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Abstract A simple triple resonance NMR experiment
that leads to the correlation of the backbone amide reso-
nances of each amino acid residue ‘i’ with that of residues
i—1” and ‘i+1" in (**C, '°N) labelled intrinsically disor-
dered proteins (IDPs) is presented. The experimental
scheme, {HN-NCA heteronuclear TOCSY-NH}, exploits
the favourable relaxation properties of IDPs and the pres-
ence of lJCOLN and 2JCO¢N couplings to transfer the ISNX
magnetisation from amino acid residue ‘i’ to adjacent
residues via the application of a band-selective ""N-'*C*
heteronuclear cross-polarisation sequence of ~ 100 ms
duration. Employing non-uniform sampling in the indirect
dimensions, the efficacy of the approach has been
demonstrated by the acquisition of 3D HNN chemical shift
correlation spectra of a-synuclein. The experimental per-
formance of the RF pulse sequence has been compared
with that of the conventional INEPT-based HN(CA)NH
pulse scheme. As the availability of data from both the
HCCNH and HNN experiments will make it possible to use
the information extracted from one experiment to simplify
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the analysis of the data of the other and lead to a robust
approach for unambiguous backbone and side-chain reso-
nance assignments, a time-saving strategy for the simul-
taneous collection of HCCNH and HNN data is also
described.

Keywords NMR spectroscopy - Intrinsically disordered
protein region - Heteronuclear cross polarisation -
Sequential resonance assignment - Non-uniform sampling

Introduction

Intrinsically disordered proteins (IDPs), dynamic and
flexible molecules lacking a stable secondary and tertiary
structures under physiological conditions, have been shown
to be involved in a variety of cellular processes and the
impairment of their functional roles has been implicated in
different human diseases (Felli et al. 2012; Rezaei-Ghaleh
et al. 2012; Schulenburg and Hilvert 2013; Skrabana et al.
2006; Tompa 2011, 2012; Uversky et al. 2009). As mul-
tidimensional NMR spectroscopy provides structural and
dynamical information at atomic resolution, it has become
the method of choice for the study of IDPs (Bermel et al.
2006, 2013a; Felli and Pierattelli 2014; Gil et al. 2013;
Hellman et al. 2011, 2014; Isaksson et al. 2013; Jensen
et al. 2013; Konrat 2014; Kosol et al. 2013; Liu and Yang
2013; Mintylahti et al. 2010, 2011; Motackova et al. 2010;
Narayanan et al. 2010; Novacek et al. 2012, 2013, 2014,
Pantoja-Uceda and Santoro 2013, 2014; Reddy and Hosur
2014; Sahu et al. 2014; Salmon et al. 2010; Sibille and
Bernadé 2012; Szalainé Agoston et al. 2011; Solyom et al.
2013; Theillet et al. 2011; Waudby et al. 2013; Wen et al.
2011; Zawadzka-Kazimierczuk et al. 2012). Among the
different procedures available for resonance assignments,
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triple resonance experiments such as HNCANH, HNCO-
CANH and HNCACONH that lead to the establishment of
the direct connectivities between the amide groups of
sequentially neighbouring residues in a single experiment
have received considerable attention in the study of both
structured and disordered proteins (Bracken et al. 1997,
Chandra et al. 2012; Ikegami et al. 1997; Motackova et al.
2010; Panchal et al. 2001; Shirakawa et al. 1995; Weise-
mann et al. 1993). Due to the presence of 1JCmN and 2JCOLN
couplings, correlation peaks in these experiments appear
via different magnetisation transfer pathways. For exam-
ple, cross-peaks in the (H)N(CA)NH experiment (Chandra
et al. 2012; Ikegami et al. 1997; Panchal et al. 2001;
Weisemann et al. 1993) arise via pathways such as:

lHi\I s lSNi(tl) N 13ci1 N lsNi(tz) s IH?I(I’D‘),
'HY | — PNi_i(1) — BCY; — PNi(n) — 'HN(13),
'HY — BNi(1) — BC* | — BNi(t,) — "HN(#3) and

'HY, — PNipi(n) — PCY — PNi(n) — "HY(13).

