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There is an extraordinary need to describe the structures of intrinsically disordered proteins (IDPs) due to
their role in various biological processes involved in signaling and transcription. However, general study
of IDPs by NMR spectroscopy is limited by the poor 1H amide chemical shift dispersion typically observed
in their spectra. Recently, 13C direct-detected NMR spectroscopy has been recognized as enabling broad
structural study of IDPs. Most notably, multidimensional experiments based on the 15N,13C CON
spectrum make complete chemical shift assignment feasible. Here we document a collection of
NMR-based tools that efficiently lead to chemical shift assignment of IDPs, motivated by a case study
of the C-terminal disordered region from the human pancreatic transcription factor Pdx1. Our strategy
builds on the combination of two three-dimensional (3D) experiments, (HN-flip)N(CA)CON and 3D
(HN-flip)N(CA)NCO, that enable daisy chain connections to be built along the IDP backbone, facilitated
by acquisition of amino acid-specific 15N,13C CON-detected experiments. Assignments are completed
through carbon-detected, total correlation spectroscopy (TOCSY)-based side chain chemical shift
measurement. Conducting our study required producing valuable modifications to many previously
published pulse sequences, motivating us to announce the creation of a database of our pulse programs,
which we make freely available through our website.

� 2013 Elsevier Inc. All rights reserved.
Intrinsically disordered proteins (IDPs)1 partially or completely
lack a cooperatively folded structure under native conditions. Even
so, intrinsically disordered regions are abundant in proteins
executing various biological processes requiring protein–protein
interactions such as molecular signaling and transcription [1]. This
prevalent functional role for intrinsic disorder led Wright and Dyson
to recognize that protein function derives from native structure
regardless of whether or not folding occurs [2]. Therefore, even in
the absence of spatial and temporal order, native structure must
always be considered significant. Recent NMR-derived structure
models of disordered regions from the tumor suppressor protein
p53 [3] and the cyclin-dependent kinase inhibitor Sic1 [4] have
provided critical insight into the functional role of protein disorder
for these systems. Success stories like these are not common, how-
ever, because most IDPs yield solution NMR spectra characterized
by severe spectral overlap that precludes high-resolution study.
Recent work done in our laboratory demonstrates that the problem
with studying IDPs is not inherent to the proteins but rather rests on
the decision to employ NMR methods that have been optimized for
cooperatively folding systems to evaluate disordered systems [5–8].
In the course of our efforts to systematically study IDP structure–
function relationships by NMR, we have established a purely
carbon-detected NMR protocol for generating IDP chemical shift
assignments, which we demonstrate here through application to
the C-terminal disordered region of the pancreatic duodenal homeo-
box protein 1 (Pdx1-C).

Solution NMR spectroscopy, which is well suited to studying
biopolymers possessing heterogeneous conformational ensembles,
stands as the most frequently successful method for IDP structure
analysis. Two-dimensional (2D) heteronuclear correlation experi-
ments have become a mainstay of biomolecular NMR spectroscopy
because they generally provide good peak dispersion, serve readily
as a component for building multidimensional experiments that
yield chemical shifts and structure constraints, and provide a valu-
able detection platform for the measurement of spin relaxation,
scalar couplings, or dipolar couplings. In particular, the 1H,15N
heteronuclear single quantum coherence (HSQC) has become a
workhorse experiment for protein NMR because it provides
nominally one-to-one mapping between resonances and residues
(with the absence of proline being the major exception) and can
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be rapidly acquired with inexpensive samples. For most small and
cooperatively folding proteins, the 1H,15N HSQC features an extre-
mely well-dispersed set of resonances. In contrast, IDPs almost al-
ways display problematically finite chemical shift dispersion in the
proton dimension of this experiment. This problem is seen quite
clearly in the 1H,15N HSQC of Pdx1-C (Fig. 1A), for which the ex-
treme spectral crowding in the random coil region (near 8.5 ppm
on the 1H axis) makes it impossible to unambiguously identify
most individual resonances in the spectrum.

The principal advantage to choosing the 1H,15N HSQC as a
detection platform for protein NMR is that it provides a simple
spectrum with one 2D resonance per amino acid residue with
the exception of proline. Similar mapping is achievable using, for
example, the 13C0–15N or 13C0–13Ca as a reporting pair, but with
the consequence that 13C is a far less sensitive detection nucleus
than 1H. Fortunately, recent improvements in instrumentation,
most notably the development of stable cryogenically cooled
probes, has largely mitigated this concern, rendering carbon-
detected biomolecular NMR practical for routine applications. This,
coupled with intense interest in the inner workings of IDPs, has
propelled a sudden burst of development in the field of carbon-
detected biomolecular NMR, which can be used to report on the
structural aspects of IDPs in atomic detail [5,8–13]. These car-
bon-detected methods make the study of IDPs feasible because
the resulting 2D heteronuclear correlation spectra generally
feature excellent chemical shift dispersion in both dimensions. In
particular, we and others have found the 15N,13C CON spectrum,
which records the correlation between the carbonyl carbon and
amide nitrogen in the peptide plane of the protein backbone, to
be a generally successful detection platform for IDPs. For Pdx1-C,
the degree of improvement over conventional 1H,15N HSCQ detec-
tion is clearly evident in Fig. 1B.

