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Abstract Random coil chemical shifts are necessary for

secondary chemical shift analysis, which is the main NMR

method for identification of secondary structure in proteins.

One of the largest challenges in the determination of ran-

dom coil chemical shifts is accounting for the effect of

neighboring residues. The contributions from the neigh-

boring residues are typically removed by using neighbor

correction factors determined based on each residue’s

effect on glycine chemical shifts. Due to its unusual con-

formational freedom, glycine may be particularly unrep-

resentative for the remaining residue types. In this study,

we use random coil peptides containing glutamine instead

of glycine to determine the random coil chemical shifts and

the neighbor correction factors. The resulting correction

factors correlate to changes in the populations of the major

wells in the Ramachandran plot, which demonstrates that

changes in the conformational ensemble are an important

source of neighbor effects in disordered proteins. Gluta-

mine derived random coil chemical shifts and correction

factors modestly improve our ability to predict 13C chem-

ical shifts of intrinsically disordered proteins compared to

existing datasets, and may thus improve the identification

of small populations of transient structure in disordered

proteins.

Keywords Natively unfolded protein � Peptide �
Secondary chemical shift analysis � Conformational

ensemble � Transient helix

Introduction

Secondary structure in proteins affects the chemical shifts

of the nuclei in the peptide backbone, and can thus be

identified by the deviations of the chemical shifts from

those of a random coil. The difference between experi-

mental chemical shifts and random coil chemical shifts is

called the secondary chemical shift and has become the

main method for identification of transient structure in

disordered proteins. The backbone chemical shifts of a

protein can be measured accurately, but the random coil

chemical shifts can only be approximated using a number

of assumptions. Accordingly, the main source of uncer-

tainty in secondary chemical shifts is not the chemical shift

measurement itself, but the reference values used to rep-

resent the random coil state. Recently, the interest in ran-

dom coil chemical shifts has been renewed (De Simone

et al. 2009; Tamiola et al. 2010; Kjaergaard et al. 2011),

due to the importance of secondary chemical shift analysis

of intrinsically disordered proteins (Dyson and Wright

2002; Eliezer 2007).

Random coil chemical shifts have typically been

determined in two ways: Either using a series of small

disordered peptides (Kjaergaard et al. 2011; Wishart et al.

1995a; Schwarzinger et al. 2000; Richarz and Wuthrich

1978; Bundi and Wuthrich 1979; Jimenez et al. 1986;

Braun et al. 1994; Thanabal et al. 1994; Merutka et al.

1995; Plaxco et al. 1997; Bienkiewicz and Lumb 1999) or

using a database of protein NMR chemical shifts assign-

ments (De Simone et al. 2009; Tamiola et al. 2010; Zhang

et al. 2003; Wishart et al. 1991; Peti et al. 2001). Both

methods have advantages: In peptide studies parameters

such as temperature, pH and co-solvents can be tightly

controlled, whereas databases use data from a large num-

ber of proteins and are thus less likely to contain specific
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artifacts from the choice of peptide series. The random coil

chemical shifts depend on the sequence of the neighboring

residues, which complicates the process of determining

accurate random coil chemical shifts. A serine in its ran-

dom coil state thus has different chemical shifts depending

on whether it is preceded by for example an alanine or an

aspartate residue. Schwarzinger et al. proposed an elegant

way to correct for the effect of the neighboring residues

based on chemical shift measurements of a peptide series

with the sequence Ac-GGXGG-NH2 (Schwarzinger et al.

2001). The chemical shifts of the glycine residues are used

to calculate the neighbor correction factors of the central

residue, which is then added to the random coil chemical

shifts. The correction factors determined for glycine are

subsequently used for all residue types assuming that they

are affected equally by their neighbors. The assumption

that glycine correction factors are representative for all

residue types can be tested using data from two peptide

series with the sequences Ac-GGX(A/P)GG-NH2 (Wishart

et al. 1995a). These peptide series contain all residue types

preceding either an alanine or a proline residue and thus

allow determination of the proline correction factor

(Wishart et al. 1995a). The Ca chemical shifts of the X

residue differ by approximately 2 ppm between these two

peptide series, suggesting a sequence correction factor of

approximately this magnitude. One notable exception is

glycine, where the chemical shift difference is only

0.6 ppm. Thus, glycine is an outlier and the neighbor

correction factor measured for this residue is clearly not

representative for the other residue types. The residue

preceding proline has a particularly large correction factor,

in part because the residue is excluded from the a-helical

region of the Ramachandran plot due to a steric clash

between the Cd of the proline and the Cb of the preceding

residue (MacArthur and Thornton 1991). This is not the

case for glycine that does not have a Cb, which explains

why the correction factor is much smaller for glycine than

the remaining residues.

