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Abstract Resonance assignment in intrinsically disor-
dered proteins poses a great challenge because of poor
chemical shift dispersion in most of the nuclei that are
commonly monitored. Reduced dimensionality (RD)
experiments where more than one nuclei are co-evolved
simultaneously along one of the time axes of a multi-
dimensional NMR experiment help to resolve this problem
partially, and one can conceive of different combinations
of nuclei for co-evolution depending upon the magnetiza-
tion transfer pathways and the desired information content
in the spectrum. Here, we present a RD experiment,
(4,3)D-hNCOCAnH, which uses a combination of CO and
CA chemical shifts along one of the axes of the 3-dimen-
sional spectrum, to improve spectral dispersion on one
hand, and provide information on four backbone atoms of
every residue—HN, N, CA and CO chemical shifts—from
a single experiment, on the other. The experiment provides
multiple unidirectional sequential (i — i — 1) amide 'H
correlations along different planes of the spectrum enabling
easy assignment of most nuclei along the protein backbone.
Occasional ambiguities that may arise due to degeneracy of
amide proton chemical shifts are proposed to be resolved
using the HNN experiment described previously (Panchal
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Introduction

Despite commendable developments in NMR methodolo-
gies during the past two decades time-efficient and unam-
biguous assignment of backbone resonances in intrinsically
disordered proteins has remained problematic and chal-
lenging due to high degree of backbone amide and carbon
shift degeneracy in such proteins (Dyson and Wright 2001,
2004; Eliezer 2006; Permi and Hellman 2012; Felli and
Pierattelli 2012; Kosol et al. 2013; Kragelj et al. 2013). The
difficulties get compounded when there are amino-acid
repeats in a particular stretch or when there are particular
stretches of amino acids repeating along the sequence. A
number of multi-dimensional NMR pulse sequences and
strategies have been proposed to circumvent these diffi-
culties, (Bracken et al. 1997; Serber et al. 2001; Panchal
et al. 2001; Bertini et al. 2003; Sun et al. 2005; Bermel
et al. 2006, 2008; Bertini et al. 2008; Mukrasch et al. 2009;
Frueh et al. 2009; Motackova et al. 2010; Mantylahti et al.
2010; Bagai et al. 2011; Mantylahti, Hellman and Permi
2011, Bermel et al. 2012, 2013a, b; Liu and Yang 2013;
Isaksson et al. 2013). Non-linear sampling and analysis
approaches (Schmieder et al. 1993; Hoch and Stern 2001;
Korzhnev et al. 2001; Chen et al. 2003; Rovnyak et al.
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Fig. 1 Comparison between dispersion of individual '>CO (first
panel) and B3Co (second panel) chemical shifts and that of linear
combination of these chemical shifts (third panel) for 20 common
amino acids. In these plots the average chemical shifts are plotted
against the residue types and standard deviations are shown as error
bars. The average chemical shifts have been taken from the BMRB
statistical table containing values calculated from the full BMRB
database (Ulrich et al. 2008). In the last panel, linear combination of

2004; Bruschweiler and Zhang 2004; Jaravine et al. 2006;
Kazimierczuk et al. 2006; Billeter and Orekhov 2012) have
been successfully employed to enhance the performance of
these experiments. Even so, innovations continue and some
of the key objectives of these efforts are: reducing the
number of NMR experiments to obtain the required
information, encoding maximum information in a single
experiment, increasing the speed of data collection, and
designing simple, easy to use, and efficient data analysis
strategies.

In this context, we focus here on reduced dimensionality
based experiments where information contained in a par-
ticular high dimensional experiment is extracted by per-
forming a lower dimensional experiment (Szyperski et al.
1993, 2002). This is achieved by co-evolving more than
one nucleus simultaneously along one or more particular
time axes of the multidimensional experiment. It is easily
conceivable that a variety of pulse sequences resulting in
different spectral features can be generated by, (1) varying
the nuclei that are to be frequency labeled, (2) varying the
combinations of nuclei for co-evolution, (3) varying the
magnetization transfer pathways along the backbone and
(4) different optimizations of the data acquisition proce-
dures. Indeed, a number of pulse sequences have already
been published by such variations (Atreya et al. 2005;
Chandra et al. 2012; Reddy and Hosur 2012; Rout et al.
2012; Szyperski et al. 2002). While working with disor-
dered systems an additional point may be considered, and
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13CO and "Co average chemical shifts for all the amino acid types
calculated as reduced dimensionality convention (Szyperski et al.
1993, 2002) using 176 and 40 ppm as '>CO and 'Ca offset
frequencies, respectively. The total chemical shift dispersion possibly
achieved in each case has been shown at the top of each plot.
Comparison clearly shows that the linear combination of '*CO
and "3Co chemical shifts can provide better dispersion compared to
the individual chemical shifts

