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Intrinsically disordered proteins (IDPs) have recently
attracted the attention of the scientific community because
of their peculiar features that expand our view of how protein
function is determined by the conformational properties of
a polypeptide chain. The discovery of numerous physiological
functions performed by IDPs has challenged the traditional
structure—function paradigm.' The lack of a unique stable
3D structure and the high extent of local mobility provide
functional advantages to IDPs in terms of structural plasticity
and binding promiscuity.

Among the experimental techniques available to obtain
atomic-resolution information on IDPs, solution-state NMR
spectroscopy plays a predominant role. As a spectroscopic
method, NMR is equally well applicable to structured as well
as highly disordered proteins. However, the absence of
a stable 3D structure and the highly dynamic nature of
IDPs causes averaging of NMR chemical shifts, resulting in
extensive cross-peak overlap in the NMR spectra.” Fur-
thermore, fast hydrogen exchange of the solvent-exposed
amide and other labile protons with water protons causes
extensive line broadening or even complete disappearance of
the corresponding resonances in the NMR spectra. Therefore,
new NMR methods need to be derived or conventional
techniques developed for folded proteins need to be adapted
to account for the particular spectroscopic properties of IDPs.

To reduce the spectral overlap problem, uniform isotopic
enrichment of the IDP with stable isotopes (*C, “N) is
mandatory. Indeed, *C and "N nuclei are characterized by an
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increased chemical shift dispersion with respect to protons.
Therefore, proton-detected triple-resonance experiments!'®!"
provide the spectral resolution required for site-resolved
investigation of IDP structure, dynamics, and interaction
modes.'’” ™ Recently, the advent of more sensitive NMR
instrumentation has brought carbon detection in the suitable
sensitivity range for biomolecular NMR applications.['>"'"]
BBC-Detected exclusively heteronuclear NMR experiments
have been developed and offer valuable ways for the
characterization of IDPs.!52!!

The impact of hydrogen protein—solvent exchange pro-
cesses on the NMR spectra of IDPs has never been discussed
in detail, despite its importance, as most NMR experiments
used to characterize IDPs are based on amide proton
detection. Hydrogen exchange rates are highly dependent
on the sample pH and temperature,?? and changes in these
two parameters can thus strongly influence the quality of the
spectra. Inspecting the IDP literature reveals that most NMR
studies have been performed at low temperatures and
(slightly) acidic pH to reduce exchange-induced line broad-
ening in the '"H-"N spectra, and in triple-resonance experi-
ments that are based on amide 'H detection.

The ensemble of conformers that an IDP adopts in
solution and its ability to bind to molecular partners, may be
strongly dependent on the environmental conditions. There-
fore, it is important to have NMR methods to access atomic-
resolution information under conditions that more closely
approach physiological conditions (neutral pH, body temper-
ature). In this context, *C detection provides a valuable
method of investigation as *C nuclei are not only charac-
terized by a good chemical shift dispersion even in absence of
a stable 3D structure but they are also insensitive to hydro-
gen-exchange-induced line broadening.™2” With increasing
temperature and pH, the quality of 2D 'H-"N correlation
spectra deteriorates owing to the more efficient hydrogen-
exchange mechanism, resulting in increasing number of peaks
that are extensively line broadened, while at the same time
the quality of the "*C-detected *CO-"N spectra is main-
tained, if not improved. This is illustrated in Figure 1, which
shows '"H-""N and “CO-"N spectra recorded in the temper-
ature range of 285.7 K to 304.8 K (pH 7.4) for the IDP a-
synuclein, a 140 residue human protein implicated in neuro-
degenerative diseases.”s! This comparison, which is a general
behavior observed for IDPs, demonstrates that *C-start *C-
detected experiments enable us to recover atomic resolution
information that is not available from amide 'H-detected
experiments, thus opening new possibilities for the character-
ization of IDPs under close to physiological sample con-
ditions.
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This has a strong impact on the
performance of NMR spectra
of IDPs, in particular when
approaching physiological con-
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Figure 1. 2D spectra correlating the backbone amide nitrogen either with the directly bound amide proton
or with the directly bound carbonyl. a)—c) 'H-"*"N HSQC and d)—f) *C-"°N CON acquired on a-synuclein
at pH 7.4 are shown as a function of increasing temperature: a),d) 285.7 K; b),e) 295.5 K; c),f) 304.8 K.
Each spectrum was acquired with one scan per increment, and the same spectral resolution (in Hz) was
chosen for the two experiments. Similar behaviour is observed employing different variants of 2D 'H-""N