The large correction factor of proline is in part due to the

large change in the Ramachandran distribution of the pre-

ceding residue. This suggests that the smaller changes in

the Ramachandran distribution caused by the remaining

residues may also contribute to the neighbor correction

factors. Conformational studies using a coil database

assembled from high resolution protein structures show

that the Ramachandran distribution varies significantly

depending on the identity of the neighboring residues (Ting

et al. 2010). The neighbor-dependence of the Ramachan-

dran distribution of glycine differs significantly from all the

other residues due to the absence of a side chain. For this

reason, glycine is the least suited residue type for the

determination of generally applicable neighbor correction

factors in terms of conformational effects.

In the following, we present random coil chemical shifts

and correction factors determined using a peptide series

with the sequence Ac-QQXQQ-NH2. Glutamine was cho-

sen based on a study of the neighbor-dependence of the

Ramachandran distribution, where it was found to be the

most representative residue type (Ting et al. 2010). How

well glutamine represents the other residues depends on the

similarity of the side chains. Like most of the amino acids,

glutamine has only a single heavy c-atom and accordingly

glutamine is most representative for this group. Glutamine

is moderately representative for alanine and the b-branched

amino acids, whereas glycine and proline are conforma-

tionally abnormal and should be treated as special cases. In

addition to their conformational representativeness, gluta-

mine-rich peptides are likely to be structurally random as

glutamine is associated with intrinsic disorder in proteins

(Romero et al. 2001). Finally, glutamine is sufficiently

hydrophilic to ensure the solubility of the peptides. The

neighbor correction factors derived here from glutamine

chemical shifts correlate to neighbor-dependent changes in

the Ramachandran distribution. This shows that neighbor-

dependent changes in the conformational ensemble con-

tribute to the random coil chemical shifts. The glutamine

derived random coil chemical shifts and correction factors

improve the ability to predict the 13C chemical shifts of

intrinsically disordered proteins modestly compared to

existing datasets, and may thus improve the sensitivity of

secondary chemical shift analysis for identifying small

populations of transient structure in disordered proteins.

Materials and methods

Peptides with the sequence Ac-QQXQQ-NH2, where X

was each of the 20 common amino acids, were purchased

from Peptide 2.0 (Chantilly, VA). The peptides were at

least 95% pure as estimated by reversed phase HPLC and

their identities were confirmed by mass spectroscopy.

NMR samples were prepared by dissolving 2–3 mg peptide

in 500 lL 20 mM sodium phosphate buffer pH 6.5 con-

taining 5% (v/v) D2O, 3 mM NaN3, and 1 mM DSS. pH

was adjusted to 6.5 by addition of small quantities of HCl

or NaOH. The Ac-QQCQQ-NH2 peptide sample contained

10 mM DTT to reduce the thiol group.

All NMR spectra were acquired on a Varian Unity

800 MHz spectrometer equipped with a cold probe. All

NMR spectra were recorded at 5�C to minimize exchange

of the amide protons with the solvent at high pH and to

avoid overlap between the Ha and the water signals.

Chemical shifts were referenced to internal DSS as

described previously (Wishart et al. 1995b). The tempera-

ture controller was calibrated using a thermocouple

mounted in an NMR tube and inserted into the
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spectrometer. For each sample the following spectra were

acquired: 1H–15N HSQC (Kay et al. 1992), 1H–13C HSQC,

a 1Ha–13C0 HSQC (Kjaergaard et al. 2011) and a 2D

Watergate TOCSY experiment. NMR data were processed

using NMRPipe (Delaglio et al. 1995) and analyzed in

CCPNMR Analysis (Vranken et al. 2005). For the peptides

containing aspartate, glutamate and histidine, a titration

was performed in steps of approximately 0.5 pH units

around the expected pKa value of the side chain. The

chemical shifts were assumed to be the linear combination

of the chemical shift of a fully protonated and deprotonated

species and thus follow the equation:

d ¼ dA �
Ka

10�pH þ Ka

þ dHA � 1� Ka

10�pH þ Ka

� �
ð1Þ

dHA and dA represent the random coil chemical shifts of the

fully protonated and fully deprotonated species respec-

tively, and Ka is the acid dissociation constant of the side

chain. The chemical shifts were fitted to (1) using IGOR

PRO (WaveMetrics) where Ka was treated as a global fit-

ting parameter.

The sequence correction factors were calculated by

subtracting the chemical shifts of the glutamines of the

Ac-QQQQQ-NH2 peptides from the Ac-QQXQQ-NH2

peptides, where A is the chemical shift difference for Q1, B

for Q2 etc. The random coil chemical shifts of a residue

can thus be calculated using the equation:

drc ¼ drc 5�Cð Þ þ a� T � 5ð Þ þ Aðiþ2Þ þ Bðiþ1Þ

þ Cði�1Þ þ Dði�2Þ ð6Þ

where B(i?1) is the B correction factor of the subsequent

residue etc. and ‘‘a’’ is the temperature coefficient. For the

analysis of the 14 intrinsically disordered proteins tem-

perature coefficients from (Kjaergaard et al. 2011) were

used.

Results and discussion

The random coil chemical shifts of Ca, Cb, C0, N, Ha and

HN were measured using the peptide series Ac-QQXQQ-

NH2, where X is each of the 20 common amino acids.

Previously, the effect of denaturant on random coil

chemical shifts has caused concern (Tamiola et al. 2010),

so denaturants were avoided. For each of the 20 peptides,

the following four 2D experiments were recorded: 15N

HSQC, 13C HSQC, Ha–C0 HSQC and a watergate TOCSY

(Fig. 1). Sequential assignments were performed using the
1Ha–13C0 HSQC experiment as described previously

(Kjaergaard et al. 2011) and expanded to HN and Hb using

the TOCSY experiment resulting in unambiguous deter-

mination of the random coil chemical shifts of all residue

types (Table 1). Despite of the poor dispersion, the signals

from the glutamines could be separated, which allowed

determination of the sequence correction factors up to ±2

residues (Table 2). The random coil chemical shifts change

with the protonation state of the side chains, and to allow

the random coil chemical shifts to be used at a range of pH

values, pH titrations were performed for aspartate, gluta-

mate and histidine (Fig. 2). The pH dependence of the

chemical shifts were fitted to (1), which describes

the random coils chemical shifts by a linear combination of

the chemical shift for the fully protonated and the fully

deprotonated state as a function of pH (Table 3).

The central hypothesis in this study is that changes in

the Ramachandran distribution contribute to the sequence

correction factors. To test this hypothesis, we compared the

sequence correction factors from the glutamine peptides

with the neighbor-dependent changes observed in the

population of the a-helical well in the Ramachandran plot.

We choose the a-helical population as this is the secondary

structure element with the largest secondary chemical

shifts (Zhang et al. 2003). Figure 3 shows that for three of

the backbone nuclei: Ca, C0 and N the changes in the

Ramachandran distribution correlate to the correction fac-

tors. The correlations vary from very strong with a Pearson

coefficient of up to 0.91 in the case of Ca(i - 1) to no

correlation. For Ca and C0 the changes are correlated,

whereas for N the changes are anticorrelated, i.e. a high

population in the a-helical well corresponds to an increase

in the Ca and C0 chemical shift and a decrease in the N

chemical shift. This is consistent with the signs of the

secondary chemical shifts of a-helices for the different

nuclei. For the (i - 1) correction factors, proline has a

much larger correction factor than the other residue types

due to the steric clash between the Cd of the proline and the

Cb of the preceding residue, and accordingly this effect

dominates the correlations. Accordingly, Pearson coeffi-

cients were calculated without proline. For both Ca and N,

however, the correlation between the change in the

a-helical well and the correction factors remained signifi-

cant as suggested by Pearson coefficients of 0.76 and 0.66,

whereas for C0 the correlation disappeared. For the C0(i - 1)

correlation plot, there appears to be a cluster of outliers

consisting among others of the aromatic residues (Fig. 3).