The resulting correlation of the backbone amide reso-
nances of each amino acid residue ‘i’ with that of residues
‘i—1" and ‘141’ is exploited to achieve protein backbone
assignments. The RF pulse scheme in the HNCANH
experiment, as implemented currently, involves magneti-
sation transfer through transverse '*C* spins using INEPT
steps for anti-phase coherence transfers and constant-time
periods for mapping '°N chemical-shift evolution fre-
quencies in the indirect dimensions. The high flexibility
exhibited by IDPs results in NMR spectra with relatively
intense and sharp signals. The long transverse relaxation
times typically seen in IDPs can be exploited to acquire
correlation data with good spectral resolution. However,
the usage of constant-time chemical-shift evolution periods
could limit the achievable spectral resolution and the
possibility to fully exploit the potential of non-uniform data
sampling procedures in the indirect dimensions (Hyberts
et al. 2014; Kazimierczuk and Orekhov 2011; Maciejewski
et al. 2012; Palmer et al. 2014; Paramasivam et al. 2012;
Rovnyak et al. 2011). Considering that IDPs typically
exhibit poor chemical shift dispersions and, hence, gener-
ation of multidimensional chemical shift correlation data
with good spectral resolution is a prerequisite for achieving
unambiguous resonance assignments, we have imple-
mented in this study a novel experimental scheme, {HN-
NCA heteronuclear TOCSY-NH}, for the correlation of the
backbone amide resonances of each amino acid residue ‘i’
with that of residues ‘i—1” and ‘i+1" in ("°C, "N) labelled
IDPs. The experimental scheme exploits the favourable
relaxation properties of IDPs and the presence of lJCO(N and
2JCocN couplings to transfer the lsNx magnetisation from
amino acid residue ‘i’ to adjacent residues via the appli-
cation of a band-selective '’N—">C* heteronuclear cross-
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polarisation (Glaser and Quant 1996) sequence of
~100 ms duration. Employing non-uniform sampling in
the indirect dimensions, the efficacy of the approach has
been demonstrated by the acquisition of 3D HNN chemical
shift correlation spectrum of a-synuclein. The experimental
performance of the {HN-NCA heteronuclear TOCSY-NH}
pulse sequence involving free '°N evolution periods has
been compared with that of the conventional INEPT-based
HN(CA)NH pulse scheme.

As mentioned earlier, the HNN experiment leads to the
correlation of the backbone amide resonances of each
amino acid residue ‘i’ with that of residues ‘i—1" and
‘i+1’. The correct identification of the ‘i—1’ and ‘i+41’
cross-peaks is typically carried out by the acquisition of a
second correlation spectrum, such as (H)N(COCA)NH,
that leads to the correlation of the backbone amide reso-
nances of amino acid residue ‘i’ with only one of the two
adjacent amino acid residues. In addition to (H)N(CO-
CA)NH and (H)N(CACO)NH correlation spectra, it is
worth noting that the correct identification of the HNN
cross-peaks can also be achieved via the acquisition of
correlation spectra from experiments such as HCCNH
(Lyons and Montelione 1993; Richardson et al. 1993) and
HCCCONH (Clowes et al. 1993; Grzesiek et al. 1993;
Logan et al. 1992). In this study, we have made use of the
HCCNH experiment involving the magnetisation transfer
pathway 'H* — °C* - 3C* - SN - 'HN for this
purpose. The HCCNH experiment uses '>C isotropic
mixing to achieve correlations of the sidechain aliphatic
resonances with the backbone amide groups and, due to the
presence of ]JCuN and 2JC0LN couplings, amide proton cor-
relation peaks involving intra- and inter-residue sidechain
aliphatic carbons can appear via different magnetisation
transfer pathways. For example, correlation peaks in the
(H)C(C)NH experiment can arise via pathways such as:

EE, — PR, (1) — CE, — SNy (1) — HY (1),
lH‘fil — BC‘?il(t'l) — 13C?_1 — lSNi(tlz) — IH?I(IS) and
lHiSC — 13CiSC (tll) — 13C? — 15Ni (tlz) — lH¥\I<t/3)

The HCCNH experiment leads only to the correlation of
the backbone amide resonances of each amino acid residue
‘i’ with the sidechain aliphatic resonances of its own and
that of the previous residue. The intra- and inter-residue
cross peaks are identified by making use of the fact that the
intensities of the correlation peaks arising via 2JC0LN cou-
plings are typically smaller than from that of 'Jyy cou-
plings. It is worth mentioning that the HCCNH experiment
itself can be effectively applied for the sequential reso-
nance assignment of sidechain as well as backbone nuclei
in proteins. Starting with a cross-peak in the ['H, '°N]-
HSQC spectrum, corresponding to the amino acid residue
‘1’, this would involve identifying first the sidechain intra-
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and inter-residue resonances of ‘i’ in the HCCNH experi-
ment. The sidechain resonances observed for the remaining
cross-peaks in the ['H, 'N]-HSQC spectrum are then
compared with that of the residue ‘i’. This permits the
identification of the amide cross-peak corresponding that of
residue ‘i—1’, as the intra-residue sidechain resonances of
amino acid residue ‘i—1" would appear as inter-residue
sidechain resonances of residue ‘i’. Once the cross-peak/
amino acid residue ‘i—1’ has been identified, the process
can be repeated to identify the residues ‘i—2’, ‘i—3’ and so
on. Making use of the amino acid type information
obtained from the sidechain chemical shifts, the sequen-
tially linked residues can then be mapped onto the primary
amino acid sequence. Such an approach to sequential res-
onance assignments is considerably simplified by signifi-
cantly reducing the number of peaks in the ['H, '"N]-
HSQC spectrum whose sidechain resonances have to be
compared with that of the residue ‘i’ for the identification
of the amide cross-peak ‘i—1’. Here we have made use of
the HNN data to simplify the analysis of HCCNH spectra.
Considering that the availability of data from both the
HCCNH and HNN experiments would allow using the
information extracted from one experiment to simplify the
analysis of the data from the other and lead to a robust
approach for unambiguous backbone and sidechain reso-
nance assignments, a time-saving strategy involving
sequential data acquisitions (Bellstedt et al. 2014; Goradia
et al. 2015; Wiedemann et al. 2014a, b) has also been
demonstrated for an ‘one-shot’ collection of HCCNH and
HNN data.