that is, >N and '>CO chemical shift dispersions are much
better than those of 'HN and '*CA chemical shifts in
unfolded proteins (Dyson and Wright 2001; Bermel et al.
2013a). In this sense, N and CO combinations are expected
to produce the best dispersions and, indeed, these experi-
ments have been published (Lohr and Riiterjans 1995;
Brutscher et al. 1995; Astrof et al. 2001; Kumar 2013b).
Our motivation, presently, has been to extract maximum
chemical shift information from a single experiment,
without compromising too much on the spectral dispersion,
and retaining the beneficial features such as ‘check points’
present in some of the previously described multi-dimen-
sional experiments (Chatterjee et al. 2002; Kumar et al.
2010b). Thus, we decided to use in a 3D experiment, CO
and CA combination along one of the axes, with the other
two axes displaying '°N and amide proton chemical shifts;
it is worth mentioning that the chemical shift dispersion in
(CO, CA) combination is better than that in individual CO
and CA shifts (Fig. 1). This way, we will be able to extract
four different backbone chemical shifts (IHN, 5N, Bco
and "*Co) from a single experiment. We implemented this
idea in the magnetization transfer pathway—HN,; —
N; - CO;_y - CA,_; - N; ;,_; = HN; ;_; (Grzesiek
et al. 1993)—as implemented in the HN(C)N experiment
(Panchal et al. 2001; Chatterjee et al. 2002) so as to retain
the beneficial ‘check point’ features of the latter from the
point of view of sequential walk along the backbone.
Although, in the present implementation we have not
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Fig. 2 Pulse sequence for (4,3)D-hNCOCAnH experiment. Hollow
and filled (black) rectangular bars represent non-selective 90° and
180° pulses, respectively. Unless indicated, the pulses are applied
with phase ‘x’. Proton decoupling using the waltz-16 decoupling
sequence (Shaka et al. 1983) with field strength of 6.3 kHz is applied
during most of the #; (ISN) and 1, (13C) evolution periods, and N
decoupling using the GARP-1 sequence (Shaka et al. 1985) with the
field strength 0.9 kHz is applied during (#3) acquisition. Standard
Gaussian cascade pulses (Emsley and Bodenhausen 1990)—shape Q3
for 180° inversion (filled black; width 200 ps) and shape QS5 for 90°
excitation (hollow, width 310 ps)—were used for band selective
excitation and inversion along the 13C channel. The strength of the
BCo pulses is adjusted so that they cause minimal excitation of
carbonyl carbons and that of 180° '*CO shaped pulse so that they
cause minimal excitation of '*Co. Shaped pulses labeled with
‘asterisk’ were applied for compensation of off-resonance effects
(Bloch-Siegert phase shift) (Zhang and Gorenstein 2002). The values
for the individual periods containing #; evolution of >N nuclei are:
A = t;/2 and B = Ty —#1/2. The values for the time period contain-
ing “1§°” evolution are: C = (§°/2 and D =t¢ — 1§°/2. The *Ca
nuclei are co-evolved with for '>CO nuclei in a constant time manner,
and the values for the individual periods containing ‘¢$*’ evolution of
Co nuclei are: E = 1§*/2 and F = 1y — 15%/2. Co-evolution '*CO
and '*Ca nuclei are achieved by shifting the offset of the carbon
channel (f,) as shown by vertical arrows. The other delays are set to

5 HY - N,(t,) > CO, (t:°) > Ca, ,(t:%)

' > e b
HY - N, > CO_(t°) > Ca,_ (t{*)

2T,

N:—I - Hlil(t.i)

i-----» N,(t,) > HY ;)

[ Ni—l(tZ)_> H,f\_vl(tj')

