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toxin B-subunit pentamers, broadband

dielectric spectroscopy and electrostatic

networks that such variants have distinct

thermal unfolding dynamics.
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SUMMARY
Genetic diversity leads to protein robustness, adaptability, and failure. Some sequence variants are structur-
ally robust but functionally disturbed becausemutations bring the protein onto unfolding/refolding routes re-
sulting in misfolding diseases (e.g., Parkinson). We assume dynamic perturbations introduced by mutations
foster the alternative unfolding routes and test this possibility by comparing the unfolding dynamics of the
heat-labile enterotoxin B pentamers and the cholera toxin B pentamers, two pentamers structurally and func-
tionally related and robust to 17 sequence variations. The B-subunit thermal unfolding dynamics are moni-
tored by broadband dielectric spectroscopy in nanoconfined and weakly hydrated conditions. Distinct
dielectric signals reveal the different B-subunits unfolding dynamics. Combined with network analyses,
the experiments pinpoint the role of three mutations A1T, E7D, and E102A, in diverting LTB5 to alternative
unfolding routes that protect LTB5 from dissociation. Altogether, the methodology diagnoses dynamics
faults that may underlie functional disorder, drug resistance, or higher virulence of sequence variants.
INTRODUCTION

Geneticmutations havemultiple effects on proteins. They design

a diversity of sequence variants for a given protein, which yields

protein robustness and adaptability. On one hand, the diversity

supplies alternative functionally robust sequences and on the

other, it enables functional innovation (Amitai et al., 2007; Las-

kowski and Thornton, 2008; McLaughlin et al., 2012; Ortlund

et al., 2007; Wagner, 2012). This way, protein sustainability to

time and conditions, relies on genetic mutations. Nevertheless,

sequence variants can also have negative impacts and lead to

functional failure and disease development, greater pathogen

virulence, drug resistance, or cross-species transmission (Bir-

kinshaw et al., 2019, p. 2; Ruberg and Berk, 2012; Vasile et al.,

2014; Wu et al., 2020).

The default introduced by sequence variants can be of

different natures: it may prevent protein synthesis, modify the

3D-structure or reproduce it but with different stabilities. Struc-

tural and stability faults are studied by both computational and

experimental approaches (Degiacomi et al., 2013; Kamada

et al., 2011; Lashuel et al., 1999; Mateu and Fersht, 1998).

There are also mutations that maintain structural integrity but

prompt proteins to alternative unfolding/folding routes as

observed in Alzheimer-like diseases (Ano Bom et al., 2012;

Damas and Saraiva, 2000). We can assume the new routes to
emerge from local modifications of the amino acid and atomic in-

teractions at the sites of the mutations that do not disturb the

overall structure, but alter the protein dynamics by propagating

atomic motions in different directions within the protein struc-

ture. Because system dynamics and protein dynamics are sus-

ceptible to interaction (link) perturbations, this is a reasonable

assumption (Battiston et al., 2012; Gheeraert et al., 2019; Uni-

comb et al., 2018).

Moreover, there is accumulating evidence, particularly for

functional dynamics such as allostery, that fast local dynamics

(<ms) propagate larger-scale motions in nonlinear and peer-to-

peer fashions through multiple paths (Buchenberg et al., 2017;

Ghosh and Vishveshwara, 2007; Leitner and Yamato, 2018;

Liang et al., 2018; Taddese et al., 2020; Vuillon and Le-

sieur, 2015).

Here, we propose to test the hypothesis that local dynamic

perturbations associated with mutations impact the large-scale

dynamics of the protein and lead to alternative unfolding/folding

routes. The key to this purpose is the use of broadband dielectric

spectroscopy (BDS). First, BDS typical frequency ranges from

107 Hz down to 10�3 Hz, is suitable for investigations on the

slow protein motions underlying unfolding/folding processes

(microsecond to second timescale) (Henzler-Wildman and

Kern, 2007;Munoz and Cerminara, 2016). Second, dielectric sig-

nals arise from dipole fluctuations, which depend on the local
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environment of the dipoles, features essential to distinguish local