The aromatic residues are likely to be outliers due to an

additional chemical shift contribution from the aromatic

ring in their side chains. The remaining residues in the

cluster are aspartate, asparagine and serine, which all

contain hydrogen bonding active side chains close to the

backbone. This suggests that the carbonyl correlation

coefficients may contain additional contributions from

changes in the hydrogen bonding patterns due to the

functional groups in the side chains. For the (i ? 1) cor-

rection factors, the aromatic residues were again found to

J Biomol NMR (2011) 50:157–165 159

123



be outliers possibly due to the ring current effects (Fig. 3).

When the aromatic residues were excluded, the correlation

coefficients were similar to those for the (i - 1) correction

factors.

The correlation between neighbor correction factors and

changes in the Ramachandran distribution suggests that the

neighbor-dependence of the random coil chemical shifts is

in part due to neighbor-dependent changes in the popula-

tions of the major wells in the Ramachandran plot. Several

other mechanisms exist by which a neighboring residue can

affect the random coil chemical shifts, e.g. changes in the

hydrogen bonding pattern, ring current effects or directly

by modifying the polarization of the covalent bond and

thus modifying the nuclear shielding. The relative impor-

tance of these factors is likely to differ between nuclei as

suggested by the variation in the correlation coefficients.

For the Ca chemical shifts, it appears that changes in the

Ramachandran distribution may be the dominant source of

the neighbor-dependence.

The optimal approach for determining peptide derived

neighbor correction factors is to determine the correction

factor for each residue-type for each type of neighbor

residue. This approach is unpractical as it requires a large

number of peptides and instead it is common to choose one

Fig. 1 NMR spectra of the Ac-

QQNQQ-NH2 peptide. Random

coil chemical shifts were

determined from a 15N HSQC

(a), a Ha–C0 HSQC (b) and a
13C HSQC spectrum (c).

Sequential connvities were

established based on the Ha–C0

HSQC spectrum (red line) and

extrapolated to HN and Hb using

a 2D TOCSY experiment

Table 1 Random coil chemical shifts at pH 6.5, 5�C

Ca Cb C0 Ha HN N

A 52.75 19.05 177.97 4.29 8.58 125.92

C 58.64 29.69 174.74 4.50 8.63 121.10

D 54.59 40.94 176.52 4.59 8.57 121.78

E 56.83 30.18 176.73 4.27 8.69 122.87

F 57.80 39.48 175.72 4.64 8.44 121.69

G 45.32 – 174.36 3.98 8.66 110.61

H 55.84 29.81 174.95 4.67 8.65 120.58

I 61.28 38.64 176.45 4.13 8.44 123.51

K 56.54 33.02 176.74 4.29 8.59 123.57

L 55.36 42.26 177.58 4.34 8.49 124.07

M 55.57 32.68 176.42 4.48 8.63 122.43

N 53.42 38.64 175.44 4.70 8.67 119.97

P 63.24 32.16 177.02 4.44 – n.d.

Q 56.04 29.32 176.12 4.32 8.67 122.30

R 56.29 30.79 176.44 4.32 8.61 123.18

S 58.60 63.71 174.80 4.44 8.59 117.63

T 62.15 69.88 174.65 4.34 8.41 116.38

V 62.57 32.78 176.33 4.08 8.44 122.88

W 57.46 29.26 176.28 4.67 8.27 122.10

Y 57.97 38.65 175.77 4.59 8.40 121.79
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Table 2 Glutamine derived sequence correction factors at pH 6.5, 5�C