Successful investigation of biomolecular structure and dynam-
ics by NMR always rests on the comprehensive and accurate gen-
eration of chemical shift assignments for the system of interest.
The excellent quality of 15N,13C CON spectra, like the one shown
Fig.1. Two-dimensional heteronuclear correlation spectra provide the foundation
for all biomolecular NMR studies, but traditional 1H-detected methods do not work
as well for IDPs as newer 13C-detected methods. (A) The 1H,15N HSQC of Pdx1-C. (B)
The 15N,13C CON of Pdx1-C. Of special value is the presence of peaks corresponding
to proline residues, seen downfield shifted in the nitrogen dimension of the 15N,13C
CON. Note that the amino acid sequence of Pdx1-C is provided at the top of the
figure, with the N-terminal GPG cloning artifact shown in the thinner font. A larger
version of panel B is provided in Fig. S1 of the Supplementary material, including
complete annotation of chemical shift assignments.
for Pdx1-C in Fig. 1B, suggests that achieving this goal should be
straightforward using carbon-detected NMR (which is demon-
strated by the full-page and fully annotated 15N,13C CON of
Pdx1-C in Fig. S1 of the online Supplementary material). Even so,
few efficient and generally practical protocols for generating chem-
ical shift assignments, based purely on the collection of carbon-de-
tected spectra, have been reported to date. Here we report a
protocol, based on a suite of four three-dimensional (3D) experi-
ments and additional amino acid-specific 2D spectra [5,9,11], that
efficiently yields chemical shift assignments for IDPs that are solu-
ble and stable under mildly acidic conditions. Our recommended
strategy is based completely on carbon-detected spectra and yet
required only 2 weeks of NMR time to complete for Pdx-C (BMRB
[Biological Magnetic Resonance Bank] accession no. 19596). Fur-
thermore, acquisition does not rely on high-dimensional (i.e., four-
or five-dimensional) experiments or on nonuniform sampling,
making it accessible to users without access to these techniques.
Finally, our analysis strategy builds on traditional nearest neighbor
daisy chaining through the protein backbone that will be familiar
to anyone who has previously assigned a protein using conven-
tional triple resonance methods [14,15]. To facilitate broader adop-
tion of this highly efficient strategy, we have made our modified
versions of each pulse program used available through our website
(http://research.chem.psu.edu/sasgroup/pulseprograms.html)
along with representative parameter sets.
Materials and methods

Purification of PDX1-C

A synthetic Pdx1 gene with codons optimized for Escherichia coli
was purchased from Geneart, and the Pdx1 C terminus (amino
acids 204–283 of the human sequence, subsequently referred to
as Pdx1-C) was subcloned by polymerase chain reaction (PCR) into
pET49b (Novagen) encoding a glutathione-S-transferase tag, a 6�
His tag, and a 3C protease recognition site upstream of the cloning
site. The recombinant plasmid was transformed into BL21(DE3)
competent cells for protein overexpression. Cell growth conditions
and the protein purification protocol for Pdx1-C were identical to
our previously reported procedures for the Pdx1-homeodomain
[16] except as noted below. As a final step to ensure full purifica-
tion, Pdx1-C was subjected to size exclusion chromatography using
a HiPrep 26/60 Sephacryl S-200 HR column (GE Life Sciences) in
50 mM Tris (pH 7.5), 150 mM NaCl, 5 mM b-mercaptoethanol,
and 1 mM ethylenediaminetetraacetic acid (EDTA). Following
concentration using an Amicon Ultra centrifugal filter device
(Millipore) that contained a PES 3000-MWCO (molecular weight
cutoff) membrane, Pdx1-C was buffer exchanged into 50 mM
cacodylate (pH 6.5), 50 mM KCl, and 1 mM dithiothreitol (DTT).
Protein concentration was determined by direct detect Fourier
transform infrared (FT-IR) (Millipore) using a molecular weight of
8089 g/mol.
NMR spectroscopy

All of the NMR experiments were recorded at 11.6 and 14.0 T on
Bruker AVANCE-3 spectrometers operating at 1H frequencies of
500.13 and 600.07 MHz, respectively, and equipped with TCI
cryoprobes. All spectra were acquired on uniformly 15N and 13C
isotope-enriched samples of Pdx1-C at concentrations ranging
from 0.6 to 0.8 mM in 50 mM cacodylate buffer (pH 6.5), 50 mM
KCl, 1 mM DTT, and 10% D2O. All spectra were collected at 298 K.