Materials and methods

NMR experiments to assess the performance of the RF
pulse schemes were carried out on a 600 MHz narrow-bore
Avance III NMR spectrometer equipped with pulse field
gradient accessories, pulse shaping units and a triple-reso-
nance cryo-probe and with the sample temperature kept at
288 K. Homonuclear 'C-'*C TOCSY mixing was
achieved wusing the amplitude and phase-modulated
sequence (AK2-JCC) reported in the literature (Kirschstein
et al. 2008a). '>N=">C anisotropic cross polarisation trans-
fers were carried out via the AK2-JCH,,s sequence
(Kirschstein et al. 2008b) using appropriate scaling of the
RF field strength and duration of the mixing period. The
States procedure was used for phase-sensitive detection in
the indirect dimensions (States et al. 1982). Unless men-
tioned otherwise, DSS was used for direct 'H chemical shift
referencing and '*C and "N chemical shifts were indirectly
referenced. Frequency switching in the '*C and 'H channels
were carried out, where needed, when the relevant mag-
netisation is along the z axis. Uniformly (13C, 15N) labelled

sample of human a-synuclein (pH 6.2), an IDP that has
been extensively studied via solution state NMR (Bermel
et al. 2006, 2013a, b; Hsu et al. 2009; Piai et al. 2014;
Reddy and Hosur 2014), was prepared as per established
procedures (Hoyer et al. 2002). The efficacy of the RF pulse
scheme involving sequential HCCNH and HNN data
acquisitions was also experimentally assessed using (‘°C,
'5N) labelled samples of the N-terminal part of the A-type
voltage gated potassium channel Kv1.4 (Pep61; 63 amino
acids) (Sahoo et al. 2013) and the C-terminal winged helix
(WH) domain (82 amino acids) protein of the minichro-
mosome maintenance (MCM) complex of Sulfolobus sol-
fataricus (Wiedemann et al. 2015). The non-uniformly
sampled multidimensional data sets were collected
employing random sampling in the indirect dimensions and
processed either with the multi-dimensional decomposition
(Jaravine et al. 2006; Luan et al. 2005; Orekhov et al. 2003;
Tugarinov et al. 2005) or compressed sensing (Kazimier-
czuk and Orekhov 2011) processing protocols available in
the Bruker Topspin version 3.2 software.

Results and discussion

The RF pulse scheme {HN-NCA heteronuclear TOCSY-
NH} implemented in this study is shown in Fig. la. The
initial transverse 'H magnetisation generated by the first
90° pulse is allowed to evolve under the one-bond
heteronuclear '>N—'H scalar couplings during the period
2A, to generate the relevant anti-phase 'H magnetisations.
The anti-phase 'H magnetisation is converted into the
corresponding anti-phase nitrogen magnetisation by the
90° pulses applied to the different nuclei. The anti-phase
>N magnetisation is chemical shift labelled in ¢, and
allowed to refocus via 'N—'H scalar coupling evolution
during the interval 2t,. The refocused '°N magnetisation is
flipped to the z axis. After z-filtering, the '’N magnetisation
is brought to the transverse plane and subjected to a period
(Tmix) Of BN & B3¢ magnetisation exchange via the
application of a band-selective het-TOCSY mixing
sequence. Although the pulse scheme was experimentally
tested using the AK2-JCH,,;s; heteronuclear Hartmann—
Hahn (HEHAHA) mixing scheme, other HEHAHA
sequences that have been reported in the literature (Glaser
and Quant 1996) can also be effectively employed. At the
end of the het-TOCSY mixing step, the transverse '°N
magnetisation is flipped to the z axis. After z-filtering, the
>N magnetisation is brought to the transverse plane,
chemical shift labelled during 7, and then transferred to the
attached proton via an INEPT-type transfer for detection
(t3) using the WATERGATE sequence for water suppres-
sion. An implementation of the {HN-NCA heteronuclear
TOCSY-NH} experiment using the het-TOCSY approach
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«Fig. 1 a RF pulse scheme {HN-NCA heteronuclear TOCSY-NH}
using the INEPT approach for 'H < 'N magnetisation transfers.
Delay durations are as follows: 2Ag = 4.76 ms, Tncy = 100 ms.

