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Abstract For a better understanding of nuclear magnetic

resonance (NMR) detected pressure responses of folded as

well as unstructured proteins the availability of data from

well-defined model systems are indispensable. In this work

we report the pressure dependence of chemical shifts of the

backbone atoms 1Ha, 13Ca and 13C0 in the protected

tetrapeptides Ac-Gly-Gly-Xxx-Ala-NH2 (Xxx one of the

20 canonical amino acids). Contrary to expectation the

chemical shifts of these nuclei have a nonlinear depen-

dence on pressure in the range from 0.1 to 200 MPa. The

polynomial pressure coefficients B1 and B2 are dependent

on the type of amino acid studied. The coefficients of a

given nucleus show significant linear correlations sug-

gesting that the NMR observable pressure effects in the

different amino acids have at least partly the same physical

cause. In line with this observation the magnitude of the

second order coefficients of nuclei being direct neighbors

in the chemical structure are also weakly correlated.

Graphical Abstract

Keywords NMR � High pressure � Peptide � Random coil

Introduction

For the interpretation and prediction of NMR chemical

shifts of folded proteins a detailed knowledge of chemical

shifts of unstructured peptides and proteins is required.

Therefore, random coil model peptides were studied

extensively in the past. A large number of 1H studies were

published but only a few focusing on heteronuclear shifts.

An early random coil model peptide was Gly-Gly-Xxx-Ala

with Xxx being one the 20 canonic amino acids (Richarz

and Wüthrich 1978; Bundi and Wüthrich 1979; Jimenez

et al. 1986; Braun et al. 1994; Arnold et al. 2002). Other

model peptides used were Ac-Gly-Xxx-Gly-NH2 (Platzer

et al. 2014), Ac-Gly-Gly-Xxx-Ala-NH2 (Koehler et al.

2012), TFA-Gly-Gly-Xxx-Gly-Gly-OCH3 (Thanabal et al.
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1994, TFA trifluoroacetic acid), Gly–Gly-Xxx-Gly-Gly

(Plaxco et al. 1997; Merutka et al. 1995), Ac-Gly-Gly-Xxx-

Gly-Gly-NH2 (Kjaergaard et al. 2011; Schwarzinger et al.

2000, 2001), Ac-Gly-Gly-Xxx-Yyy-Gly-Gly-NH2 (Wishart

et al. 1995a) and Ac-Gln-Gln-Xxx-Gln-Gln-NH2 (Kjaer-

gaard and Poulsen 2011). Kjaergaard and Poulsen (2011)

claimed that peptides containing glycine are not optimal

random coil peptides because glycine exhibits a unique

behavior in the Ramachandran plot and it should be better

replaced by glutamine.

So far the most complete experimental datasets for the
13C nucleus are from Richarz and Wüthrich (1978) and

Wishart et al. (1995a). When comparing random coil

chemical shifts one has to note that not only the type of

model peptides but also the experimental conditions for

these studies vary, additionally leading to significantly

different chemical shift values.

An alternative approach to determine random coil

chemical shifts is the evaluation of chemical shift databases

for proteins that have grown in size in recent years (Groß

and Kalbitzer 1988). The most important database cur-

rently is the BioMagResBank (BMRB). Random coil

chemical shifts also can be obtained as an average of

unstructured regions in folded proteins (Wishart and Sykes

1992, 1994; Wang and Jardetzky 2002; Zhang et al. 2003;

De Simone et al. 2009), denatured proteins (Peti et al.

2001) or from intrinsically disordered proteins (Tamiola

et al. 2010). However, a general problem is the varying

quality of the data including differences in experimental

conditions, chemical shift referencing (Zhang et al. 2003)

and a structural bias.

In recent years high pressure NMR spectroscopy

developed to an important method to study the energy

landscape of proteins [for reviews see e.g. Akasaka (2006),

Kitahara et al. (2013)]. A property of high pressure NMR

spectroscopy is its ability to detect rare ‘‘excited’’ states of

proteins (Kalbitzer et al. 2009) that can be used to develop

new types of allosteric inhibitors of proteins involved in

signal transduction, called intrinsic allosteric inhibitors

(Rosnizeck et al. 2010, 2012; Kalbitzer et al. 2013). For the

interpretation of the obtained chemical shift data and sep-

arating trivial pressure effects from effects caused by

structural transitions, data on random coil peptides are

required where in first approximation large scale confor-

mational changes are not expected. For the pressure

dependence only two datasets are available, an 1H high

pressure NMR study on the tetrapeptide Gly-Gly-Xxx-Ala

(Arnold et al. 2002) and a study on the backbone amide

resonances in the protected tetrapeptide Ac-Gly-Gly-Xxx-

Ala-NH2 (Koehler et al. 2012). What was still missing is a

study of the other backbone nuclei, including 13C chemical

shifts, data we will provide in the following.

Materials and methods

Synthesis of peptides

The uniformly 15N and 13C enriched and Fmoc (N-(9-

(fluorenyl)methoxycarbonyl) protected amino acids

required for the synthesis were purchased from Sigma

Aldritch (St. Louis, MO, USA). The isotope enrichment is

larger than 98 %. All other chemicals were purchased from

Merck (Darmstadt, Germany).

