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Abstract: Although intrinsically disordered proteins (IDPs) are
widespread in nature and play diverse and important roles in
biology, they have to date been little characterized structurally.
Auspiciously, intensified efforts using NMR spectroscopy have
started to uncover the breadth of their conformational landscape.
In particular, polypeptide backbone chemical shifts are emerging
as powerful descriptors of local dynamic deviations from the
“random coil” state toward canonical types of secondary structure.
These digressions, in turn, can be connected to functional or
dysfunctional protein states, for example, in adaptive molecular
recognition and protein aggregation. Here we describe a first
inventory of IDP backbone '°N, *HN, tHe, 18CO, 13CA and 3C*
chemical shifts using data obtained for a set of 14 proteins of
unrelated sequence and function. Singular value decomposition
was used to parametrize this database of 6903 measured shifts
collectively in terms of 20 amino acid-specific random coil
chemical shifts and 40 sequence-dependent left- and right-
neighbor correction factors, affording the ncIDP library. For
natively unfolded proteins, random coil backbone chemical shifts
computed from the primary sequence displayed root-mean-square
deviations of 0.65, 0.14, 0.12, 0.50, 0.36, and 0.41 ppm from the
experimentally measured values for the 15N, *HN, tH*, 13CO, 13CF,
and '3C® chemical shifts, respectively. The ncIDP prediction
accuracy is significantly higher than that obtained with libraries
for small peptides or “coil” regions of folded proteins.

Introduction

In recent years, NMR spectroscopy has proven to be singular in
its capacity to study intrinsically disordered proteins (IDPs) with
atomic detail.*~” Because of the lack of a unique three-dimensional
structure, the conformational state of IDPs s described by extensive
ensembles derived from a thoroughgoing analysis of various
experimental data.>%® 1° As an dternative to comprehensive
structure determination, NMR chemical shifts are of significant
value, since they reflect the conformational preferences of polypep-
tide chains with atomic resolution.**~** Flexible peptides and
unfolded proteins display “random coil” chemical shifts, which in
turn can be used as a hallmark of disorder. The deviation of a
measured chemical shift from its random coil value indicates the
relative tendency of the polypeptide chain to adopt either helical
or extended conformations at that point in the primary sequence,™*
thereby offering a sensitive and accurate proxy for changes in
protein (dis)order and dynamics.*>*4~1¢

Here we describe the first neighbor-corrected random coil
chemical shift library for intrinsically disordered proteins, nclDP,
which enables the straightforward and accurate prediction of nuclear
shielding constants for a polypeptide sequence. To generate this
library, we manually compiled a list of the chemical shifts for 14
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polypeptides that have been demonstrated in independent studies
to be intrinsically disordered. For 12 of these, the resonance
assignments were obtained from the BioMagResBank (BMRB)
repository,’” and two further IDPs were assigned in our lab [see
Table S1 and the Supporting Information (SI) for details]. Using a
total of 6903 experimental nuclear shielding constants, we solved
the following equation:

0"(x,a,y,1) = Opc(@) + AT4() + ALy(y) + &) (D)

Equation 1 states that for each protein entry i, the observed chemical
shift of anucleusn e {H®, *HN, 13C*, 13CF, 13CO, 15N} in an amino
acid a embedded in the tripeptide sequence x—a—y consists of a
random coil reference vaue Ogc(a), a left-neighbor correction
A"4(x), and aright-neighbor correction A" 4(y). The fourth param-
eter, £"(i), is available to account for chemical shift offsets due to
dternative referencing and also subsumes systematic deviations due
to variations in pH or temperature. A single offset is included for
chemical shifts of type n for each entry i. In afirst round, the linear
set of egs 1 was solved for the 6903 experimental chemical shifts
using singular value decomposition (SVD). The SVD agorithm
effectively determined the nclDP random coil chemical shift library,
which comprises the reference chemical shift values of the 20 amino
acids a when adjoined by glycine along with the 40 amino acid-
specific corrections. The presence of structure results in local
changes in the (ensemble distribution of) bond angles, which are
manifested through sequence-dependent deviations from the random
coil chemical shifts. For example, the **C* chemical shift increases
upon formation of a-helix and decreasesin the context of a 5-strand.
On the basis of various types of experimental data, reports in the
literature for the IDPs studied here indicate that these polypeptides
do not form stable secondary or tertiary structures but sometimes
display small segmentsthat attain weakly populated, transient forms
of organization. Thus, if accurate random coil chemical shifts are
available, the distribution of secondary chemical shifts would be
expected to consist of asharp peak centered at zero for those nuclei
present in random coil regions, augmented with broader features
arising from segments that exhibit various levels of digression from
the random coil state. Figure 1 demonstrates that this is indeed
what was observed when the ncIDP library was used as areference
Set.

