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Abstract: Under physiological conditions, studies of intrinsi-
cally disordered proteins (IDPs) by conventional NMR
methods based on proton detection are severely limited by
fast amide-proton exchange with water. >C detection has been
proposed as a solution to the exchange problem, but is
hampered by low sensitivity. We propose a new pulse sequence
combining proton—nitrogen cross-polarization and carbonyl
detection to record high-resolution, high-sensitivity NMR
spectra of IDPs under physiological conditions. To demon-
strate the efficacy of this approach, we recorded a high-quality
N-CO correlation spectrum of a-synuclein in bacterial cells at
37°C.

P rotein structure and dynamics are strongly dependent on
solvent and temperature, thus making studies under true
physiological conditions important for understanding the
biological behavior of proteins. In-cell NMR spectroscopy has
thus become an important tool for gaining an understanding
of biomolecular mechanisms.'®! Recent progress in NMR
spectroscopy, including the exploitation of amide-proton and
water magnetization under conditions under which only the
amide protons are excited, as well as direct carbon-atom
detection, has made it possible record NMR spectra of
biomolecules under near-physiological conditions of temper-
ature and pH value."l At around the same time, Yuwen and
Skrynnikov®® showed that the initial INEPT transfer in
a standard 'H,"N HSQC pulse sequence could be advanta-
geously replaced by a J-cross-polarization (J-CP) transfer, 2!
since this excitation mechanism uses the large water-magnet-
ization reservoir to continuously replenish the amide-proton
magnetization.[’” Herein, we describe the combination of both
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approaches—J-CP excitation and CO detection—and present
an improved NMR experiment that enables an N-CO
spectrum to be recorded under truly mammalian physiolog-
ical conditions, that is, at 37°C and pH 7.4. We optimized the
experiment in vitro on a-synuclein, an intrinsically disordered
protein involved in Parkinson’s disease and obtained a high-
resolution N-CO spectrum of a-synuclein in bacterial cells at
37°C.

Comparison of different 'H,"N spectra (sensitivity-
enhanced HSQC™' or BEST-HSQC!¥) shows that fast
amide-proton exchange with water (as expected for a-
synuclein at pH 7.4 and 37°C; see Table S1 in the Supporting
Information) during the H-N polarization-transfer step in
a classical INEPT transfer and during the subsequent "N
evolution destroys antiphase H-N coherence and leads to
serious loss of intensity or even complete disappearance of
the majority of signals under these physiological conditions
(see Figure S1 in the Supporting Information). The signal loss
during the initial transfer step can be minimized by the use of
a J-CP polarization-transfer scheme rather than the classical
INEPT transfer.’! J-CP transfer outperforms J-coupling-
based INEPT as it pumps water magnetization to the amide
nitrogen atom, but provides only a marginal advantage in the
reverse nitrogen—proton polarization transfer.”’) Additionally,
nitrogen in-phase evolution under proton decoupling pre-
vents intensity loss through solvent exchange during the
indirect evolution."™'® An initial J-CP transfer combined
with proton decoupling during nitrogen evolution and INEPT
back transfer gives the CP-HISQC sequence® with improved
performance under conditions of fast exchange (see Fig-
ure S2). For rapidly exchanging amide functionalities, the CP-
HISQC experiment performs better, whereas for residues
with amide protons in slow exchange, peak intensity is still
higher with other sequences, such as BEST or sensitivity-
enhanced HSQC (see Figure S2). For a-synuclein under
physiological conditions, magnetization loss during the back
transfer is severe for most residues in all types of HSQC
spectra (see Figure S1).

Avoiding back-transfer from the amide nitrogen atom to
the proton by direct carbonyl observation leads to N-CO
correlation spectral’®®! with even better spectral disper-
sion.’ When implemented by starting directly from "“C
magnetization, however, the experiment suffers from lower
sensitivity, which has motivated the implementation of
modified "CO pulse sequences that start from proton
magnetization.”>?! The BEST-HyNCO sequence further
involves the selective excitation of only the amide protons
to enhance the rapid longitudinal relaxation of the amide
term by water exchange.”! This sequence gives excellent
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Figure 1. a) CP-H NCO, b) BEST-H NCO, and c) CON spectra of a-
synuclein in vitro at 10°C. d) Superposition of the first increments of
the CP-HyNCO (black), BEST-HyNCO (green), and CON spectra
(blue). The a-synuclein sample was produced and purified as de-
scribed previously.'”! For experimental conditions, see the Supporting
Information.

results at low temperatures (Figure 1), and spectra under
near-physiological conditions have been reported.”” How-
ever, when we recorded spectra of a-synuclein under truly
physiological conditions of 37°C and pH 7.4, even this
optimized pulse sequence suffered from significant signal
loss, whereby rapidly exchanging peaks had an even lower
signal-to-noise ratio than the same peaks in the direct carbon-
excitation CON spectrum (Figures 2, 4).

