




ultrafast librational motion of amide groups at tens of pico-

seconds timescale, fast fluctuations in backbone dihedral angles

at hundreds of picoseconds to a few nanoseconds, and slow

segmental motions at several to a few tens of

nanoseconds.[8d,10c] Besides, studies of the temperature depend-

ence of NMR relaxation rates have provided insights into the

activation energies associated with different motional modes in

IDPs.[8d,10d]

A technical challenge in 15N NMR relaxation studies of IDPs

is the high rate of amide-water proton exchange rate in IDPs,

which compromises the sensitivity of NMR experiments at

physiological temperatures and pHs.[13] Due to this limitation,

the NMR relaxation studies of IDPs are often conducted at low

temperatures and/or acidic pH where the amide-water proton

exchange rates are sufficiently slow.

It is therefore unclear how well the above-mentioned

picture can describe dynamics in IDPs at physiological con-

ditions. Here, we take a prototypical IDP, tau protein, and

investigate its temperature-dependent backbone dynamics

using spectral density analysis of 15N NMR relaxation rates. The

range of measurement temperatures is 0–25 °C, still below

physiological temperature and below the temperatures of 27 or

30 °C used in dynamical studies of IDPs in refs. [8b,c], however

temperature-dependent investigation of tau protein dynamics

enables us to observe a trend and extrapolate it to higher

temperatures. Tau protein is a 441 residue-long IDP, with an

amino acid composition enriched in positive, negative and

hydrophilic residues. It has a domain structure composed of an

acidic N-terminal domain, a proline-rich middle region, five

relatively basic pseudo-repeats and an almost neutral C-

terminal region (Figure 1A). Tau is a microtubule-associated

protein predominantly located in the axons of mature neurons,

and its missorting into the somatodendritic compartment of

neurons, hyperphosphorylation and oligomeric and fibrillar

aggregation are involved in neurodegeneration-related

tauopathies.[14] Our NMR results demonstrate that the chain

backbone dynamics (excluding N�H group librations) in the tau

protein might be better described with only one component at

high temperatures, where the contribution of segmental

motions to 15N relaxation decreases and the timescales of

segmental motional modes that still contribute approach the

timescale of local chain motions.

Results and Discussion

First, the 15N,1H correlation spectrum of tau protein was

measured at 5 °C, where a narrow dispersion of amide proton

chemical shifts typical of IDPs was observed (Figure 1B). Next,

the 15N,1H correlation spectra were measured at a temperature

range 0–25 °C at 5 °C steps. Due to fast amide-water proton

exchange rates at higher temperatures and their adverse effects

on NMR signal intensities, no NMR experiment at temperatures

above 25 °C was recorded. The temperature-dependent peak

displacements enabled transferring peak assignments already

known at 5 °C to other temperatures (Figure 1C).[15] Knowing the
15N,1H correlation peak assignments at different temperatures, it

was possible to study the temperature-dependence of back-

bone dynamics in tau protein through 15N NMR relaxation

experiments.

Figure 1. A) Sequence domains of the 441-residue long tau protein, highlighting its proline-rich (P1 and P2) and repeat (R1–R4 and R’) domains. B) The 15N,1H

HSQC spectrum of tau protein, measured at 5 °C. Note the narrow dispersion of amide proton chemical shifts, a typical characteristic of IDPs. C) Superposition

of a selected region containing glycine cross peaks from 15N,1H HSQC spectra of tau protein recorded at 0, 5, 10, 15, 20 and 25 °C. The gradual temperature-

induced peak displacements (highlighted by arrows) were used to transfer peak assignments already known at 5 °C to higher temperatures.
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Figure 2A shows the 15N longitudinal spin-lattice (R1)

relaxation rates of tau protein at different temperatures. The
15N R1 rates are predominantly determined by the spectral

density term J( N), representing reorientational motions of

corresponding N�H groups at frequency N. In line with the

relatively poor sensitivity of J( N) to reorientational dynamics of

N�H groups, only little variation in R1 was observed along the

tau sequence. The average R1 rates were 1.46�0.07, 1.45�0.07,

1.44�0.09 and 1.37�0.10 s�1, respectively at 0, 5, 15 and 25 °C,

displaying only slight temperature-dependent decrease of R1 in

particular between 15 and 25 °C.