The synthesis of the tetrapeptide Ac-Gly-Gly-Xxx-Ala-

NH2, where Xxx stands for one of the 20 canonical amino

acids, was already described in detail earlier (Koehler et al.

2012). The coupling of the amino acids has been performed

by solid phase synthesis using a Rink amide resin and

Fmoc as an N-terminal protection group. The side chains

were protected with Pbf (2,2,4,6,7-Pentamethyldihy-

drobenzofuran-5-sulfonylchlorid) (Arg), Boc (tert-Buty-

loxycarbonyl) (Lys, Trp), OtBu (tert-Butylester) (Asp,

Glu), Trt (triphenylmethyl) (Asn, Gln, His) and tBu (tert-

Butyl) (Ser, Thr, Tyr). After successful synthesis the pro-

tection groups were cleaved simultaneously and the ter-

minal protection was achieved by acetylation (N-terminus)

and amination (C-terminus). Only the amino acid Xxx at

position 3 in the tetrapeptide Ac-Gly-Gly-Xxx-Ala-NH2

was uniformly 13C and 15N enriched. The purity of the

tetrapeptides was confirmed by ESI–MS (Bruker, Billerica,

MA, USA) and RP-HPLC (Waters, Milford, MA, USA).

Sample preparation

The preparation steps were identical for all 20 synthesized

tetrapeptides. 5 mM of the peptide were dissolved in 500

lL of a buffer containing 20 mM perdeuterated Tris-d11

(Tris(hydroxymethyl-d3)amino-d2-methane) and 0.5 mM

DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) with a

ratio H2O:D2O of 90:10. The pH value was adjusted to 6.7

using a Hamilton Spintrode attached to a Beckman Coulter

pH meter. Histidine was also measured at pH 4.0 and pH

8.5. The pH values were not corrected for the deuterium

isotope effect.

NMR spectroscopy

Most of the experiments were performed on an 800 MHz

Bruker Avance spectrometer (Bruker, Billerica, MA, USA)

with a room temperature probe head (QXI). The experi-

ments were performed at 283 K with a temperature cali-

bration carried out after each sample change by measuring

the difference of the proton resonance of the hydroxyl and
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the methyl group in 100 % methanol as described by

Raiford et al. (1979).
1H-NMR spectra were directly referenced to the methyl

resonances of internal DSS, 15N and 13C signals were

indirectly referenced to DSS using N-values of

0.101329118 (15N/1H) and 0.25144953 (13C/1H) (Wishart

et al. 1995b). Atom labels were named according to

IUPAC recommendations (Markley et al. 1998).
1H and 13C chemical shifts were obtained from highly

resolved 1D spectra with a typical digital resolution of the

time domain data of 0.04 Hz (1H) and 0.16 Hz (13C).

A Lorentzian-to-Gaussian transformation was applied to

the FID to obtain signals as narrow as possible.

Data acquisition and processing was performed with

Bruker TopSpin 3.2 PL6. For peak picking the software

AUREMOL (Gronwald and Kalbitzer 2004) was used.

Data evaluation and fitting was done with the software

package R (R Core Team 2015).

High pressure system

The high pressure system, especially the autoclave holding

the ceramic cell was described in detail by Koehler et al.

(2012). Pressure was applied to the NMR sample via

pressurized fluids (methylcyclohexane or water) contained

in high pressure lines. For generating the pressure a man-

ually operated piston compressor and an air-to-liquid

pressure intensifier (Barocycler�, HUB440, Pressure

BioSciences Inc., South Easton, MA, USA), which is

controlled by the spectrometer, were used. The ceramic cell

was purchased from Daedalus Innovations LLC (Aston,

PA, USA) with a maximum pressure limit of 250 MPa. For

safety reasons pressure was only applied up to 200 MPa.

The autoclave holding the ceramic cell is similar to the

original autoclave (Peterson and Wand 2005) provided by

Daedalus Innovations LLC but has an integrated safety

valve, similar to the security valve described by Erlach

et al. (2010).

Data evaluation

For all 20 model peptides a pressure series from 1 to

200 MPa was performed. The obtained pressure dependent

chemical shifts d were fitted as a function of pressure P

with a second order polynomial function

d ¼ d0 þ B1 P� P0ð Þ þ B2 P� P0ð Þ2 ð1Þ

with P0 the atmospheric pressure of 0.1 MPa.

The pressure dependence can be described sufficiently

well with this model. The coefficient d0 describes the

chemical shift at atmospheric pressure P0 (0.1 MPa) and

was used to determine the random coil chemical shift

values of the peptides. The pressure coefficient B1

describes the magnitude of the linear change with pressure,

whereas the pressure coefficient B2 describes the nonlin-

earity and therefore the curvature of the pressure depen-

dence. It is also possible to connect these coefficients with

the thermodynamic quantities Db and DV by

B2

B1

¼ � Db0 P0ð Þ
2DV P0ð Þ ¼ � 1

2
hb0i þ hV0i Db

0

DV0

� �
ð2Þ

provided

DG0

2RT

����
���� � 1 ð3Þ

holds (Erlach et al. 2014; Kalbitzer 2015). In Eq. 2 Db0 and
DV are the differences of the partial molar compressibility

factor and the partial molar volume.\b0[ and\V0[ are

the averages of the partial molar compressibility and the

partial molar volume, respectively. In Eq. 3 G is the free

Gibbs energy, R is the universal gas constant and T is the

temperature. The superscript designates the values of the

above parameters at P0, T0 in a two-state model.