dynamics perturbations related to mutations (Kremer and

Schönhals, 2002). Third, the dielectric signals also depend on

the morphological organization of matter, features essential to

distinguish the dynamics of different unfolding/folding intermedi-

ate hallmarks of alternative unfolding/folding routes (Kremer and

Schönhals, 2002). Moreover, the BDS experiments are per-

formed in nanoconfinement to reduce the conformational het-

erogeneity associated with macroscopic measurement, which

could prevent the detection of local dynamic perturbations

related to mutation. Finally, the experiments are done in weakly

hydrated conditions to limit the contribution of the bulk solvent to

the dielectric signal, which could also prevent the detection of

local dynamics perturbations related to mutation. We have

recently shown that BDS in nanoconfined and weakly hydrated

conditions reveals the dynamics of short-life unfolding and as-

sembly intermediates which populate during the thermal unfold-

ing of the cholera toxin B pentamers (CtxB5) (Bourgeat et al.,

2019; Pacini et al., 2020).

Now, we report the dynamic changes that occur upon the ther-

mal unfolding of the heat-labile B pentamers (LTB5), a toxin

closely related to CtxB5, sharing 84% sequence identity, super-

imposable atomic structures, and similar functions (Hirst, 1995).

Macroscopic investigations have shown that LTB5 ismore stable

than CtxB5. LTB5 disassembles at 84�C at pH 7.0, whereas

CtxB5 disassembles at approximately 77�C at pHs 7.5 and 6.0

(Bhakuni et al., 1991; Goins and Freire, 1988; Ruddock et al.,

1996b). LTB5 pH-disassembly happens below pH 2.0 while

CtxB5 already disassembles at pH 3.9 (Ruddock et al., 1995).

Non-native pentamers (SDS-sensitive) have been detected at

pH 5.0 (De Wolf et al., 1987; Ruddock et al., 1996b). Assem-

bly-competent and assembly-incompetent monomers have

been detected as function of time in acid for both toxin B-sub-

units (Lesieur et al., 2002; Ruddock et al., 1996a). Refolding

and reassembly studies show that the rate-limiting step in

LTB5 reassembly is a folding event involving the N-terminal

(folding of the monomer or folding of the pentamer), whereas it

is the interface formation involving histidine residues in CtxB5 re-

assembly (Lesieur et al., 2002; Ruddock et al., 1996a; Zrimi et al.,

2010). That is why the two toxin B-subunits that have superim-

posed atomic structures but different stability, unfolding and re-

folding mechanisms, are ideal candidates to test whether BDS

which monitors slow dynamics (microsecond to second) can

be used to investigate the impact of sequence variants on slow

unfolding dynamics.

Our results show that the two B-subunits have different dielec-

tric responses, and combined with network analyses, the role of

two LTB5-specific electrostatic dipoles, (A1, E7) and (K81, E102),

introduced by the mutations A1T, E7D, and E102A, in protecting

LTB5 from chain dissociation is highlighted.

RESULTS

The slowmolecular motions that take place upon the thermal un-

folding of the cholera toxin B pentamer (CtxB5) have been previ-

ously studied by BDS under nanoconfined and weakly hydrated

conditions (Bourgeat et al., 2019; Pacini et al., 2020). We are now

conducting the same investigation but for the heat-labile entero-

toxin B pentamer (LTB5) that shares 84% sequence identity,
2 Structure 29, 1–11, October 7, 2021
superimposable 3D structures (RMSD 0.41 Å), and similar func-

tion with CtxB5 (Hirst, 1995). There are 17 amino acid substitu-

tions in LTB5 cf. CtxB5: A1T S4N, E7D, S10A, Y18H, I20L,

L25F, M31L, V38A, S44N, T75A, T80A, I82V, D83E, N94H,

S95A, and E102A. These mutations do not impact the B-subunit

structures and functions but make the LTB pentamers more sta-

ble and bring the two toxins to unfold and refold by different

mechanisms.

The BDS experiments are performed as for CtxB5, by solubiliz-

ing LTB5 in PBS at pH 6.9 to have the electrostatic interactions

that maintain a stable protein structure (Shoemaker et al.,

2000; Vivian and Callis, 2001) (Methods) and be under ionized

buffer conditions to have electrostatic dipoles as main contribu-

tors to the dielectric signal and nonionized dipoles negligible in

comparison. The B-subunit samples are deposited on nano-

pores (40 nm diameter and 10 mm length) and the bulk water is

evaporated at 50�C for 15min, to avoidmeasuring bulk water dy-

namics (Methods).