Typical pulse times were 9.79 and 31 ls for hard 1H and 15N 90�
pulses, respectively, with some sample-based variation in the 1H
pulse time. All pulsed field gradients (PFGs) used in the
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experiments were applied for 1 ms with a sine shape. In all pulse
sequences, unless otherwise noted, the 90� band-selective 13C
pulses have the Q5 shape (or time reversed, Q5tr) and the band-
selective 13C 180� pulses use the Q3 shape [17] with durations of
384 and 307 ls, respectively, at 11.6 T and durations of 320 and
256 ls, respectively, at 14.0 T. The timing and phase parameters
specific to pulse sequences associated with the amino acid-filtered
NMR experiments are reported in the relevant figure captions in
the supplementary material. The 1H and 15N carriers were placed
at 4.7 and 124 ppm, respectively. The pulses for excitation of car-
bonyl carbon and alpha carbon were centered at 172 and
54 ppm, respectively, whereas the 13C carrier was changed at the
positions indicated by vertical arrows to 13Ca/ali(b) = 39 ppm,
13Ca = 54 ppm, and 13C0 = 172 ppm. In all figures, the carbon pulses
represented by solid shapes were applied on-resonance and those
marked with slanted stripes were off-resonance pulses centered on
the aliphatic region. The adiabatic inversion pulse (gray pulse) that
inverts both C0 and Ca magnetizations, used during the nitrogen
chemical shift labeling period, was a 500-ms CHIRP pulse with
60 Hz sweep and 25% smoothing [18]. Composite pulse decoupling
of 1H and 15N was achieved by the use of 3.57 kHz Waltz 65 and
1.25 kHz Garp sequences, respectively. In all experiments, the re-
cycle delay was set to 1.3 s except for the HN-flip versions, where
a 1.0-s delay was used.

Direct detection on 13C0 requires that steps be taken to refocus the
active 13C0–13Ca coupling during acquisition. In all pulse sequences
used here, the carbonyl dimension is collected in the in-phase
anti-phase (IPAP) manner, enabling 13C0–13Ca couplings to be ‘‘virtu-
ally decoupled’’ as a post-acquisition processing step [9]. The 3D
(HN-flip)N(CA)CON experiment was performed with spectral widths
of 20 � 40 � 40 ppm, a matrix size of 1024(C0) � 64(N) � 128(N)
points, and 16 scans, amounting to a total acquisition time of 50 h
(2 days 2 h). Owing to the lower intensities from 3D (HN-flip)N
(CA)NCO, the number of scans was increased to 32, yielding a total
acquisition time of 100 h (4 days 4 h). The standard CCCON spectrum
from the TopSpin pulse program library was collected over 2 days,
with a matrix size of 1024(C0) � 64(N) � 128(C) points, spectral
widths of 20 � 40 � 70 ppm, and 16 scans of signal averaging. The
aliphatic protons in the side chains were assigned using H(CC)CON
[5] collected over 2 days, with a matrix size of 1024(C0) � 64(N) �
128(H) points, spectral widths of 20 � 40 � 40 ppm, and 16 scans
of signal averaging. All amino acid-filtered CON-based experiments
were carried out with spectral widths of 20 � 40 ppm and matrix
sizes of 1024(C0) � 256(N). The details of the pulses and delays used
in these experiments are described in the figure captions below each
amino acid-filtered experiment in the Supplementary material
(Figs. S4–S18). All NMR data were processed in TopSpin 2.1 and con-
verted to Sparky format [19] for data analysis.
Pdx1-C secondary structure analysis

Secondary structure propensity (SSP) was calculated from sec-
ondary chemical shifts to determine the per-residue probability
of finding a-helix and b-sheet conformations in Pdx1-C [20]. The
data are represented here by calculating the difference in 13Ca

(DdCa) and 13Cb (DdCb) chemical shifts measured from those of
random coils and plotting DdCa to DdCb. In addition, calculations
were performed using the recently published d2D methodology
for predicting the secondary structures of disordered proteins
using NMR chemical shifts [21]. This analysis was performed using
the d2D webserver (http://www-vendruscolo.ch.cam.ac.uk/d2D)
that takes assigned 1Ha, 13Ca, 13Cb, 13C0, and 15N chemical shifts
of each residue as inputs, predicting as output the relative popula-
tions of a-helix, extended b-sheets, polyproline II, and random coil
present in the ensemble.
Results and discussion

Model system

Despite intense interest in evaluating structure–function rela-
tionships involving IDPs, there remains a significant composition
difference [22] between databases of known protein sequences
(e.g., the UniProt knowledge base [23]) and the sequences found
in known 3D structures deposited in the Protein Data Bank [24],
thereby reinforcing the assertion that disordered proteins are sys-
tematically under-represented in structural studies. To understand
why IDPs pose such a challenge to structural biology, and to see the
utility of the chemical shift assignment protocol we report here, it
is helpful to understand how IDPs differ from cooperatively folding
proteins on the molecular level. Bioinformatic studies have estab-
lished a series of amino acid sequence hallmarks common to IDPs
that render them distinct from known globular proteins, including
the possession of long ‘‘medium-complexity’’ sequence segments
and a tendency toward repeats [22]. Typically, IDPs are also de-
pleted in nonpolar residues and enriched in polar and charged res-
idues, whereas many display a pronounced enrichment in proline
[25].