%f’: B Phase cycling is as follows: ¢ = 4(x), 4(—x); b=y, —y;

< . 03 = 2(y), 2(=y); da = 8(x), 8(—x); b5 = x, -x; b = 2(0), 2(—y);
™ 5 g E br = x, 2(—x), x, —x, 2(x), 2(—x), 2(x), —x, x, 2(—x), x. Gradients
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with a sine bell amplitude profile were used. Durations and strengths
x| g ds (with respect to the maximum strength of 50 G/cm) are Gy,3 =1
!:CCI;I (50 %), 1 (80 %), 1 (70 %) ms. Open and filled rectangles represent
g 180° and 90° hard pulses, respectively. b RF pulse scheme for the
“1: g acquisition of 3D HNN spectra via the transfer pathway {...(">
e — N), - (*C%, - (P*C%), » (*C%, - (N),...}  involving a
— Sd é (**C*, intermediate state. Delay durations are as follows:
S o A 2A0 = 476 ms, Tncoy = 50 ms. Phase cycling is as follows:
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o —x, X, 2(—x), x. Gradients with a sine bell amplitude profile were
used. Durations and strengths (with respect to the maximum strength
of 50 G/em) are G253 =1 (=50 %), 1 (80 %), 1 (70 %) ms. Open
1T and filled rectangles represent 180° and 90° hard pulses, respectively.
- E [ ¢ RF pulse schemes for the simultaneous acquisition of 3D
nd e {(H)C(C)NH and (H)N(CA)NH} chemical shift correlation spectra
= with dual sequential 'H acquisitions in the direct dimension. Delay
durations are as follows: Ag;, =2.576, 1.788, 0.788 ms,
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profile were used. Durations and strengths (with respect to the
maximum strength of 50 G/cm are G234 = 1 (60 %), 1 (80 %), 1
(65 %), 1 (=70 %) ms. Open and filled rectangles represent 180° and
90° hard pulses, respectively. Where required frequency switching in
Il the '3C and 'H channels were carried out when the relevant
o magnetisation is along the z axis. Arrow pointing downwards
indicates the positions in the RF pulse sequence at which 3¢
frequency switching was effected
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for the '"H < '°N transfers (Supplementary material, Fig-
g ure Sla) also provides equally satisfactory performance.
Numerical simulations (Fig. 2a) carried out considering a
N1-C1-N2-C2-N3 heteronuclear spin system with
— P Unict = Vo = 11 Hz and *Jeine = “Jeons = 7 Hz
SUN < indicate that application of a heteronuclear TOCSY mixing
= sequence for a period of ~100 ms leads to a substantial
Q% transfer of the starting ('’N2), magnetisation to the adja-
cent N1 and N3 nuclei. This was also found to be essen-
tially in agreement with experimental data (Supplementary
e material). The {HN-NCA heteronuclear TOCSY-NH} data
—] .
e do presented below were generated with 7t.,;, = 100 ms
employing both uniform and non-uniform sampling
2 procedures.
s In the context of acquiring both the HCCNH and {HN-
NCA heteronuclear TOCSY-NH} data sets in ‘one-shot’,
we have also examined the performance of the RF pulse
scheme shown in Fig. 1b for the acquisition of 3D HNN
a spectra. This pulse scheme is essentially the same as that
given in Fig. la except that the '"N-">C* het-TOCSY
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Fig. 2 Simulated magnetisation transfer characteristics observed in a
N1-C1-N2-C2-N3 heteronuclear spin system with scalar couplings
of 1JN1C1 = lezcz = 11 Hz and 2JC1N2 = 2\’C2N3 =17 HZ, starting
('>N2), magnetisation and at the end of the application of '"N-'3C*
het-TOCSY mixing of duration T, High power AK2-JCH, 501
mixing sequence was used in the simulations considering all nuclei on

mixing period has been split into two parts so as to achieve
a magnetisation transfer pathway {(ISN)X — (13C°‘)x}
- (PCY, » {((*C*, - (P°N),} involving a (*C%),
intermediate state. Although numerical simulations
(Fig. 2b) indicate that the transfer of the (ISN)x magneti-
sation from amino acid ‘i’ to the ‘i4+-1’ and ‘i—1’ residues
gets substantially reduced compared to that seen via the
previous scheme, it should still lead to measurable cross-
peak intensities. This has been confirmed by experimental
measurements (see below) and permitted the implementa-
tion of the RF pulse scheme (Fig. 1c) for the sequential
acquisition of 3D HCCNH and HNN data sets.