A=25ms, k=54ms, d =25ms, Ty = 14 ms, 17c = 4.5 ms,
Tey = 12.5 ms, ty = 13.5 ms and 4 = ¢y — t¢. The Ty must be
optimized and is around 12-15 ms. The phase cycling for the
experiment is ®; = 2(x), 2(—x); @, = O3 = x, —x; Oy = 05 = x;
®g = 4(x), 4(—x); and @ receiver = 2(x), 4(—x), 2(x). The frequency
discrimination in #; and #, has been achieved using States-TPPI phase
cycling (Marion et al. 1989) of ®, and @3, respectively, along with
the receiver phase. The gradient (sine-bell shaped; 1 ms) levels are as
follows: G1 =30%, G2=30%, G3=30%, G4=230%,
G5 = 50 %, and G6 = 80 % of the maximum strength 53 G/cm in
the z-direction. The recovery time after each gradient pulse was
160 ps. Before detection, WATERGATE sequence (Piotto et al.
1992) has been employed for better water suppression. Pulse scheme
for (4,3)D-hnCOCANH experiment is same except block-1 replaced
by I and block-II replaced by II' for chemical shift labeling of
nitrogen in different position. The values for the individual periods
containing #, evolution of 5N nuclei in (4,3)D-hnCOCANH exper-
iment are: A’ =1,/2 and B' = 1ty — t,/2. Pulse sequence code for
both the experiments, (4,3)D-hNCOCAnH and (4,3)D-hnCOCANH,
were included in supplementary materials. Schematic diagram of the
magnetization transfer pathways and frequency labeling in (4,3)D-
hNCOCAnH and (4,3)D-hnCOCANH pulse sequences are shown.
2T, 2t¢, 2tcn, and 2ty are the delays during which the transfers
indicated by the arrows take place in the pulse sequences
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incorporated non-uniform sampling for the purpose of easy
operation on all commercial spectrometers, it is needless to
say that such incorporation would further enhance the
performance of the experiment.

The above ideas generated two experiments (Fig. 2),
one where the first nitrogen in the transfer pathway is
frequency labeled, named as (4,3)D-hNCOCAnH, and the
second where the second nitrogen at the end of the scheme
before transferring magnetization back to amide protons
for detection, is frequency labeled (replacing block—I with
I’ and block—II with IT" in Fig. 2), which can be named as
(4,3)D-hnCOCANH. Pulse sequence code for both the
experiments, (4,3)D-hNCOCAnH and (4,3)D-hnCO-
CANH, have been included in supplementary materials.
While the manuscript describing both of these was being
prepared for submission we came across the publication of
(4,3)D-hnCOCANH experiment by another group (Kumar
2013a). Therefore, we restrict our discussion here to the
other experiment, namely, (4,3)D-hNCOCAnH and the
sequential assignment using (4,3)D-hnCOCANH spectra
recorded on unfolded human SUMO protein has been
shown in supporting information (Figure S1). The (4,3)D-
hNCOCAnH experiment presented here provides sequen-
tial (i — 1) "*CO and '*Co chemical shift information
along F, dimension, and self (i) and sequential (i — 1)
amide 'H chemical shift information in both F;—F; and
F>—F5 planes of the 3D spectrum. This is in a sense an
advantage over the (4,3)D-hnCOCANH, since in that
experiment the sequential information is present along the
indirect dimension where the resolution is intrinsically
limited compared to that along the direct dimension. Thus,
in (4,3)D-hNCOCAnH even for a small difference in
amide 'H chemical shifts (even of the order of line width,
~ 15 Hz) a sequential connectivity can be established. The
experiment can also be recorded on deuterated samples,
and the correlations in this experiment are resolved
using three—lSN, 13CO and "*Co—chemical shifts.

