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Abstract Intrinsically disordered proteins (IDPs) are best

described by ensembles of conformations and a variety of

approaches have been developed to determine IDP

ensembles. Because of the large number of conformations,

however, cross-validation of the determined ensembles by

independent experimental data is crucial. The 1JCaHa cou-

pling constant is particularly suited for cross-validation,

because it has a large magnitude and mostly depends on the

often less accessible dihedral angle w. Here, we reinvesti-

gated the connection between 1JCaHa values and protein

backbone dihedral angles. We show that accurate amino-

acid specific random coil values of the 1JCaHa coupling

constant, in combination with a reparameterized empirical

Karplus-type equation, allow for reliable cross-validation

of molecular ensembles of IDPs.

Keywords NMR � Intrinsically disordered protein �
Scalar coupling � Ensemble

Introduction

Intrinsically disordered proteins (IDPs) play an important

role in a wide range of biological and pathological pro-

cesses in eukaryotic organisms (Iakoucheva et al. 2002;

Tompa 2002; Uversky 2002; Wright and Dyson 1999).

Because of their involvement in devastating diseases such

as cancer, cardiovascular disease and Alzheimer’s disease,

IDPs are increasingly recognized as potential drug targets

(Uversky 2011; Uversky et al. 2008). Targeting IDPs by

small molecules is, however, difficult because IDPs do not

fold into a single, rigid structure in solution, but exchange

between a large number of conformations. IDPs are

therefore best described by ensemble of conformations

(Fisher and Stultz 2011; Jensen et al. 2014; Marsh et al.

2012; Mittag et al. 2010).

Several different approaches have been proposed to

determine molecular ensembles of IDPs. These include

pure computational approaches, such as long time-scale

MD simulations on dedicated computers (Lindorff-Larsen

et al. 2012). Comparison with experimental data, however,

often shows that the choice of force field can strongly

influence the resulting ensemble (Piana et al. 2014).

Therefore, sample-and-select approaches were developed

where sub-ensembles, which are best in agreement with

experimental data, are derived from a broader distribution

(Allison et al. 2009; Choy and Forman-Kay 2001; Fisher

and Stultz 2011; Jensen et al. 2014; Marsh et al. 2012;

Mittag et al. 2010; Xiang et al. 2013). The data used for

selection can include small angle X-ray scattering curves

(Bernado et al. 2007) and potentially other biophysical

parameters. The most powerful data, however, come from

NMR spectroscopy, because chemical shifts, scalar cou-

plings, residual dipolar couplings and NOE contacts are

highly sensitive probes for the conformations sampled by
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individual residues (Marsh et al. 2012; Rezaei-Ghaleh et al.

2012; Schwalbe et al. 2014; Uversky 2002).

Because of the large number of conformations sampled by

IDPs in solution,molecular ensembles of IDPs are inherently

underdetermined by the available experimental data (Allison

et al. 2009; Fisher and Stultz 2011; Jensen et al. 2014;

Mantsyzov et al. 2014; Marsh et al. 2012; Mittag and For-

man-Kay 2007; Xiang et al. 2013). In order to achieve the

most representative ensembles, it is therefore important to

use the maximum available experimental data for ensemble

selection. At the same time, some experimental data should

be left out during the selection process and instead should be

used for cross-validation—that is for comparison of the

experimental values with those back-calculated from the

ensemble, which was selected without the use of these data

(Jensen et al. 2014; Schwalbe et al. 2014). Often chemical

shifts and residual dipolar couplings (Allison et al. 2009;

Fisher and Stultz 2011; Jensen et al. 2014; Marsh et al. 2012;

Mittag and Forman-Kay 2007; Xiang et al. 2013), and in

some cases NOEs (Ball et al. 2011; Fawzi et al. 2008;

Mantsyzov et al. 2014; Marsh and Forman-Kay 2012; Sch-

walbe et al. 2015), are used for ensemble selection. In this

case, 3JHnHa and
1JCaHa scalar couplings might then be used

for cross-validation. Because 3JHnHa and
1JCaHa scalar cou-

plings depend in distinct ways on the conformation of the

protein backbone—the 3JHnHa coupling is mostly influenced

by the dihedral angle u while 1JCaHa most strongly depends

onw (Billeter et al. 1992; Edison et al. 1994a, b; Kopple et al.

1978;Vuister andBax 1993;Vuister et al. 1993)—it is best to

use them both for cross-validation.