Each of these sequence hallmarks of disorder is found in the
Pdx1 C-terminal domain (Fig. 1, top), which makes this protein
an excellent model system for NMR method development. Pdx1
is a transcription factor known to play an important role in pancre-
atic development and b-cell maturation as well as the regulation of
insulin production in mature organisms [26–31]. The well-folded
homeodomain component of Pdx1 is well studied [16,29–31] but
represents only a small fraction of the total polypeptide.
Full-length Pdx1 includes both N- and C-terminal intrinsically
disordered regions that are responsible for mediating known
protein–protein interactions [32,33] and that include sites of poly-
morphism that correlate with type 2 diabetes in humans [34–37].
Consistent with the patterns reviewed above, the disordered seg-
ments of Pdx1 possess a low abundance of nonpolar residues, have
low-complexity amino acid sequences, and feature repetitive
glycine and proline-rich segments. Our laboratory has previously
succeeded in using a combination of proton- and carbon-detected
NMR spectra to fully assign and structurally characterize the
intrinsically disordered C terminus of the human protein FCP1
[6–8,38]. In contrast, the prevalence of proline residues and other-
wise extreme amino acid bias in Pdx1-C proved to be too much for
effective analysis using our original methods [6], leading us to
establish the protocol presented here for generating chemical shift
assignments from purely carbon-detected NMR experiments.
Carbon-detected NMR approach for chemical shift assignment

The acquisition of essentially complete NMR chemical shift
assignments is a prerequisite for any NMR-based approach
characterizing the structures of biomolecules and the mechanisms
driving their interactions with their cognate partners. For coopera-
tively folded proteins, the task of chemical shift assignment is usu-
ally accomplished by correlating the backbone carbon resonances
(e.g., 13Ca, 13Cb, 13C0) associated with a residue of interest to those
of the nearest neighbor residue on the N-terminal side in the con-
text of a suite of triple-resonance NMR experiments detected
through the 1H,15N HSQC platform [14,15]. When coupled with
prior knowledge of the amino acid sequence, this procedure is gen-
erally sufficient on three grounds: (i) the nearest neighbor connec-
tions bridge the peptide bond; (ii) there is sufficient redundancy
built into such a large chemical shift set; and (iii) identifying the
amino acid type of most residues based on statistical similarity
to tabulated chemical shift values is straightforward and amenable
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to automation. In most cases, this strategy fails for IDPs because
the heterogeneous nature of their structure causes a collapse
in the 1HN chemical shift dimension of the spectra and, in many
cases, the prevalence of proline residues blocks the walk-along-
the-backbone procedure that depends on all residues possessing
an amide proton.

As discussed above, we work around the limitations inherent to
proton-detected NMR spectroscopy of IDPs by recording the
correlation between the carbonyl carbon and amide nitrogen in
the peptide plane of the protein backbone, which gives rise to
the 15N,13C CON spectrum. For Pdx1-C, the degree of improvement
over conventional 1H,15N HSQC detection (Fig. 1A) is clearly
evident in Fig. 1B, which displays the 15N,13C CON for this 80-res-
idue IDP. It is worth noting that the 15N,13C CON also yields sharper
line widths (at a given magnetic field strength) than the 1H,15N
HSQC, further enhancing the practical resolution of the experi-
ment. Finally, the 15N,13C CON has the convenient property of con-
taining a resonance for each peptide bond involving a proline 15N
(easily identified by the downfield shift in the 15N dimension).