Figure 2B shows the 15N,1H NOE of tau protein at the studied

temperatures of 0–25 °C. The dynamic-dependence of 15N,1H

NOEs is governed by the ratio J(< H>)/J( N), which is

particularly sensitive to motions of N�H groups at picosecond

timescales. The average NOEs were 0.29�0.10, 0.26�0.09,

0.13�0.14 and �0.05�0.17, respectively at 0, 5, 15 and 25 °C.

In general, the small values of 15N,1H NOEs indicate large

picoseconds dynamics in tau protein in accordance with its

intrinsically disordered character. In addition, the temperature-

dependent decrease in NOEs reflects the larger picoseconds

dynamics of tau protein at higher temperatures.

Unlike 15N R1 rates and
15N,1H NOEs, the 15N transverse spin-

spin (R2) relaxation rates are predominantly determined by the

spectral density function at frequency 0, J(0), which in IDPs is

particularly sensitive to slow segmental motions occurring at

the timescale of residue-specific rotational correlation times ( c

or slow) of around several to a few tens of nanoseconds. To

determine the 15N R2 rates, we followed two approaches: the

R1 -based and CCR ( xy)-based R2 measurements (Supporting

Figures S1–S2, see Methods for details). The R2 rates obtained

from these two approaches were in close agreement: the slope

of fitted CCR-based R2 vs. R1 -based R2 line was 0.99�0.01, with

R2 of 0.93 (Supporting Figure S3). Here, we report the CCR-based

R2 rates, which are in principle devoid of conformational

exchange contributions to R2 and therefore better represent the

intrinsic dynamics of the studied protein. Figure 2C shows the
15N R2 rates measured at 5, 15 and 25 °C resulting in average
15N R2 rates of 4.99�0.99, 3.36�0.69 and 2.41�0.59 s�1,

respectively. The temperature-dependent decrease in 15N R2

rates reflects a decrease in c values connected to slow motions

of tau protein and/or a decrease in the relative amplitude of

such slow motions compared to faster sub- c motions. These

slow motions are most likely segmental motions of tau protein,

because the global motion of 441-residue long intrinsically

disordered tau protein is too slow to significantly contribute to

rotational autocorrelation function (ACF) of N�H groups and

affect 15N relaxation rates.[16]

Based on the 15N R1 rates and 15N,1H NOEs measured at

different temperatures, the spectral density terms J( N) and J(<

H>) can be derived in dependence of temperature. As pointed

out above, the J( N) does not exhibit a high sensitivity to the

temperature-dependent dynamics. Conversely, the J(< H>)

showed significant increase by temperature, indicating larger

picoseconds dynamics at higher temperatures (Figure 3A).

As shown previously, the temperature dependence of J(<

H>) is determined by the energy barrier against predom-

inantly librational motions of N�H groups and local backbone

motions, instead of solvent viscosity.[8d] Accordingly, the tem-

perature dependence of the J(< H>) of tau protein was

significantly smaller than the temperature dependence of

viscosity (Figure 3A). The spectral density analysis of 15N R1 and

R2 rates and
15N,1H NOEs allows determining J(0) in addition to

Figure 2. Temperature-dependence of 15N NMR relaxation rates in tau

protein. A) 15N longitudinal spin-lattice (R1) relaxation rates of tau protein,

measured at 0, 5, 15 and 25 °C, shown along the sequence of tau.