Ca Cb C0

A B C D A B C D A B C D

A -0.01 -0.16 -0.08 0.01 0.02 -0.05 0.08 0.06 -0.04 -0.18 0.06 0.00

C -0.04 -0.01 0.09 0.04 0.07 -0.12 -0.02 0.05 -0.05 -0.07 -0.08 -0.04

D -0.02 0.05 0.09 0.13 -0.01 -0.03 -0.10 -0.11 0.04 -0.25 0.14 0.18

E -0.02 -0.01 -0.04 0.01 0.00 -0.10 0.05 0.00 -0.09 0.06 0.00 0.07

F 0.17 -0.02 -0.30 0.11 -0.09 -0.15 0.11 -0.02 -0.14 -0.36 -0.55 -0.01

G -0.06 0.13 0.01 0.06 -0.01 -0.13 0.03 -0.07 -0.01 0.55 0.21 0.07

H -0.04 -0.04 -0.07 0.09 -0.01 -0.08 0.05 -0.01 -0.07 -0.19 -0.19 0.01

I -0.08 -0.27 -0.22 0.00 0.10 -0.09 0.00 0.10 -0.25 -0.11 -0.20 -0.04

K 0.00 -0.15 -0.08 0.05 0.03 -0.08 0.02 0.08 -0.06 -0.04 -0.07 -0.04

L 0.08 -0.20 -0.14 -0.03 0.06 -0.23 -0.08 0.12 -0.16 -0.08 -0.11 -0.02

M 0.00 -0.10 -0.04 0.00 0.04 -0.15 -0.03 0.08 -0.14 0.02 -0.12 -0.02

N 0.01 0.05 0.16 0.10 -0.01 -0.14 -0.07 -0.07 0.02 -0.23 0.02 0.07

P -0.21 -2.25 -0.07 -0.02 0.15 -0.70 0.10 0.11 -0.23 -2.01 0.10 -0.07

Q 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

R 0.00 -0.13 -0.06 0.07 0.11 -0.10 0.00 0.03 -0.07 -0.05 -0.05 -0.05

S 0.00 -0.02 0.02 0.07 -0.24 -0.04 -0.03 0.01 0.03 0.15 -0.02 0.02

T -0.01 -0.09 -0.05 0.05 0.04 -0.04 0.26 0.03 -0.03 0.19 -0.11 0.01

V -0.09 -0.24 -0.21 -0.01 0.07 -0.04 0.03 0.08 -0.21 -0.06 -0.15 -0.02

W 0.00 0.24 -0.23 0.11 -0.16 -0.34 0.10 -0.15 0.05 -0.18 -0.66 0.00

Y 0.14 0.00 -0.34 0.12 -0.10 -0.15 0.14 -0.05 -0.13 -0.34 -0.57 0.01

Ha HN N

A B C D A B C D A B C D

A 0.00 0.00 -0.01 0.00 0.00 -0.04 -0.10 -0.07 0.00 0.14 -2.25 -0.21

C 0.01 0.04 0.02 0.01 -0.01 0.03 0.05 -0.05 -0.05 0.15 1.10 -0.07

D 0.01 0.00 -0.01 -0.02 0.00 0.01 -0.15 -0.10 0.04 -0.03 -1.41 -1.00

E 0.01 0.01 0.00 0.00 0.00 -0.01 -0.02 -0.03 0.02 -0.03 -0.43 -0.14

F -0.07 -0.06 -0.03 -0.06 -0.01 -0.03 -0.27 -0.12 0.21 -0.45 0.19 -0.09

G 0.01 0.03 0.01 0.01 0.01 0.03 -0.21 0.00 -0.02 -0.04 -2.09 -0.45

H -0.03 -0.03 0.01 -0.01 -0.01 -0.01 -0.12 0.02 -0.07 -0.32 -0.03 -0.05

I -0.01 0.04 0.03 -0.01 -0.03 -0.03 0.03 0.01 -0.07 0.25 3.17 0.65

K -0.01 0.00 0.00 -0.01 0.00 -0.02 -0.08 0.00 -0.04 0.07 0.15 0.17

L -0.02 0.02 0.01 0.00 0.00 0.00 -0.09 -0.07 0.04 -0.16 -0.64 -0.12

M -0.02 0.01 0.01 0.00 -0.01 -0.16 -0.04 -0.02 0.06 -0.04 -0.05 0.02

N 0.00 0.02 0.00 -0.01 0.00 0.03 0.00 -0.10 -0.03 -0.26 -1.25 -0.76

P 0.01 0.31 -0.03 0.01 -0.02 -0.01 0.08 -0.03 -0.09 1.43 -1.03 -0.08

Q 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

R -0.01 0.01 0.01 -0.01 0.00 -0.01 0.02 0.01 -0.04 0.17 0.16 0.18

S 0.01 0.07 0.04 -0.01 0.01 -0.05 -0.02 -0.13 0.01 0.17 0.21 -0.62

T 0.01 0.11 0.04 -0.01 0.00 0.03 -0.02 -0.04 -0.02 0.23 0.88 0.01

V 0.00 0.05 0.02 -0.01 -0.03 -0.03 0.04 0.02 -0.08 0.32 2.83 0.63

W -0.08 -0.07 -0.15 -0.17 -0.04 -0.02 -0.53 -0.36 -0.07 -0.23 0.05 -0.76

Y -0.06 -0.05 -0.04 -0.06 -0.01 -0.02 -0.31 -0.15 0.20 -0.40 0.39 -0.13

‘‘A’’ is the sequence correction factor obtained by subtracting the chemical shift of Q1 from the Ac-QQQQQ-NH2 from the Ac-QQXQQ-NH2

peptide. ‘‘B’’, ‘‘C’’ and ‘‘D’’ correspond to the similar difference for Q2, Q4 and Q5, respectively
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residue type to represent several other types of residues.

While neighbor effects due to ring currents or polarization

of the covalent bonds may be well represented by glycine

correction factors, changes in the conformational distribu-

tion are almost certainly not. Based on coil databases, it has