The features observed in Figure 1 are not unique to *H* chemical
shifts but are visible for al chemical shifts that are sensitive to
backbone conformation™ (see Figure S1 in the SI). Since a portion
of the data contains conformational bias away from the random
coil state, as gauged from the secondary chemical shifts, we devised
a self-consistent optimization protocol based on multiple linear
regression (described in the SlI) to identify outliers in the experi-
mental data and subsequently eliminate them prior to the derivation
of anew, curated ncIDP library from the remaining data. Through
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Figure 1. Distribution of *H® secondary chemica shifts for 14 IDPs
obtained using the ncIDP library as a reference set for the random coil
chemical shift: (&) histogram of the distribution of secondary chemical shifts;
(b) predicted vs experimentally observed chemical shifts. Outliers removed
by the self-consistent optimization protocol are shown in blue, and the data
retained in the curated set are shown in yellow.
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Figure 2. Correlation between experimental and computed >N chemical
shifts for (8) y-synuclein, (b) endosulphin-a, (c) human prion protein
(hPrPF), and (d) calcium-loaded calbindin Dg P43G.

this iterative procedure the tails of the secondary chemical shift
distributions for all nuclei were eliminated (Figure S1). Only the
data shown in yellow in Figure 1 and Figure S1 were finaly
included in the derivation of the definitive ncIDP library. The vaues
for Opc(a), A"4(X), and A4(y) are given in Table S2 together with
full details of their derivation. With the ncIDP library, knowledge
of the primary sequence of a query protein aone is sufficient to
predict its backbone proton, carbon, and nitrogen random coil
chemical shifts.

In order to validate the statistical robustness of the new reference
data set, the ncIDP library was derived several times, leaving out
one protein entry at atime, and the eliminated chemical shift data
were back-predicted. Some results of these predictions are displayed
in Figure 2a,b (the predictions for al of the chemical shifts for
each of the 14 proteins and peptides are given in Figure S2). Figure
2a,b shows the agreement between the observed and predicted °N
chemical shifts for the IDPs y-synuclein®® (BMRB ID 7244) and
endosulfin-o*® (BMRB ID 15136), respectively. The observed
strong correlation between the measured and calculated data (R?
= 0.99, rmsd = 0.62 ppm and R> = 0.96, rmsd = 0.85 ppm,
respectively) demonstrates that accurate neighbor-corrected random
coil N chemical shifts can be calculated. Figure 2c,d illustrates
this point further. The human prion protein (hPrP<; BMRB 1D 4402)
is known to have an intrinsically disordered N-terminal domain
(data shown in black in Figure 2c) while maintaining a well-
structured C-terminal part™® (green data in Figure 2c). Indeed, the
predicted chemical shifts are clearly at variance with complete
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Figure 3. Average chemical shift rmsd’s for the following databases and
libraries: RefDB?° (black), Wishart et al.?* (magenta), Schwarzinger et al.?>
(green), Wang and Jardetzky®® (blue), De Simone et a.?* (orange), and
this work (red). It should be noted that no rereferencing procedure was
applied to the experimental input data.

disorder (R? = 0.83, rmsd = 2.47 ppm), and the two domains can
be readily distinguished. Fully folded proteins display a pattern of
even larger deviations, as shown in Figure 2d for the helical protein
calbindin Dy P43G (BMRB ID 16340) (R? = 0.48, rmsd = 4.35
ppm). Evidently, the ncIDP database allows for the accurate
detection of protein (dis)order: the root-mean-square difference
(rmsd) between the observed and calculated >N chemical shifts
can be used to define the level of structure in a protein (see Figure
S2), with IDPs displaying rmsd values less than 1.0. Above this
threshold, persistent structure is to be expected.

The performance of ncIDP was subsequently benchmarked
against aternative random coil chemical shift libraries availablein
the literature by calculating the rmsd’s between the experimental
and predicted chemical shifts for 14 unfolded proteins (Table S1),
eliminating the query entry prior to building a database from the
remaining protein entries. Figure 3 shows the results of these
calculations, averaged over the 14 IDPs. (The individual compari-
sons are given in Figure S3). As afirst reference set, we used the
RefDB random coil database® (black bars), which amends incor-
rectly referenced chemical shift data submitted to the BMRB.*" In
RefDB, chemical shift averages are reported for regions that do
not classify as a-helix or 5-sheet, and these are labeled as random
coil. Since this database was not developed to predict random coil
chemical shifts, it does not utilize the concept of neighbor
corrections. Second, we tested the experimental libraries compiled
for small synthetic peptides, which are used to mimic polypeptide
random coil states. The first library we tested was compiled for
Ac-Gly-Gly-a-Ala-Gly-Gly-NH; in 1 M urea (pH 5) by Wishart et
al.* (magenta bars). For this reference set, it appears that *H and
13C chemical shifts in particular are different from those for the
other databases, which might result from a conformational biasin
the case of Ala. For example, the ** C* chemical shifts differ by
0.4 ppm on average from the experimental data for the peptides
Ac-Gly-Gly-a-Gly-Gly-NH; in 8 M urea (pH 2.3) measured by
Schwarzinger et a.?? (Asp and Glu not included). The use of amino
acid-specific corrections in the Schwarzinger database improves the
correlation between the predicted and experimental data (green
bars), but the presence of urea and the low pH cause significant
offsets for some nuclei, making this reference state less representa-
tive for the chemical shifts obtained under native conditions. As
an aternative, neighbor-corrected random coil chemical shift
databases have been derived from the nuclear shieldings observed
for protein regions found to be outside regular secondary structure
elements and turns (i.e., assigned as “coil”), as evaluated from the
corresponding Protein Data Bank (PDB) structures. We aso
compared here the predicted chemical shifts utilizing the databases
of Wang and Jardetzky? (blue bars) and De Simone et al.>* (orange
bars). The newly derived ncIDP library (red bars) clearly demon-
strates that the prediction of chemical shifts for natively unfolded
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Figure 4. (a) **C* secondary chemical shifts for the K19 construct of the
human tau protein (repeat regions R1, R3, and R4) computed according to
the protocols from Eliezer et al.?® (magenta), Mukrasch et al.® (green),
and thiswork (red). A —0.15 ppm referencing offset was computed using
routines found in Marsh et al.® (b) >N secondary chemical shiftsfor human
tau protein (repeat regions R1, R3, and R4) computed using ncIDP. The
position of the hexapeptide essential for aggregation of tau protein is
indicated. (c) *C* and **N secondary chemical shifts for the kinase inducible
domain of rat CREB (residues 101—160) computed using RefDBZ°(black),
Schwarzinger et a.?? (green), and this work (red).