In the RF pulse scheme for the sequential acquisition of
3D (H)C(C)NH and (H)N(CA)NH data sets (Fig. 1c) the
initial transverse magnetisation is generated from both '°N
and "*C attached protons by the first 90° pulse. It is allowed
to evolve under the one-bond heteronuclear '"’N-'H and
BC_'H scalar couplings during the periods 2A, and
(Ao + A;—A»), respectively, to generate the relevant anti-
phase 'H magnetisations. The anti-phase 'H magnetisations
are converted into the corresponding anti-phase nitrogen
and carbon magnetisations by the 90° pulses applied to the
different nuclei. The anti-phase '°N and '*C polarisations
are allowed to refocus during the interval 2t; and 21, and
flipped to the z axis to generate ('’N/'°C), magnetisation.
The (°N), magnetisation is first brought to the transverse
plane and is allowed to undergo chemical evolution during
the ¢, period. At the end of the 7, evolution, the '°N
transverse magnetisation is flipped to the z axis. The (13CS)Z
magnetisation is then brought to the transverse plane and is
allowed to undergo chemical shift evolution during the 7|
period. At the end of the f] period, the 13CS transverse
magnetisation is flipped to the z axis and subjected to a
period of *C-">C TOCSY mixing (t..), keeping the '*C

(b)

<N1x>
<N2x>
<N3x>
<C1x>
<C2x>

<ly>

0 100
Tmix

resonance. These plots were obtained (a) following the application of
a single '>N="3C* het-TOCSY mixing sequence and (b) following
SN=3C* het-TOCSY mixing that has been split into two parts so as
to achieve a magnetisation transfer pathway {(P°N), > ('3C°‘)X}
- (B, » {(*Cc*, - (°N),} involving a (**C?%), intermediate
state

RF carrier at the middle of the aliphatics spectral range
(~40 ppm), to generate '*C* magnetisation and the "*C
RF carrier is switched to ~55 ppm at the end of the
TOCSY mixing. The '>C* and '°N magnetisations are
brought to the transverse plane and subjected to a period of
13C* >N magnetisation exchange via the application of
a band-selective het-TOCSY mixing sequence. The trans-
verse '°N and '*C* magnetisation arising via >C* — >N
and "N — '*C* transfers at the end of the het-TOCSY
mixing step are flipped to the z axis. The '>N magnetisation
generated by the '*C* — >N transfer is first allowed to
evolve under its chemical shift during the 7, period and
transferred to the attached proton via an INEPT-type
transfer for detection (#;) using the WATERGATE
sequence for water suppression. After the completion of the
first "H acquisition, the '*C* magnetisation arising from the
first "N — 3C* transfer is brought to the transverse plane
and subjected to a period of '*C* — >N magnetisation
exchange via the application of a second band-selective
het-TOCSY mixing sequence. The transverse '°N and '*C*
magnetisation at the end of the het-TOCSY mixing step are
flipped to the z axis. The '’N magnetisation generated by
the '*C* > N transfer is allowed to evolve under its
chemical shift during the 7, period and transferred, as
before, to the attached proton via an INEPT-type transfer
for detection (#3) using the WATERGATE sequence for
water suppression. Signals arising from different pathways
in the two sequentially collected data sets are selected by
standard phase cycling procedures and by application of
appropriate field gradient pulses. The spectral widths in the
corresponding indirect #, /¢; dimensions in the two data sets
can be independently adjusted by appropriate scaling of the
increments and spectral folding in one data set does not
lead to resonance overlaps in the other, as two independent
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data sets are being acquired. Other details are given in the
figure captions. The RF pulse scheme (Fig. 1c) was also
modified so as to achieve the simultaneous collection of
(a) 3D H(CC)NH and 3D H(NCA)NH data sets leading to
the sidechain aliphatic proton and backbone amide proton
chemical shifts in ¢, instead of the corresponding '°N and
13C nuclei and (b) 3D C(C)NH and 3D (H)N(CA)NH data
sets for studies on 13C—, 5N- and H-labelled protein
systems.

Representative m; spectral cross-sections indicating the
>N chemical shifts of the diagonal (‘i’) and cross-peaks
(‘i+1” and ‘i—1") and taken from the w3 planes of 3D
HNN spectra collected via different approaches are given
in Fig. 3. The o5 planes were taken at the '°N chemical
shift values (®;) corresponding to that of the diagonal peak.
The 3D spectra were collected for the same total acquisi-
tion time using the {HN-NCA heteronuclear TOCSY-NH}
pulse schemes with uniform and random non-uniform
sampling (25 %) and via the INEPT-based conventional
HN(CA)NH approach with uniform sampling. Spectra
collected using the RF pulse schemes described in Fig. 1a,
b are given in Fig. 3a—f and h-m, respectively. 3D spectra
with non-uniform sampling were collected with twice the
number of points in the indirect dimensions compared to
those acquired with uniform sampling. The 3D spectrum
via the conventional INEPT-based HN(CA)NH pulse
scheme was collected with constant-time >N evolution
periods in the indirect dimensions and using the
WATERGATE sequence for water suppression (Supple-
mentary material, Figure S1b). In the HN(CA)NH experi-
ment, the total delay period used for the transfer of the '*C*
magnetisation to the '’N nuclei was kept at 50 ms so as to
maximize the cross-peak and minimise the diagonal peak
intensities and to avoid potential cancellation of overlap-
ping diagonal and cross-peaks with opposite phases that
can arise under short delay conditions (Chandra et al.
2012). The 1D spectral cross-sections given in Fig. 3a—f
clearly show that the cross peak intensities seen in the
uniformly sampled 3D HNN spectrum generated using the
N-13C* het-TOCSY approach (t,;x = 100 ms) is essen-
tially comparable to that obtained via the conventional
approach. However, significantly improved spectral reso-
lution and sensitivity can be realised through the het-
TOCSY approach by extending the evolution times in the
indirect dimensions via non-uniform sampling. From the
cross-sections shown in Fig. 3h-m it is observed that,
compared to the conventional INEPT-based approach, the
het-TOCSY approach involving a ('>C%), intermediate
state leads to cross-peaks with reduced signal intensities in
the uniformly sampled 3D spectrum. However, extending
the evolution times in the indirect dimensions via non-
uniform sampling, as in the earlier case, leads to spectra
with significantly improved spectral resolution and
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sensitivity. In most of the cases cross-peaks with intensities
comparable to that obtained by the conventional approach
was obtained.

