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ABSTRACT Intrinsically disordered proteins (IDPs) show structural changes stimulated by changes in external conditions.
This study aims to reveal the temperature dependence of the structure and the dynamics of the intrinsically disordered region
of the helicase-associated endonuclease for fork-structured DNA, one of the typical IDPs, using an integrative approach.
Small-angle X-ray scattering (SAXS) and circular dichroism (CD) studies revealed that the radius of gyration and ellipticity
at 222 nm remained constant up to 313–323 K, followed by a decline above this temperature range. NMR studies revealed
the absence of a promotion of the a helix. As a result, SAXS, CD, and NMR data strongly suggest that these temperature-
dependent structural changes were primarily due to a reduction in the content of the polyproline II (PPII) helix. Moreover,
quasielastic neutron scattering studies revealed a slight change in the activation energy in a similar temperature range.
Considering the concept of glass transition, it is posited that dynamical cooperativity between the PPII helix and water may
play a significant role in these structural changes. The findings suggest that internal dynamics are crucial for regulating the
structure of IDPs, highlighting the importance of considering dynamical cooperativity in future studies of protein behavior under
varying temperature conditions.
SIGNIFICANCE The structural response of intrinsically disordered proteins (IDPs) to changes in the solution
environment differs distinctly from that of folded globular proteins (FGPs). Although the FGP increases in size with
increasing temperature, the IDP decreases in size. We investigated the temperature-dependent structural and dynamic
behaviors of the intrinsically disordered region of the helicase-associated endonuclease for fork-structured DNA as an
example of an IDP. We observed not only changes in the secondary and tertiary structures with increasing temperature but
also an acceleration of the internal dynamics. The transition temperature at which both structural and dynamic changes
were observed was 313–323 K. It was concluded that the dynamical cooperativity between the polyproline II helix and
water plays a significant role in temperature-dependent structural behaviors.
INTRODUCTION

Proteins that lack an ordered structure (1) are categorized as
intrinsically disordered proteins (IDPs). IDPs are distin-
guished by the prevalence of highly charged residues,
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whereas folded globular proteins (FGPs) are characterized
by a hydrophobic interior and hydrophilic exterior (2).
The discrepancy in the residue composition between IDPs
and FGPs could cause disparate structural responses to alter-
ations in the solution environment. Consequently, we
focused on how IDPs and FGPs respond to temperature
changes as a case study of environmental variation. The
IDP undergoes a reduction in size with an increase in tem-
perature (3–5), whereas the FGP exhibits an increase in
size. Although computational approaches have been em-
ployed to elucidate the mechanism underlying the reduction
in size observed with increasing temperature in IDPs (6,7), a
ety.
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Temperature effects on IDP structure
definitive conclusion remains elusive. Further experimental
investigations are necessary to improve our understanding
of this unique phenomenon.

Given that IDPs possess highly flexible structures regulated
by internal dynamics (7), it is crucial to investigate
their structural and dynamic properties to elucidate the under-
lying mechanisms of their temperature-dependent structural
changes. Experimental techniques capable of detecting struc-
tures ranging from the local to higher-order scale can offer key
insights into temperature-dependent structural changes in
IDPs (2). Lin et al. succeeded in revealing the structure of a
highly flexible protein through small-angle X-ray scattering
(SAXS), NMR, and molecular simulation (8), demonstrating
the significance of complementary uses of various experi-
mental techniques for the study of a flexible protein. Accord-
ingly, a combination of SAXS/small-angle neutron scattering
(SANS), circular dichroism (CD), andNMRwas employed to
investigate the structural characteristics of the IDP at various
temperatures. Moreover, the temperature dependence of the
internal dynamics of the IDP, ranging from subnanoseconds
to microseconds, has been directly studied using quasielastic
neutron scattering (QENS) (7,9–12).