In order to be able to use 1JCaHa for the determination

and analysis of ensembles of IDPs, a quantitative correla-

tion between the protein backbone conformation and the

value of 1JCaHa is required. Such correlations were inves-

tigated by molecular orbital calculations and experimental

data on cyclic peptides (Egli and Vonphilipsborn 1981), as

well as by ab initio calculations in an alanine derivative

(Edison et al. 1994a). In addition, an empirical correlation

between 1JCaHa couplings and protein backbone angles was

derived from a set of proteins, for which both experimental
1JCaHa couplings and high-resolution X-ray structures were

available (Vuister and Bax 1993; Vuister et al. 1993). This

and other analyses showed that 1JCaHa couplings vary in

proteins from*132 to*150 Hz with residues in extended

conformations, such as a b-sheet, having average 1JCaHa
values around 140.5 ± 1.8 Hz. For residues in a-helices
values of 146.5 ± 1.8 Hz were found, while non-glycine

residues with positive u angles have 1JCaHa values below

137 Hz (Schmidt et al. 2009; Vuister and Bax 1993).

When we previously analyzed molecular ensembles of

IDPs, which were selected on the basis of a large number of
3JHnHa scalar couplings and residual dipolar couplings

(Xiang et al. 2013), we found larger than expected deviations

between experimental and back-calculated 1JCaHa values. To

obtain insight into this problem and provide a validation for

the sampling of w-angles in IDPs, we here reinvestigated the
connection between 1JCaHa values and protein backbone

dihedral angles. We determined an improved set of 1JCaHa
random coil values and showed that on the basis of these

values an empirical relation can be obtained, which allows

robust 1JCaHa-based cross-validation of IDP ensembles.

Materials and methods

NMR spectroscopy

NMR samples contained 1 mM of 13C/15N-labeled Tau

(the longest isoform with 441 residues) in 50 mM phos-

phate buffer, pH 6.0. NMR spectra were recorded at 278 K

on a Bruker Avance 900 MHz spectrometer equipped with

a cryogenic probe. For determination of 1JCaHa couplings

in Tau, a 3D (HA)CANH experiment was recorded, in

which no decoupling was applied during the 13Ca evolution

time. The 1JCaHa coupling thus remained active during a

28 ms constant time evolution period, resulting in two

highly resolved 13C doublet components, which are split by

the 1JCaHa coupling (Zweckstetter and Bax 2001). Taking

into account the signal-to-noise ratio and the duration of

the constant time evolution period (Kontaxis et al. 2000),

the experimental error in the 1JCaHa couplings was esti-

mated to be below 0.5 Hz. To avoid increased crowding

relative to a regular (HA)CANH spectrum, the two doublet

components were separated into two separate spectra by

calculating the sum and difference of an in-phase and an

anti-phase (HA)CANH spectrum (Zweckstetter and Bax

2001).

Experimental 1JCaHa couplings in a peptide comprising

residues 201–219 of the splicing factor SRSF1 were pre-

viously measured using the same (HA)CANH experiment

(Xiang et al. 2013; Zweckstetter and Bax 2001).

Determination of conformational ensembles

Conformations of residues 201–219 of the splicing factor

SRSF1 in the non-phosphorylated and phosphorylated state

were determined previously (Xiang et al. 2013).

Results

Determination of 1JCaHa random coil values

1JCaHa coupling constants are influenced by a variety of

factors including solvent and related electric field effects

(Barfield and Johnston 1973), substituent effects (Hansen
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1981), lone electron pairs, and dihedral angle orientation

(Egli and Vonphilipsborn 1981). Therefore, not only the

backbone conformation but also the amino acid type plays

an important role (Vuister et al. 1993). To determine a

quantitative correlation between 1JCaHa couplings and

protein backbone angles, it is therefore important to correct

the experimental 1JCaHa values for the inherent variation,

which is caused by differences in the amino acid type. To

this end, 1JCaHa values observed for residues in short pep-

tides or in flexible loops of globular proteins might be used.

Here we measured 1JCaHa values in the 441-residue protein

Tau. Tau is an IDP (Cleveland et al. 1977) and a variety of

NMR investigations have shown that Tau contains only

transient secondary structure (Mukrasch et al. 2009). A total

of 295 1JCaHa values were obtained for non-overlapping

residues. 1JCaHa values, which belong to the same amino

acid type, were grouped and both mean and median 1JCaHa
values were calculated (Fig. 1). No values were obtained

for tryptophan, which is not present in the primary sequence

of Tau. In addition, coupling constants from glycine resi-

dues could not be analyzed due to severe signal overlap.