correlation experiments (Supporting Information, Figure S1).

A major drawback of “C-detected experiments remains
their low intrinsic sensitivity owing the approximately four
times lower gyromagnetic ratio of *C with respect to 'H (yc~
yu/4). Therefore, it has been proposed to use the larger 'H
(instead of C) polarization as a starting point of the
coherence transfer pathways to increase the sensitivity of
BC-detected experiments.'>¥! The sensitivity of these 'H-
start, °C-detected experiments can be further improved by
longitudinal 'H relaxation enhancement techniques.®3¥
These methods are based on the selective manipulation of
a subset of proton spins that then relax back to thermody-
namic equilibrium much faster owing to an energy transfer
mechanism from the excited protons to the protons that
remained unperturbed by the pulse sequence. The extent of
longitudinal relaxation enhancement obtained by selective
manipulation of amide 'H spins in a-synuclein is shown in
Figure 2. 'H polarization inversion recovery has been mea-
sured for individual amide sites by inverting different pools of
'H spins, followed by a relaxation delay, and a 2D HNTPCON
readout sequence (Supporting Information, Figure S2) at
pH 7.4 and 295.5 K (additional profiles at pH 6.4 are shown in
the Supporting Information, Figure S3). Selective inversion of
amide protons results in very fast 'H recovery with effective
T, time constants of about 60 ms (1.4 times the zero-crossing
time point), instead of T, ~2 s measured for non-selective 'H
inversion. This circa 30-fold decrease in 'H T, is impressive,
and much higher than what is typically observed for folded
proteins with reported selective amide 'H 7T, of 200400 ms
compared to non-selective '"H 7, of 1.0 to 1.5s.% Our
inversion recovery data also demonstrate that the major
source of 'H relaxation enhancement under these experi-
mental conditions can be attributed to hydrogen-exchange
processes rather than 'H-'H dipolar interactions. The latter
are responsible for the observed relaxation-enhancement
effects in globular proteins,**~>3 as well as in IDPs studied at
low temperature and acidic pH values.!'

Angew. Chem. 2013, 125, 1202412028

NMR spectra optimized for
the study of IDPs.

The extremely short recov-
ery times observed for amide
'H in o-synuclein at close to
physiological conditions
prompted us to design new
"HN-start "*C-detected experi-
ments with minimal perturba-
tion of the water 'H spins that are expected to yield
significantly improved sensitivity. A particularly useful exam-
ple is the 2D HNPESTCON experiment shown in Figure 3a
that yields “fingerprint” spectra of the protein backbone that
can be used for chemical shift mapping purposes. The
acronym BESTPY refers to the use of band-selective amide
'H pulses to achieve longitudinal relaxation enhancement.
The BEST technique was preferred over alternative solutions,
for example, flip-back approaches, as it performs best with
respect to the remaining amount of water 'H polarization
after one scan. Because of the long 'H T of water (ca. 3 s at
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Figure 2. Inversion recovery profiles of amide protons acquired with
the variant of the HV"PCON (described in the Supporting Information,
Figure S2) for selected amino acids of a-synuclein: a) Val 40;

b) His 50; c) Leu 100. Different initial conditions are indicated as
follows: v non-selective, * HN-H"**"-selective, x HN"-HC -selective,

o H"-selective.
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Figure 3. a) HV**TCON pulse sequence. The delays are:

71 =1/(4Jun) —0.560,—0.56;, T, =1/(4n) —0.50;, Ay=1/(2)con),
332ms, A =1/(2cocd, 9 ms, A=1/(4Jcon) 1/ (Ju)—1/2, T=1/
(4Jcon)- The delays 9, and 0, correspond to the lengths of the PC9 and
REBURP pulses that are used for 90° and 180° pulses, respectively.
The phase cycle is ¢y =x, —x; $p,=2(x), 2(—x); ps=4(x), 4(—x);
bs=4(y), 4(—Y); Pec=% —X, x, —x. Quadrature detection was obtained
by incrementing phase ¢, () in States-TPPI manner. For the °N
virtual decoupling version, two 90° "°N radio-frequency pulses are
applied (white rectangles) instead of the one 90° N rf pulse
preceding IPAP block and "N decoupling during acquisition. b)—

d) Intensity normalized accordingly to T,.,, time, for CON (o), H"
*¥"CON (x), and H"®*TCON (@) for selected amino acids of a-
synuclein, b) Val 40, c) His 50, and d) Leu 100 at pH 7.4 and 295.5 K.

room temperature),””*! even minimal perturbation of the
water 'H results in significantly reduced steady-state water 'H
polarization under fast-pulsing conditions, and thus in
a reduction of the longitudinal enhancement effect required
for optimal sensitivity.

In fact, "H recovery starts right after the last "H pulse, well
before the end of the pulse sequence, in contrast to 'H-
detected experiments that typically end with 'H pulses.
Therefore, at the end of the HYP*TCON pulse sequence
(including signal acquisition), sufficient "H polarization may
already have built up to immediately start the next scan
without any additional delay. To allow for long "*C acquisition
times to take benefit of the favorable transverse relaxation
properties of IDPs, and avoid problems related to probe
heating owing to *N decoupling during acquisition, we have
implemented virtual N decoupling in the pulse
sequence.'®%)

The performance of the new experiment in terms of
sensitivity was evaluated by recording a series of 2D *CO-""N
correlation spectra of a-synuclein with different inter-scan
delays, ranging from 0 to 1s, using either HY®¥TCON, the
analogous experiment employing non-selective 'H pulses, HY-
a'CON, or the “C-start CON pulse schemes. The results
obtained for selected residues of a-synuclein are shown in
Figure 3b—d. The first observation from these data is that
starting with 'H as a polarization source in the HY**"CON
experiment does not result in a significant sensitivity increase
with respect to the C-start CON version under these
experimental conditions. This is mainly explained by the
long non-selective "H T of about 2 s compared to the *CO T,
of about 1 s (estimated value), and by additional 'H relaxation
occurring during the 'H-start pulse sequence. It is interesting

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

to note how under these conditions, amide 'H polarization
recovery for IDPs may become slower than "*C recovery of
carbonyl nuclei. Much larger signal gains are obtained for the
HNBESTCON experiment that benefits from the extremely
short selective recovery times of amide 'H that are used as
starting polarization. The observed sensitivity gains (HVBEST-
CON over ®C-start CON), determined for short recycle times
of 150 ms, vary between different sites from a factor of 4 to
a factor of 12 (Supporting Information, Figure S4). The
example curves shown in Figure 3b-d have been chosen to be
representative of residues characterized by solvent exchange
rates of different magnitude. For residues characterized by
(relatively) slow exchange under these conditions (for
example, Leu 100), a higher sensitivity increase is observed
than for residues with faster exchanging amide protons (for
example, His 50). This demonstrates that starting from amide
'H introduces again a dependency on the solvent exchange
rates, and that there is an optimal exchange regime for the use
of such BEST-type 'H-start *C-detected experiments. Max-
imal sensitivity is achieved if the exchange rate is large with
respect to the longitudinal relaxation rate R;, but still small
compared to the transverse relaxation rate R, (1s™' <k, <
10%s7Y). In the presence of even faster hydrogen exchange,
experimental variants exploiting *C,*?! or non-exchange-
able 'H,™ as the starting polarization source are expected to
yield higher sensitivity.