been suggested that glutamine has the most representative

dependence on the neighbors in terms of the conforma-

tional distribution. The question is thus whether glutamine

derived correction factors are representative for all residue

types? In the correlation plots in Fig. 3, the correction

factors are correlated to the changes in the coil library. The

coil library used is not specific for glutamine, but is an

average for all residue types. Accordingly, the correlations

not only show that conformational changes contribute to

the correction factors, but since the coil library is for all

residue types, it also demonstrates that the glutamine cor-

rection factors can reasonably well be used to represent the

conformational changes due to the neighbors for all residue

types, possibly excluding the conformational abnormal

residues glycine and proline.

To compare the secondary chemical shifts obtained

using different random coil chemical shift datasets, we

calculated the secondary chemical shifts using sequence

corrected random coil chemical shifts from two recent

database derived approaches (De Simone et al. 2009;

Tamiola et al. 2010) and one based on glycine rich peptides

under similar solvent conditions (Kjaergaard et al. 2011;

Fig. 4). The experimental data was recorded on the

activation domain of ACTR, which is intrinsically disor-

dered but contains transiently formed a-helices (Demarest

et al. 2004; Ebert et al. 2008; Kjaergaard et al. 2010). The

secondary chemical shifts calculated using different ran-

dom coil chemical shifts agree for most nuclei, but the

random coil chemical shifts from the Ac-GGXGG-NH2

peptides are outliers for HN and C0 and the random coil

chemical shifts reported by Tamiola et al. are outliers for

Ha. The random coil values by Tamiola et al. have a large

deviation for Ca of residue G1037 (Fig. 4). This glycine is

followed by a proline residue and thus represents the spe-

cial case discussed in the introduction. If the glutamine-

derived correction factors reported here are used for gly-

cine residues, it results in a similar large deviation. Instead,

for glycine residues we recommend using the correction

factors determined on the Ac-GGXGG-NH2 peptides

(Kjaergaard et al. 2011), which removes the spike in the

secondary chemical shifts. All datasets show a transiently

formed a-helix in the unbound state of ACTR that corre-

sponds to the first a-helix in the complex structure of this

domain (1045–1057; Demarest et al. 2002). The two

smaller a-helices in the complex (1061–1070 and

1073–1077) appear to be partially formed using the new

dataset in agreement with the database random coil

chemical shifts (De Simone et al. 2009; Tamiola et al.

2010) and a previous study using referencing to a urea

denatured stated of the same protein (Kjaergaard et al.

2010). These transient a-helices are, however, not obvious

from the secondary chemical shifts obtained using the

random coil chemical shifts determined on glycine con-

taining peptides. There is currently no golden standard that

determine which of the random coil chemical shifts are

more correct, but it appears that the secondary chemical

obtained using database derived chemicals shifts are in

better agreement with chemical shifts from the glutamine-

than the glycine-containing peptides.