In this study, the intrinsically disordered region (IDR) of
the helicase-associated endonuclease for fork-structured
DNA (Hef-IDR) was selected as an example of an IDP.
The Hef from Thermococcus kodakaraensis, a hyperthermo-
philic archaeon (13) (UniProt: Q5JJ98), is composed of an
N-terminal helicase domain (residues 1–492), a C-terminal
nuclease domain (residues 594–811), and an IDR (residues
493–593) intervening in the two globular domains. The
main function of Hef is to repair damaged DNA. Specif-
ically, the helicase and nuclease domains unwind and cleave
fork-structured DNA, respectively. In contrast, the IDR in-
teracts with multiple proteins involved in DNA repair and
replication. The objective of this study was to elucidate
the mechanism of temperature-dependent structural changes
in IDPs through integrative analyses obtained by combining
the aforementioned techniques.
MATERIALS AND METHODS

Samples

Hef-IDR was produced in Escherichia coli BL21 CodonPlus (DE3)-RIL

cells (Agilent). The pET28a plasmid (Novagen) harboring the Hef-IDR

gene fragment was modified from that reported previously (13) to remove

the histidine tag and TEV protease recognition sequence. The E. coli cells

were grown at 310 K in Luria Broth (LB) medium. When the E. coli culture

reached an optical density at 660 nm of 0.5, expression of Hef-IDR expres-

sion was induced by adding isopropyl beta-D-thiogalactopyranoside to

1 mM. After cultivation at 298 K for 18 h, the cells were harvested by

centrifugation, and the cell lysate was prepared by sonication in buffer A

(50 mM Tris [pH 8.0], 0.5 M NaCl, 0.5 mM EDTA, and 1 mM phenylme-

thylsulfonyl fluoride). After centrifugation for 20 min at 20,000� g, the su-

pernatant was heated at 353 K for 20 min. The heat-resistant fraction was

diluted with buffer B (20 mM Tris-HCl [pH 8.0] and 0.5 mM EDTA) and

then applied to a cation exchange column (HiTrap SP HP, Cytiva), which
was developed with a linear gradient of 0.05–0.6 M NaCl. The eluted frac-

tions were applied to a gel-filtration column (HiLoad 26/600 Superdex200,

Cytiva) which was equilibrated with buffer C (10 mM HEPES-NaOH

[pH 7.5], 350 mM NaCl, and 0.1 mM EDTA). To inactivate contaminating

proteases, purified Hef-IDR was heated to 353 K for 10 min, rapidly cooled

in liquid nitrogen, and stored at 193 K.
SAXS

The SAXS measurements were conducted using a Photon Factory BL-6A

instrument (Tsukuba, Japan). The X-ray wavelength and the sample-to-

camera distance were set to 1.5 Å and 2038.9 mm, respectively.