proteins benefits most from making use of the experimental data
obtained for IDPs as a reference state. It also shows that neighbor
corrections are significant for all backbone nuclei.

The detection of local structural propensity in a protein chain is
crucially dependent on the availability of areliable set of reference
chemical shifts for the random coil state.>9~12625=27 Figure 4
buttresses this point by demonstrating the effect of different random
coil libraries on the secondary chemical shifts for two intrinsically
disordered protein domains. The first example, shown in Figure
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4a, focuses on the aggregation-prone repeat regions of the human
tau protein. Earlier studies presented conflicting results: one
investigation® indicated significant o-helical propensity on the basis
of the Wishart?* random coil values, whereas another study®®
suggested that weakly populated 3-sheet-like regions are predomi-
nant on the basis of a comparison with the random coil chemical
shifts of Schwarzinger et al.?® The present results do not identify
a-helical regionsin the K19 portion of human tau but are in good
agreement with the presence of f3-sheet propensity at the beginning
of each of the repeat regions.>®” It isimportant to emphasize that
this difference is not due to the experimental data obtained in the
two studies but results entirely from the use of a different reference
state for the calculation of secondary chemical shifts. The agreement
with the analysis of Mukrasch et al.?® holds true at a macroscopic
level, but there are also differences observed at the residue level.
Much of the residue-to-residue variation seen in the middle panel
of Figure 4 is strongly suppressed when using nclDP (Figure 4
bottom). In addition, the N secondary chemical shifts shown in
Figure 4b demonstrate good agreement with those obtained from
13C (it should be noted that these secondary chemical shifts are
strongly anticorrelated) and support the notion that the imperfect
hexapeptide repeats contain a strong signal for aggregation into a
cross-f3 structure. The possibility of also detecting transitory helical
structure is illustrated with a second example involving the kinase
inducible domain (KID) of the rat CREB transcription factor. For
CREB-KID, it was previously established that the two helices
interacting with the KIX domain of the coactivator CBP are already
but differentially populated in the free form.?® We present in Figure
4c the sequence-dependent secondary chemical shifts for the *3C*
and >N nuclei of CREB-KID (101—160) calculated using RefDB,*°
the database of Schwarzinger et a.,?? and nclDP. The predictions
made with ncIDP confirm that the first helix (ho:120—129) is
significantly populated in the absence of KIX, whereas the second
helix (hf:134—144) in the complex is better described as arandom
coil in isolation. Predictions with the progran AGADIR?® yield
levels of 30 and 1% for the two helices, respectively. The stark
difference in helical propensity of the two regionsis also consistent
with the observation of “helical” amide (i, i + 3) NOE connectivities
for ho but not for h3.28

The above examples show that the determination of a representa-
tive set of neighbor-corrected random coil chemical shiftsfor IDPs
results in amore continuous pattern of secondary shifts, supporting
thereliability of the method. Moreover, athough the conformational
sensitivity of >N chemical shiftsis well-documented,*? deviations
from random coil values appear not to be useful*® in the absence
of neighbor corrections. The improvement obtained in the prediction
of random coil *>N chemical shifts obtained here (Figure 3) clearly
facilitates the use of secondary chemical shifts as a gauge for the
conformational state of a protein (Figure 2) and the sequence-
specific detection of weak signals of transient structure (Figure 4).

Finally, any method that utilizes a comparative anaysis of protein
chemical shifts with respect to a reference random coil state will
greatly benefit from the accuracy and reliability offered by nclDP.
This new library can be readily interfaced with available protein
chemical shift analysis tools, such as chemical shift index** (CSl),
structural propensity score assessment for intrinsically disordered
proteins,*® and protein structure modeling from chemical shift
information®* (CS-Rosetta).
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