One limitation of carbon-detected NMR spectroscopy is its
inherently lower sensitivity, on a per-scan basis, compared with
proton-detected NMR, which originates in the reduced gyromag-
netic ratio of the 13C nucleus. Although much of the early
carbon-detected NMR literature focused on so-called ‘‘protonless’’
experiments, a wide range of ‘‘H-start’’ experiments have been
Fig.2. H-start versions of the 15N,13C CON form the basis of nearly all experiments used
and 180� hard pulses, respectively, whereas band-selective pulses on the 13C channel
gradients (PFGs) are also indicated by shapes. (A) Pulse sequence for the (HN-flip) CON–
15N chemical shift evolution is measured during t1 using a semi-constant time period w
t1max is the maximum duration of the t1 labeling period [47,48]. The phase cycle is u1 = x,
y, y, y; and urec = x, �x, �x, x, x, �x, �x, x. Quadrature detection in the indirect dimensio
Pulse sequence for the (HACA)CON–IPAP experiment. The delays are d = 3.6 ms, d1 = 2.2 m
u2 = 2(x), 2(�x); u3 = x, �x; u4 = 8(x), 8(�x); uIPAP(IP) = x, uIPAP(AP) = �y; uREC = x, �x, �x
TPPI of u3. In both experiments, pulses are applied at the frequency indicated on the left
pulses, respectively. All pulses are applied with x phase unless otherwise indicated. The g
with diagonal lines are off-resonance 180� Q3-shaped pulses centered at 54 ppm. The pu
resonance with a duration of 1200 ls on a system operating at 11.7 T static field strength.
developed more recently, yielding enhanced sensitivity. For
proteins like Pdx1-C, which can be studied under mildly acidic con-
ditions, we have found HN-flip variants of the 15N,13C CON experi-
ment to be especially effective because the increased per-scan
sensitivity is coupled to a decrease in the necessary interscan delay
created by a more rapid recovery of the amide protons to equilib-
rium [39,40]. A representative HN-flip 15N,13C CON pulse sequence
is shown in Fig. 2A and forms the basis for constructing the 3D
pulse programs we discuss below. It is important to note that
exclusive reliance on HN-start experiments is not feasible for most
IDPs due to their tendency to be enriched in proline, which is lost
from the CON when the HN-start format is used. In addition, fast
solvent exchange caused by enhanced solvent exposure in the ex-
tended state renders IDPs highly susceptible to resonance intensity
loss when exchangeable protons are included in the magnetization
transfer pathway. For this reason, application of HN-start CON
techniques works best for IDPs that are soluble under mildly basic
solution conditions. For proteins where these factors become lim-
iting, and for the carbon-detected amino-acid-selective (CAS) NMR
experiments we also use here, initial excitation on aliphatic proton
resonances is the preferred means to enhancing sensitivity. Nearly
all of the CAS–NMR experiments we discuss are formally similar to
the Ha-start 15N,13C (HACA)CON, shown in Fig. 2B, which can also
be used as a starting point for modification of other carbon start or
HN-start CON-based experiments.
in this study. In both panels, narrow and wide rectangular pulses correspond to 90�
are similarly represented with narrow (90�) and wide (180�) shapes. Pulsed field
IPAP experiment. The delays are D = 5 ms, D1 = 4.6 ms, D2 = 9.0 ms, and D3 = 25 ms.
ith delays s1 = (D3 + t1)/2, s2 = (1 � D3/t1max)t1/2, and s3 = (1 � t1/t1max)D3/2, where
�x; u2 = y, y, �y, �y; uIPAP(IP) = x, x, x, x, �x,�x,�x, �x; uIPAP(AP) = �y, �y, �y, �y, y,
n was obtained by States–TPPI (time proportional phase incrementation) of u2. (B)

s, D = 9.0 ms, D1 = 25 ms, and e = t1(0) + pC180. The phase cycle is u1 = 4(x), 4(�x);
, x, �x, x, x, �x. Quadrature detection in the indirect dimension is obtained by States–
of each line, with narrow and wide rectangles or shapes representing 90� and 180�

ray pulse on 13C indicates a band-selective 13C0 and 13Ca inversion pulse. Pulses filled
lse filled with hashed lines is a higher selectivity 180� Q3-shaped pulse applied on-
Pulses labeled ‘‘TR’’ are time-reversed versions of the standard 90� Q5-shaped pulse.



Fig.3. Strips corresponding to the labeled Pdx1-C resonances obtained from 3D
(HN-flip)N(CA)CON (A) and 3D (HN-flip)N(CA)NCO (B) are shown. The bottom labels
of the strips correspond to the carbonyl chemical shifts, whereas the top labels
correspond to those of amide nitrogen in the F2 dimension. Nitrogen shifts in the F1
dimension are provided adjacent to each peak. The autocorrelation peak is rarely
present in the 3D (HN-flip)N(CA)NCO, so its position is marked with an x in the
figure. The pulse sequences used to generate this data are presented in Figs. S2 and
S3 of the Supplementary material.
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Summarizing the procedure we outline here, our strategy is to
combine 3D NMR experiments that help to establish nearest
neighbor connections to adjacent residues with 3D NMR experi-
ments fully characterizing the side chain chemical shifts. Acquisi-
tion of 2D amino acid-filtered experiments, which identify the
amino acid types of as many resonances as possible through their
spin topologies, further reduces the spectral degeneracy commonly
associated with low-complexity protein sequences and yields
numerous unambiguous entry points from which the process of
assigning the backbone can be initiated.