We propose to combine the advantages of both J-CP
transfer and CO direct detection by using an initial transfer of
magnetization from the amide proton to its attached nitrogen
atom through J-CP, "N ¢, evolution under continuous proton
decoupling, and subsequent transfer of the "N term to the
carbonyl atom of the preceding residue through classical
INEPT (Figure 3). Carbonyl groups are detected by virtual
decoupling, by combining the in-phase and antiphase (IP/AP)
signals after shifting both lines."™™ Of special interest is the
water magnetization, as it constitutes the main mechanism for
replenishment of the amide-proton vector after the recycling
delay. During the initial CP transfer, water magnetization is
locked along the x axis by the (off-resonance) proton DIPSI2
pulse train, and then stored along the z axis by a hard 90°
pulse (¢2, Figure 3). As in the original study, we used a field
strength of 4 kHz for the DIPSI2 CP on both channels, but
optimized the duration for each temperature. As the total
DIPSI2 cycle® ! takes 7.2 ms, we relaxed the condition of
using only half-integer multiples of the cycle, and imple-
mented the pulse sequence in such a way the CP transfer
could be stopped at n/4 multiples of the total DIPSI2 cycle.
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Figure 2. a) CP-H NCO, b) BEST-HyNCO, and c) CON spectra of a-
synuclein in vitro at 37°C. d) Superposition of the first increments of
the CP-HyNCO (black), BEST-HyNCO (green), and CON spectra

(blue). For experimental conditions, see the Supporting Information.

Optimization of the CP transfer (see Figure S3) yielded
values of ¢, =7/4 x tpps; = 12.6 ms at 10 and 20°C, ¢, =9/4 x
towpsp = 16.2 ms at 30 and 37°C, and finally ¢, = 11/4 X tpps, =
19.8 ms at 50 and 60°C. Accurate calibration of the DIPSI2
pulses and avoiding interruption of the DIPSI2 cycle at
a random point both ensure that water magnetization is
correctly locked along the CP axis at the end of the CP, thus
allowing its active return to the z axis to further reduce the
recycle time.”*! To avoid intensity loss and signal broad-
ening during N evolution, decoupling of the *N term is
performed by a second DIPSI2 train, this time centered on the
water frequency, by using lower power (2.5 kHz) to reduce
heating.'>1® It is preceded by a 90° pulse at the same field
strength to align water-proton magnetization along the DIPSI
axis. A second proton pulse restores the water term to the
z axis, where it relaxes further towards its equilibrium value
during the "“N-to-"CO transfer period (Figure3). The
apparent relaxation rate of the amide protons being the sum
of an exchange term and the true relaxation term,”' the
exchange process is already active during the N-to-CO
transfer in the CP-HyNCO sequence, thus resulting in an
amide term close to equilibrium at the end of carbonyl
detection. The simultaneous DIPSI2 trains on the 'H and N
channels for the CP transfer can however contribute to
sample heating when the duty cycle is too high. We decided to
use a minimum recycle delay of 700 ms.

For direct comparison, we recorded spectra based on
proton (see Figure S1) and carbon detection (Figures 1, 2, and
4) with similar total experimental times ((68+4) min). The
results show that proton detection remains the method of
choice for slowly exchanging residues, but the signal intensity
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Figure 3. CP-HyNCO pulse sequence. Filled and empty symbols indicate 90 and 180° pulses, respectively,
applied along the x axis, unless indicated otherwise. Delays are: 4A =1/Jyc,, 48=1/Jc0co, t, =F1 increment,
and t,,=J cross-polarization mixing time. During the |-CP DIPSI2 period, the proton radiofrequency carrier is
kept in the middle of the amide region (time point a) to ensure efficient J-CP transfer. After the CP transfer, the
carrier is switched to the water frequency (time point b). A pulsed field gradient G1 (1 ms, 17 Gausscm ) is
applied along the z axis (PFGz). Shaped carbon pulses are implemented as Gaussian cascades,®? with Q5
shapes (400 ps) for the 90° pulses and Q3 shapes (256 ps) for the 180° pulses. >N decoupling during carbon
detection uses a GARPP®! decoupling sequence (field strength of 715 Hz). Phase cycling: ¢1 =y, —y; $2=—y,
=X, —X; PA=4(x), 4(=X); P5=4(—y), 4(Y); Pec=xX, 2(—X), X, —X, 2(x), —x. Quadrature detection in

y: 93=x x,
F1 is obtained by incrementing ¢3 by using the States-TPPI method.