B) Residue-specific 15N,1H nuclear Overhauser enhancement (NOE) values of

tau protein measured at 0, 5, 15 and 25 °C. A temperature-dependent

decrease in NOE values reflects larger picoseconds dynamics of N�H groups

at higher temperatures. C) 15N transverse spin-spin (R2) relaxation rates of tau

protein, measured at 5, 15 and 25 °C. An overall temperature-dependent

decrease in 15N R2 rates is observed. The domain diagram of tau protein is

shown at the top of each panel.
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J( N) and J(< H>). The J(0) is sensitive to slow motions at the

timescale of c, which in IDPs are predominantly contributed by

viscosity-dependent segmental motions.[8d,10c] As shown in Fig-

ure 3B, the J(0) values of tau protein were decreasing with

temperature, indicating shorter c and/or smaller relative

contributions of segmental motions at higher temperatures.

Notably, the temperature dependence of J(0) values exceeded

the temperature dependence of viscosity, consistent with a

significant decrease in the relative amplitude of segmental

motions at higher temperatures (Figure 3B).

The J( ) vs. J(0) relations provide additional information on

dynamics in IDPs, especially in regards with whether their

relaxation-contributing dynamics are dominated by motions on

single or multiple timescales.[7b,c,17] At 5 °C, the J( N) or J(< H>)

vs. J(0) relations in tau protein showed a clear deviation from

the simple theoretical relations describing motions of the

protein chain and N�H groups with only one or two Lorentzian

components (Figure 4A, B). This suggests the presence of more

than one component in the relaxation-active motions of the tau

protein chain. Upon increasing the temperature to 15 and 25 °C,

an overall decrease in J( N) and particularly J(0) and an increase

in J(< H>) were observed. The description of protein back-

bone dynamics at 15 and 25 °C still deviates from the single- or

two-component curves, however, if the trend is maintained at

temperatures above 25 °C (black arrows in Figure 4), the J( )

and J(< H>) vs. J(0) relations would be pushed towards the

theoretical relation describing motions of protein chain and

N�H groups with only one or two Lorentzian components (red

and blue curves in Figure 4, respectively).

Figure 3. Spectral density analysis of 15N NMR relaxation rates of tau protein,

in dependence of temperature. A) The spectral density at average proton

frequency, J(< H>) shows a temperature-dependent increase, which is

smaller than the relative change in temperature/viscosity (T/ ) ratio (dashed

lines). B) The spectral density at 0 frequency, J(0), shows a temperature-

dependent decrease, which exceeds the relative change in T/ ratio (dashed

lines). The T/ ratio (relative to 5 °C, shown as dashed lines) represents a

reference level in which spectral densities would be determined exclusively

according to temperature-dependence of T/ ratio. The J(< H>) and J(0)

values are normalized relative to their values at 5 °C, either directly (in B, as

J(0) is directly proportional to rotational correlation times, hence supposedly

to T/ ratio), or inversely (in A, as J(< H>) is inversely proportional to

rotational correlation times hence supposedly to T/ ratio). The domain

diagram of tau is shown at the top of panels A and B.

Figure 4. Spectral density analysis of 15N NMR relaxation rates of tau protein,

in dependence of temperature. The J( N) vs. J(0) (A) and J(< H>) vs. J(0) (B)

relations at 5 (red squares), 15 (green triangles) and 25 °C (purple circles)

show a clear deviation from the theoretical relation expected for a single or

two-Lorentzian motion (solid red and blue curves). However, the general

trend (black arrows) suggests that with a temperature rising above 25 °C, the

J( N) or J(< H>) vs. J(0) relations might be pushed towards the theoretical

single or two-Lorentzian curves (red or blue lines, correspondingly). See text

for further details.
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The single- and two-component dynamics are difficult to

distinguish in the converged region. Detailed inspection of the

curve describing a single-component motion, though, reveal

that the described trend approaches the spectral density values

of the single-component motion at quite different correlation

times on J( N) vs. J(0) and J(< H>) vs. J(0) relation plots. These

plots, however, represent the same parametric curve in three

dimensions (J(0), J( N) and J(< H>)) with as parameter,

where J(0) values increase uniformly with . Whereas on the

J( N) vs. J(0) plot the timescale of 500 ps seems to be quite

slow for the trend (bottom end of the yellow section on

Figure 4A), on the J(< H>) vs. J(0) plot the timescale of 700 ps

is quite fast (bottom end of the yellow section on Figure 4B).