3D NMR spectroscopy: connecting the backbone
The HN-flip principle has been implemented in a pair of 3D

carbon-detected NMR experiments described as (HN-flip)N(CA)CON
and (HN-flip)N(CA)NCO [11] that collectively are sufficient to
provide nearest neighbor linkages throughout the main chain. In
our experience, optimal signal intensity in these two experiments
was realized using the updated pulse sequences shown in Figs. S2
and S3 of the Supplementary material. The 3D (HN-flip)N(CA)CON
experiment is used to build nitrogen–nitrogen correlations be-
tween each signal observed in the CON and the amide nitrogen
of the preceding residue in the chain. As displayed by the strips
in Fig. 3A, the F1 dimension of the spectrum provides two correla-
tions: the autocorrelation peak records the ‘‘self’’ amide nitrogen
chemical shift, whereas the cross-peak records the nitrogen chem-
ical shift of the preceding residue in the chain. For many systems,
this one experiment should be sufficient to assign the observed
magnetic resonances by daisy chain connecting each residue with
its nearest neighbor to the N-terminal side. Unfortunately, owing
to the HN-start format, this experiment suffers from the same com-
plication of proline breaking the chain as conventional proton-
detected triple resonance experiments. Note, however, that the
strips corresponding to non-proline residues that precede a proline
do display their amide nitrogen correlations to the CON correlation
featuring the proline, thereby providing some guidance for their
placement. If the obstacle presented by proline-induced breaks in
the walk along the backbone proves to be too great, the 3D (HN-flip)
N(CA)CON is amenable to conversion into a CANCO format.

For systems that are challenging to assign based on the 3D (HN-flip)
N(CA)CON alone, the 3D (HN-flip)N(CA)NCO offers powerful
complementary information by correlating each of the resonances
in a CON with the amide chemical shift of the preceding, self, and
following residues in the F1 dimension (Fig. 3B). Because the self
and preceding amide nitrogen resonances are typically both known
from (HN-flip)N(CA)CON, it is usually quite easy to deduce which
cross-peak corresponds to the amide resonance of the residue on
the C-terminal side of the residue providing the CON peak. Note
that the intensity of signals obtained from the (HN-flip)N(CA)NCO
is weaker as compared with the (HN-flip)N(CA)CON; however,
because this experiment allows one the liberty of moving either
forward or back in the polypeptide daisy chain, the (HN-flip)N
(CA)NCO offers an especially powerful tool for difficult-to-assign
proteins. When spectrometer time and sample stability are not
limiting factors, the lower signal-to-noise ratio can generally be
overcome with an increase in the number of scans acquired. As a
starting point, we generally collect the (HN-flip)N(CA)NCO with
double the number of scans used for the (HN-flip)N(CA)CON, which
does not provide equal intensity but is generally sufficient to pro-
vide a usable signal-to-noise ratio.

The necessary task of correlating each peak in the 15N,13C CON
with its position in the amino acid sequence of the protein chain is
not sufficient to complete the assignment process for most pur-
poses. In addition, it is desirable to record the 13Ca and 13Cb chem-
ical shifts for the purpose of evaluating whether the IDP being
studied possesses any secondary structure biases. Furthermore, full
side chain chemical shift assignment can facilitate amino acid type
assignment, among other objectives. The most efficient means we
have found for completing the goal of comprehensive side chain
chemical shift assignment is to collect an additional pair of 3D
experiments: the 3D CCCON, used to obtain the aliphatic carbon
side chain assignments [9], and the 3D H(CC)CON experiment, used
to obtain the aliphatic proton side chain assignments [5]. In
general, IDPs are sufficiently depleted in aromatic amino acids to
render additional effort aimed at assigning the aromatic chemical
shifts unnecessary, although the addition of extra experiments
aiming to fill this gap remains an option.

2D NMR spectroscopy: CAS experiments
In many cases, collection of a high-resolution 15N,13C CON and

the four 3D experiments discussed above is sufficient to assign
the backbone of a target IDP. For each CON signal, 3D CCCON yields
the complete aliphatic carbon resonances of the preceding residue,
narrowing down the amino acid type, and the 3D (HN-flip)N(CA)-
CON provides the nitrogen chemical shift of the preceding residue
as well. Sometimes, however, this process leads to regions in the
CON spectrum where, for the same nitrogen chemical shift, there
is more than one resonance present, causing ambiguity. In these
instances, the use of amino acid-filtered 2D experiments can
provide the additional information needed to break the impasse
at very little additional cost in terms of spectrometer time
[12,41–44]. These experiments capitalize on amino acid type-
specific spin physics, band-selective pulses exciting very unique