The reduced dimensionality experiments are in essence
projection experiments. It is worthwhile, therefore to
compare the present experiment with some of such
experiments which give similar information. Very recently
a pair of experiments, (4,3)D hNCOcaNH and (4,3)D
hNcoCANH, were developed which relied upon the
N@#@) £ CO@G — 1) and N(i) = CA(G — 1) chemical shift
dispersions, respectively (Kumar 2013b). These also yield
good dispersion, but, clearly, two experiments are required
for obtaining both Co and CO chemical shifts. Whereas in
the experiment presented here, we get HN,;_;, N;, Co,;_4
and CO,_; assignments from a single 3D experiment. In 6D
APSY HNCOCANH experiment presented by Fiorito et al.
(Fiorito et al. 2006), several 2D projections of the 6D
experiment are recorded and these are automatically ana-
lysed with the software GAPRO (Hiller et al. 2005) to
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generate a precise 6D peak list. This peak list is then
automatically analysed using the software GARANT
(Bartels et al. 1997) to obtain sequence specific assign-
ments of the backbone atoms. The authors also tuned the
experiment for suppressing magnetization transfer through
2Jnea coupling, so as to reduce the number of peaks (self
peaks are suppressed) on one hand and enhance the transfer
efficiency to the sequential peaks on the other. In this
scenario, the suppression of self-peaks becomes necessary,
since the self and sequential peaks have opposite signs and
while taking 2D projections of the 6D spectrum, there can
be severe cancellations leading to loss of information. This
is achieved by selecting a 50 ms transfer delay. This has
been demonstrated to work very well in small proteins
(Fiorito et al. 2006). However, a particular shortcoming
here is that during the long transfer delay used, the
coherence resides on Ca, and since relaxation of Ca is very
efficient (especially, in the absence of deuteration), this
causes substantial loss of sensitivity. In contrast, in (4,3)D
hNCOCAnH experiment the transfer time is only 25 ms.
So, the relaxation losses are less, both self and sequential
information are obtained (as both 'J and >J-NCA transfers
are selected) along the high resolution (direct detection)
dimension, and this is an advantage since special peak
patterns of positive and negative signs arise for self and
sequential peaks for particular residue types (see later)
which serve as check/start points during sequential
assignment walk along the backbone. Although the self and
sequential peaks have opposite signs there are no severe
cancellation problems in the 3D spectrum as two sets of
such peaks with different combinations of chemical shifts
appear in the reduced dimensionality spectra. Thus these
advantages of spectral features and lower relaxation losses
more than compensate for the slightly higher transfer
efficiency for the sequential peaks in the 6D-APSY spec-
trum. The performance of the (4,3)D-hNCOCAnH exper-
iment and the application of the method have been
demonstrated using intrinsically disordered o-synuclein
protein. We also describe a protocol, wherein this experi-
ment when combined with HNN (Panchal et al. 2001;
Kumar et al. 2010a) allows removal of some ambiguities
arising due to degeneracy of amide proton chemical shifts,
and identification of sequentially connected peaks in the
HSQC spectrum can be accomplished.

Materials and methods

The proposed reduced dimensionality experiment-(4,3)D-
hNCOCAnH (Fig. 2) was developed and successfully first
optimized using a uniformly '>N/'3C labeled human
ubiquitin (76 amino acids, final concentration ~ 1.0 mM)
dissolved in acetate buffer pH 5.0 in 90 % H,O and 10 %
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D,0. Application of the experiment on unfolded or
intrinsically disordered proteins has been demonstrated
using 14.4 kDa intrinsically disordered o-synuclein (140
amino acids) protein. The '*C/"°N labeled NMR sample of
a-synuclein protein (~0.8 mM) in phosphate buffer con-
taining 90 % H,O and 10 % D,O and pH 6.0 has been
prepared as described elsewhere (Ghosh et al. 2013).
Experiments on a-synuclein were performed at 288 K. All
the experiments were recorded on Bruker Avance III NMR
spectrometer operating at 'H frequency of 800 MHz and
equipped with a cryoprobe. Acquisition parameters of the
spectra recorded are shown in Table 1. The '°C carrier
frequencies for pulses in '*Co and '>CO channels in all
experiments were set at 54.0 ppm and 173.0 ppm, respec-
tively. Data was processed using Topspin (BRUKER,
http://www.bruker.com/) software and analyzed using
CARA software (Keller 2004).

Results and discussion
Pulse sequence and magnetization transfer

The pulse sequence for (4,3)D-hNCOCAnH experiment for
establishing correlations between sequential HSQC peaks
(i.e. from H;N; — H; |N; — H;_{N;_;) is shown in Fig. 2.
It has been derived from the previously described HN(C)N
pulse sequence (Panchal et al. 2001; Bracken et al. 1997)
and differs in the way the 7, evolution is handled. The
magnetization transfer pathway and the frequency labeling
steps in (4,3)D-hNCOCAnH pulse sequence are explicitly
depicted in Fig. 2; the #, evolution involves joint sampling
of backbone '*CO and '*Ca chemical shifts of preceding
residue (i — 1). The theoretical description of the pulse
sequence goes identical to that of HN(C)N, except that the
frequencies along the #, indirect dimension will be sums

Table 1 Acquisition parameters of the experiments recorded on
intrinsically disordered o-synuclein protein