Therefore, unless the described trend on the J(< H>) vs. J(0)

plot makes a significant jump towards higher J(< H>) values

with temperature, the spectral density values at higher temper-

ature would be better fit to a two-component model which, in

addition to chain motions (with timescales of about 500–

700 ps, light blue sections in Figure 4), has another component

for N�H group librations (the example corresponding to a

timescale of 50 ps and a contribution of 30% for N�H librational

motions, typical values reported in previous studies of IDPs, for

example in,[8d] is shown in Figure 4). Indeed, a single-component

description of protein dynamics would imply here amide group

librations on timescales of hundreds of picoseconds, which is

significantly slower than tens of picoseconds reported for

unfolded and intrinsically disordered proteins and domains by

other groups.[8d,18] A three-component description of protein

dynamics would fit into the converged region only if the

contribution of segmental motions is very small and/or their

timescale is close to the timescale of local backbone motions,

transforming it to an effectively two-component model (Sup-

porting Figure S4).

NMR-based dynamics studies of several IDPs have con-

verged to a picture in which the multiscale reorientational

dynamics of IDPs can be reasonably approximated by three

modes of motions: librational motions, local conformational

dynamics involving backbone dihedral angle fluctuations, and

segmental motions.[8d,10a,c,d,11–12] At low temperatures, the charac-

teristic correlation times of these three motional modes are

sufficiently separated from each other, therefore it is reasonable

to assume the effective mutual independence of these motions

and therefore decompose the rotational ACF of each N�H

group of the protein into its three independent components, as

required in the (extended) model-free analysis of 15N NMR

relaxation rates.[19] Upon increasing temperature, the timescales

of librational motions and conformational fluctuations are

altered according to their specific activation energy barriers,

whereas the temperature-dependence of the timescale of

segmental motions is governed mainly by the change in the

(T)/T ratio where (T) is the temperature-dependent

viscosity.[8d] As the activation energy of local chain motions was

suggested to be lower than the (T)/T ratio describing temper-

ature dependence of chain segmental motions,[8d] the timescale

of the latter would decrease faster with temperature than the

timescale of the former; therefore, at a sufficiently high temper-

ature their timescales would theoretically become identical.

However, based on timescales and activation energies de-

scribed in another IDP system,[8d] where this temperature would

be calculated at above the water boiling point, we do not

believe that the true matching of timescales could happen at

physiological temperatures. Rather, at some sufficiently high

temperature these timescales approach each other so closely

that they would become inseparable, as the adiabatic approx-

imation would not be valid anymore.[8d] Our data suggests that

the effective merging of motions and timescale inseparability

could occur at temperatures much closer to physiological

temperature.

In addition to the timescales, the relative amplitude of these

three modes of motions may be altered by temperature. In

particular, the temperature-induced enhancement in local

motions may force the rotational ACFs of N�H groups to decay

to zero before the segmental motions at longer timescales

could provide any further contribution to their decay.[8d]

Previous studies have shown that the N�H motions of IDPs at

temperatures as high as 298–303 K can still be better described

by a three-component than single-component dynamics.[8b–d,12]

Our results are consistent with these reports but the temper-

ature-dependent trend of spectral densities show that the

increase in temperature pushes the multi-component descrip-

tion of reorientational dynamics of tau protein at low temper-

atures towards a description with a reduced set of dynamic

components at high temperatures. An explanation for this

behaviour might be that the timescales of various components

become more difficult to separate from each other at higher

temperatures, while at the same time the contribution from

segmental motions decreases with temperature. It is also

notable that a recent single-molecule fluorescence anisotropy-

based study of tau protein has revealed the presence of two

families of tau conformers with distinct local and segmental

rotational dynamics.[20] It is therefore expected that temperature

dependence of tau dynamics is considerably influenced by

potential population shifts as a function of temperature.