We took care in order to use only well-separated cross-

peaks. Nevertheless some outliers, i.e. where the 1JCaHa
value of a residue significantly deviates from the values

observed for other residues of the same amino acid type,

were present (Fig. 1). We currently do not know the reason

for these more unusual values, but it is important to

remember that even using 3D experiments partial signal

overlap cannot be excluded in an IDP with 441 residues.

Notably, the contribution of these values to an ‘‘average’’,

amino acid-specific random coil value is small, as a com-

parison of mean and median values shows (Table 1). The

largest difference between the mean and median value was

observed for phenylalanine, where only three experimental

data points were available. The second largest difference

between the mean and median value was 1.8 Hz and was

observed for proline. The analysis further showed that

threonine has the smallest median 1JCaHa of 142.3 Hz,

while most other amino acids have 1JCaHa values of

approximately 143.5 Hz. For cysteine, the median value

was 144.8 Hz. Proline has the largest value (147.7 Hz),

which might be due to the influence of the Ca substituent

on 1JCaHa (Schmidt et al. 2009; Vuister et al. 1993).

Table 1 also lists the random coil values, which were

previously determined from 1JCaHa measurements in

angiotensin II, a peptide comprising the ‘central helix’ of

calmodulin and from the unstructured tails of staphylo-

coccal nuclease (SNase) (Vuister et al. 1993). These values

can be compared with the median values of the current

work for 18 amino acids, because Tau does not contain

tryptophan and no values were reported for cysteine in

Vuister et al. (1993). For alanine, histidine aspartate and

proline the previous random coil values and the current

mean values were similar, with a maximum difference of

0.7 Hz for proline (148.4 Hz based on nine data points

reported in Vuister et al. (1993); 147.7 Hz based on 25 data

points reported in the current work). However, in case of

arginine, asparagine, glutamine, glutamate, leucine and

isoleucine the previous ‘random coil’ values were smaller

by approximately 2 Hz.

To provide further support for the use of the median

values reported in Table 1 as new ‘random coil values’, we

analyzed the 1JCaHa couplings in a short peptide, which

comprises residues 225–246 of Tau. An extensive set of

chemical shifts, residual dipolar couplings and NOEs

showed that Tau(225–246) is highly dynamic and has at

best very little secondary structure (Schwalbe et al. 2015).

Compared to full-length Tau, Tau(225–246) has the

advantage that signal overlap is strongly reduced. 1JCaHa
couplings were obtained using a J-modulated constant-time

HSQC (Tjandra and Bax 1997) and not the 3D (HA)CANH,

to potentially assess the influence of systematic errors in the

Fig. 1 1JCaHa spin–spin

coupling constants observed in

the intrinsically disordered

protein Tau. 1JCaHa were

grouped according to amino

acid type and subjected to a box

plot analysis. The line inside the

box indicates the median value

for each residue type, while

bottom and top correspond to

25th and 75th percentile,

respectively. The mean values

are marked as square. Vertical

lines indicate the 5–95 % range
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measurement. Although the number of values available for

each amino acid type is small, the average values in

Tau(225–246) were close to the median values obtained

with full-length Tau (Table 1). The spread around the

average values in Tau(225–246) was small. Notably, for

most amino acids the mean value was around *143.5 Hz,

in agreement with the results from full-length Tau. This

includes arginine, lysine, valine, glutamine and leucine,

indicating that the new ‘random coil’ values are more

representative.

Reparameterization of the Karplus-type equation

for 1JCaHa couplings

To select 1JCaHa scalar couplings to be used in parameteri-

zation of an empirical Karplus-type relation we considered

three independently measured data sets: (a) calmodulin,

bovine pancreatic trypsin inhibitor (BPTI) and SNase by

Vuister et al. (1993); (b) calmodulin and ubiquitin by

Zweckstetter and Bax (2001); (c) flavodoxin, RNase T1,

frataxin, ubiquitin, xylanase and DFPase by Schmidt et al.