To systematically compare the performance of different

random coil datasets, we calculated the secondary chemical

shifts for a set of 14 intrinsically disordered proteins

Fig. 2 The pH dependence of the chemical shifts of Asp, Glu and His were determined in a titration series

Table 3 Random coil chemical shifts of the fully protonated and

deprotonated residues at 5�C

Ka Ca Cb C0 N HN Ha

Asp 7.8 9 10-5 dHA 53.05 37.81 175.25 120.10 8.68 4.70

dA 54.59 40.95 176.53 121.78 8.57 4.58

Glu 3.4 9 10-5 dHA 55.90 28.65 176.19 122.04 8.58 4.36

dA 56.81 30.19 176.71 122.86 8.69 4.26

His 1.5 9 10-5 dHA 55.30 28.89 174.37 120.00 8.78 4.69

dA 56.69 31.27 175.85 121.46 8.44 4.63
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assembled previously (Tamiola et al. 2010) using several

different random coil datasets (Fig. 5). As these proteins

are highly disordered, the deviation from zero can be used

as an estimate of the quality of the random coil dataset,

where small deviations are used as an indicator of quality

of the random coil dataset. For the two nuclei that are

arguably the most important for secondary chemical shift

analysis, Ca and C0, the present dataset has the smallest

RMSDs in this analysis, although for C0 the dataset of

Tamiola et al. performs equally well (Fig. 5). The

improvement for these nuclei is consistent with the corre-

lations between the correction factors and the changes in

the Ramachandran distributions suggesting that confor-

mational changes contribute significantly to the neighbor

effect. For N, the present dataset is worse than several

previously published datasets despite of the correlations in

Fig. 3. The present peptide series was designed to represent

the conformational effects of neighboring residues; how-

ever, it is likely that other factors are important for other

nuclei. Unlike glycine, glutamine has an amide group in the

side chain that may form hydrogen bonds to the backbone.

The undesired contributions from hydrogen bonding

interactions from the glutamine side chains may explain

why the N chemical shifts perform worse than glycine-

based and database-derived random coil chemical shifts.

Thus for N, we recommend using the values reported by

Tamiola et al. instead. For the remaining three nuclei, the

new dataset did not improve the RMSD consistent with

the lack of correlation between correction factors and the

changes in the Ramachandran distribution. It is surprising

that the Cb RMSD does not improve relative to the glycine

derived random coil chemical shifts (Kjaergaard et al.

2011) since they do not include sequence correction factors

for this nucleus.

In summary, we have demonstrated that sequence cor-

rection factors determined on random coil peptides corre-

late to neighbor-dependent changes in the Ramachandran

distribution for the nuclei Ca, C0 and N. This demonstrates

Fig. 3 Correlation between sequence correction factors and the

neighbor dependent changes in the population of the a-helical well in

the Ramachandran plot. The glutamine-derived sequence correction

factors of Ca, C0 and N correlate moderately to strongly to the change

in the population of the a-helical region determined in a database

derived from high resolution protein structures (Ting et al. 2010). The

correction factors of the residues preceding proline dominate the

correlation and thus Pearson coefficients were calculate with and

without proline. Aromatic residues are outliers in the (i ? 1) plots,

presumably due to ring current effects and Pearson coefficients

improve in their absence. No convincing correlation was observed for

the correction factors of Cb, HN and Ha. The correlations demonstrate

that the neighbor-dependence of the Ramachandran distribution

contributes to the sequence correction factors and suggests that

glutamine-derived correction factors can be used to correct for this

effect
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that changes in the conformational ensemble caused by the

neighboring residues contribute to the neighbor-depen-

dence of the random coil chemical shifts. The prediction of

random coil chemical shifts of the important C0 and Ca

nuclei was modestly improved by using a random coil

peptide series designed to be representative for conforma-

tional changes due to the neighbors. The application of this

dataset will lead to more precise determinations of transient

secondary structure in disordered proteins. Furthermore,

this work demonstrates that random coil chemical shifts

can be improved by understanding the physical factors

underlying the neighbor-dependence, rather than simply

trying to remove it. Ultimately, correction factors are res-

idue specific as suggested by Tamiola et al., and this study

suggests that in future random coil datasets parameters

such as the neighbor-dependent Ramachandran distribution

may contribute to the sequence correction factors.
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