Whether the observed temperature-dependent trend of tau

dynamics in this study is protein-specific or instead a generic

feature of IDPs remains to be investigated in future, however,

considering the large size of tau protein and the diverse

physicochemical properties of its domains, it is reasonable to

suggest its dynamical trend as a generic feature of IDPs.

The amide groups of IDPs are exposed to the surrounding

solvent and severely prone to rapid amide-water proton

exchange rates at physiological temperature.[13] Consequently,

the 15N NMR relaxation-based studies of protein dynamics in

IDPs are often performed at temperatures significantly lower

than the physiological temperature. Our NMR results demon-

strate the remarkable dynamic plasticity of IDPs in response to

temperature and highlights the importance of investigating

IDPs’ dynamics at multiple temperatures. Notably, the reduced

sensitivity of 15N relaxation to slower segmental motions may

be overcome by engineering short stable helices into IDP chains

to reduce amplitudes of fast internal motions.[8d] This approach

may be useful at higher temperatures to compensate for the

potential inseparability between fastest segmental motions

with fast internal motions.
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Dynamic studies of IDPs at higher temperatures may be

made possible through a shift to acidic pH where amide-water

exchange is effectively quenched, or preferably, through switch-

ing to non-exchangeable nuclear spins such as 13C. In this

regard, we note that the newly developed singlet-filtered NMR

experiments allow the study of the relaxation of non-exchange-

able H protons of glycines in IDPs.[21] In addition, the singlet

relaxation times of glycines provide novel sensitive probes of

motions in IDPs applicable at high temperatures.[22]

Conclusion

Our study of the temperature dependence of the internal

dynamics in the intrinsically disordered protein tau shows that

its multi-component, relaxation-active dynamics at low temper-

ature might become an effectively two-component dynamics

with increasing temperature, as the timescale of chain segmen-

tal motions progressively approaches that of local backbone

motions and its contribution decreases as local motions gain in

amplitude. The results thus reveal enhanced plasticity of an IDP

in response to increasing temperature and highlight the

importance of studying IDP dynamics at multiple temperatures.

Experimental Section

NMR spectroscopy: NMR experiments were conducted at a

701.25 MHz proton Larmor frequency spectrometer equipped with

a room-temperature probe. The NMR sample contained ~0.3 mM

uniformly 15N-labeled human tau protein (residue 1-441; 2N4R tau)

in 60 mM sodium phosphate buffer (pH 6.0, with 42 mM NaCl) in

90%/10% v/v H2O/D2O.

15N,1H correlation peak assignments were made through 15N,1H

HSQC experiments at 0, 5, 10, 15, 20 and 25 °C and the transfer of

peak assignments already known at 5 °C.[15] 15N relaxation experi-

ments were performed at 0, 5, 15 and 25 °C. The steady-state
15N�1H heteronuclear Overhauser enhancements (NOE) were meas-

ured with a proton saturation block of 5 s and total recycle delay of

8 s. A train of 120° proton pulses was used during the saturation

block. The 15N longitudinal relaxation rates (R1) were measured

using conventional pulse sequence schemes with relaxation delays

of 10, 60, 150, 250, 400, 600 and 1000 ms.[23] The 15N transverse

relaxation rates (R2) were measured through two ways: (i) 15N

longitudinal relaxation rates in the rotating frame (R1 ) were

measured with relaxation delays of 20, 40, 60, 100, 160 and 240 ms

and 15N spin-lock field strength of 2.0 kHz as described in,[24] with
15N carrier frequency set in the middle (118 ppm) of the 15N

resonance dispersion in tau protein. In heteronuclear NOE and R1

measurements the PEP (“preservation of equivalent pathways”)

scheme was used to improve the sensitivity of NMR experiments.