Protein sample Intrinsically disordered o-synuclein protein

Experiment (4,3)D-hNCOCAnH 3D-HNN
Spectral width (offset)  F5('H) = 9.0 (4.7) F5("H) = 9.0
in ppm Fy(BC ) = 50.0 4.7)
(Bco/cay* (173.0/40.0)* F>("*N) = 26.0
Fi(®N) = 26.0 (119.0)  (119.0)
F;(*°N) = 26.0
(119.0)

Complex data points 1,024 x 128 x 48 1,024 x 56 x 56

F3><F2XF]

Scans per FID (inter 16 (0.8 s) 16 (0.8 s)
scan delay)
Experiment time ~30h ~ 15 h 30 min

and differences of frequencies of the jointly sampled
nuclei. Here, 13CO,-_1 chemical shifts are detected in
quadrature whereas alpha carbon ("*Ca.;_;) chemical shifts
modulate the transfer amplitude. Overall, the experiment-
encoding 4D spectral information-results in a simple three
dimensional (3D) spectrum which preserves all the bene-
ficial features of HN(C)N spectrum, especially the positive
and negative peak patterns (Chatterjee et al. 2002).

The salient features of the (4,3)D-hNCOCAnH spectrum
are briefly described in the following paragraphs. As shown
schematically in Fig. 3a, the peaks appear at the following
coordinates in the spectrum:

Fi = N;, (Fy, F3)
- (Cl‘t]7Hi)7 (Cit1>Hl‘71)> (CiilﬂHl')ﬂ (CiihHl'*l)

F, = Citl/ciila (FlaF3) = (NivHi>a (NhHifl)

The letters “H” and “N” here refer to amide 'H and '°N
chemical shifts, whereas the letters “C;",” and “C;_,”
refer to the linear combination of '>CO,_; and *Co,_,
chemical shifts (where i is residue number). Depending
upon the offset used along '*C channel during the *Ca
chemical shift evolution (i.e. By offset)s the values of
linearly combined chemical shifts are evaluated according
to reduced dimensionality NMR convention: (Szyperski
et al. 2002, 1993)

Citl = COps + (Caobs - C(xoﬂset)

C;l = COobx - (Cuobs - C(xnﬁ‘set)

Peak patterns

Schematic (4,3)D-hNCOCAnH spectrum and the correla-
tions observed in the F;('>N)-F53('H) and Fo("*C* )
F5('H) planes are shown in Fig. 3a. The F,—F3 plane at
F; = N, shows four correlation peaks in which two are
up-field and two are down-field from the offset (13C00ffset),
due to the addition and subtraction of '*Ca frequencies
(Fig. 3a, left panel), respectively. One peak from each set
(up-fielded/down-fielded) is an intra-residue correlation
peak, (C,tlaHi—l and C._,,H;_) and the other is an inter-
residue correlation peak, (C;', H;_y and C; ,H;_). The F|—
F3 plane corresponding to F, = 13C;[]/13Ci’_1,
intra-residue peak (N;, H;) and an inter-residue (N;, H;_1)
correlation peak referred here as self and sequential peaks,
respectively, (Fig. 3a, right panel). Like in HN(C)N
experiment, the inter- and intra-residue correlation peaks
in different planes of (4,3)D-hNCOCAnH spectrum have
opposite signs except for some special cases. Considering
different triplets of residues, covering general and all

shows an
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Fig. 3 a Schematic three-dimensional spectrum of (4,3)D-hNCO-
CAnH experiment and the correlations observed in the F;—F3 (right
side) and F—F5 (left side) planes, respectively, at the >N chemical
shifts of residue i and 3C*/ B chemical shifts of residue i — 1.
Squares and circles represent the self and sequential peaks, respec-
tively. Red and black represent positive and negative phase of peaks,
respectively. b Schematic peak patterns in the Fo(**C*/~)—F5('H)
planes of the (4,3)D-hNCOCAnH spectrum at the 5N, chemical shift
of the central residue (i) in the triplet mentioned on the top of each
panel. Schematic peak patterns in ¢ F2(]3C+/ “)-F5('H) and d