Results and discussion

Random coil chemical shift values of backbone

atoms

By applying pressure to the tetrapeptides and fitting the

resulting pressure dependence of the chemical shift to

Eq. 1, we obtained a complete dataset of 1Ha, 13Ca and 13C0

random coil chemical shifts d(P) for the amino acid Xxx in

the 20 model peptides Ac-Gly-Gly-Xxx-Ala-NH2.

The obtained values for the random coil chemical shifts

d0 were calculated from a fit of all pressure points leading to

a very high accuracy of the values. Some of the residues

Xxx in the peptide have ionizable side chains and since pKa

values can be influenced by pressure they could change

their protonation state. This effect may change the observed

chemical shifts. According to Bundi andWüthrich (1979) in

the peptide Gly-Gly-Xxx-Ala the side chains of aspartate,

glutamate, histidine, tyrosine and lysine have pKa values of

3.9, 4.3, 7.0, 10.3 and 11.1, respectively. In Ac-Gly-Xxx-

Gly-NH2 cysteine has a pKa value of 8.5 (Platzer et al.

2014). Since measurements were performed at pH 6.7

(283 K, 0.1 MPa), only for histidine a strong effect on the

chemical shift values from change of pKa and a concomitant

change of pH is expected. Therefore, we measured the

histidine containing tetrapeptide additionally at two differ-

ent pH values, pH 4.0 and pH 8.5, where the histidine ring

should be fully protonated or deprotonated. Besides also the

pKa values of the ionizable groups of the Tris buffer could

change with pressure. At 283 K Tris–HCl has a pKa value of

8.35 which decreased by \0.01 units at 200 MPa.
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Increasing pH or pressure leads to an upfield shift of the Tris

–CH2 resonance lines. The corresponding resonance posi-

tion can be used as pH sensors for possible pH changes. In

Table S1 (supplementary information) the chemical shift

changes of the Tris signal with pressure for the different

peptides at atmospheric pressure and at 200 MPa are sum-

marized. Note that we used perdeuterated Tris-d11 where

the signals of –CHD (stronger signal) and –CH2 (weaker

signal) can be observed which should have a slightly dif-

ferent pH and pressure dependence. At 1 MPa the reso-

nance line of the –CHD group is shifted upfield by

0.0205 ± 0.0003 ppm relative to the resonance of the –CH2

group. At 200 MPa this difference is slightly smaller with

0.0199 ± 0.0003 (Table S1). If this small pressure depen-

dence of the shift difference really is a significant effect, is

not in the focus of the present study.

Since pressure should favor the charged state in equi-

librium (Gross and Jaenicke 1994), peptides predominantly

containing –COO- or –OH groups (Asp, Glu, Ser, Tyr) at

pH 6.7 should release protons and thus cause a drop of the

pH. Peptides containing positively charged groups (Arg,

Lys) should be more protonated and thus should lead to an

increase of pH. The latter is also true for Tris itself since it

contains a NH3
? group. Experimentally, the observed

chemical shift changes of the –CHD and the –CH2 signals

of Tris-d11 with pressure are very small (0 to

-0.011 ppm). The buffer capacity of Tris is high enough to

buffer the possible pH changes induces by the peptide side

chains. The negative sign of Dd (Table S1) indicates a

slight increase of pH with pressure in some samples.

However, since other factors (see ‘‘Introduction’’ sec-

tion) significantly influence the chemical shift, the error of

the ‘‘true’’ random coil values is much higher. After cor-

rection for the different standards used in published data-

sets we calculated the average difference between our

random coil chemical shifts and the shifts given in litera-

ture for Ha, Ca and C0 (Fig. 1) in the corresponding amino

acids. The mean difference of our values to some published

datasets is surprisingly large. It probably reflects the fact

that the experimental conditions and the types of model

peptides used for the experimental datasets are quite dif-

ferent. This reveals also the problematic situation when

these data are used as random coil database for computa-

tional methods and that there is only an approximate cor-

respondence to ideal random coil structures.

Overall, the best agreement for the Ha shifts was found

for the dataset of Wang and Jardetzky (2002) with an

average mean deviation of -0.011 ppm but a rather large

standard deviation of 0.060 ppm. The biggest deviation to

our dataset was found for Schwarzinger et al. (2000) with a

mean deviation of 0.068 ppm (standard deviation 0.052).

This rather large deviation is probably caused by the use of

urea that may (or may not) produce a better random coil

model. For the Ca shifts the best agreement was found for

the dataset of Tamiola et al. (2010), with an average mean

deviation of 0.013 ppm and in comparison a rather small

standard deviation of 0.091 ppm while the biggest devia-

tion was found for De Simone et al. (2009) with

-0.251 ppm and a standard deviation of 0.357 ppm. For

the C0 shifts the best agreement was found for the dataset of

Wishart et al. (1995a) with an average mean deviation of

0.021 ppm and a standard deviation of 0.289 ppm, the

biggest deviation to our dataset was found for Richarz and

Wüthrich (1978) with -0.909 ppm and a standard devia-

tion of 0.553 ppm. This difference is most probably due to

the used referencing method although the values have been

recalculated (Wishart et al. 1995b). Overall, the best

agreement of the mean deviation can be found for the

dataset of Wishart et al. (1995a), while overall the smallest

standard deviation can be found for the dataset of Kjaer-

gaard and Poulsen (2011) for the peptide Ac-Gln-Gln-Xxx-

Gln-Gln-NH2. The best agreement with random-coil shifts

calculated from a protein data base can be found for Zhang

et al. (2003) with respect to the mean deviation as well as

the standard deviation.