Fig.4. A suite of CAS–NMR experiments collected as CACON/CANCO for Asp (A), Ala (B), Glu (C), Gly (D), Leu/Ala (E), Ser (F), Thr-Ala-Val-Ile (TAVI) (G), and Thr (H) is shown. In
each panel, the 15N,13C CON is shown as outlined peaks, with the CACON resonances overlaid in blue and the CANCO resonances in red. Note that the Ser-filtered CAS–CANCO
contains artifact peaks arising from poor suppression of proline resonances (colored gray in panel F). The pulse sequences used to generate these data are presented in Figs. S4
to S18 of the Supplementary material. (For interpretation of the references to color in this figure legend and the text, the reader is referred to the Web version of this article.)
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spectral regions, and specific coupling transfer steps to yield even
greater amino acid filtering than is achievable by inference from
the set of aliphatic carbon chemical shifts recorded in the CCCON
alone. Originally designed by the Oschkinat group in an amide pro-
ton-detected format [41–44], these experiments were recently
modified for 15N,13C CON readout as carbon-detected amino acid-
specific spectra (CAS–NMR) [12]. As was the case with the 3D pulse
sequences discussed above, we have found that in many cases min-
or modifications to the originally reported pulse sequences were
required for optimal performance. Pulse programs for the entire
suite of carbon-detected amino acid-specific 2D experiments that
we employ in our laboratory are provided in the Supplementary
material (Figs. S4–S18).

In general, the CAS–NMR data sets are composed of two exper-
iments collected as a 15N,13C CACON and the closely related 15N,13C
CANCO. The CACON-type experiment makes use of amino acid fil-
ters to select the desired amino acid type, followed by intra-resi-
due transfer from the 13Ca to the 13C0, via the 1JCaC0 scalar
coupling. The experiment concludes with standard readout of the
13C0–15N correlation in the 2D CON format. The CANCO-type exper-
iment also makes use of the same amino acid filters but employs a
different set of echo times such that both the intra-residue 1JCaC0

and the inter-residue 2JCaC0 are active during transfer to the 13C0

prior to detection of 13C0–15N pairs in a format visually indistin-
guishable from the 2D CON. Note, however, that the longer delay
times required for refocusing both one- and two-bond coupling
at the end of the CANCO experiment, along with splitting the initial
magnetization between two correlations, lead to lower signal to
noise, which is usually circumvented by an increase in the number
of scans. The key to the CAS–NMR strategy is as follows. For a given
selected amino acid type, the CAS-filtered 15N,13C CACON contains
only peaks corresponding to the CON correlations of residues adja-
cent to the selected amino acid type on the C-terminal side. The
CAS-filtered 15N,13C CANCO recaptures this same set of peaks and
also the set of CON correlations directly corresponding to the ami-
no acid type selected for. Although it is generally not possible to
know a priori which self peak corresponds to which neighbor peak
in the 15N,13C CANCO, the spectrum is greatly simplified and any
ambiguity present in the 3D spectra discussed above is generally
resolved.

To provide an example of how this procedure works, we present
Pdx1-C CAS–NMR experiments acquired with eight different amino
acid filters in Fig. 4 (the pulse sequences used are presented in
Figs. S4–S18 of the Supplementary material). In each panel, the sha-
dow of the full 15N,13C CON is displayed, with the CAS–CACON over-
laid in blue and the CAS–CANCO in red. All CAS–NMR peaks have
been annotated with an assignment corresponding to the residue
contributing the 15N resonance to the 2D correlation. Note that in
all panels, half of the CAS–CANCO resonances are obscured by the
CAS–CACON resonances. These spectra are satisfyingly free of
bleed-through artifacts in all cases but one; all of the peaks arising
from a proline amide nitrogen are present as artifacts in the Ser-fil-
tered CAS–CANCO (and are colored gray in Fig. 4 for clarity). Note
that this artifact poses little practical impediment to assignment.

The simplest illustration of how these experiments are used is
provided by considering the Thr-filtered spectra in Fig. 4H (bottom



Fig.5. Secondary chemical shifts of Pdx1-C indicate that this protein adopts an
extended coil-like structure. (A) For comparison, the secondary structure of Pdx1-
HD (BMRB accession no. 19227) is shown as the difference between 13Ca and 13Cb

secondary chemical shifts, indicating the presence of an a-helix when long
stretches of positive values are encountered. The secondary structure from the
cocrystal of Pdx1 with a consensus DNA duplex is represented by bars above the
figure for comparison. (B) Pdx1-C displays virtually no tendency toward secondary
structure based on the difference between 13Ca and 13Cb secondary chemical shifts.
(C) d2D calculations for Pdx1-C (see Materials and methods) provide additional
insight into the nature of the extended structure found. For each residue, a-helix is
shown in black, extended-b in dark gray, polyproline II in light gray, and coil
structure as white (non-filled) bars.
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right). Pdx1-C contains two threonine residues (T213 and T230),
resulting in the two annotated correlations from the Thr-filtered
CAS–CANCO (red peaks in Fig. 4H) and the two inter-residue corre-
lations annotated as A214 and S231, respectively (blue peaks in
Fig. 4H). The identity of the blue peak appearing downfield in the
15N dimension, annotated as A214 in Fig. 4H, was established by
noting that it is also recorded in the Ala-filtered CAS–CANCO (see
the red peak in the same position of the Ala panel in Fig. 4B). The
dipeptide Thr-Ala appears only once in the sequence of Pdx1-C,
providing unambiguous assignment of this resonance. Similarly,
the blue resonance in the Thr-filtered CAS–CACON labeled as
S231 is also present in the Ser-filtered CAS–CANCO, where it
appears in red at the same location in Fig. 4F. Because the
Thr-Ser dipeptide sequence is also unique, this resonance is unam-
biguously assigned. Next, the two red autocorrelations identified as
threonine residues must be unambiguously assigned. This is simi-
larly straightforward because T213 also is found in the Gly-filtered
CAS–CACON (blue resonance in Fig. 4D), yielding positive identifi-
cation; T230 is identified because all other possibilities are
eliminated (although its assignment can also be verified from the
Thr-Ala-Val-Ile (TAVI)-filtered CAS–CACON in Fig. 4G on additional
inspection).