Controls
LTB5 is first incubated for 3 hours at 60�C and the dielectric loss

ε’’ of the sample measured as a function of temperature from

60�C to �80�C (cooling) and from �80�C back to 60�C (heating)

(Figure 1A, C1). This first cycle (C1) is followed by a second incu-

bation of the sample for 3 hours at 60�C, andmeasurement of the

dielectric loss ε’’ as a function of temperature from 60�C to

�80�C (cooling) and from �80�C back to 60�C (heating) (Fig-

ure 1A, C2). The temperature dependency of the dielectric loss

of the toxin is identical for the two cycles, indicating a steady

sample containing mostly adsorbed water already after the first

cycle and no more water evaporation during the second 3 hours

of incubation at 60�C (Figure 1A). The superimposed signals also

indicate that the unfolding has reached a steady state already af-

ter the first 3 hours at 60�C. The dielectric losses of the cooling

(from 60�C to �80�C) and heating (�80�C–60�C) signals are

also identical (Figure 1B). The absence of hysteresis indicates

that after the 3 hours of incubation at 60�C, the conformational

states of the sample are stable and no further unfolding/refolding

can be detected dielectrically during the measurement. The

cooling and heating signals are also superimposable after the

treatments at 80�C, 100�C, and 140�C, so the same holds true

(Figure 1B). Only the cooling measurement is performed after

the thermal treatment at 180�C (Methods).

LTB5 molecular dynamics
For proteins sensitive to heat, the mechanism of thermal unfold-

ing leads to massive protein conformational changes from native

functional states to unfolded and nonfunctional state. The ther-

mal treatment induces a loss of amino acid and atomic interac-

tions, releases geometrical constraints and triggers the propaga-

tion of thermal perturbations from local (amino acids) to larger

spatial scales (e.g., quaternary, tertiary and secondary struc-

tures) that result in slow collective motions. The local environ-

ment of the dipoles will be impacted by the loss of the local

atomic interactions and the morphology of the protein will be

impacted by the larger-scale thermal perturbations, giving the

possibility to study the toxin thermal unfolding by measuring

the dynamic perturbations resulting from the thermal treatments

using BDS.



A B Figure 1. Toxin B-subunit sample stability

(A) The dielectric loss ε’’ is plotted against temper-

ature from 60�C to �80�C (cooling) after incubation

of the toxin for 3 hours at 60�C (C1, Cycle 1) and

after a second 3 hours of incubation at 60�C (C2,

Cycle 2).

(B) The dielectric signal is measured from 60�C/
80�C/100�C/140�C to �80�C (cooling) and from

�80�C to 60�C/80�C/100�C/140�C (heating) after

the second 3 hours incubation of the toxin at 60�C.
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The temperature dependency of the dielectric loss of LTB-

subunits is shown for the cooling measurements after the ther-

mal treatments at temperatures from 60�C to 180�C (Figure 2).

The linear increase in the dielectric loss ε’’ with increasing tem-

perature is due to the conductivity contribution of the sample

while the nonlinear (i.e., peaks) increase is due to molecular re-

laxations (Kremer and Schönhals, 2002). The relaxation peaks

correspond to the dynamics of the B-subunits detectable in

the temperature and frequency windows of the measurements.

After the thermal treatment at 60�C, the LTB5 toxin dielectric

loss ε’’ is rather linear with temperature over the frequencies

from 1 Hz to 1 MHz even though ill-defined peaks can be

guessed at frequencies from 10 Hz to 1 kHz (Figure 2). The

lack of signal shows that no electrostatic dipoles fluctuate within

the frequency and temperature range of the experiment, mean-

ing LTB5 exhibits none of the slow collective fluctuations under-

lying folding/unfolding processes (Bourgeat et al., 2019; Munoz

and Cerminara, 2016). This result also reveals that in absence

of structural perturbations by the thermic treatment, the native

toxin state presents no slow dynamics when not functioning,

like in our experiments where the B-subunit function is not trig-

gered. This is consistent with slow dynamics being a hallmark

of protein folding/unfolding and protein functions while fast dy-

namics (nanosecond and below) involve local motions such as

for example isolated side chain motions and bond vibrations

(Henzler-Wildman and Kern, 2007; Munoz and Cerminara, 2016).
After the thermal treatment at 80�C, two

relaxation processes are detected, P1L

over the frequencies from 1 Hz to 10

kHz and P2L over the frequencies from 1

to 10 Hz (Figure 2), revealing collective

dipole motions and the beginning of the

LTB5 thermal unfolding. The peaks are

numbered from lower temperature posi-

tions (P1L) to higher temperature positions

(P2L) and according to their appearance

over the temperatures of the thermal

treatments (Figure 2, 140�C P3L). More-

over, the peaks are indexed L for LTB5

samples.

