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Abstract

The increasingly recognized biological relevance of intrinsically disordered proteins requires
a continuous expansion of the tools for their characterization via NMR spectroscopy, the
only technique so far able to provide atomic-resolution information on these highly mobile
macromolecules. Here we present the implementation of projection spectroscopy in 3C-
direct detected NMR experiments to achieve the sequence specific assignment of IDPs. The
approach was used to obtain the complete backbone assignment at high temperature of a-
synuclein, a paradigmatic intrinsically disordered protein.
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Introduction

The functional importance of intrinsically disordered proteins (IDPs) or protein regions
(IDPRs) has now been widely recognized (Habchi et al., 2014; Wright & Dyson, 2015; van
der Lee et al., 2014). Furthermore, a number of key proteins related to the onset of diseases
is intrinsically disordered or has large disordered regions (Uversky et al., 2008). Perhaps the
most well-known examples include proteins involved in the development of
neurodegenerative diseases, such as a-synuclein and Tau for Parkinson’s and Alzheimer’s
diseases. In addition, a vast range of examples of IDPs/IDPRs related to cancer progression
are emerging, beyond the most well-known example of p53. These include c-myc, p21, AR,
BRCA to name just a few recent examples (Uversky et al., 2014). Therefore, novel
approaches to target IDPs or IDPRs are urgently needed in the field of drug discovery (Toth
et al., 2014; Ambadipudi & Zweckstetter, 2016; Joshi et al., 2016; Heller et al., 2017) and in
this frame it becomes very important to develop NMR methods to study IDPs/IDPRs in their
native state under physiological conditions (Felli and Pierattelli eds., 2015).

The peculiar amino acidic composition of IDPs, often characterized by multiple sequence
repetitions and low complexity regions, the high flexibility typical of IDPs/IDPRs and the
many conformations sampled in which the protein backbone is largely solvent exposed have
an impact on NMR observables that should be considered in the design of effective

experimental NMR approaches (Brutscher et al., 2015).

The critical points that need to be faced in order to optimize NMR spectra for the study of
highly flexible IDPs/IDPRs include the very low chemical shift dispersion typical of proteins
that lack a stable, well defined 3D structure, as well as solvent exchange processes that
broaden amide proton resonances when approaching physiological conditions. As known
since the early studies on protein folding, heteronuclear spins are characterized by a large
chemical shift dispersion and thus well suited to characterize disordered proteins (Dyson &
Wright, 2001). Indeed, initial studies of unfolded proteins were stimulated by the
development of 3D triple resonance experiments (Kay et al., 1990; Sattler et al., 1999).
However, to study unfolded/intrinsically disordered proteins of increasing complexity, a
further push in resolution was necessary; a major contribution towards this goal derived from
the extension of the dimensionality of NMR experiments to more than three dimensions. Of
course methods based on uniform sampling of indirect dimensions and on conventional
processing strategies were not suitable to achieve a high resolution in all dimensions, a key

aspect to study complex IDPs/IDPRs; different approaches needed to be developed to
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render these experiments feasible in a reasonable amount of time and manageable in terms
of processing time and disk space. Many non-uniform sampling approaches and different
strategies to process the data were indeed proposed (Kupce & Freeman, 2004; Kim &
Szyperski, 2003; Hiller et al., 2005; Hoch & Stern, 2001; Orekhov et al., 2003; Kazimierczuk
et al.,, 2006) and initially implemented in triple resonance multidimensional experiments
based on HN detection (Narayanan et al., 2010; Fiorito et al., 2006; Zawadzka-Kazimierczuk
et al., 2010; Motackova et al., 2010) and on H® detection (Yao et al., 2014, Mantylahti et al.,
2011) showing a great potential for the characterization of IDPs (Fiorito et al., 2006;
Zawadzka-Kazimierczuk et al., 2012; Narayanan et al., 2010; Yao et al., 2014).