special situations, the expected peak patterns in the F—F;
and F,—F3 planes of the (4,3)D-hNCOCAnH spectrum are
shown schematically in Fig. 3, where intra- and inter-res-
idue correlation peaks have been shown as squares and
circles, respectively. Different patterns arise for different
triplet stretches of residues. Figure 3b, c shows the
expected peak patterns (for the triplet stretches shown
above each panel) in the Fy(BC)—F5('H) planes of the
spectrum at the F (">N;) chemical shift of the central
residue, i. Each panel in Fig. 3b represents the strip of the
plane centered about the amide 'H; chemical shift of the
central residue, i, of the triplet and each panel in Fig. 3c
represents the strip centered about the '3Cf, /"Cr,
chemical shift of the first residue of the triplet (i.e. i — 1).
Figure 3d shows the expected peak patterns (for the triplet
stretches shown above each panel) in the F ](ISN)—F3(1H)
planes of the spectrum at the Fo('3C;,/C7 ) chemical
shift of residue, i — 1. Each panel shows the strip of the
plane centered about the '°N; chemical shift of the central
residue, i, of the triplet. The red and black squares/circles
represent positive and negative peaks, respectively. The
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F1("N)-F5('H) planes of the (4,3)D-hNCOCAnH spectrum, respec-
tively, at the N’ and 3C}",/ '3C; | chemical shifts corresponding to
the central residue (i) in the triplet mentioned on the top of each
panel. X, Y and Z are any residues other than glycine and proline.
G/G' and P represent glycine and proline, respectively. Special
patterns of self and sequential peaks appear when there is G or P
at i — 1 position in the triplet sequence and thus provide identifica-
tion of spin-systems following glycines and prolines in the sequence
which help during the sequential assignment walk along the sequence

actual signs in the spectrum are dictated by whether
the i — 1 residue is a glycine or otherwise, and of course
by the phasing of the spectra. Here, we have made the
intra-residue correlation peak positive and inter-residue
correlation peak negative for a triplet sequence —XYZ-,
where X, Y and Z are any residues other than glycines and
prolines which have been represented by letters ‘G’ and
‘P’, respectively. For glycines, the evolution of the mag-
netization components is slightly different because of the
absence of the P-carbon. This, in turn, generates some
special patterns depending on whether the (i — 1)th resi-
due is a glycine or otherwise, see middle panels of
Fig. 3b—d. Note that prolines which do not have amide
proton give rise to further special patterns in the spectrum.
Prolines, at position i — 1 in the triplet stretches, results in
(a) absence of the intra-residue correlation peak (H;_1, Citl
and H;_1,C; ) in Fy(">C*'7)-F3('H) plane of the spec-
trum at the F; (*°N;) chemical shift of residue, i (see last
panel in Fig. 3c) and (b) absence of the inter-residue cor-
relation peak (H;, N;,_;) in F1(15N)—F3(1H) plane of the
hNCOCAnH spectrum at the F, (3C/'3C™) chemical
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Fig. 4 Sequential resonance assignment of a continuous stretch from
D98-A107 using different planes of (4,3D)-hNCOCAnH spectrum
recorded on o-synuclein protein. a The strips are taken from
the F2(13C+/_)—F3(1H) planes at F{(">N;) chemical shift and are
centered about the corresponding amide chemical shift (i.e. 'H;) of
residue mentioned above the panels. The strips are showing (H;, Citl)
(down-fielded) and (H;, C;_,) (up-fielded) correlation peaks which are
linear combination of sequential (i — 1) 3CO and '*Co chemical
shifts. b Fo('3CH)—F5("H) planes and ¢ F,('3C™)-F3('H) taken at
F 1(15N) chemical shift of residues mentioned above the panel and are

shift of residue, i — 1 (see last panel in Fig. 3d). These
special peak patterns—which help in the identification of
the residues following glycines and prolines in the
sequence-provide important start/check points and stop/
break points during the course of the sequential assignment
process.

F2(1BC;1)

centered about the corresponding *C; | and '3C; | chemical shifts,
respectively of the residue mentioned above the panels.Red and black
contours indicate positive and negative peaks. Horizontal lines in (b)
and (¢) connect a self ('H;) correlation peak in one plane to a
sequential ('H;_;) correlation peak in the adjacent plane on the right.
Note that the peaks in K102 and A107 planes following G101 and
G106 respectively, in the sequence appear with different phase and
thus provide an internal check while transforming the stretches of
sequentially connected peaks into the final assignment