After the thermal treatment at 100�C,
there are few changes in the dielectric

spectra indicating similar dynamics at

80�C and 100�C and thus no dielectrically

detectable further unfolding despite the

higher temperature of the thermal

treatment.
After the thermal treatment at 140�C, P2L is still detected but

with less-defined peaks indicating the toxin further unfolding

into conformations whose dynamics is no more detected within

the frequency and temperature windows of our measurement as

no new peak emerges from the disappearance of the P2L peak

(Figure 2). In contrast, the relaxation process P1L exhibits a

shoulder indicating also further unfolding but detected with the

additional relaxation process P3L (Figure 2). The P3L peak

emerges at lower temperature positions than the P1L peak, indi-

cating dipoles with faster fluctuations than the P1L dipoles and

therefore smaller collective motions (Figure 2, 140�C, arrow

pointing to the left). Both relaxation peaks P1L and P3L are de-

tected over the frequencies from 1 Hz to 10 kHz.

After the thermal treatment at 180�C, P1L is still detected over

the frequencies from 1 Hz to 1 MHz but P3L is no longer detected

(Figure 2). There is a new relaxation process, P4L detected over

the frequencies from 1 Hz to 10 kHz (Figure 2). The P1L peak in-

tensity decreases significantly, indicating that most of the toxin

sample has unfolded into a new state with a different dynamics,

possibly probed by the P4L as its intensity is similar to the P1L loss

of intensity (Figures 2, 180�C, arrows). The temperature position

of P4L is shifted to higher temperature compared with P1L, indi-

cating dipoles with slower (more collective) motions in agree-

ment with a more unfolded state where the local environment

of the P1L dipoles has changed. Alternatively, the P4L relaxation

might involve the fluctuation of electrostatic dipoles that were
Structure 29, 1–11, October 7, 2021 3



Figure 2. LTB5 thermal dynamics changes

Temperature dependencies of the LTB5 dielectric signals after successive

thermal treatments from 60�C to 180�C and for frequencies from 1 Hz to 1

MHz. The vertical cyan dotted lines underline the 1 Hz temperature positions of

ll
Short article

4 Structure 29, 1–11, October 7, 2021

Please cite this article in press as: Bourgeat et al., Experimental diagnostic of sequence-variant dynamic perturbations revealed by broadband dielec-
tric spectroscopy, Structure (2021), https://doi.org/10.1016/j.str.2021.05.005
not disturbed at 140�C in which case the fluctuation of the P1L di-

poles might be outside the temperature and frequency windows

of the experiment and fall out of detection at 180�C.
In summary, different relaxation processes respectively

composed of different sets of dipoles are measured along the

thermal treatments. This allows characterizing the unfolding of

different areas of the toxin B-subunits via the fluctuations of their

respective set of dipoles. The relaxation peaks P1L are detected

at higher temperature positions than the relaxation peaks P3L

and the relaxation peaks P2L are detected at higher temperature

positions than both the relaxation peaks P3L and P1L. This means

P3L involves dipoles with faster motions than the P1L dipoles,

which themselves involved dipoles with faster motions than the

P2L dipoles. In terms of spatial scales of motions, it implies P3L

detects smaller collective motions than P1L, which detects

smaller collective motions than P2L. Moreover, the temperature

positions of peaks shift to higher temperatures as the tempera-

ture of the thermal treatments increases consistently with more

and more dipoles fluctuating (larger collective motions) as the

protein unfolds more with the increase of the temperature of

the thermal treatments.

LTB5 molecular dynamics versus CtxB5 molecular
dynamics
As already mentioned, the dielectric data of the CtxB5 samples

for thermal treatments from 60�C to 180�C have been published

and are partially reproduced here (Figure 3A, bottom panels) for

the sake of comparison (Bourgeat et al., 2019; Pacini et al.,

2020). The peaks are indexed C for the CtxB5 samples.