Pressure dependence of Ha, Ca and C0 random coil

chemical shifts

The pressure dependence of Ha, Ca and C0 random coil

chemical shifts in Ac-Gly-Gly-Xxx-Ala-NH2 was measured

in steps of 20 MPa in the range from 1 to 200 MPa. As it

has been observed earlier for the amide proton and nitrogen

resonances (Koehler et al. 2012), the pressure dependence

of the chemical shifts of most of the resonances is clearly

nonlinear. Therefore, the data were fitted with a second

order polynomial (Eq. 1). The chemical shifts d0 at atmo-

spheric pressure (P = 0.1 MPa) are summarized in Table 1

and the first and second order coefficients B1 and B2 are

listed in Tables 2 and 3. Examples for the pressure depen-

dence of chemical shifts are depicted in Fig. 2.

The majority of Ha resonances shift upfield with

increasing pressure (negative B1 values). Exceptions are

Cys, Gly, Procis, Ser and Thr. The curvature of most res-

onances as observed earlier for the backbone HN and N

shifts (Koehler et al. 2012) indicates a kind of saturation

behavior at high pressure with a nonlinear pressure coef-

ficient B2 having the opposite sign of B1. The only

exceptions are glutamate and valine. However, in valine

this is not significant as the error of B2 is larger than its

value. The mean values of the first and second order Ha

pressure coefficients are smaller than their standard devi-

ations (Tables 2, 3). The observed changes of chemical

shifts of the Ha atoms with pressure are relatively small

with an average change of -0.005 ppm when increasing

the pressure from 1 to 200 MPa.
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The mean value for the first order pressure coefficient B1

for Ca is -0.37 ppm/GPa with a standard deviation of

0.38 ppm/GPa. Except for glycine and cystine the sign of

B1 is negative for all residues experiencing a highfield shift

with increasing pressure. The largest linear pressure

induced shifts are observed for cysteine and glutamate

(Table 2). For the second order pressure coefficient B2 with

a mean value of 0.03 ppm/GPa2 and a standard deviation of

0.82 ppm/GPa2 the behavior also mirrors that of B1 in most

cases that is again at high pressures the chemical shift

change is reduced. Exceptions are Asn, His, Lys, Asp, Met,

Phe, and Tyr; however since the error of B2 for the first 3

amino acids is larger than the B2—value itself, the sign is

not significant. Interestingly, tyrosine, having a very small

error, does not reflect such a B1 behavior and additionally

exhibits a large second order pressure coefficient with

-0.54 ppm/GPa2. The same behavior but with smaller

effects can be found for phenylalanine and methionine. The

largest significant effect can be found again for glutamate

with 1.29 ppm/GPa2. The observed changes of chemical

shifts of the Ca atoms are larger than those of the Ha atoms

with an average change of -0.075 ppm when increasing

the pressure from 1 to 200 MPa.

The first pressure coefficients B1 for the backbone car-

bonyl carbon C0 is always positive with a mean value of

0.60 ppm/GPa and a standard deviation of 0.19 ppm/GPa.

Both aspartate and glutamate show significantly larger

effects than the standard deviation, indicating a strong

influence of the negatively charged carboxylic group of the

side chain. As both values are in the same range, the dis-

tance between the side chain carboxylic group and the

backbone carbonyl carbon does not seem to have a big

impact. The nonlinear pressure coefficient B2 is for all

amino acids negative leading to a ‘‘saturation behavior’’ of

the pressure dependence. The mean value for the second

order pressure coefficient B2 is -0.67 ppm/GPa2 with a

standard deviation of 0.27 ppm/GPa2. The same behavior

as for B1 can be found for glutamate where also the B2

value is outside the range of one standard deviation. The

observed changes of chemical shifts of the C0 atoms with

pressure are relatively large with an average change of

0.093 ppm when increasing the pressure from 1 to

200 MPa. However, the largest shift changes of backbone

atoms are observed for the amide nitrogen with an average

change of 0.495 ppm with increasing the pressure from 1 to

200 MPa (Koehler et al. 2012).

Correlation of the pressure effects in the peptide

backbone

With this study the characterization of pressure effects on

the backbone atoms in the model peptides Ac-Gly-Gly-

Xxx-NH2 are complete with the amide proton and nitrogen

data being already published (Koehler et al. 2012). A

graphical overview of the pressure coefficients for all

amino acids is given in Fig. 3. As a general rule with a few

exceptions, HN, N and C0 resonances shift downfield with

pressure whereas Ha and Ca resonances shift upfield. This

does not correspond to typical patterns found in secondary

structures where a downfield shift of the Ha[ 0.1 ppm

relative to the random coil values together with an upfield

shift of Ca resonances [0.7 ppm and C0 resonances

[0.5 ppm is typical for a b-strand structure (Wishart and

Sykes 1992, 1994). For helical structures the inverse rela-

tion of shifts holds (Wishart and Sykes 1992, 1994). When

pressure would enhance the a-helical propensity in the

tetrapeptides, an upfield shift for HN, Ha, N, and Cb and a

downfield shift of Ca and C0 resonances would be expected

Fig. 1 Comparison of random coil chemical shift values of this study

with already published datasets. The black bar indicates the mean

deviation of the different datasets to our values. The size of the bars

represent ±r. The datasets are color coded as listed in the following:

De Simone et al. (2009) violet, Kjaergaard and Poulsen (2011)

orange, Kjaergaard et al. (2011) pink, Schwarzinger et al. (2000)

turquoise, Tamiola et al. (2010) light green, Wang and Jardetzky

(2002) (coil values) yellow, Wishart et al. (1995a) dark green, Ha

Bundi and Wüthrich (1979) and Ca, C0 Richarz and Wüthrich (1978)

gray, Zhang et al. (2003) (coil values) red
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(Wang and Jardetzky 2002). For most of the residues in the

tetrapeptides we observe an upfield shift for Ha, and Ca and

a downfield shift for HN, N, and C0 resonances. This dis-

agreement with the classical shift patterns indicates that the

pressure dependent chemical shift changes cannot simply

be explained by a loss of a dominant transient secondary

structure or an increase of the a-propensity. In the intrin-

sically disordered protein a-synuclein (Roche et al. 2013)

there is a slight increase of the polyproline II structure with

pressure as derived from the decrease of the 3JHHa-coupling

constant. Surprisingly, the tendency of the average shift

changes with pressure in a-synuclein are similar to those

observed in our model peptides, namely an upfield shift for

Ha, and Ca and a downfield shift for HN, N, and C0

although the absolute changes are larger in the intrinsically

unfolded protein. This indicates that in a-synuclein the

contribution of transient residual secondary structures is

larger than in the model peptide but also suggest that

similar structural changes are induced in the model peptide

and the unfolded protein.

The magnitude of the individual pressure coefficients B1

and B2 are not completely uncorrelated (Fig. 4) meaning

that a large B1 value is statistically associated with a large

B2 value. This is true for all backbone atoms of residues

Xxx. The Pearson linear correlation coefficient varies

between -0.54 (N) and -0.80 (HN). The negative sign

indicates that the pressure dependence shows a maximum

at higher pressure or more likely an asymptotic behavior at

pressures outside the pressure range accessible for us

(Table 4). However, the pressure dependence of different

Table 1 Chemical shift values

d0 of Ha, Ca and C0 in the

peptide Ac-Gly-Gly-Xxx-Ala-

NH2

Amino acid d0 [ppm]

Xxx3 1Ha 13Ca 13C0

Ala 4.2967 ± 0.0002 52.6134 ± 0.0009 177.8045 ± 0.0006

Arg 4.3271 ± 0.0004 56.1178 ± 0.0009 176.3271 ± 0.0012

Asn 4.7178 ± 0.0005 53.1977 ± 0.0009 175.1486 ± 0.0007

Asp 4.5833 ± 0.0003 54.3849 ± 0.0032 176.2271 ± 0.0016

Cysred 4.5245 ± 0.0001 58.3406 ± 0.0005 174.5524 ± 0.0011

Cysox –b 55.389 ± 0.020 174.6752 ± 0.0031

Gln 4.3310 ± 0.0002 55.8119 ± 0.0023 175.9643 ± 0.0011

Glu 4.2803 ± 0.0003 56.7344 ± 0.0006 176.6114 ± 0.0003

Gly 3.9604 ± 0.0001 45.1154 ± 0.0006 174.0468 ± 0.0007

His 4.6352 ± 0.0001 55.9606 ± 0.0023 175.0275 ± 0.0021

Hisa (pH 8.5) 4.5733 ± 0.0006 – –

Hisa (pH 4.0) 4.7189 ± 0.0003 55.0876 ± 0.0021 174.1979 ± 0.0010

Ile 4.1684 ± 0.0004 61.2012 ± 0.0011 176.3639 ± 0.0012

Leu 4.3367 ± 0.0007 55.2242 ± 0.0010 177.5242 ± 0.0006

Lys 4.3151 ± 0.0002 56.2401 ± 0.0011 176.5584 ± 0.0005

Met 4.4800 ± 0.0002 55.4599 ± 0.0007 176.2618 ± 0.0014

Phe 4.5989 ± 0.0002 57.8677 ± 0.0002 175.7594 ± 0.0005

Protrans 4.4025 ± 0.0001 63.3272 ± 0.0012 177.1159 ± 0.0011

Procis 4.6116 ± 0.0002 62.0816 ± 0.0059 176.4775 ± 0.0011

Ser 4.4498 ± 0.0004 58.4572 ± 0.0004 174.5455 ± 0.0006

Thr 4.3393 ± 0.0002 61.9213 ± 0.0019 174.6118 ± 0.0008

Trp 4.6210 ± 0.0004 57.5070 ± 0.0019 176.2366 ± 0.0015

Tyr 4.5389 ± 0.0004 57.8732 ± 0.0002 175.8858 ± 0.0010

Val 4.1341 ± 0.0001 62.1650 ± 0.0021 176.3210 ± 0.0005

Meanc 4.4232 ± 0.1951 56.8730 ± 3.9150 175.8367 ± 1.0519

5 mM of Ac-Gly-Gly-Xxx-Ala-NH2 in 20 mM perdeuterated Tris-d11, 5 mM DSS in H2O:D2O of 90:10,