In parallel, the increase of the sensitivity of NMR instrumentation (Kovacs et al., 2005)
enabled the development of experimental strategies based on heteronuclear direct detection
(Bermel et al., 2006c), which turned out to be an excellent tool to study IDPs. Indeed the
valuable chemical shift dispersion of heteronuclear spins can be exploited in all dimensions
of NMR experiments, including the directly detected one, and limitations deriving from
solvent exchange broadening are obviously reduced. Several methods to overcome the
problem of 3C homonuclear couplings in the direct acquisition dimension were proposed
(Felli & Pierattelli, 2015) and enabled the application of C" direct detection with high
resolution. A suite of 3D multidimensional C* detected experiments was proposed (Bermel
et al., 2009a; Bermel et al., 2009b; Felli et al., 2009; Bermel et al., 2008; Bermel et al.,
2006b, O'Hare et al., 2009) and proved to be very useful for sequence specific assignment
and characterization of several IDPs. The suite was then expanded to include also C’
detected experiments of dimensionality higher than 3 by implementing random non-uniform
sampling in combination with sparse multidimensional Fourier transform (SMFT) processing
of the data showing that experiments of higher dimensionality based on C" detection are
indeed possible and constitute a valuable tool to study IDPs (Novéacek et al., 2011; Bermel
et al., 2012; Novacek et al., 2012; Haba et al., 2013; Bermel et al., 2013; Piai et al., 2014,
Baias et al., 2017).

As a further step facilitating the exploitation of the 3C-detection based assignment strategy,
we present the implementation of projection spectroscopy for C* detected multidimensional

NMR experiments. The approach is tested on a-synuclein at high temperature.
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Material and Methods

Isotopically enriched a-synuclein was prepared as previously described (Huang, Ren et al.,
2005) A sample of 1.0 mM uniformly *3C, °N labeled human a-synuclein in 200 mM NacCl,
0.5 mM EDTA, 20 mM phosphate buffer at pH 6.5 was used. 10 % D.O was added for the

lock.

All the 2D NMR experiments were acquired at 285.5 K, 295 K, 305 K and 315 K while the
APSY experiments were all acquired at 315 K on a Bruker AVANCE NEO spectrometer
operating at 700.06 MHz *H, 176.05 MHz *3C and 70.97 MHz *N frequencies equipped with
a cryogenically cooled probehead optimized for '3C-direct detection (TXO). Carrier
frequencies and RF pulses suitable for triple resonance **C detected experiments were used
and are summarized hereafter while specific parameters for the different experiments are
reported in Table 1. Q5 and Q3 shapes (Emsley & Bodenhausen, 1992) of durations of 300
and 231 us, respectively, were used for 3C band-selective /2 and T flip angle pulses,
except for the 1 pulses that should be band-selective on the C® region (Q3, 1200 us) and
for the adiabatic 1 pulse to invert both C' and C® (smoothed Chirp 500 ps, 20 % smoothing,
80 kHz sweep width, 11.3 kHz RF field strength) (Bohlen & Bodenhausen, 1993). The *C
band selective pulses on C® and C' were applied at the center of each region, 53 and 173.5
ppm respectively; the Chirp pulse was centered at 90 ppm. Carrier frequencies for °N and
'H were 122.5 and 4.7 ppm respectively. Decoupling of *H and *°>N was achieved with Waltz
(2.6 kHz) and Garp-4 (1.0 kHz) decoupling sequences respectively (Shaka et al., 1985). All
gradients employed had a smoothed square shape. The parameters used for the acquisition
of the 5D and 4D experiments as well as the parameters selected to implement the APSY
approach are reported in Tables 1 and 2 respectively. FLOPSY-16 (Kadkhodaie et al, 1991)
was used in the 4D experiment to spin-lock. All the spectra were acquired using Bruker
TopSpin 4.0.1 software. Calibration of the spectra was achieved using DSS as a standard
for 'H and 13C; 1N shifts were calibrated indirectly (Markley et al., 1998).
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Results and discussion

The 2D 'H-*N HSQC and 2D 3C-'>N CON experiments of a-synuclein recorded at various
temperatures are reported in Figure 1. It can be noted that the number of cross peaks that
can be observed through 2D *H-N HSQC spectra decreases with increasing temperature.
This is the result of the pronounced exchange processes of amide protons with water

protons due to the largely solvent exposed backbone of a-synuclein.