PILATUS 1M was used as the detector, and the accessible Q range was

from 0.0085 to 0.27 Å�1. The data acquisition time and number of acqui-

sitions were 2 s and 200, respectively. Prior to data reduction, we checked

the radius of gyration (Rg) as a function of the frame, and no change in Rg

was observed. We then averaged all 200 frames to obtain the scattering pro-

file. To minimize the risk of radiation damage, the Hef-IDR solution at a

concentration of 12 mg/mL was prepared in a buffer (10 mM HEPES

[pH 7.5], 100 mMNaCl, 0.1 mM EDTA) containing 10 mM Tris (2-carbox-

yethyl) phosphine hydrochloride. A borosilicate capillary with an internal

diameter of 2 mm and a wall thickness of 10 mm was employed for the

SAXS measurements. After reaching the target temperature, the samples

were incubated at this temperature for 5 min. Then, SAXS measurements

were commenced after checking for the absence of bubbles in the sample

capillary. The observed SAXS intensity was corrected for background,

empty capillary, and buffer scattering and then transmitted and converted

to absolute intensity using water as a reference. All data were analyzed us-

ing the SAngler software program (14). Data were subsequently analyzed

using the ATSAS package (15,16).
SANS

The SANS experiments were conducted at the Japan Proton Accelerator

Complex (Tokai, Japan) using TAIKAN (17) and at the Institute for Solid

State Physics, University of Tokyo, using SANS-U (18). Concerning the

instrumental setup of TAIKAN, we used wavelengths covering from 0.7

to 7.6 Å, a sample-to-detector distance of 5.6 m, and a Q resolution of

�5%. In this study, we especially used data acquired from the small-angle

bank detector of TAIKAN. 3He liner position sensitive detectors, which

were supplied by Toshiba Electron Tubes & Devices, were used, and the

accessible Q range with the small-angle bank detector of TAIKAN ranged

from 0.0087 to 0.5 Å�1. The data acquisition time and number of acquisi-

tions were set to 1.5 h and 1, respectively, and the protein concentration was

set to 5 mg/mL. To avoid bubbling at high temperatures, both the protein

and buffer solutions were degassed at 298 K for 10 min. For the SANS

experiment with SANS-U, we used the wavelength of 7 Å, sample-to-detec-

tor distances of 4 and 1.03 m, and a Q resolution of �12%, respectively. A

two-dimensional area detector using a multiwired PSPC (model 2660N,

ORDELA, USA) was used, and the accessible Q range was from 0.01 to

0.25 Å�1. The data acquisition time and a number of acquisitions were

set as 1 h and 3, respectively. The protein concentration was 5 mg/mL. In

both SANS measurements, a cylindrical cell with an outer diameter of

22 mm, an inner diameter of 18 mm, and an optical path of 2.0 mm was

used. The measured intensity was corrected for the background, empty

cell, buffer solution scattering, and transmittance. The SANS profiles

were converted to absolute intensities (cm⁻1) using standard samples or

the direct beam method.
CD

TheCDspectrawere obtained using a Jasco J-720Wspectropolarimeter. A so-

lution of 40 mM Hef-IDR in a buffer solution comprising 10 mM HEPES
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(pH 7.5), 100 mMNaCl, and 0.1 mM EDTAwas analyzed. An acquisition in-

terval of 1 nm,five acquisitions, and a scan rate of 50nm/minwere used for this

measurement. After incubating at the target temperature for 5 min and check-

ing for the absence of bubbles in the quartz cell with an optical path of 1 mm,

we commenced the CD measurement at the target temperature.
FIGURE 1 (a) SAXS profiles at 283 (red circle), 298 (blue circle), 323

(green circle), 343 (yellow circle), and 363 K (black circles), respectively.

The red, blue, green, yellow, and black lines correspond to ensemble-aver-

aged profiles. (b) Temperature dependence of Rg calculated from SAXS

profiles. The solid lines are results of fits with a linear function within

the temperature range of 283–323 K, and the dashed arrow corresponds

to Ttra.
NMR

Two-dimensional NMR experiment correlates amide 15N atoms of a residue

(i) with 13C C0 of residues (i) and (i-1) (CON) and NMR experiment corre-

lates amide 13C atoms of C¼O in a residue (i) with 13C of C-alpha atom in

residues (i) and (i-1) (CACO) spectra (19) were acquired at 298, 313, and

349 K using a Bruker BioSpin Avance III HD spectrometer equipped

with a TCI triple-resonance cryogenic probe with a 1H resonance frequency

of 950.15 MHz. The protein concentration of 5 mg/mL was used. The car-

rier frequencies were positioned at 175.6, 56.6, 120, and 4.7 ppm for the
13C0, 13Ca, 15N, and 1H spins, respectively. The spectral widths were set

to 40 ppm (1024 data points) for the 13C0 direct dimension, 24 ppm (128

data points) for the 15N indirect dimension, and 30 ppm (100 data points)

for the 13Ca indirect dimension. Each free induction decay comprised

128 and 160 scans for the CON and CACO experiments, respectively. Se-

lective inversion of the 13Ca spins was achieved with a 500-ms-long Q3

SURBOP pulse (20) in the context of the CACO experiment. Furthermore,

the 13Ca and 13C0 spins were inverted, with a 500-ms-long chirp pulse (80

kHz sweep and 20% smoothing) for the CON experiment. The remaining
13C pulses were applied with a 162-ms-long Q3 cascade for 90� excitation
and a 259-ms-long G4 cascade for 180� reversion. The pulses for 1H and 15N