The 15N transverse relaxation rates (R2) were then derived from the

relation: R2 ¼
ðR11�R1 :cos

2qÞ

sin2q , where q � tan�1ð
n1
WÞ, 1 is the

15N spin-lock

field strength (in Hz) and is the resonance offset from the spin-

lock carrier (Hz), and (ii) transverse cross-correlated relaxation (CCR,

xy) rates between 1H,15N dipole-dipole and 15N chemical shift

anisotrpy (CSA) relaxation mechanisms were measured using

relaxation delays of 50, 75, 100 and 125 ms.[25] The CCR rates were

then converted to R2 rates through Equation (1):

R2 ¼ k hxy þ 1:3 s (1)

where

s ¼ NOE � 1ð Þ � R1 �
gN

gH
(2)

is the 15N,1H cross-relaxation rate and H and N are the

gyromagnetic ratios of 1H and 15N nuclei. The k value is a constant

value of 1.3466, calculated from the theoretical equations of 15N

relaxation rates, based on the 15N CSA of �170 ppm and the angle

between the symmetry axis of 15N CSA tensor and the N�H vector

of 22°.[26] All NMR relaxation rate measurements were performed in

the FID-interleaved manner and the heat correction and compensa-

tion elements were introduced in the beginning of recycle delays.

NMR spectra were processed with NMRPipe,[27] and the peak

intensities were obtained by Sparky 3 (T. D. Goddard and D. G. Knel-

ler, SPARKY 3, University of California, San Francisco). Using an in-

house Mathematica script, the R1 and R1 rates were obtained

through fitting intensity data to mono-exponential decay functions.

The errors in R1 and R1 were obtained through 500 Monte-Carlo

simulations of relaxation data. The errors in R2 were estimated

through propagation of errors in R1 and R1 . NOE values were

calculated as the ratio of the peak intensities between saturated

and reference spectra, with errors estimated from the noise values

in these spectra. CCR rates were calculated through fitting, as

described in,[25] with uncertainties represented by the standard

error of fitting parameters.

Reduced spectral density mapping of the 15N R1 and R2 rates and
15N�1H cross-relaxation rates ( ) to spectral densities at zero, 15N

and effective 1H frequency (J(0), J( N) and J(< H>), respectively)

was performed using the following Equation (3)–(5):

Jð< wH >Þ ¼ s=5d (3)

J wNð Þ ¼
1

3dþ c
ðR1 � 1:4sÞ (4)

J 0ð Þ ¼
1:5

3dþ c
ðR2 �

R1

2
� 0:6sÞ (5)

where

d ¼
1

4

m0

4p

� �

2 �hgHgNð Þ2

r6N�H

� �

(6)

and

c ¼
wNDsð Þ2

3
(7)

in which the physical constants had their usual meanings, and the

H�N bond length (rN�H) of 1.02 Angstrom and the 15N CSA

magnitude ( ) of �170 ppm were used.[7a] Uncertainties in

spectral density values were estimated through error propagation.

The theoretical J( N) vs. J(0) relation for a single-component motion

was calculated according to the following equation:

J wNð Þ ¼
J 0ð Þ

1þ 6:25 w2
N J 0ð Þ2

(8)
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Reorientational dynamics of intrinsi-

cally disordered proteins (IDPs) at

low temperatures are composed of

multiple components such as

segmental motions and local confor-

mational fluctuations. Temperature-

dependent spectral density analysis of
15N NMR relaxation rates demon-

strates that local backbone and relax-

ation-active segmental chain

dynamics of IDPs might merge into an

effectively single dynamic component

at sufficiently high temperatures.
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Fast Motions Dominate Dynamics of

Intrinsically Disordered Tau Protein

at High Temperatures
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