Representative 3 spectral cross-sections from the 3D
{HN-NCA  heteronuclear = TOCSY-NH} and 3D
(H)C(C)NH spectra of a-synuclein showing the sequential
connectivities along the backbone residues V82-A90 are
given in Fig. 4a, b. The 3D HNN spectral data were
acquired using the RF pulse scheme depicted in Fig. la
with a single '"N-'>C* het-TOCSY mixing period of
100 ms. The availability of both the HNN and HCCNH
data sets allows to establish unambiguous sequential con-
nectivities following a simple and robust procedure: (1) A
cross peak P, in the ['H,"’N]-HSQC spectrum (Supple-
mentary material), with chemical shifts N; and H; and
corresponding to an arbitrary amino acid residue ‘i’ is
picked. (2) The 3D HNN spectrum at the (ISN, 1H)
chemical shifts corresponding to the residue ‘i’/peak P; is
then analysed so as to obtain from the ®; spectral cross-
sections the '’N chemical shifts of the backbone amide
nitrogens, N, and N3, adjacent to residue ‘i’ in the protein
sequence. (3) All possible cross-peaks with amide nitrogen
chemical shifts N, and Nj in the ['H, '’N]-HSQC spectrum
are then identified. (4) The 3D HNN spectrum at all the
possible (N, 'H) chemical shift positions indicated in
step 3 is then analysed and the cross-peaks P, and P5 in the
['H, 'N]-HSQC spectrum that correspond to the amide
groups that are adjacent to the residue ‘i’ are then identi-
fied. This can be achieved easily as the ®; spectral cross-
sections taken at the (ISN, lH) chemical shift positions
corresponding to the peaks Py, P, and P; will show char-
acteristic cross-peak connectivities; the diagonal peak in P,
will appear as cross-peaks in P, and P; and the diagonal
peaks in P, and P; will appear as cross-peaks in Py. (5) The
3D (H)C(C)NH spectrum is then analysed only at the (ISN,
"H) chemical shift positions corresponding to the peaks P,
P, and Pj3 to correctly identify the ‘i—1° and ‘i4+1° back-
bone amide resonances. This can easily be achieved due to
the fact that the HCCNH experiment leads only to the
correlation of the backbone amide resonances of each
amino acid residue ‘i’ with the sidechain aliphatic reso-
nances of its own and that of the previous residue. Hence, if
cross-peaks P, and P, respectively, correspond to the
amino acid ‘i—1’ and ‘i+1°, the (H)C(C)NH ®,; spectral
cross-sections taken at the (ISN, lH) chemical shift posi-
tions corresponding to the peaks Py, P, and P53 will show
characteristic cross-peak connectivities; the intra-residue
resonances in P, will appear as inter-residue cross-peaks in
P, and the intra-residue resonances in P; will appear as
cross-peaks in P;, with the intensities of inter-residue
cross-peaks typically weaker than that of the intra-residue
resonances. The sequential linking is further confirmed by
making use of the protein sequence information and the
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Fig. 3 Comparison of the ®,
spectral cross-sections taken
from the ®3 planes of 3D HNN
spectra collected via different
approaches employing the same
total data acquisition time. "°N
chemical shifts of the diagonal
(‘1’) and cross-peaks (‘i+1" and
‘i—1’) are indicated in these
spectra and the ;3 planes were
taken at the '’N chemical shift
values (®,) corresponding to
that of the diagonal peak. The
data sets were collected with 16
transients per t1 increment,
spectral widths in the indirect
dimensions of 1519 Hz (°N), a
recycle time of 1.0 s and a
proton acquisition time of