decoupling were applied using the WALTZ65 and GARP4 schemes, with

radio frequency powers of 4545 and 1136 Hz, respectively. The two exper-

iments used the in-phase/anti-phase scheme for virtual decoupling of Ca-C0

scalar coupling (21). Indirect dimensions were sampled using the state-time

proportional phase increment (TPPI) method. An interscan delay of 1.5 s

was implemented. The remaining parameters were set in accordance

with the specifications outlined in Bruker pulse programs (c_con_iasq

and c_caco_ia). The NMR spectra were processed using Topspin 3.6 and

subsequently analyzed using POKY (22).
QENS measurements

QENS measurements were performed using an inverted-geometry time-of-

flight spectrometer (BL02 DNA) (23) installed at the Materials and Life Sci-

ence Experimental Facility of J-PARC, Tokai, Japan. The magnitude of the

scattering vector, Q (Q ¼ 4psinq/lf, where 2q and lf ¼ 6.32 Å are the scat-

tering angle and wavelength of the analyzed neutron, respectively), ranged

from 0.12 to 1.78 Å�1, corresponding to the spatial scale from 3.5 to 31 Å.

Each sample was placed in a double-cylindrical aluminum (Al) cell (outer

diameter: 14 mm; inner diameter: 13 mm; height: 45 mm) under a helium at-

mosphere. The resolution function was determined from vanadium measure-

ments at 298 K, and the energy resolution (dE) was calculated to be 12 meV,

covering the timescale from 5 to 200 ps. Hef-IDR solutions (8.0 mg/mL) were

analyzed at 283, 298, 323, 343, and 363 K. To avoid chemical interactions

between the surface of the Al cell and the Hef-IDR solution, the Al cells

used in this study were boehmite coated with D2O. Subsequently, a Hef-

IDR solution was loaded into boehmite-coated Al cells (24,25).
RESULTS

Temperature dependence of ternary and
secondary structures of Hef-IDR

Fig. 1 a shows the SAXS profiles of the Hef-IDR at 283,
298, 323, 343, and 363 K. Using the Guinier approximation
(26) (Eq. 1), the Rg was calculated using the SAXS profiles.
542 Biophysical Journal 124, 540–548, February 4, 2025
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where I(Q) and I(0) correspond to the scattering intensity as
a function of Q and forward scattering intensity, respec-
tively. The results of fitting with the Guinier approximation
and residual plots are summarized in Fig. S1. As shown in
Fig. 1 b, the variation of Rg against the temperature was
flat up to 323 K, and a decrease in the Rg value was observed
in the temperature range above �323 K. Although the
detailed temperature dependence of Rg was unclear only
from the SANS results owing to large error bars, at least a
tendency for a reduction in Rg was observed with increasing
temperature (Figs. S2 and S3). In the case of unfolding of
FGPs by an increment of temperature, the collapse of sec-
ondary structures such as the a helix and b sheet occurs,
leading to an increment of Rg with increasing temperature
(27). This process is normally irreversible in FGPs, whereas
heat-induced structural changes are reversible in IDPs (3).
Hence, it is expected that stable secondary structures are
not related to the temperature-dependent structural change
of IDP.



Temperature effects on IDP structure
To investigate the temperature dependence of the second-
ary structure, CD measurements were also performed on the
Hef-IDR solutions at different temperatures. As shown in
Fig. 2 a, only a broad band at 222 nm was observed in the
CD spectra. Therefore, we focused on the temperature
dependence of ellipticity at 222 nm (q222nm). The variation
of the q222nm value against temperature was almost flat up
to 313 K, whereas a reduction of the q222nm value was
observed in the temperature range above 313 K. (Fig. 2
b). The transition temperature (Ttra), which ranged from
313 to 323 K, was observed in the SAXS and CD measure-
ments. Structural changes in other IDPs have been observed
in similar temperature ranges (2).