Nuclear spins of non-exchangeable atoms should thus be exploited in NMR experiments.
However, even if in principle very sensitive, *H nuclear spins of aliphatic and aromatic
residues are characterized by a quite narrow chemical shift dispersion, in particular when
considering amino acids of the same (or similar) type in proteins lacking a 3D structure such
as in IDPs. In addition the *H-'H homonuclear couplings, which are not easy to remove in
the direct acquisition dimension, constitute an additional drawback when really high
resolution is needed. Instead, non-exchangeable heteronuclear spins, such as '3C and N,
provide a large chemical shift dispersion even if at the expense of reduced sensitivity when
directly detected. Several strategies can be implemented for C° homonuclear decoupling
(Felli and Pierattelli, 2015). Thus, correlations between heteronuclear spins involved in the
peptide bond are the most appropriate ones to achieve high resolution (Bermel et al., 2013),
as evidenced in the spectra reported in Figure 1 which could be acquired with just a few
scans per increment; 2D *3C-1°N CON spectra (Bermel et al., 2006a) thus provide a valuable

tool to study IDPs at physiological conditions (Gil et al., 2013).

The 2D 3C->*N CON spectra can then be expanded into higher dimensional experiments
that provide different types of correlations between different nuclear spins in order to achieve
sufficient information for sequence specific assignment. Increasing the number of
dimensions however, even when exploiting heteronuclear spins to take advantage of their
high dispersion in IDPs, is effective only if we are able to achieve a very high resolution in
the indirectly sampled dimensions. This is practically not feasible due to time constraints as
well as disk usage unless non-uniform sampling strategies are used, which, combined with
appropriate processing strategies, have shown to be very effective (Bermel et al., 2013;
Bermel et al., 2012; Novacek et al., 2012; Novacek et al.,, 2011). Here we test the
applicability of projection spectroscopy and of the relative automated data analysis (Hiller et
al., 2005) to the C” detected 5D (HCA)CONCACON experiment (Bermel et al., 2013), which
correlates the CON peak of one peptide bond with the preceding one, for the assignment of

a-synuclein at high temperature (315 K).
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The four orthogonal planes that can be collected through this experiment, reported in Figure
2, show the excellent resolution that can be achieved in all dimensions thanks to the
contribution of heteronuclear chemical shifts, in particular of C' and N that provide
correlations across one peptide bond (A) and of C' and N belonging to the same amino acid
(B), as well as sequential C'-C' correlations (C). The plane correlating C' and C® (D) is
characterized by a somehow reduced resolution but still provides useful information about
the amino acid type. These are excellent requisites to implement projection spectroscopy
through which not only orthogonal planes but also “transverse” planes cutting the
multidimensional object at different angles are acquired with very high resolution as shown
in panels E and F of Figure 2. Thanks to the excellent resolution that can be obtained in the
projections of C” detected exclusively heteronuclear experiments, it is possible to resolve
the majority of cross peaks in the projections and to identify essentially all correlations
expected in the 5D spectrum just by inspection of a limited set of projections. In the present
case, 64 projections were acquired with very high resolution (256 points were set in each of
the 4 indirect dimensions); it is worth noting that to achieve this kind of resolution for the
analogous 5D experiment would have required a prohibitively long time (hundreds of years!).
The analysis of the 64 projections, which can be performed automatically by using the
algorithm GAPRO (Geometric Analysis of PROjections) (Hiller, Wider et al., 2008; Hiller &
Wider, 2012) as it is implemented in the TopSpin 4.0.1 software, provides 191 5D
correlations (131 C'i1, Ni, C%, C%, Nis1 and 60 C'i.1, Ni, C%1, C'i1, Nj). These correlations
constitute an excellent tool to achieve sequence specific assignment by linking the shifts of
C’ and N involved in a peptide bond with those of the previous one, and also giving some
hint on the kind of amino acid through the information of the C% chemical shift. The
correlations identified through the GAPRO analysis of the projections are stored in the form
of N-dimensional peak-lists that can be manually inspected by loading them on the different
projections. In particular, by loading the peak-lists on a 2D 3C-®*N CON spectrum the
completeness of the assignment can be verified and it is possible to perform the sequence
specific walk through the backbone just by moving from one cross peak (C', Ni+1) to the
neighboring one (C'i.1, Ni), as shown schematically in Figure 3 for a few residues. It is worth
noting that for most of these residues the HN resonance was not observable in 'H detected

experiments.