Assignment protocol

Keeping in mind the distinctive features of the (4,3)D-
hNCOCAnH spectrum, we describe below the assignment
protocol using this spectrum, and o-synuclein, a protein
that has been extensively studied in the literature (Kang
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Fig. 5 An illustrative example showing unambiguous identification
of self (i) and sequential (i — 1) amide 'H chemical shifts of All,
V49, V71, E83, A107 and E137 residues using F»('*C*/~)-F5('H)
plane of (4,3)D-hNCOCAnH spectrum taken at degenerate N
chemical shift (125.2 ppm). The red and black contours indicate
positive and negative peaks, respectively

et al. 2013; Rao et al. 2009; Bermel et al. 2013a, 2006) has
been used as the model IDP system. The assignment pro-
tocol relies on (1) sequential amide "H/'N  and
3CO + A3Ca correlations and (2) the distinctive peak
patterns of intra- and inter-residue correlation peaks in
different planes of the (4,3)D-hNCOCAnH spectrum which
enable ready identification of certain specific triplet stret-
ches especially containing glycines and prolines (Fig. 3).
First, the backbone amide spin-systems are identified in
the ">’N — "H HSQC spectrum. For each spin-system i, the
Bct, and 3C7, chemical shift are identified from
the Fo('3C*H/7)-F5('H) plane of the (4,3)D-hNCOCAnH
spectrum at the F;('°N;) chemical shift (Fig. 4a). The same
plane also provides unambiguous identification of
'H;_, chemical shift on the strip along F3('H) dimension
centered about the '3C;", and “C;, chemical shifts
(Fig. 4b, c). For a spin-system, the sequential 'H;_;
chemical shift can also be identified from F;(*’N)—F5('H)
plane of the (4,3)D-hNCOCAnH spectrum at
F2(13Cit | /13C; 1) chemical shift. This identification is
made on the strip along F5('H) dimension centered about
the '°N; chemical shift (Figure S2). Further, if there is
ambiguity in the identification of 'H;_; chemical shift
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in Fi(*>N)-F5('H) plane due to '°N chemical shift degen-
eracy, it can be resolved using the F>(3CT/7)-F5('"H)
plane (Fig. 5). Further, if the amide 'H chemical shifts are
unique, the identified sequential ! H; ;chemical shift can be
used to establish the sequential connectivities between the
HSQC peaks from the (4,3)D-hNCOCAnH spectrum. This
is indeed true for small well-folded proteins and one can
get complete assignment based on the sequential amide
correlations in combination with glycines, alanine, and
serine/threonine check points identified during sequential
walk. Illustrative stretches of sequential walk through dif-
ferent planes of (4,3)D-hNCOCAnH spectrum recorded on
intrinsically disordered (140 aa) o-synuclein protein are
shown in Figure S2 and Fig. 4. In Figures S2A and S2B,
the intra-residue correlation peak (H;,N; in red) in one
plane joins the inter-residue correlation peak (H;—i,N; in
black) in the adjacent plane on the right. In Fig. 4b, c, the
inter-residue correlation peak (H;, Clt 1/Ci_, in red) in one
plane joins the intra-residue correlation peak
(H;-1,C;",/C_, in black) in the adjacent plane on the
right. Note that G101, G106, K102 and A107 panels con-
stitute the check points in this sequential walk.

The stretches of sequentially connected spin-systems are
transformed into a primary sequence format highlighting
the residues identified in the sequential walk, like—
BGXBXBXXXXP—where (1) P stands for proline (indi-
cated by  missing H;_;,C/, and
H;_1,C_, correlation peaks), (2) G, A and B represent
spin-systems identified as glycines, alanines and serines/
threonines, respectively, and (3) X represents a spin-system
other than proline, glycine, alanine and serine/threonine.
Now the transformed stretches of sequentially connected
spin-systems are compared with the primary sequence to
find a match. In presence of sufficient number of check
points that are generally available for glycines, alanines,
serines/threonines and prolines; explicit side chain assign-
ment would not be very necessary to decide the correctness
of the sequential assignment. Moreover, these intra- and
inter-residue correlations to amide protons are seen in the
direct dimension, which has maximum resolution com-
pared to the indirect ("N and '*C) dimensions. Thus, even
a small difference (perhaps as low as the line width itself)
in amide '"H chemical shift can be resolved.