Two possibilities are related to the interpretation of the
temperature-dependent change of CD spectra. One is an
increment of a helix with increasing temperature, and
another is a decrease in the polyproline II (PPII) helix con-
tent. Following an approach reported by Trevino et al. (28),
we focused on the temperature dependence of q222nm sub-
tracted from that at 277 K (Dq222nm). We then performed
a linear fit to the temperature dependence of Dq222nm. The
resulting coefficient of determination value is 0.956. If a
FIGURE 2 (a) CD spectra at 283 (red line), 298 (blue line), 323 (green

line), 343 (yellow line), and 363 K (black line). The pink dashed line cor-

responds to 222 nm wavelength. (b) Temperature dependence of q222nm,

and the dashed arrow corresponds to Ttra.
stable secondary structure, such as an a helix, is formed,
then a sigmoidal shape would be observable for the temper-
ature dependence of Dq222nm. Hence, the CD results sup-
ported the lack of a stable secondary structure in the
examined temperature range (28).

To extract other structural parameters from the SAXS
profile, we analyzed the SAXS profiles using Eq. 2:

IðQÞ
Ið0Þ ¼ 2

x2
ðx � 1þ e� xÞ þ b

L

�
4

15
þ 7

15x

�
�
11

15
þ 7

15x

�
e� x

� (2)

with x¼Q2Lb/6, where b and L correspond to theKuhn length
and contour length, respectively. For fitting with Eq. 2, we use

theQ region, which satisfies the condition ofQ< 3/b. The fits
withEq. 2 are shown inFig. S4a. The temperature dependence
of L is shown in Fig. S4 b. Although the detailed temperature
dependence of Lwas unclear due to relatively large error bars,
themeanvalue ofL (¼3025 12 Å) was shorter than the value
expected for a random coil (362.7 Å), and this finding is also
reported for other IDPs (29). Moreover, Rg values from
SAXS measurements were higher than one expected from
the random coil (28.3 Å) (30). As an alternative approach,
we calculated theDmax values, and the results are summarized
in Table S1. Reflecting the reduction in Rg with increasing
temperature, the Dmax value also decreased with increasing
temperature. Dmax values of IB5 (N ¼ �70, where N corre-
sponds to a residue number) and II-I (N ¼ �140), which
possess a PPII helix, are reported to be 110 5 10 and
155 5 10 Å, respectively (30). As the N value of Hef-IDR
is 101, our evaluated Dmax values are in between the two
above-described two values. If the promotion of the a helix
occurred with increasing temperature, then we could observe
a plateau at high QRg. As shown in Fig. S5, we could not
observe a plateau even at the highest temperature. This implies
that Hef-IDR is still locally rigid and elongated even at high
temperatures. Hence, the L, Rg, and Dmax values support the
existence of the PPII helix in Hef-IDR.Moreover, we focused
on an additional parameter. If the promotion of the a helix
occurred with increasing temperature, then an increment of
persistence length (lp) due to an increment of chain rigidity
would be observed. However, if loss of the PPII helix occurred
with increasing temperature, then a reduction in lp would be
observed. As shown in Fig. S4 b, a reduction in lp with
increasing temperature was observed, reinforcing the idea of
the loss of the PPII helix with increasing temperature.