In all the thermal treatments, the CtxB relaxation peaks are

systematically better resolved than the LTB relaxation peaks

indicating a higher dipole contribution for CtxB5 and hence a

higher population of unfolded molecules (Figure 3). The higher

heat resistance of LTB5 is also supported by the lack of relaxa-

tion processes at 60�C when CtxB5 presents already two relax-

ation processes P1C and P2C (Figure 3A, bottom panel).

The comparison of the dielectric signals also shows that the

two toxin pentamers follow different thermal unfolding paths

(Figure 3B). The thermal unfolding of LTB5 only starts at 80�C
with two peaks detected P1L and P2L. On one hand, the P2L

and P2C relaxation peaks detected at early stage of the thermal

unfolding, have similar temperature dependencies (Figure 3A,

vertical lines 2), indicating that the same set of dipoles hence

the dynamics of the same toxin areas is probed (Figure 3B,

dark gray area). Nevertheless, only the P2C peaks are broad,

in particular after the thermal treatment at 140�C, indicating di-

poles with heterogeneous temperature dependencies and

hence heterogeneous timescale fluctuations. Because chain

dissociation produces protein assembly intermediates

composed of monomers with interfaces and monomers with
the different relaxation peaks, identified by their respective numbers (e.g.,

P1L = 1). In the 140�C plot, the arrow pointing to the left indicates the shift of

temperature position between the relaxation peak P1L and the relaxation peak

P3L. In the 180�C plot, the 1-Hz dielectric signal after the thermal treatment at

140�C is reported (black dotted line) to show the similarity of the drop of in-

tensity of the Peak 1 between the 140�C and the 180�C thermal treatments

(arrow pointing down) and the intensity of the Peak 4 (arrow pointing up), peak

which appears following the thermal treatment at 180�C.
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B C

Figure 3. Thermal dynamics changes of LTB5 and CtxB5

(A) LTB5 and CtxB5 thermal dynamics changes measured by BDS. Temperature dependencies of the LTB5 (top) and CtxB5 (bottom) dielectric signals after the

thermal treatments at different temperatures and for three different frequencies. The vertical lines underline the temperature positions of the different peaks for

1 Hz (cyan) and 1 kHz frequencies (orange), identified by their respective numbers. The dotted lines are for LTB5 peaks while the continuous lines are for CtxB5

peaks. The arrows illustrate the shift of the position in temperature of the new peaks emerging at higher temperatures of the thermal treatments (Peaks 3)

compared to the peaks detected at lower temperatures (Peaks 1). The differences between the two toxin B-subunit peaks 1 and 3 which exhibit the presence of

additional dipoles is illustrated with .

(B) Schematics of the unfolding mechanisms based on the different relaxation peaks detected by BDS along the thermal treatments. The whole box represents

the toxin and each smaller colored box schematizes the toxin area with the dipole fluctuations contributing to one relaxation peak. The white boxes depict the

native state of the toxin pentamers, namely the structural state before the thermal unfolding starts, which is not detected in the experiments. The absence of

boxes indicates a relaxation process nomore detected, implying a structural state that cannot be identified because its dynamics fails outside the frequency and

temperature windows of the experiments. The P4 relaxation is illustrated as a conformational change resulting from the P3C (CtxB5) or P1L (LTB5) dipoles having

different local environment after the thermal treatment at 180�C. Alternatively, the P4 relaxation could arise from the fluctuations of new dipoles not destabilized at

140�C, in which case the toxin native state should be represented by four boxes instead of three.

(C) Charged amino acids in the X-ray structure of LTB5 (PDB 1LTR). Each monomer of the pentamer is colored differently and the charged amino acids are

depicted in stick atomic representation. Zooms in the three interface areas (I1, I2, and I3) containing positive and negative charged amino acids close enough to

make electrostatic dipoles (dotted lines) are shown. The electrostatic dipoles make: (1) contacts between different chains (4D contacts), (2) contacts within a

chain between amino acids far away along the sequence (3D contacts), and (3) contacts within a chain between amino acids belonging to the same secondary

structure element (2D contacts).
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no interfaces, it naturally creates heterogeneous environment

for intermolecular dipoles (two charged residues from different

chains), a straightforward explanation for the heterogeneity un-

derlying the large peak (Bourgeat et al., 2019). In comparison, a

P2C populated by monomeric states with heterogeneous dipole

environments is harder to foresee, in particular given the broad-

ness of the peaks, which would imply a large diversity of mono-
meric states. Moreover, the narrow P2L peaks are consistent

with pentamers being detected instead of assembly intermedi-

ates, in agreement with the higher heat resistance of LTB5,

which would prevent interface dissociation at the early stage

of unfolding.