pH 6.7, temperature T0 283 K, pressure P0 0.1 MPa. The amino acids Xxx were uniformly 13C and 15N

enriched (for detailed information see ‘‘Materials and methods’’ section). The errors are calculated from the

fit of the pressure dependent data and represent the standard error
a Measurements performed at pH values different from 6.7 to obtain data when the side chain is either

completely protonated or deprotonated
b No fit value obtained
c Mean value and standard deviation from the mean
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atoms in the same amino acid is also not completely

uncorrelated (Table 4). The correlations are stronger for

the second order coefficients than for the first order coef-

ficient and are also largest for atoms that are direct

neighbors in the chemical structure. The correlations

between the B2-values of directly bonded atoms vary

between 0.38 (Ca–C0) and 0.67 (HN–N). These correlated

pressure effects indicate that at least partly the same

physical process dominates the chemical shift changes

observed for the backbone atoms with pressure. As it

concerns all atoms of the backbone it is likely a confor-

mational process.

The ratio of B2/B1 is related to the mean local com-

pressibility \b0[ (Eq. 2) for conformational states with

similar free energies (note that this relation has only be

derived for a two-state model with the condition

|DG0| � 2RT). Again, if the same physical process would

influence the local compressibility of the peptide–water

shell system, then a correlation for this ratio between dif-

ferent nuclei should exist. Figure 5 shows this correlation

for the B2/B1 ratio of HN with the other backbone nuclei.

The largest correlations are found for HN–N (0.69) and

HN–Ha (0.57) (Table 4) but also the other nuclei do not

behave totally uncorrelated. However, if the effect could be

explained solely by the global compressibility and volume

differences of the whole tetrapeptide and if this would be

the dominant factor, no negative correlation should be

observed as found for the amide proton and Ca-resonances

(Table 4). This could be partially be due to the relative

large errors of the second order pressure coefficients B2 for

the Ca-resonances where the nonlinear contribution for

many amino acids is rather small (values in brackets in

Table 2 First order pressure

coefficient B1 of H
a, Ca and C0

in the peptide Ac-Gly-Gly-Xxx-

Ala-NH2

Amino acid acid B1 [ppm GPa-1]

Xxx3 1Ha 13Ca 13C0

Ala -0.028 ± 0.004 -0.254 ± 0.020 0.516 ± 0.014

Arg -0.070 ± 0.009 -0.396 ± 0.022 0.729 ± 0.027

Asn -0.055 ± 0.012 -0.307 ± 0.020 0.560 ± 0.016

Asp -0.064 ± 0.006 -0.321 ± 0.074 0.207 ± 0.037

Cysred 0.037 ± 0.003 -0.846 ± 0.012 0.554 ± 0.026

Cysox –b (0.22 ± 0.47) 0.431 ± 0.073

Gln -0.055 ± 0.006 -0.462 ± 0.053 0.593 ± 0.025

Glu -0.025 ± 0.006 -1.224 ± 0.015 0.193 ± 0.007

Gly 0.077 ± 0.003 0.791 ± 0.014 0.893 ± 0.017

His -0.044 ± 0.003 -0.295 ± 0.054 0.814 ± 0.049

Hisa (pH 8.5) -0.048 ± 0.014 – –

Hisa (pH 4.0) -0.046 ± 0.006 -0.058 ± 0.050 0.890 ± 0.025

Ile -0.051 ± 0.010 -0.625 ± 0.027 0.611 ± 0.029

Leu -0.132 ± 0.016 -0.336 ± 0.024 0.498 ± 0.013

Lys -0.082 ± 0.005 -0.340 ± 0.027 0.772 ± 0.012

Met -0.110 ± 0.005 -0.236 ± 0.016 0.521 ± 0.033

Phe -0.048 ± 0.005 -0.485 ± 0.005 0.629 ± 0.011

Protrans -0.006 ± 0.001 -0.348 ± 0.032 0.516 ± 0.029

Procis 0.036 ± 0.004 -0.28 ± 0.15 0.809 ± 0.030

Ser 0.026 ± 0.009 -0.644 ± 0.010 0.515 ± 0.015

Thr 0.044 ± 0.004 -0.673 ± 0.044 0.575 ± 0.018

Trp -0.057 ± 0.009 -0.283 ± 0.044 0.831 ± 0.034

Tyr -0.077 ± 0.010 -0.248 ± 0.004 0.694 ± 0.022

Val -0.013 ± 0.001 -0.765 ± 0.049 0.531 ± 0.011

Meanc -0.034 ± 0.051 -0.366 ± 0.384 0.604 ± 0.186

Experimental conditions see ‘‘Materials and methods’’ section. The errors are calculated from the fit of the

pressure dependent data and represent the standard error. Values in brackets, fit error is larger than the fit

value
a Measurements performed at pH values different from 6.7 to obtain data when the side chain is either

completely protonated or deprotonated
b No fit value obtained
c Mean value and standard deviation from the mean
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Table 3). However, the general tendency remains indicat-

ing that a simple two state model cannot describe the

observed pressure effects completely.