To investigate the temperature dependence of the second-
ary structure of the Hef-IDR in more detail, the NMR chem-
ical shifts of [13C, 15N]-Hef-IDR were measured at 298,
313, and 349 K. The superposition of the two-dimensional
CACO and CON spectra is shown in Fig. 3, a and b, respec-
tively. Although the 13C chemical shifts have been corrected
by the sodium trimethylsilylpropanesulfonate (DSS) peak,
the chemical shifts of both 13C0 and 13Ca shifted upfield
Biophysical Journal 124, 540–548, February 4, 2025 543



FIGURE 3 Superposition of the CACO (a) and CON (b) spectra measured at 298 (blue), 313 (green), and 349 K (magenta). The 13C0 and 13Ca chemical

shifts were calibrated using DSS. Histograms of the 13Ca chemical shift differences between 298 and 349 K (D13Ca
343–298K) and

13C0 (D13C0
343–298K) are

shown in (c) and (d), respectively. Based on the chemical shift index, regions where the chemical shift changes of consecutive residues suggest a helices

(D13Ca > þ0.7 ppm, D13C0 > þ0.5 ppm) are shown in purple, whereas regions where those changes suggest b sheets (D13Ca < �0.7 ppm,

D13C0 < �0.5 ppm) are shown in yellow.

Inoue et al.
with increasing temperature. It was reported that these
chemical shifts in IDPs exhibited temperature dependency
(31,32); hence, we focused on the largest differences
in the 13Ca and 13C0 chemical shifts between 298 and
349 K. Fig. 3, c and d, shows a histogram of the difference
in the 13Ca chemical shifts between 298 and 349 K
(D13Ca

349–298K) and the 13C0 chemical shifts between 298
and 349 K (D13C0

349–298K), respectively. In the formation
of the a helix with elevating temperature, it is expected
that D13Ca

349–298K R 0.7 ppm and D13C0
349–298K R 0.5

ppm. In the case of the formation of the b sheet,
it is expected that D13Ca

349–298K % �0.7 ppm and
D 13C0

349–298K % �0.5 ppm. Therefore, a helix formation
was not promoted in the examined temperature range. At
elevated temperatures, the exchange rate between different
conformations increases, and the observed NMR chemical
shift values represent the population-weighted averages of
these conformations. Consequently, even if an a helix is
transiently populated at high temperatures, the measured
544 Biophysical Journal 124, 540–548, February 4, 2025
chemical shifts may not exhibit characteristics specific to
the a helix due to rapid interconversion with another confor-
mation, such as a b sheet. However, our NMR data at least
exclude the dominance of a stable a helix at high tempera-
tures. If the a helix were the predominant and stable confor-
mation, then the D13Ca

349–298K value would exhibit a more
positive shift. Considering the results from CD, SAXS, and
NMR, we could deny the possibility of the promotion of the
a helix with increasing temperature in Hef-IDR.

The enhancement of hydrophobic interactions at
high temperature could be a cause for the present results.
Therefore, we performed additional SAXS measurements
on the Hef-IDR solution at high NaCl concentration
(¼1000 mM) at 298 and 363 K: the Rg values are summa-
rized in Table S2. At both temperatures, Rg values were in-
dependent of the NaCl concentration within experimental
errors, excluding the possibility that the enhancement of
hydrophobic interactions at high temperature was the
main factor for the present result. The PPII propensity of



Temperature effects on IDP structure
Hef-IDR was predicted using PPIIPred (33), and PPII pro-
pensity as a function of residue number is shown in
Fig. 4. A relatively high PPII propensity was observed
near the C-terminal region, supporting the existence of a
PPII helix in Hef-IDR. Finally, we concluded that the loss
of the PPII helix with increasing temperature is an appro-
priate interpretation of the temperature-dependent structural
change in Hef-IDR.
FIGURE 5 The QENS profiles at 283 (red circle), 298 (blue circle), 323

(green circle), 343 (yellow circle), and 363 K (black circle), respectively.