It is similarly straightforward to unambiguously identify the
residue-specific assignments for all five resonances in the Ser-
filtered CAS–CON because each serine in Pdx1-C is followed by
an amino acid of a different type (G231, A267, P269, S273, or
V274), all of which are used here to filter a CAS–CANCO spectrum.
Following this procedure to its completion yields unambiguous
assignment for a large fraction of peaks without any reference to
3D spectra and at least provides amino acid typing for many more.
In other words, this procedure yields multiple robust starting
points for analysis of the (HN-flip)N(CA)CON experiment, generally
resulting in in efficient resonance assignments of IDPs.

To summarize, a total of four 3D carbon-detected spectra and
15 2D carbon-detected spectra were used to generate thorough
chemical shift assignment for the C-terminal disordered region of
Pdx1 (the assignments are deposited in the BMRB under accession
no. 19596) as a result of investing 2 weeks of NMR time. Although
all of the pulse programs we used for this project have been pub-
lished previously [5,9,11,12], we needed to modify a large number
of them for use on our spectrometers; few others were included in
the standard, manufacturer-provided pulse program library. To
facilitate adoption of the protocol recommended in this article,
we have made Bruker formatted versions of the pulse sequences
used for this project (and others written by our laboratory) avail-
able through our website.

Outcomes for Pdx1-C
The experiments described here led efficiently to complete

assignment of Pdx1-C despite its biased amino acid composition
and the presence of long glycine and proline repeats. This project
was motivated by a desire to study structure–function relation-
ships for Pdx1-C, which is known to mediate interactions with
other transcription factors and to harbor amino acid polymor-
phisms that correlate with the early onset of type 2 diabetes in
humans [33,36]. In contrast to natively folding proteins, IDPs like
Pdx1-C do not adopt a single conformation under native conditions
but instead remain in a potentially heterogeneous ensemble of dis-
ordered conformations [45]. As a first step toward evaluating the
structure of Pdx1-C, we calculated its SSP [20], based on the chem-
ical shift assignments we report here, and compared the results
with those we previously reported for the cooperatively folding
homeodomain of Pdx1 [16]. Fig. 5 shows the difference between
the offset from random coil for the 13Ca and 13Cb nuclei (DdCa–
DdCb) for each residue in the Pdx1 homeodomain (panel A) and
Pdx1-C (panel B). When chemical shift data are represented in this
way, stretches of values greater than or less than approximately
2 ppm correspond to a-helix or b-strand character, respectively,
making it easy to see the three a-helical segments comprising
the homeodomain (Fig. 5A). In contrast, the graph for Pdx1-C is
almost completely devoid of features, suggesting that its confor-
mation in solution is highly random. This assignment is confirmed
through calculation of secondary structure tendencies in Pdx1-C
using the recently published d2D method [21], which predicts
the ensemble to be a mixture of coil, polyproline II, and extended
b conformation (Fig. 5C). The nearly complete absence of secondary
structure bias predicted for Pdx1-C is somewhat unexpected
because disordered fragments that mediate protein–protein
interactions are often identified by secondary structural bias in
the unbound state [46]. Therefore, it is intriguing to speculate that
Pdx1-C may bind its partners in a highly extended conformation.
Conclusions

Using a suite of exclusively carbon-detected NMR experiments,
we were able to successfully complete chemical shift assignment
for the intrinsically disordered polypeptide chain of Pdx1-C. Our
strategy combines nearest neighbor assignment, facilitated by 3D
experiments that correlate amide nitrogen pairs and triples, with
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CAS–NMR experiments composed of pairs of 2D CACON and
CANCO spectra. The amalgamation of these two experiment types
yielded a chemical shift assignment strategy that required only
2 weeks of instrument time and that was sufficient for the
complete assignment of an 80-residue IDP, shown by secondary
chemical shift information to be almost completely devoid of sec-
ondary structure. This chemical shift assignment of Pdx1-C now
serves as the stepping stone for future structural and mechanistic
studies. Of broad importance for the community, all of the pulse
programs used to generate these results, as well as many others
our laboratory has used and/or published, are now freely available
through our website, making adoption of the protocol used here
straightforward.
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