(2009). As the sets contained measurements of the same

proteins (calmodulin, ubiquitin), we were able to assess

internal consistency between the experimental data. Com-

parison of the couplings for ubiquitin from Zweckstetter and

Bax (2001) with the values from Schmidt et al. (2009)

revealed almost perfect correlation with an RMSD below

0.5 Hz (Fig. 2a). In contrast, agreement for the calmodulin

couplings from Zweckstetter and Bax (2001) and Vuister

et al. (1993) was worse with a correlation coefficient of 0.69

and a RMSD of 2.88 Hz (Fig. 2b). The analysis of internal

consistency between the measured scalar couplings promp-

ted us to use a merged data set from Zweckstetter and Bax

(2001) and Schmidt et al. (2009) for the further parameteri-

zation. To avoid redundancy only one set of values for

ubiquitin fromZweckstetter andBax (2001)was included. In

total, the final data set contained 931 values from 7 proteins.

The 1JCaHa couplings observed in Tau were subse-

quently used for parameterization. To this end, we used the

median values reported in Table 1, because they are less

affected by outliers. In case of phenylalanine, where the

difference between the mean and median value was large,

we also used the median value, which is close to the ran-

dom coil value previously determined by Vuister et al.

(1993). These amino-acid specific ‘random coil values’

were then subtracted from the 931 1JCaHa scalar couplings.

Backbone dihedral angles u and w were extracted from the

X-ray structures of ubiquitin (PDB id: 1UBQ; Vijaykumar

et al. 1987) and calmodulin (PDB id: 1CLL; Chattopad-

hyaya et al. 1992). For flavodoxin, RNase T1, frataxin,

xylanase and DFPase the dihedral angles collected from

X-ray structures by Schmidt et al. (2009) were used.

A singular value decomposition (SVD) fit was per-

formed to parameterize the equation

Table 1 Amino-acid specific random coil values of the 1JCaHa spin–spin coupling constant

Number of 1JCaHa
values in Tau(1–441)

Mean in

Tau(1–441)

Median in

Tau(1–441)

Number of 1JCaHa
values in Tau(225–246)

Mean in

Tau(225–246)

Random coil values

from Vuister et al. (1993)

A 24 144.3 144.1 2 145.0 143.7

R 10 143.0 143.1 2 143.4 141.5

N 10 144.0 143.7 141.5

D 19 143.2 143.2 142.5

C 2 144.8 144.8

Q 14 142.9 142.8 1 143.9 141.1

E 18 143.6 143.9 141.9

G

H 10 143.8 143.7 143.8

I 13 143.1 143.2 141.3

L 23 142.8 143.0 1 143.3 141.1

K 38 142.8 143.1 3 143.6 141.5

M 4 143.3 143.3 142.2

F 3 140.9 143.7 142.9

P 25 145.9 147.7 148.4

S 28 143.1 143.2 4 143.2 142.1

T 27 142.2 142.3 2 142.7 141.4

W 143.0

Y 3 144.3 144.4 143.0

V 24 144.4 143.7 3 143.6 141.3
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D1JCaHa ¼ Aþ B sinðwþ w0Þ þ C cosð2ðwþ w0ÞÞ
þ Dcosð2ðuþ u0ÞÞ

by finding a set of parameters A, B, C and D which mini-

mize the root-mean-square-deviation (RMSD) to the

experimentally derived D1JCaHa values. The SVD fit was

combined with an exhaustive scan of the w0 and u0 angles
allowing for a non-linear optimization of the whole param-

eter set. To properly assess the predictive power of the

model ten-fold cross-validation was carried out: the data set

was divided into ten parts of randomly selected points

without repetition. Ten independent fitting procedures

(combining exhaustive angle scan with SVD) were

performed, by leaving 10 % of the data for cross-validation

and using the rest of the data for model building. After all

the data was once used for cross-validation, all the predicted

cross-validation values were concatenated and the RMSD,

as well as correlation coefficient (cor) between the measured

and predicted couplings were estimated (Fig. 2c). A sum-

mary of the different parameterization variants is provided

in Table 2. From the steady cross-validation results

(cor = 0.73, RMSD = 2.31 Hz) it appears that optimizing

the u’ dihedral angle has no significant impact on the pre-

diction accuracy. In addition, optimization of w’ has only

minor effect for the training part of the model. Taken all

Fig. 2 a Experimentally measured 1JCaHa scalar couplings of ubiq-

uitin from Zweckstetter and Bax (2001) plotted against the values

from Schmidt et al. (2009). b Experimentally measured 1JCaHa scalar

couplings of calmodulin from Zweckstetter and Bax (2001) plotted

against the values from Vuister et al. (1993). c Experimentally

measured 1JCaHa scalar coupling constants plotted against the values

calculated using the new Karplus-type equation parameters and

random coil values. Circles denote the training set, triangles

correspond to the cross-validation set. The measured scalar couplings

comprise the values for calmodulin and ubiquitin (Zweckstetter and

Bax 2001). d Experimentally measured 1JCaHa scalar couplings in

calmodulin, staphylococcal nuclease and BPTI (Vuister et al. 1993)