The red, blue, green, yellow, and black dotted pink lines correspond to

the fit curves and resolution function, respectively.
Temperature dependence of internal dynamics of
Hef-IDR

As the scattering cross section of a hydrogen (H) atom is
significantly larger than those of other constituent atoms
in Hef-IDR, the observed QENS profile is mainly dominated
by incoherent dynamic scattering laws. The incoherent dy-
namic scattering laws indicate that the motion is described
by the self-motion of the H atoms. In other words, protein
dynamics are detected by H atoms, which are homoge-
nously distributed throughout the protein structure. Fig. 4
shows dynamics scattering laws (S(Q, u)) at a mean Q value
(Q) ¼ 0.60 Å�1 at 283, 298, 323, 343, and 363 K using the
same model function (S(Q, u)mod) adopted in our previous
work (10). To extract the reliable information on the
internal dynamics, we should calculate the contribution of
rigid-body motion, which is given by a combination of
translational and rotational diffusions. For this purpose,
we performed curve fits to the SAXS profiles using
MultiFoXS (34), and the ensemble of four model configura-
tions successfully reproduced the SAXS profiles (solid lines
in Fig. 1). The schematic views of the four configurations
and their structural parameters are shown in Fig. S6 and
Table S3. Notably, the Rg and Dmax values calculated from
the ensemble profiles approximately coincided with those
calculated from the SAXS profiles (Table S4). Using the
averaged translational and rotational diffusion constants
(Table S5) calculated from four model configurations, we
analyzed the observed S(Q, u) (refer to the supporting ma-
terial and Table S5). As shown in Fig. 5, the spectra at
different temperatures were successfully reproduced using
Eq. S3. In the following, we focus on two parameters,
A(Q) and G, which characterize the internal dynamics of
FIGURE 4 PPII propensity of Hef-IDR predicted by PPIIPred
the Hef-IDR. Nonzero 1-A(Q) values at all temperatures
indicated the quantitative detection of the internal dynamics
of the Hef-IDR (Fig. S7). Because G is inversely propor-
tional to the average time constant of the internal dynamics,
acceleration of the internal dynamics of the Hef-IDR was
observed with increasing temperature (Fig. 6 a). The Q2

dependence of G was fitted using Eq. 3 (35,36):

G ¼ DintQ
2

1þ DintQ
2t0

(3)
whereDint and t0 correspond to the self-diffusion of the con-
cerned molecule and resident time, respectively. t0, is

roughly comparable to the timescale of the conformation
transition rate (37), and it ranged from 8 to 16 ps, showing
the fast rate of conformation change in Hef-IDR. Even when
considering an error of 1/t0, a change in the slope was
observed near Ttra (Fig. 6 b). The activation energies (Ea)
in the temperature ranges below Ttra (low-temperature
Biophysical Journal 124, 540–548, February 4, 2025 545



FIGURE 6 (a) Q2 dependence of the G values at 283 (red circles), 298

(blue circles), 323 (green circles), 343 (yellow circles), and 363 K (black

circles). Red, blue, green, yellow, and black dotted pink lines correspond

to curves fitted with Eq. 3. (b) 1/t0 as a function of temperature (black cir-

cles). The solid green and pink lines correspond to the results of fitting the

Arrhenius equation in the high- and low-temperature regions, respectively.

The dashed arrow corresponds to Ttra.

Inoue et al.
region) and above Ttra (high-temperature region) were
analyzed independently using the Arrhenius equation. The
Ea values were calculated to be 8.6 5 1.8 and 5.5 5
1.1 kJ/mol for low- and high-temperature regions, respec-
tively, showing a transition of internal dynamics at Ttra.
An inflection temperature was observed at around Ttra based
on the temperature dependence of Dint (Fig. S8).
FIGURE 7 (a) Schematic representation of dynamic cooperativity be-