Nonetheless, ambiguities may arise in case of total
degeneracies along amide "H chemical shifts. For such
situations, we use additional information from 3D-HNN
spectrum (Kumar et al. 2010a; Panchal et al. 2001). This
combined assignment strategy is demonstrated in Fig. 6 for
the stretch V66-G67-G68-A69 of a-synuclein, where the
amide chemical shifts of V66 and G68 are highly degen-
erate. The sequential walk starts from a HSQC peak
identified for a residue next to a glycine (residue A69 in

intra-residue
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Fig. 6), which shows reverse peak patterns in the (4,3)D-
hNCOCAnH spectrum (see middle panel in Fig. 3c, d).
The sequential (i — 1) Be+ / 3¢c- and sequential (i — 1)
amide 'H chemical shifts are identified unambiguously
from (4,3)D-hNCOCAnH spectrum (as described above
and Fig. 4). In the HNN spectrum the self peak of A69,
along F; dimension is identified directly from the (H;, N;)
correlation peak in the '"N-HSQC spectrum. The HNN
peak pattern for residue next to glycine (A69) is specific in
providing unambiguous identification of sequential i — 1
and i + 1 amide '°N chemical shifts which are discrimi-
nated, respectively, by their negative and positive peak
signs (Fig. 6). The sequential (i — 1) amide '"H chemical
shift information obtained from (4,3)D-hNCOCAnH
spectrum is then combined with the sequential (i — 1)
amide '°N chemical shift information derived from HNN
spectrum to identify the sequential (H;_;, N;_;) HSQC

peak (i.e. G68). Moving further with this information, the
sequential (G67) amide '"H chemical shift for HSQC
peak G68 is identified from the (4,3)D-hNCOCAnH
spectrum and sequential (G67) amide >N chemical shift is
confirmed from the HNN spectrum. Thus, the sequential
connectivities between the HSQC peaks
(i.e. A69 — G68 — G67) can be established in a very
simple and straightforward manner.

HN, 5N, CO and *Ca chemical shifts from (4,3)D-
hNCOCAnRH spectrum

The above assignment protocol resulted in complete
assignment of the peaks in the spectrum. From these, the
backbone *CO and '*Co chemical shifts were calculated
using the 3C;"| and 1*C;_; chemical shifts as follows:
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Beof = (¢ +Cy)/2
PCo) = Copgn + [(CLy = C121) /2]

i—

Figure S3 documents the '>’N-HSQC peak annotations for
a-synuclein protein and Table S1 documents all the chem-
ical shifts obtained here. At this stage it may be worthwhile
mentioning about the previous approaches to obtain the
same assignments. In several of the studies, resonance
assignment of o-synuclein has been characterized using
conventional HNCO, HNC(CA)CO, CBCA(CO)NH and
CBCANH experiments (Kang et al. 2013; Rao et al. 2009;
Wu and Baum 2011). Each one of these experiments was
run for a day or more. Recently, an extensive set of exper-
iments based on '’C direct detection has been proposed
specially for the characterization of IDPs, where several 4D
and 5D experiments along with non-uniform sampling
approach were used for obtaining the assignments of o-
synuclein protein (Bermel et al. 2012, 2013a, 2006). In all
these cases the self and the sequential peaks have same
phase and hence are often difficult to distinguish. This
necessitates the use of two experiments in combination. In
the present case, (4,3)D-hNCOCAnH alone led to assign-
ment of 118 peaks in the '’N HSQC spectrum and when
used in conjunction with 3D-HNN, all the 133 peaks could
be assigned. Along with that carbon assignments were also
obtained. The overall experimental time in our approaches
was significantly lower than that in the previous cases.

Conclusions

In conclusion, an efficient reduced dimensionality based
method for high-throughput assignment of backbone
(IHN, 5N, BCO, and 13Coz) resonances of proteins has
been presented. The (4,3)D-hNCOCAnH experiment
exploits the '°N, '>CO and '*Co chemical shift dispersion
which helps in unambiguous identification of self and
sequential correlations. Moreover, it provides unidirec-
tional i —» i — 1 amide '"H correlations along highly
resolved (detection) dimension. Following the sequence
specific patterns, (4,3)D-hNCOCAnH experiment alone
can in principle provide complete sequence specific
assignment. Further, (4,3)D-hNCOCAnH experiment
together with 3D-HNN can provide a substantial boost to
the sequential assignment process. This assignment proto-
col based on (4,3)D-hNCOCAnH and 3D-HNN spectra is
quite simple and straight forward and one can directly
identify the sequentially connected HSQC peak unambig-
uously after the manual peak picking process. We have
demonstrated here the utility of the method for the gener-
ally more challenging intrinsically disordered proteins
using o-synuclein as a model system. Indeed, the protocol
can also be used for studying folded proteins. Thus, the

@ Springer

experiments and the protocols described here will be great
tool for backbone resonance assignment in structural and
functional proteomics, protein folding, and drug discovery
research programs by NMR, and are particularly invaluable
in the case of IDPs.
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