plotted against the calculated coupling values. Calculation using the

new set of parameters is marked in circles. Triangles denote the best

SVD fit of the Karplus-type equation to the given data. In both

figures (c, d) the random coil values as derived from the Tau protein

(Table 1) were subtracted from the measured and calculated coupling

values. In figure (d) for the best fit data the random coil values from

Vuister et al. (1993) were subtracted from the measured and

calculated coupling values
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together, we have identified the parameter set (A = -1.06,

B = 1.61, C = -2.94, D = 1.32, w’ = 142� and

u’ = 30�) to best predict 1JCaHa scalar coupling values. The

estimated parameters are close to those found previously

(A = 1.7, B = 1.4, C = -4.1, D = 1.7, w’ = 138� and

u’ = 30�; Vuister et al. 1993) with an exception of the

parameter A, for which the value provided in Vuister et al.

(1993) may be lacking a minus sign.

In addition, we performed a reparameterization of the

equationusing 1JCaHa couplings anddihedral backbone angles

for BPTI, SNase and calmodulin as reported in the supporting

information of Vuister et al. (1993). In total, the data set of the

three proteins comprised 203 values. These 203 1JCaHa cou-

plings together with the corresponding backbone dihedral

angles and the random coil values reported by Vuister et al.

(1993) were used to find the best fit in terms of the A, B, C and

D parameters, while keeping w’ and u’ fixed at 138� and 30�,
respectively (Fig. 2d). The resulting RMSD of 1.95 Hz is

lower than the RMSD of 2.46 Hz for the new parameter set

described above (Table 2). However, the parameters opti-

mized against the data from Vuister et al. (1993) perform

worsewith respect to the 931 couplings fromZweckstetter and

Bax (2001) and Schmidt et al. (2009), resulting in a RMSD of

2.75 Hz. This indicates that the parameter sets obtained using

the (Vuister et al. 1993) data lack predictive power for the rest

of the proteins. Based on these findings we conclude that the

parameter set A = -1.06, B = 1.61, C = -2.94, D = 1.32,

w’ = 142� and u’ = 30�, in combination with the new set of

random coil values (Table 1) is suitable for the accurate pre-

diction of 1JCaHa couplings.

Cross-validation of molecular ensembles of the RS-

rich region of SRSF1

Next we tested the power of the new random coil values and

the new parameter set for cross-validation of molecular

ensembles of IDPs. To this end we selected the serine/argi-

nine-rich region (residues 201–219) of the arginine/serine

(RS)-rich splicing factor 1 (SRSF1) (also known as ASF/

SF2). Serine/arginine-rich proteins are important players in

RNA metabolism and are extensively phosphorylated at

serine residues in RS repeats (Lin and Fu 2007). Residues

201–219 of SRSF1, further on called SRSF1(RS1), contain a

sequence of eight RS dipeptides (Fig. 3a). NMR spec-

troscopy showed that SRSF1(RS1) is intrinsically disordered

and phosphorylation of the RS repeats leads to a conforma-

tional switch (Xiang et al. 2013). We then determined rep-

resentative ensembles of SRSF1(RS1) in the non-

phosphorylated and phosphorylated state by selecting sub-

ensembles from trajectories of unbiased MD simulations

using a Monte-Carlo search in combination with exhaustive

scanning. Ensembles containing 30 conformers were selec-

ted, which were best in agreement with experimental N–H,

Ca–Ha, Ca–CO residual dipolar couplings, as well as
3JHN–Ha scalar couplings (Xiang et al. 2013).

Experimental 1JCaHa couplings were compared to values

back-calculated from the ensembles of SRSF1(RS1) in the

non-phosphorylated and phosphorylated state using the new

parameter set for the Karplus-type equation, as well as the

previous parameter set (Vuister et al. 1993) and the param-

eter set obtained by reparameterization using the random coil

values and the 1JCaHa couplings reported in Vuister et al.