tween the PPII helix and water molecules at different temperatures. The

green, blue, red, and blue shaded regions correspond to the PPII helix, water

molecule, H-bonding between water and PPII helix, and dynamical cooper-

ativity region, respectively. (b) Schematic of 1/t0 as a function of tempera-

ture. The activation energy analyzed in the temperature range higher than

Ttra was regarded as Ea (high-temperature region), and the activation

energy analyzed in the temperature range lower than Ttra was regarded as

Ea (low-temperature region).
DISCUSSION

The relaxation time of the network of H-bonds between pro-
teins and water is slower than the average H-bonding of pro-
teins or water because of the dynamical cooperativity
between proteins and water (38). As the PPII helix is stabi-
lized by the surrounding water through the formation of a
network of H-bonds between the helix and water (39), the
network of H-bonds involved in the PPII helix could possess
dynamical cooperativity. One of the most famous phenom-
ena coupled with the dynamical cooperativity is the glass
transition (40,41). Motivated by the concept of glass transi-
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tion, we discuss a plausible mechanism for these results.
The acceleration of the internal dynamics (Dint) with
increasing temperature weakens the dynamical cooperativ-
ity between the PPII helix and water. Such weakening of
the dynamical cooperativity forces the destabilization of
the PPII helix, contributing to the reduction in the fraction
of the PPII helix. Then, further weakening of the
H-bonding network between the PPII helix and water occurs
with further elevation of the temperature, eventually leading
to the collapse of the network structure (refer to the left of
Fig. 7 a). In the case of the glass transition, this change is
detected as an inflection temperature (or Tg), and the Ea

above Tg is lower than that below Tg (Fig. 7 b). Consistent
with the glass transition, Ttra was experimentally detected,
and Ea in the high-temperature region was lower than that
in the low-temperature region (Fig. 6 b). The PPII helix is
extensively observed in various IDPs (33); hence, the
dynamical cooperativity between the PPII helix and sur-
rounding water plays a significant role in the temperature-
dependent structure of the IDP. Referring to the multistep
structural transition of unfolding of cytochrome C (27),
we also tried to interpret our results in relation to the local
structure of Hef-IDR. A high PPII propensity region
(>0.1) was predicted near the C-terminal region and a low
PPII propensity one (<0.1) was homogenously distributed
in the amino acid sequence. It is therefore expected that
the first stage (high Ea) is predominantly caused by the
collapse of the low PPII propensity region with increasing
temperature. Above Ttra, the high PPII propensity region
could start to collapse with a further increase in the temper-
ature. This is related to the second stage (i.e., low Ea).



Temperature effects on IDP structure
Further detailed analysis of the PPII helix is needed to vali-
date such an expectation.

Finally, we discuss the relationship between the function
and the present results. IDP function is regulated mainly by
the recognition of binding partners and entropic chain prop-
erties. The PPII helix is responsible for molecular recogni-
tion (42–44). The growth temperature range of the present
Hef-IDR, T. kodakaraensis, is 333–373 K (12). Considering
both the physiological temperature range of Hef-IDR and
the reduction in the content of the PPII helix in that temper-
ature range, entropic chain properties could be involved
mainly in the regulation of Hef-IDR function. The entropic
chain property of the IDR region of Hef is considered advan-
tageous for configuring the proper orientation of the two
globular domains. Therefore, more freedom in the IDR re-
gion of Hef may regulate its function.
CONCLUSION

The temperature-dependent structure and dynamics of the
Hef-IDR solution were investigated by SAXS, CD, NMR,
and QENS. With increasing temperature, both the variation
of Rg and q222nm values against temperature were flat. Sub-
sequently, a decrease in these values is observed at around
313–323 K (¼Ttra). From the dynamic study with the
QENS, a change in the Ea was detected at around Ttra.
Considering the results of the SAXS, CD, and NMR mea-
surements, the decrease in the content of the PPII helix
with increasing temperature could be related to the present
results. Considering the analogy between the glass transition
and the network of H-bonds involved in the PPII helix, we
interpreted the present results as follows: the acceleration
of internal dynamics weakened the dynamical cooperativity
between the PPII helix and water with increasing tempera-
ture, leading to a decrease in the content of the PPII helix.
With a further increase in temperature, the network of
H-bonds between the PPII helix and water collapsed, result-
ing in the experimental detection of Ttra. Namely, the
dynamical cooperativity between the PPII helix and sur-
rounding water could be the main contributor to the temper-
ature-dependent structural change in the IDP. The regulation
of the internal dynamics enables the desired solution struc-
ture of the IDP.
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