Conclusions

In summary, almost all backbone nuclei of the random coil

model peptide show a pressure dependence of chemical

shifts that cannot be fitted by a first order polynomial sat-

isfactorily. Probably, such an effect could be also observed

for residues showing no clear deviation from the linearity

up to 200 MPa, when higher pressures would have been

available experimentally. Nonlinear pressure effects are

taken as indicators of larger structural fluctuations of fol-

ded proteins as they are to be expected close to cavities

inside the protein or in protein–protein interaction sites (see

e.g. Li et al. 1998; Kalbitzer et al. 2000; Akasaka 2006).

They can also be interpreted in terms of a multistate

equilibrium in a pressure dependent equilibrium that is fast

in the NMR time scale. Sometimes they can be fitted with a

suitable thermodynamic model and give information about

rare conformational states (see e.g. Kachel et al. 2006;

Kalbitzer et al. 2013). In the latter case, also pressure

dependent shift changes can be observed that follow more

complicated functional dependencies and cannot be fitted

sufficiently with a second order polynomial. Here, any

physical mechanism used for calculating chemical shifts

from 3D-structures is worth considering that is coupled to

pressure dependent conformational changes (including

changes in the water shell). However, in general almost all

protein resonances shift with pressure even when larger

Table 3 Second order pressure

coefficient B2 of H
a, Ca and C0

in the peptide Ac-Gly-Gly-Xxx-

Ala-NH2
a

Amino acid B2 [ppm GPa-2]

Xxx3 1Ha 13Ca 13C0

Ala 0.025 ± 0.017 (0.007 ± 0.098) -0.549 ± 0.067

Arg 0.095 ± 0.042 0.17 ± 0.11 -0.73 ± 0.13

Asn (0.024 ± 0.056) (-0.017 ± 0.097) -0.694 ± 0.078

Asp 0.030 ± 0.029 -0.41 ± 0.36 -0.48 ± 0.18

Cysred -0.058 ± 0.016 0.753 ± 0.058 -0.55 ± 0.13

Cysox –b -3.0 ± 2.2 (-0.06 ± 0.35)

Gln 0.062 ± 0.027 0.39 ± 0.25 -0.76 ± 0.12

Glu -0.198 ± 0.030 1.292 ± 0.070 -0.220 ± 0.033

Gly -0.087 ± 0.015 -0.407 ± 0.066 -0.564 ± 0.079

His 0.081 ± 0.014 (0.08 ± 0.26) -1.35 ± 0.23

Hisa (pH 8.5) 0.074 ± 0.069 – –

Hisa (pH 4.0) 0.033 ± 0.029 (-0.14 ± 0.24) -1.05 ± 0.12

Ile 0.052 ± 0.049 0.17 ± 0.13 -0.68 ± 0.14

Leu 0.107 ± 0.076 0.27 ± 0.12 -0.666 ± 0.063

Lys 0.078 ± 0.025 (-0.06 ± 0.13) -0.827 ± 0.057

Met 0.142 ± 0.023 -0.302 ± 0.078 -0.48 ± 0.16

Phe 0.077 ± 0.022 -0.140 ± 0.023 -0.764 ± 0.053

Protrans 0.004 ± 0.002 0.31 ± 0.17 -0.70 ± 0.16

Procis -0.036 ± 0.019 1.46 ± 0.81 -0.95 ± 0.16

Ser (-0.028 ± 0.041) 0.220 ± 0.047 -0.431 ± 0.072

Thr (-0.009 ± 0.020) 0.22 ± 0.21 -0.486 ± 0.087

Trp (0.033 ± 0.043) (0.10 ± 0.21) -0.87 ± 0.17

Tyr 0.221 ± 0.048 -0.541 ± 0.020 -0.98 ± 0.11

Val (-0.002 ± 0.007) 0.32 ± 0.24 -0.576 ± 0.052

Meanc 0.031 ± 0.084 0.031 ± 0.819 -0.670 ± 0.274

Experimental conditions see ‘‘Materials and methods’’ section. The errors are calculated from the fit of the

pressure dependent data and represent the standard error. Values in brackets, fit error is larger than the fit

value
a Measurements performed at pH values different from 6.7 to obtain data when the side chain is either

completely protonated or deprotonated
b No fit value obtained
c Mean value and standard deviation from the mean
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conformational transitions (equilibria) are not occurring.

The general tendency of the HN and N shifts follows that

observed for random coil models and IDPs, namely in

average a downfield shift of the resonances with pressure

(Kitahara et al. 2013). The database for other backbone

nuclei is quite sparse but qualitatively they appear to follow

the same trends as observed in the random coil models.