(1993). For all three data sets, a good correlation between

experimental and back-calculated 1JCaHa values for residues

in non-phosphorylated SRSF1(RS1) was observed (Fig. 3b,

c). The newly determined parameter set, however, had an

RMSD = 0.84 Hz, while the other two parameterizations

resulted in RMSD values of 1.8 and 1.9 Hz. In case of

phosphorylated SRSF1(RS1), the correlation between

experimental and back-calculated values was lower, but

again comparable between the different sets of parameters

(Fig. 3d, e). In agreement with the results for non-phospho-

rylated SRSF1(RS1), the lowest RMSD was found for the

new parameterization (A = -1.06, B = 1.61, C = -2.94,

D = 1.32, w’ = 142� and u’ = 30�). Although, in the

analysis the six phosphorylated serine residues (S207, S209,

Table 2 Summary of the parameter optimization procedures for the Karplus-type equation

Data used for parameterization Optimized parameters cor

training

RMSD

training,

Hz

cor

crossval.

RMSD

crossval.,

Hz

cor

(Vuister

et al.

1993)

RMSD

(Vuister et al.

1993), Hz

Couplings from Zweckstetter and Bax

(2001) and Schmidt et al. (2009);

random coil values from Tau protein

A, B, C, D, u0 = 30�,
w’ = 150�

0.73 2.30 0.73 2.31 0.80 2.60

A, B, C, D, u0 = 30�,
w0 = 138�

0.74 2.29 0.73 2.31 0.84 2.41

A, B, C, D, u0 = 30�, w0 0.74 2.28 0.73 2.31 0.83 2.46

A, B, C, D, u0, w0 0.74 2.28 0.73 2.31 0.82 2.48

Couplings and random coil values

from Vuister et al. (1993)

A, B, C, D, u’ = 30�,
w0 = 138�

0.70 2.75 0.86 1.95
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S211, S213, S215, S217) were treated as non-phosphorylated

serines, high correlation and low RMSD values were

obtained (Fig. 3d, e).

To highlight the strengths of using the 1JCaHa couplings

for cross-validation of IDP ensembles, we compared the

SRSF1(RS1) ensembles selected using NMR observables

with those generated randomly. Random ensembles were

selected from the non-phosphorylated and phosphorylated

pool of structures for SRSF1(RS1) (denoted WT in

Table 3) and SRSF1(RpS1) (denoted RpS in Table 3),

respectively. Since residue specific random coil values are

large in magnitude and may bias correlation estimates, we

have subtracted for the current analysis the random coil

contributions from the experimental and back-calculated

couplings. The sub-selected and randomly generated WT

SRSF1(RS1) ensembles both match the experimentally

measured 1JCaHa coupling values: we find a correlation of

0.89 and 0.75, respectively. It corresponds well with the

previous findings, which showed that non-phosphorylated

SRSF1(RS1) is disordered (Xiang et al. 2013). For the

phosphorylated SRSF1(RS1) the selected ensembles cor-

relate better with the experimental measurements than the

random selections: correlations of 0.42 and 0.14. Although

Fig. 3 a Primary sequence of

SRSF1(RS1). Residues, which

can be efficiently

phosphorylated by SRPK1

(Xiang et al. 2013), are marked.

b–e Experimentally measured
1JCaHa couplings in non-

phosphorylated (b, c) and
phosphorylated (d,
e) SRSF1(RS1) plotted against

the calculated coupling values

from the ensembles obtained in

Xiang et al. (2013). In case of

phosphorylated SRSF1(RS1),

phosphoserine residues were

treated as serines. Filled circles

and solid lines correspond to the

values calculated using the

Karplus-type equation with the

new set of random coil values

and the newly obtained

parameters. Filled triangles and

broken lines correspond to the

calculations using random coil

values from Vuister et al. (1993)

with the equation parameters

reported in Vuister et al. (1993)

(b, d) or the reparameterized

equation [using the random coil

values and 1JCaHa coupling

values reported in Vuister et al.