60 ms. The AK2-JCH,_ ;01
sequence was used for
ISN-'3CA heteronuclear cross-
polarisation, keeping the RF
carriers at the middle of the
spectral region and employing
ISN/3C peak RF power levels
of ~3.6 kHz. The uniformly
sample data sets were collected
with 32 #; and 32 1, increments
while the data with non-uniform
sampling were collected with 64
t, and 64 1, increments. Cross-
sections plotted in blue, red and
green in Fig. 3a—f were
extracted from 3D HNN spectra
generated via the conventional
INEPT-based (H)N(CA)NH
pulse scheme with uniform
sampling, {HN-NCA
heteronuclear TOCSY-NH}
approach (t,;x = 100 ms) with
uniform sampling and {HN-
NCA heteronuclear TOCSY-
NH} approach (t,;x = 100 ms)
with non-uniform sampling,
respectively. The corresponding
cross-sections from the 3D
HNN spectra generated using
the RF pulse scheme involving a
(13C°‘)Z intermediate state during
the '"N-'3C* heteronuclear
mixing period, Fig. 1b, are
given in Fig. 3h—m. Other
details are given in the main text
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Fig. 4 o3 spectral cross-sections from a 3D HNN, b 3D (H)C(C)NH
and ¢ 3D HN(CA)HA spectra of a-synuclein showing sequential
connectivities along the backbone residues V82-A90. The HNN and
HN(CA)HA experiments were carried out via the {HN-NCA
heteronuclear TOCSY-NH} and {HN-NCA heteronuclear TOCSY-
CAHA} pulse schemes, respectively, employing t.,;x = 100 ms and
with non-uniform sampling (25 %) in the indirect dimensions. The
AK2-JCH,pi501 sequence was used for the 5N « 13C band-selective
anisotropic mixing, keeping the '*C RF carrier at the positions
mentioned in the text, employing SN/B3C peak RF power level of
~3.6 kHz and for a duration of 100 ms by repeating the basic
sequence four times (25 ms * 4). The (H)C(C)NH data was acquired
with uniform sampling in the indirect dimensions and using a

amino acid type obtained from sidechain chemical shifts.
Thus, starting with a peak P, corresponding to the residue
‘1’, the analysis of the HCCNH spectrum for locating the
peak P,, corresponding to the amino acid ‘i—1" in the
sequence, gets considerably simplified due to the availability
of the HNN spectrum. Similarly, starting with a peak Py, the
availability of the HCCNH data set makes it possible to
correctly identify the ‘i—1" and ‘i41’ peaks in the HNN
spectrum. Once a triplet of residues...—(‘i—1")—(‘1")—
(‘i+17)—... is correctly identified, the above procedure is
repeated again starting with the peak P3 or P, so as to con-
veniently extend the fragment of sequentially linked resi-
dues...—(‘i—2")-(i—1")—(‘1")—-(‘i+1")—(‘1 4+ 2’)—... (6) The
sequentially linked residues are then mapped onto the pri-
mary amino acid sequence. It has to be mentioned, as a note
of caution, that a variety of factors, e.g. the presence of
proline residues, poor signal to noise ratios due to fast
exchange of solvent-exposed labile protons with water pro-
tons leading to significant line broadening of the amide
proton resonances or significant relaxation losses, e.g. '*C*
relaxation in glycine residues during the long '*N-'3C
mixing periods, can lead to breaks in the sequential linking of
amino acid residues. This could result in difficulties in
sequentially linking all the amino acid residues in one stretch

@ Springer

standard RF pulse scheme. Data acquisition parameters: a 16
transients per #, increment, 64 f, increments, 64 t, increments,
spectral widths in the indirect dimensions of 1519 Hz (*°N), a recycle
time of 1.0 s and a proton acquisition in the direct dimension of
125 ms; b 8 transients per #; increment, 80 #; increments, 48 f,
increments, spectral widths in the indirect dimensions of 1519 Hz
(*N) and 10,556 Hz (*3C), a recycle time of 1.0 s and a proton
acquisition in the direct dimension of 125 ms; ¢ 8 transients per #
increment, 64 #; increments, 128 #, increments, spectral widths in the
indirect dimensions of 600 Hz ("HY) and 1519 Hz (°N), a recycle
time of 1.0 s and a proton acquisition ('"H*) in the direct dimension of
125 ms