The Ha-shifts show an average up-field shift with pressure

(see e.g. Li et al. 1998), the C0-shifts an average downfield

shift (see e.g. Li et al. 2000). Here, a main factor are

probably thermal fluctuations of the structure influenced by

pressure. It was known for a long time that amide proton

shifts in proteins are strongly influenced by hydrogen

bonding, a decrease of the NH-OC distance leads to a

downfield shift of the 1H-resonance (Wagner et al. 1983;

Asakawa et al. 1998; Li et al. 1998). 15N-frequencies seem

to be additionally sensitive to changes of the /,w-angles
(Le and Oldfield 1994; Akasaka et al. 1999). Qualitatively,

this effect would also explain the pressure dependent

down-field shifts of the 1H and 15N resonances (positive

B1-values) in the model peptides by a shortening of the

water hydrogen bonds. For the other resonances the

mechanism of the pressure induced shifts is not clear but

the carbonyl groups can be an acceptor of hydrogen bonds

and the a-CH groups a donor of hydrogen bonds (Cordier

et al. 2003). In folded proteins a down-field shift of the Ha-

resonance is observed when the distance to a hydrogen

bond donor (carbonyl group) decreases (Wagner et al.

Fig. 2 Pressure dependence of the Ha, Ca and C0 chemical shifts for different Xxx in Ac-Gly-Gly-Xxx-Ala-NH2. For experimental conditions

see ‘‘Materials and methods’’ section. Curves depicted were calculated with Eq. 1 using the parameters given in Tables 1, 2 and 3

Fig. 3 Sequence specific B1 and B2 values of all backbone atoms in

the model peptide Ac-Gly-Gly-Xxx-Ala-NH2. For experimental

conditions see ‘‘Materials and methods’’ section. The values for the

amide groups (N and HN) were taken from Koehler et al. (2012). The

different nuclei of the backbone are color coded: Ca (purple), C0

(red), Ha (orange), HN (green), N (blue)
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1983). A similar effect is also observed for Ca (Avbelj

et al. 2004). If this would be the mechanism for explaining

the observed negative B1-value, increasing pressure would

have to weaken the hydrogen bond with water. A more

general view is derived from the Buckingham equation

(Buckingham 1960) where the chemical shift changes are

caused by the electric field at the nucleus under consider-

ation caused by the solute atoms as well the surrounding

solvent.

The unique physical mechanism behind the nonlinearity

of chemical shifts is not known but of course a shift of

conformational equilibria could explain such an effect in

Fig. 4 Correlation between B1 and B2 values for H
a, Ca, C0, HN and

N. This figure shows the correlation between the linear pressure

coefficient B1 and the nonlinear pressure coefficient B2 acquired by

fitting the pressure dependence to Eq. 1. The corresponding Pearson

correlation coefficients are r(Ha) = -0.69, r(Ca) = -0.75,

r(C0) = -0.72, r(HN) = -0.80 and r(N) = -0.54. Outliers are

labeled with the corresponding amino acid. For the calculation of

the Pearson correlation coefficient the values for Cysox and Procis
have been omitted due to the large errors

Table 4 Pearson correlation coefficients for pressure coefficients of different backbone nuclei

B1(H
N) B2(H

N) B1(N) B2(N) B1(H
a) B2(H

a) B1(C
a) B2(C

a) B1(C
0) B2(C

0)

B2/B1(H
N) 1 20.80 -0.05 -0.38 -0.10 0.50 -0.28 -0.24 0.07 -0.29 B1(H

N)

1 1 -0.19 0.67 0.16 20.51 0.08 0.37 -0.14 0.41 B2(H
N)

B2/B1(N) 0.69 1 20.54 0.35 0.04 0.54 -0.45 0.52 -0.28 B1(N)

1 1 0.28 20.58 -0.20 0.48 -0.32 0.58 B2(N)

B2/B1(H
a) 0.57 0.38 1 20.69 0.05 0.22 0.08 0.30 B1(H

a)

1 1 0.27 20.65 0.33 20.57 B2(H
a)

B2/B1(C
a) -0.46 -0.41 -0.33 1 20.75 0.61 -0.35 B1(C

a)

1 1 -0.42 0.38 B2(C
a)

B2/B1(C
0) 0.24 0.39 0.04 -0.30 1 20.72 B1(C

0)

1 1 B2(C
0)

B2/B1(H
N) B2/B1(N) B2/B1(H

a) B2/B1(C
a) B2/B1(C

0)

Upper part correlation between B1 and B2 values, lower part correlation between B2/B1 values. Correlation coefficients[0.5 are given in bold

letters. For the calculation of the Pearson correlation coefficient the values for Cysox and Procis have been omitted due to the large errors
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folded proteins as well as unfolded peptides with residual

structures (see above). However, recently we could also

show experimentally in a peptide bond model without

internal mobility (N-methyl acetate) a nonlinear pressure

dependence of the H, N, and C0 resonance frequencies

(Kurrmann 2015). The sign of the chemical shift response

corresponds to that observed in the random coil peptides. By

quantum chemical calculations including the electric field of

the solvent this nonlinearity could be reproduced satisfac-

torily as the pressure response of the water shell (Frach et al.

2016). This also means qualitatively that at least part of the

pressure dependence of the backbone shifts in random coil

peptides and IDPs can be explained by the pressure response

of the water shell. However, additional small structural

changes with pressure in the random coil peptide are to be

expected.

Independent of the many open questions an experi-

mental basis is now available to interpret pressure induced

chemical shift changes in folded proteins by having char-

acterized unspecific random coil effects for all backbone

atoms. Subtracting the random coil pressure response from

the pressure response of the native protein (Kachel et al.

2006) allows the distinction between more trivial ‘‘ran-

dom coil’’ pressure effects and global pressure induced

conformational changes.
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