The HNPESTCON experiment is particularly useful to
study the behavior of IDPs inside living cells (in-cell NMR) or
to monitor post-translational modifications occurring either
in vitro or in vivo, because to be biologically relevant, all of
these studies are preferably performed under sample con-
ditions that are close to physiological pH and temperature.

In-cell NMR spectroscopy provides a unique spectroscop-
ic method to investigate the fate of a protein in a cellular
context. In particular, it allows changes induced by different
cellular stimuli to be monitored or protein spectra obtained
for different cell types to be compared.*** A number of
techniques, for example bacterial over-expression, injection,
electroporation, or direct expression of proteins in human
cells, have been developed during recent years that allow to
introduce isotopic labeled protein into various cell types.“**!
The extensive line broadening that is typical for in-cell
spectra, in combination with the drastically reduced chemical
shift dispersion and high solvent exchange rates of IDPs, has
a strong negative impact on the amount of residue-specific
information that can be obtained through 2D 'H-"N
correlation experiments. *C-detected experiments offer a val-
uable solution to this problem thanks to the higher chemical
shift dispersion and reduced sensitivity to exchange broad-
ening.”*! However, high sensitivity is required to ensure
short experimental times to cope with the limited lifetime of
meaningful in-cell NMR samples. The use of 'H as a starting
polarization source as well as longitudinal relaxation en-
hancement are important features for the study of IDPs in
cells through ®C-detected exclusively heteronuclear NMR
experiments.[! An example of an in-cell H¥**TCON spec-
trum of a-synuclein over-expressed in E. coli cells is shown in
Figure 4. The inset clearly shows how the HY®ESTCON
experiment enables to detect correlations that were lost
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Figure 4. a) 2D "C-""N HV®STCON spectrum of a-synuclein in E. coli
cells acquired in 20 min. The region of the spectrum enclosed by

a rectangular box is enlarged to highlight how ¢) HY®*TCON enables
a better sensitivity to be obtained compared to b) H¥"PCON and to
detect correlations that otherwise would not have been detected in the
same experimental time.

under the spectral noise in the corresponding HNP imple-
mentation of the experiment.

Another interesting application of NMR spectroscopy at
nearly physiological conditions consists in following post-
translational modifications modulating protein function.
Among them, recent studies have focused on monitoring
phosphorylation events involving intrinsically disordered
proteins."*! Also in this case, *C-detected NMR experi-
ments complement well the 'H-detected experiments for
obtaining site-resolved information on phosoporylation
events in intrinsically disordered proteins (for an example,
see the Supporting Information, Figure S5).

In conclusion, we have shown here that “C-start *C-
detected experiments do not suffer from fast hydrogen
exchange between amide and solvent protons in IDP samples
studied at close to physiological conditions, thus enabling us
to recover information that would be difficult or even
impossible to obtain through amide 'H-detected experiments.
Furthermore, in favourable cases the fast hydrogen exchange
rates can even be turned into a spectroscopic advantage. By
combining longitudinal 'H relaxation optimized BEST-type
techniques with *C-direct detection pulse schemes, important
sensitivity improvements can be achieved, and experimental
times can be significantly reduced. This opens up new
applications for monitoring chemical shift changes in IDPs
upon interaction to a binding partner, chemical modification,
or by changing the environment, under sample conditions that
were inaccessible by conventional techniques. This concept
can be easily extended to other "H"-start *C-detected experi-
ments. Furthermore, *C-detected NMR experiments can be
used to obtain semi-quantitative information about hydrogen-
exchange rates without directly detecting the exchangeable
amide 'H by quantifying the signal enhancement observed in
HNBESTCON with respect to HY“"CON spectra.'®3! This
may become useful to monitor changes in the exchange rates
after for example, some binding event, reflecting a change in
the solvent accessibility at the binding site of the IDP.
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