A few comments are due on technical details related to the implementation of the APSY
approach for the 5D (HCA)CONCACON experiment (Bermel et al., 2013). In contrast to the

original sequence, the t> period was implemented in a semi-constant time manner in order
7
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to increase to possible resolution in this dimension. As noted above, the version presently
used yields two types of correlations: type | (C'i1, Ni, C%, C', Ni+1) which contains the
information for sequential assignment and type Il (C'i1, Ni, C%.1, C'i1, Ni) which correlate
three nuclear spins (C%.1, C'i1, Ni) giving essentially the same information that can be found
in 3D CACON experiments. The experiment is optimized to detect correlations of type I;
correlations of type Il can in principle be suppressed as suggested for the 3D
(HCA)CON(CA)H (Mantylahti et al. 2011). However, in the present case this subset of peaks
could be easily identified directly from the peak list and further used for confirming the
assignment, so that no further modification of the experiment was required. A few type |
correlations were instead missing. Manual inspection of the peak list revealed that most of
them involve residues in the known a-synuclein repeats which could not all be safely

identified through the automatic algorithm.

A second comment concerns the number of projections that need to be acquired to obtain
the information for sequence specific assignment. In the present case we collected
projections at 30 different combinations of angles a, B, y that, considering the issue of
guadrature detection in all indirect dimensions, translates into 64 different 2D projections
(Table 2). However, processing of the data using a smaller number of projection angles
shows that the information content is essentially the same if we use only 26 combinations
of angles, as suggested by the software (Hiller & Wider, 2012; Hiller, Wider et al., 2008),
and that the number of type | correlations detected in the spectra is only slightly reduced if
we consider a smaller subset of angles (Table 3), showing the robustness of this approach.
The major issue to be solved was to properly implement in the APSY software the virtual
homonuclear decoupling of C* through the IPAP approach. The processing of the data,

including the virtual decoupling, can now be handled very easily through TopSpin 4.0.1.

The APSY approach can of course be implemented in any kind of C* detected experiment,
using the 2D 3C-*N CON spectrum as a reference. For example, the information about the
amino acid side chain, can be easily obtained and correlated to each of the cross peaks
observed in the 2D '3C-®N CON spectrum, by collecting experiments such as 4D
HCBCACON (Bermel et al., 2009) or 4D HCCCON (Bermel et al., 2012). As an example the
latter was acquired on a-synuclein and provided information about the vast majority of 3C
chemical shifts of aliphatic side chains. Care was taken to implement the *3C evolution in
the constant-time mode in order to refocus homonuclear 3C couplings of aliphatic carbons

that easily show up in highly resolved projections and can complicate the analysis of
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crowded regions. The modified pulse sequence (4D CT-HCCCON) and a few projections to
illustrate the quality of the spectra are reported in the Supplementary Material (Figures S1
and S2).

A final comment is due about the amide proton resonances that are still observable
approaching physiological conditions. Combination of the C” detected experiments with HN
detected ones provides a useful tool to achieve unambiguous assignment of the amide
proton resonances that are still observable in these conditions. In our case we collected a
3D HNCO experiment, also in the APSY mode, in order to correlate HN; resonances with the
C'i1-Ni resonances that we have assigned through C” detected experiments. Through this
approach 93 cross peaks were detected and, thanks to the peak list obtained in a fully
automated manner through the GAPRO analysis of the APSY HNCO, the available
assignment of heteronuclear spins could easily be extended to the residual HN resonances
that can be detected at this temperature. It is worth noting that a similar result could be
achieved by following the temperature dependence of the signals. The latter approach
however works well only for well resolved HN cross peaks but it becomes quite ambiguous
for cross peaks in crowded regions of the 2D !H-'>'N HSQC spectra. Therefore the
combination of C” detected experiments with HN detected ones, even at high temperature
and pH, provides unambiguous information to assign HN resonances that remain also in
presence of fast exchange, without ambiguities resulting from temperature dependence of
the signals and/or from incomplete information provided by HN detected spectra. The
temperature dependence of HN, C” and N spins, once unambiguous assignment is available,
might provide also valuable information to investigate variations of exchange processes of
amide protons with the solvent upon increasing temperature as well as to highlight possible
variations in partially populated local conformations by analyzing heteronuclear chemical
shifts. The sequence specific assignment of a-synuclein achieved at 315 K has been
deposited in the BMRB (ID 27348).