in those experiments decreases rapidly when exchange rates
increase. Experiments based on proton detection hence seem
inappropriate for the study of intrinsically disordered proteins
(IDPs) under physiological conditions (see Figures S1 and
S2). A comparison of signal intensities in carbonyl-detection
experiments as a function of temperature shows that N-CO
experiments starting with amide-proton magnetization clearly
exhibit superior sensitivity over the CON experiment at lower
temperatures (Figure 1); however, at least the BEST-HyNCO
experiment tends to lose this advantage at higher temper-
atures owing to enhanced solvent exchange during the free-
precession-based 'H-to-"N transfer and N evolution
(Figure 2). The CON experiment, although considerably less
efficient at low temperatures, is rather insensitive to sample
conditions in terms of the pH value and temperature,**! thus
leading to cross-over of normalized signal intensities between
BEST-H\NCO and CON experiments for temperatures
between 20 and 30°C (Figure 4). For this reason, true
physiological conditions were indeed not claimed in the
original study. When the initial INEPT is replaced by a J-CP
transfer, intensity still drops as a function of temperature, but
even for amide protons of residues characterized by rapid
exchange with water, the same cross-over with the CON
experiment only occurs at temperatures around 50°C
(Figure 4).

A more detailed picture of sensitivity losses as a function
of temperature emerges when we compare the behavior of
individual resonances with their predicted exchange rates (see
Table S1) at different temperatures. At 37°C, peak intensity
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the CP-HyNCO spectrum
was five times that of the
CON  experiment, and
although this ratio dropped
at higher temperatures, the
CP-HyNCO sequence still
yielded on average
2.3 times the signal inten-
sity of the CON experiment
at 37°C. Only at 50°C did
some peaks characterized
by rapid amide-proton
exchange exhibit lower sensitivity in the CP-HyNCO spec-
trum than their counterparts in the CON experiment. Hence,
CP transfer combined with direct CO detection constitutes an
optimal strategy for the study of IDPs under physiological
conditions of temperature and pH value.

To directly compare the performance of the different
carbonyl-detection pulse sequences under true physiological
conditions, we carried out in-cell NMR experiments at 37°C
on a slurry of Escherichia coli bacteria overexpressing o.-
synuclein. Since in-cell samples may evolve over time
(degradation, leakage, pH variation),”**"! we sought to
minimize the influence of such effects on the comparison by
recording one-dimensional versions of the experiments on
a single sample directly one after another (total experimental
time: ca. 10 min; Figure 5). Furthermore, we recorded entire
two-dimensional experiments on three independent samples
by changing the order of spectral recording (CP-HyNCO,
BEST-HyNCO, and CON) in a cyclic manner (see Figure S5).
We confirmed the in vitro data of Figure 4 and found that the
CP-HyNCO spectrum always exhibited the highest signal-to-
noise ratio (Figure 5; see also Figure S5). In E. coli cells at
37°C, the CP-HyNCO experiment was on average 1.7 times
more sensitive than the BEST-HyNCO spectrum, and 4 times
more sensitive than the CON experiment (Figure 5). We also
tested the CP-HyNCO as a nonconstant-time experiment and
found only minimal intensity differences when compared to
the constant-time CP-HYNCO experiment (Figure 5). This
result opens up the possibility of acquiring N-CO spectra with
high resolution in the indirect dimension, as limited only by

Angew. Chem. 2016, 128, 75447548
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Figure 4. Comparison of normalized intensities of selected a-synuclein

17 Hgqa37 signals as a function of temperature in constant-time CP-HyNCO
solvent (black diamonds), nonconstant-time CP-HyNCO (red circles), BEST-
exchange HWNCO (green triangles), and CON experiments (blue rectangles).

The four panels correspond to residues predicted by the SPHERE
server to exhibit slow (E137), intermediate (H50 and T92), or fast
2 o5 - amide exchange (N103; see inserts and Table S1 in the Supporting
< Information).®*! a-Synuclein N-CO assignments were taken from the
literature.?
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Figure 5. 1D versions of CT CP-H NCO (constant-time), non-CT CP-
HyNCO (nonconstant-time), BEST-H NCO, and CON experiments
recorded on an a-synuclein in-cell sample. For experimental conditions,
see the Supporting Information.
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3 0.5 1 in the indirect dimension (18.5Hz; Figure 6). Since the

amide-proton-water frequency difference increases with the
magnetic field, an increase in the CP field strength to 6 kHz
proved important to quench the exchange contribution and
| [T o - avoid off-resonance effects.?**!
5 o o - " = so In conclusion, we highly recommend the incorporation of
the J-CP block in two- and higher-dimensional carbon-
Temperature™G detection experiments to enhance their sensitivity under
physiological conditions. In-cell measurements of residual
structure, dynamics, and exchange processes should strongly
benefit from this approach.”'>"! Qur improved CP-HyNCO
sequence opens up the possibility to perform in-cell studies of

the nitrogen 7, relaxation rate. We thus obtained a high-
quality in-cell CP-HyNCO spectrum of a-synculein at 37°C
and a '"H Larmor frequency of 900 MHz with good resolution

Angew. Chem. 2016, 128, 75447548 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de 7547
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IDPs under true mammalian physiological conditions of pH
and temperature, thus offering new insight into their cellular
behavior, as recently shown for a-synuclein in different
neuronal cells.”"
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