermolecular disulfide bonds. Figure 5 shows the decay of
the signal integrated over the amide region as a function
of the amplitude of the pulsed field gradients. A freshly
prepared protein sample without reducing agent was first
used. The diffusion coefficient was found to be D =
(4.022 + 0.012) x 107" m? s7'. The buffer was then
modified by the addition of 10 mM TCEP. The diffusion
coefficient of Engrailed 2 increased to D = (7.788 %+
0.015) x 107" m? s~!. Diffusion coefficients were
obtained by fitting the decay of the signal integral to the
equation:

S/So = exp(—4Dy*s’G,,

max

5A) (2)

where S and Sy are the signal integrals with and without
encoding and decoding gradients; D is the diffusion coef-
ficient; 7y the gyromagnetic ratio of the proton, s < 1 the
shape factor of the encoding and decoding gradient pulses;
Gpax the peak amplitude of the gradients; o their duration;
A = Ty + 67 is the total diffusion delay, and Ty is the
longitudinal diffusion delay.

These results suggest that, in the absence of any
reducing agent, Engrailed 2 is not monomeric, since the
diffusion coefficient is too small for a protein comprising
only 114 residues. The increase of the diffusion coefficient
upon addition of the reducing agent TCEP indicates that
the oligomerization occurs through the formation of an
intermolecular disulfide bond. Our 114-residue construct of

1.6

1.2 4

0.8 4

0.4 4

Signal integral [arbitrary units]

0 ‘110 20 36 40
Effective gradient intensity [G/cm]

Fig. 5 Signal integrals of reduced and oxidized Engrailed 2
(~0.6 mM, pH 6, 30°C) plotted as a function of the amplitude
Gencode = Gaecode Of the encoding and decoding gradients. (Squares)
protein with 10 mM TCEP reducing agent to prevent dimerization.
(Triangles) protein without TCEP so that dimerization through the
oxidative formation of an intermolecular disulfide bridge could occur.
The spectra were recorded using the BEST-XSTE sequence and
integrated over the amide region (7 < 6™ < 9.5 ppm). The total
diffusion delay was A = 400 ms. The diffusion coefficients deter-
mined by fitting to (2), are D = (7.788 £ 0.015) x 10~'' m?*~" and
D = (4.022 + 0.012) x 107" m?s~! for the monomeric and dimeric
forms of the protein. The duration of each experiment was 520 s

Engrailed 2 features a single cysteine residue (Cysl175).
The multimeric state under oxidative conditions is most
likely a dimer with an intermolecular disulfide bond.
Although little is known about the structure of Engrailed
since only the homeodomain was studied at atomic reso-
lution (Fraenkel et al. 1998), there is no evidence that
homeoproteins can occur in living organisms as oxidized
dimers. The reduced monomer is therefore likely to be the
native form of Engrailed 2.

The increase in the diffusion coefficient of Engrailed upon
reduction is much larger than what would be expected for a
transition between dimeric and monomeric forms of a
globular protein (Augé et al. 2009). Although diffusion
coefficients of disordered proteins can be reproduced in sil-
ico with a good accuracy (Bernado and Blackledge 2009),
diffusion coefficients of partially disordered proteins are not
yet amenable to reliable predictions. In particular, the
hydrodynamic coupling between the folded and disordered
regions is difficult to evaluate accurately. In the case of a
dimer, with two partially disordered proteins cross-linked in
the middle of their disordered regions, predictions would be
particularly challenging. The large variation of diffusion
coefficients could be ascribed to an oligomerization equi-
librium when the protein is in the oxidized state.

The proteolysis of Engrailed 2 was followed by the
measurement of diffusion coefficients at the residue level
with the XSTE-3D pulse sequence. For this purpose the
protein was stored at 303 K for 7 days in the absence of
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any protease inhibitor. Figure 6 shows residue-by-residue
estimates of diffusion coefficients for Engrailed obtained at
303 K. Attenuation of signal intensities in "H-'"N planes
upon increasing the amplitudes of the encoding and
decoding gradient were fitted to (2). Two different values
of the diffusion coefficient can be identified. For residues
146-177, the diffusion coefficients vary between D =
(12.575 £ 0.152) x 107" m?s™' and D = (14.615 +
0.134) x 107" m? s7!, with an average value Dyy6_177 =
(13.465 £ 1.150) x 107" m* s™". The site-to-site varia-
tions of the diffusion coefficient within this fragment are
significantly larger than the uncertainty of the measure-
ment. This feature may be due to the presence of additional
proteolysis sites, although only minor peaks corresponding
to fragments with lower masses have been observed on
MS-MALDI spectrum. The superposition of signals from
proteolysis products of various lengths would result in
significant variations of apparent diffusion coefficients.
Multi-exponential fitting would, in principle, allow for the
determination of the diffusion coefficients of all species, but
is difficult when their variations are small. However, an
overestimation of the precision of our measurements cannot
be excluded. For residues 179-259, the diffusion coeffi-
cients vary from D = (8.023 £ 0.159) x 107" m?s o
D = (9.581 + 0.263) x 107" m? s7! with an average
value Dj79 250 = (8.765 £ 0.816) x 107" m® s™". These
data indicate unambiguously that the protein was cut into at
least two fragments, which are diffusing as independent
molecules. The data corresponding to residues close to C175
are either incomplete or associated with high errors, due to
low signal-to-noise ratios. The observation of significantly
different diffusion coefficients for residues 177 and 179
makes it possible to determine the cleavage site precisely.
The hydrolysis must have occurred between R177 and Y178,
which suggests that some trypsin-like endopeptidases, which
cleave peptide chains mainly on the carboxyl side of lysine or
arginine (Brown and Wold 1973), may have contaminated
the sample. The mass spectrum showed two major peaks at
3.77 and 9.87 kDa. The expected molecular masses of the
146-177 and 178-259 fragments of uniformly '°N labeled
Engrailed 2 protein are 3.77 and 9.88 kDa. These data are in
remarkable agreement with results obtained by PFG-NMR.

Conclusions

Heteronuclear stimulated echoes are suitable to measure
accurate and precise diffusion coefficients of large mac-
romolecules. We have introduced several improvements to
enhance the sensitivity. Shorter recovery delays Trp allow
one to reduce the total experimental time. Our new 3D
scheme provides access to residue-by-residue estimates of
diffusion coefficients with better sensitivity. The improved

@ Springer
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Fig. 6 Diffusion coefficients of individual amino-acid residues in
Engrailed 2 incubated at 303 K for 7 days after purification without
protease inhibitors. The protein was cleaved between R177 and Y178
to form two fragments. The intensities of individual HY signals were
measured with the XSTE-3D sequence. The total diffusion delay was
A = 400 ms. The dashed line indicates the diffusion coefficient of the
uncleaved form of Engrailed 2 under the same experimental
conditions determined with the BEST-XSTE sequence

heteronuclear stimulated echo methods allow one to study
a wide range of molecular properties, as illustrated by the
investigation of the cleavage and dimerization of the par-
tially disordered protein Engrailed 2.

Supporting information

The pulse sequence of the constant-time XSTE-3D exper-
iment and the MALDI-TOF spectrum of the Engrailed
spectrum after proteolysis are provided in the supporting
information.
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