Concluding, we demonstrate the implementation of the APSY strategy in C* detected
multidimensional NMR experiments. Excellent resolution can be achieved for the 2D cross
sections of the high dimensional C* detected exclusively heteronuclear spectra, showing
that the two approaches (APSY and C° detection) mutually benefit by their joint

implementation.
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Figures

Figure 1. *H->N HSQC (top) and *3C-*>N CON-IPAP spectra (bottom), acquired at different
temperatures (285.5 K, 295 K, 305 K, 315 K), showing the temperature dependence for a-

synuclein signals. Experiments were acquired at 16.4 T on a-synuclein at pH 6.5.

Figure 2. A subset of the 2D projections acquired with the 5D (HCA)CONCACON
experiment are reported to show the quality of the data and to provide an intuitive picture of
how the APSY approach works with C” detected experiments on IDPs (Bermel et al., 2013).
Orthogonal projections (A — D) and non-orthogonal ones (E — F) are shown. The spectra
were recorded at 16.4 T on a-synuclein at 315 K. The four orthogonal projections correspond
to C'(i)-N(i+1), C'(i)-N(i), C'(i)-C'(ix1), and C(i)-C'(i). In the two non-orthogonal projections
the y-coordinate units are arbitrary, as the frequencies in the indirect dimensions are a linear
combination of frequencies, that is (E) ®2sin(45°) + wscos(45°) and (F) wisin(55°) +
®4C0S(55°).

Figure 3. As an example the assignment strategy using the peak lists resulting from the
GAPRO analysis of the 5D (HCA)CONCACON projections is shown for residues 65-67 of
a-synuclein (Bermel et al., 2013). Four five-dimensional “type I’ correlations (C'.1, Ni, C%,

C', Ni+1) are shown. It is worth noting that the amide proton resonances of these residues

were not detectable.

Tables

Table 1. Acquisition parameters for 5D A"SY-(HCA)CONCACON (Bermel et al., 2013) and
4D APSY-HCCCON experiments (Bermel et al., 2012).

Table 2. Values of the projection angles a, B, y, and of the spectral widths in the dimensions
w14 used here for recording the 2D-projections of the 5D APSY-(HCA)CONCACON
experiment (Bermel et al., 2013). The resulting linear combinations of frequencies are given

in the right column.

Table 3. Analysis of the 5D APSY-(HCA)CONCACON processed considering a reduced

number of projection angles as described in the text.
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Table 1

Inter .
EXPERIMENT Spectral width (Hz) & Maximal evolution times NS scan Dimension of acquired data Dur.:;'}c:on of Number of
delay .e projections
experiment
F1 F2/F4 F3 F5 (s) FL | F2 | F3 | F4 F5
5D (HCA)CONCACON | 1695 (*3C') | 2404 (**N) |4505 (*3C*)| 9090 (*3C') 4 days
28.4ms 53.2ms 75.5 ms | 112.6 ms 8 0-8 256 | 256 | 256 | 256 | 2048 18 hours 64
F1 F2 F3 F4
4D HCCCON 3840 (*H) |10870 (*3C?") | 2404 (**N) | 9090 (*3C') | 4 0.8 | 512|512 | 512 | 2048 / 232 :23:?5 41
66.6 ms 23.6 ms 106.5ms | 112.6 ms
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Table 2