(1993)] (c, e)

Table 3 Comparison of 1JCaHa couplings back-calculated from the

non-phosphorylated (WT) and phosphorylated (RpS) SRSF1(RS1)

ensembles

Correlation RMSD, Hz

WT expt. versus WT random 0.75 ± 0.02 0.79 ± 0.01

WT expt. versus WT selected 0.89 ± 0.01 0.84 ± 0.01

RpS expt. versus RpS random 0.14 ± 0.02 1.05 ± 0.01

RpS expt. versus RpS selected 0.42 ± 0.01 0.89 ± 0.01

WT expt. versus RpS expt. 0.55 ± 0.03 0.92 ± 0.03

WT random versus RpS random 0.71 ± 0.03 0.35 ± 0.02

WT selected versus RpS selected 0.57 ± 0.03 0.52 ± 0.01

Statistical errors were bootstrapped from the pool of 100 ensembles.

Statistical errors for the experimental measurements were boot-

strapped from the pool of 100 ensembles distributed normally around

the experimentally measured value with the standard deviation given

by the experimental uncertainty
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the correlation in this case is low, it allows distinguishing

ensembles of interest from randomly chosen structures.

We have also investigated whether the 1JCaHa couplings

are able to discriminate between the non-phosphorylated

and phosphorylated SRSF1(RS1) ensembles. To allow for a

proper comparison, the coupling values in the Arg/Ser

region of the phosphorylated peptide were averaged,

because their cross-peaks strongly overlap in case of the

non-phosphorylated SRSF1(RS1). A moderate correlation

of 0.55 between the WT and RpS ensembles is expected

from the experimental measurements of the 1JCaHa cou-

plings (Table 3). The random ensembles, even though

selected from different pools of structures, show significant

similarity (cor = 0.71) in comparison to the selected

ensembles (cor = 0.57), thus showing that indeed the
1JCaHa couplings can successfully discriminate WT from

RpS ensembles.

Discussion

We determined an improved set of amino-acid specific

random coil values of 1JCaHa coupling constants, based on

experimental 1JCaHa couplings observed in the 441-resi-

due IDP Tau, as well as a short Tau peptide. The analysis

showed that the 1JCaHa random coil values vary from

142.3 Hz in threonine to 144.1 Hz in alanine (excluding

cysteine and proline; Fig. 1). For cysteine, the median

value in Tau was 144.8 Hz and for proline 147.7 Hz

(Table 1). The observed variation is well outside the

experimental measurement error, because the magnitude

of the 1JCaHa coupling constant is large and its experi-

mental value can be determined with high accuracy. At

the same time, the amino-acid specific variation is very

small compared to the magnitude of 1JCaHa, requiring

accurate random coil values of 1JCaHa. This is particularly

important for the cross-validation of ensembles of IDPs,

where rigid secondary structures are not formed and

therefore the deviations from the random coil values are

small.

The new set of random coil values formed the basis for a

reparameterization of the Karplus-type equation of 1JCaHa
(Fig. 2). Using the reparameterized Karplus-type equation

a good correlation between experimental 1JCaHa couplings

and values back-calculated from the 3D structure of seven

globular proteins were obtained, indicating that the new

parameter set can be used for structural analysis. We then

applied the amino-acid specific random coil values and the

reparameterized Karplus-type equation for cross-validation

of the conformational ensembles of an intrinsically disor-

dered peptide, the RS region of SRSF1, which was previ-

ously determined using a large number of residual dipolar

couplings as well as 3JHnHa scalar couplings (Xiang et al.

2013). The cross-validation resulted in a high correlation

between experimental and back-calculated 1JCaHa values

(Fig. 3). In addition, low RMSD values of 0.84 and

0.89 Hz were obtained, indicating that the new amino-acid

specific random coil values in combination with the repa-

rameterized Karplus-type equation are highly useful for

analysis of conformational ensembles.
1JCaHa coupling constants are particularly useful for

analysis of molecular ensembles of IDPs, because they can

be measured efficiently and with high accuracy. In addi-

tion, they are most sensitive for the dihedral angle w.
Comparison of experimental and back-calculated values in

non-phosphorylated and phosphorylated SRSF1(RS1) fur-

ther suggested that phosphorylation of serine residues does

not impair the use of 1JCaHa coupling constants for struc-

tural analysis. This is an important finding, because IDPs

are highly regulated by post-translational modifications

(Oldfield and Dunker 2014) and there is great interest in the

structural consequences of phosphorylation and other post-

translational modifications in IDPs.

Conclusion

Accurate amino-acid specific random coil values of the
1JCaHa coupling constant, in combination with reparame-

terized parameters for a Karplus-type equation, allow

reliable cross-validation of molecular ensembles of IDPs.
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