and instead, result in several fragments of sequentially linked
amino acids. However, as shorter fragments of connected
residues can be linked to form extended fragments using the
amino acid sequence information, this may not pose any
serious problem. In summary, the availability of both the
HCCNH and HNN data sets should lead to a reliable back-
bone and sidechain resonance assignment in proteins. It is
worth pointing out that, due to 'Jcy and *Jcy couplings, the
application of '’N-'3C* het-TOCSY mixing sequence in a
N1-C1-N2-C2-N3 heteronuclear spin system leads to the
transfer of the starting (°N2), magnetisation to the N1 and
N3 nuclei via the C1 and C2 nuclei. The plot shown in Fig. 2a
suggests that starting with ('’N2), magnetisation and after
the application of a "’N—'*C* het-TOCSY mixing sequence,
the amount of magnetisation residing on the C2 and Cl
nuclei should be sufficient enough, even for large 1,,,;x values
of ~ 100 ms, tolead to measurable cross-peak intensities in a
{HN-NCA heteronuclear TOCSY-CAHA } experiment. The
N g spectral cross-sections, Fig. 4c, taken at the 5N
chemical shift positions of the backbone amide nitrogens
indicated and showing the sequential walk along the residues
V82-A90 of a-synuclein, are essentially in agreement with
this and consistent with the sequential connectivities gen-
erated via the HNN and HCCNH data.
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The possibility to achieve simultaneous acquisition of
HNN and HCCNH data sets was assessed using the RF
pulse scheme given in Fig. 1c and its variants with uniform
sampling in the indirect dimensions. These studies were
carried out on two different '>C and >N labelled IDPs (o
synuclein and N-terminal part of the A-type voltage gated
potassium channel Kv1.4 (Pep61; 63 amino acids)) as well
as on a moderately sized globular protein [the C-terminal
winged helix (WH) domain (82 residues) protein of the
MCM complex of S. solfataricus (Sso)]. Representative
first results are presented below and in the supplementary
material. Spectral cross-sections from the sequentially
acquired 3D (H)C(C)NH and 3D (H)N(CA)NH spectra
showing the sequential connectivities along the backbone
residues E4-S12 of Pep61 are given in Fig. 5. The RF pulse
scheme in Fig. 1c was modified so as to achieve the
simultaneous collection of 3D H(CC)NH and 3D
H(NCA)NH data sets leading to the sidechain aliphatic
proton and backbone amide proton chemical shifts in ¢;.
For studies on '3 C-, I5N- and *H-labelled protein systems,
the RF pulse scheme was also modified, e.g. with direct '>C
excitation, so as to acquire 3D C(C)NH and 3D
(H)N(CA)NH data sets. These pulse schemes have been
tested on the WH domain of the Sso-MCM complex and
representative spectral cross-sections showing the sequen-
tial connectivities along the backbone residues spanning
the region Y676-K685 are given in the Supplementary
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Fig. 5 '"HN-'N and '"HN-'3C spectral cross-sections from the
(H)N(CA)NH (a) and (H)C(C)NH (b) spectra showing the sequential
walk along the backbone residues spanning the region E4-S12 of
Pep61. The cross-sections were taken at the SN chemical shift values
corresponding to that of the backbone amide nitrogens indicated. The
simultaneously acquired spectra were recorded at 600 MHz with
sample temperature kept at 283 K, 32 transients per ¢, increment, 40
t; increments, 48 f, increments, spectral widths in the indirect
dimensions of 1458 Hz (*°N) and 10,206 Hz (*3C), a recycle time of
1.0 s and a proton acquisition in the direct dimension of 60 ms. The

material. These results suggest that the simultaneous col-
lection of HCCNH and HNCANH spectra is a very effi-
cient and robust approach for achieving in one-shot
sequential backbone and sidechain assignments without
taking recourse to information from other experiments such
as HNCOCANH and HCCCONH. Considering that these
initial data sets were generated using conventional uniform
sampling, one can envisage the possibility for achieving
further improvements in sensitivity and resolution, without
substantially increasing the experimental time, by imple-
menting efficient non-uniform sampling protocols in the
indirect dimensions coupled with sequential data acquisi-
tions in the direct dimension. Such studies are planned.
In conclusion, the results presented here demonstrate
that although the overall duration of the {HN-NCA
heteronuclear TOCSY-NH} pulse scheme is significantly
longer than the conventional INEPT-based HN(CA)NH
scheme, the high flexibility leading to long transverse
relaxation times in IDPs permits the acquisition of HNN
spectra of high quality. Implementation of RF pulse
schemes with free evolution in the indirect dimensions and
application of non-uniform sampling procedures allow the
generation of HNN spectra with improved resolution and
sensitivity without substantially increasing the data acqui-
sition time and makes the approach outlined here a possible
alternative to the existing RF pulse scheme. Making use of
the '"N="3C* het-TOCSY based approach, it is possible to
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AK2-JCH,i501 Sequence was used for the N « 13C band-selective
anisotropic mixing, keeping the '*C RF carrier at the positions
mentioned in the text, employing '°N/'*C peak RF power level of
~3.125 kHz and for a duration of 57.6 ms by repeating the basic
sequence twice (28.8 ms * 2). Longitudinal '*C-"*C mixing in the
aliphatic region was carried out employing AK2-JCC sequence, with
a peak '3C RF power level of 10 kHz and for a duration of 9.6 ms by
repeating two times the basic cycle of duration 4.8 ms (4.8 ms *2),
keeping the RF carrier at 41 ppm
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achieve unambiguous backbone and sidechain resonance
assignments in ‘one-shot’ by the simultaneous collection of
HCCNH and HNN data sets. The basic strategy demon-
strated here can be easily extended to implement other RF
pulse schemes such as {HNCON-NCA heteronuclear
TOCSY-NH} and {HACACON-NCA heteronuclear
TOCSY-NH} to achieve sequential HY correlations via the
generation of (ISN, 13CO) and (ISN, 13CO, 13C°‘) resolved
multidimensional chemical shift correlation spectra. These
studies are currently in progress.
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