0° +20° ©° 3081 ®4c0s(20°
+70° 0° o° 5056 m4cos(70°
0° 70° ©° 3081 m4c0s(70°

®3sin(70°
,sin(70°

a B Y  Spectral width (Hz) Linear combination
0° 0° 0° 2404 4
0° 0° 90° 1695 o)
0° 90° 0° 2404 2
90° 0° 0° 4505 3
+28° 0° 0° 4238 ®4€0S(28°) £ m35in(28°)
0° #45° 0O° 3400 ®4€05(45°) £ ®,sin(45°)
o° 0°  #55° 2767 ®4c0s(55°) £ w1sin(55°)
90° +62° O° 4238 ®3€05(62°) + ®25in(62°)
90° 0°  +69° 3197 ®3€0s(69°) + ®15in(69°)
0° 90° #55° 2767 ®2€0s(55°) + w1sin(55°)
+28° #41° O 4775 ®4C05(28°)cos(41°) + m,sin(41°) £ wssin(28°)cos(41°)
+28° 0° #51° 3984 ®4€05(28°)cos(51°) £ w1sin(51°) £ ®3sin(28°)cos(51°)
0°  #45° #45° 3603 ®4C0s(45°)cos(45°) + m;15in(45°) £ m,sin(45°)cos(45°)
90° #62° #51° 3984 ®3€0s(62°)cos(51°) + m;sin(51°) £ w,sin(62°)cos(51°)
+15° 0° 0° 3488 ®4c0s(15°) £ w3sin(15°)
0° $27° 0° 3233 ®4€08(27°) £ w2sin(27°)
0° 0° #35° 2941 ®4c0s(35°) £ ®15in(35°)
90° #43° 0° 4934 ®3c0s(43°) £ m,c0s(43°)
90° 0°  #53° 4065 ®3c0s(53°) £ w15in(53°)
0° 90° +35° 2941 ®2c0s(35°) + w15in(35°)
t47° 0° 0° 4934 ®4c0s(47°) £ w3sin(47°)
0° #63° O0° 3233 ®4€0s(63°) £ w2sin(63°)
0°  0° #71° 2385 ©4c0s(71°) £ w1sin(71°)
90° #75° 0° 3488 ®3c0s(75°) £ w>cos(75°)
90° 0° £79° 2523 ®3€0s(79°) £ w;sin(79°
0° 90° #71° 2385 ®,c0s(71°) £ w;sin(71°
+15° 0° o° 3488 ®4€0s(15°) £ wssin(15°
)£
)£
)£

)
)
)
®,5in(20°)
)
)



Table 3

Angle | Projections | Experimental | Identified correlations
sets time (Type 1)

30 64 4d, 18h 131

26 56 4d, 5h 131

20 44 3d, 9h 129

10 16 1d, 2h 116
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Figure S1. Pulse scheme for the 4D CT-HCCCON. The following phase cycling was
employed: ¢1 = X, -X; &2 = 2(y), 2(-Y); ¢3 = 4(X), 4(-X) ; b4 = 16(X), 16 (-X); dp5= 8(X), 8(-X), drec=
X, 2(-X), X, (-X), 2(x), (-x), (-x), 2(x), (-x), X, 2(-x), x The quadrature detection was achieved
through the States-TPPI approach by incrementing the phase of the 11/2 pulse prior to the
evolution period; C" homonuclear decoupling was achieved using IPAP scheme. The length
of the delays were: 5= 0.475 ms, A=56 ms, A1= 9 ms, A>= 25ms — p12, &= t3(0) + ps. ta, 1o
and tc were used to achieve the semi-constant time mode for the 'H indirect dimension. The
'H carrier was placed in the middle of the H aliphatic region (2.5 ppm) during the evolution

block while it was set at 4.7 ppm in the remaining parts of the pulse sequence.

Figure S2. Examples of 2D projections acquired with the 4D CT-HCCCON experiment to
show the quality of the data. Three orthogonal projections (A — C) and a non-orthogonal one
(D) are shown. The spectra were recorded at 700 MHz on a-synuclein at 315 K. The three
orthogonal projections correspond to C'(i)-N(i+1), C'(i)-Hali(i), C'(i)-Cali(i). The non-
orthogonal projection has, as indirect dimension, the combination of w1sin(-32°) + mzcos(-
32°).
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Figure S1.
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Figure S2
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