On the other hand, the P1C appears at lower temperature po-

sitions than the P1L (Figure 3A, vertical lines 1), indicating that the
Structure 29, 1–11, October 7, 2021 5
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first unfolding stage detected for LTB5 involves the fluctuations

of larger collective domains (Figure 3B, light gray boxes) than

the first unfolding stage detected for CtxB5 (Figure 3B,

black boxes).

A third relaxation process P3C appears after the thermal treat-

ment at 80�C (see in Pacini et al., 2020) and 100�C in CtxB5 (Fig-

ure 3A, bottom) but only after the thermal treatment at 140�C for

LTB5 (Figure 3A, top). Moreover, P3C is detected at higher tem-

perature positions than P1C (Figure 3A, bottom, arrow pointing

to the right) while P3L is detected at lower temperature positions

than P1L (Figure 3A, top, arrow pointing to the left). This indicates

that in CtxB5, the fluctuations of the small collective domains

(P1C) resulting from the thermal treatments at low temperatures

(Figure 3B, black boxes) propagate and lead to the fluctuations

of larger collective domains (Figure 3B, light gray boxes) at

higher temperatures of the thermal treatments (P3C). Either the

reverse happens for the LTB5 thermal unfolding, large collective

motions at low temperatures precede small collective motions at

high temperatures or the low resolution of the LTB5 dielectric

signal prevent the detection of the P3L relaxation process at

low temperature of the thermal treatment, because the signal

overlaps with the conductivity signal and with the P1L signal

(Figure 3B).

The P1C relaxation peak is detected over the thermal treat-

ments from 60�C to 140�C while the P1L relaxation peak is de-

tected from 80�C to 180�C, indicating that the domains that un-

fold at low temperatures have different heat resistance in the two

toxin B-subunits (Figure 3A). Likewise, the P3L is only observed

transiently at 140�C while P3C is observed from 80�C to 180�C
(Figure 3A). The P1C and the P3L peaks have similar heat resis-

tance and temperature positions of small-scalemotions and like-

wise the P1L and P3C have heat resistance up to 180�C and tem-

perature positions of larger-scale motions. This strongly

suggests that P1C and P3L relaxations result from the fluctuations

of common dipoles, as P3C and P1L do.

After the thermal treatment at 180�C, the third relaxation pro-

cesses are still detected with a fourth relaxation peak P4C and

P4L for CtxB5 and LTB5, respectively (Figure 3A). Both relaxation

peaks have the same temperature positions in both the toxin B-

subunits, indicating that the fluctuations of the same B-subunit

areas are detected and suggesting that the B-subunits end in

similar unfolded states, at least in terms of dielectric features,

despite having followed different unfolding routes (Figure 3B).

The next question is to determine which mutated positions are

responsible for the different stabilities and unfolding paths and

more precisely which could make one area unfold at low temper-

ature in one toxin but at high temperature in the other.

Network analyses unraveling LTB5 and CtxB5 molecular
dynamics differences
In our previous study, amino acid network and intermolecular

electrostatic dipole network of CtxB5 (Methods) built from the

toxin X-ray structure (PDB 1EEI), were used to analyze the toxin

dielectric signals in structural terms (Bourgeat et al., 2019; Pacini

et al., 2020). The experiments being performed in weakly hydrat-

ed (no bulk solvent) and nanoconfined conditions, the peaks

were not analyzed in terms of a (structural relaxation of the

bulk solvent), b and d relaxations (local water relaxations) as usu-

ally done for BDS (Khodadadi et al., 2008; Olsson et al., 2020;
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Schiro et al., 2009). Literature on protein dynamics reports that

small collective motions such as secondary (2D) and tertiary

(3D) structure elements cover microsecond to millisecond time-

scale while larger collective motions such as domains, inter-

faces, and chains cover millisecond to second timescale (Hen-

zler-Wildman and Kern, 2007; Munoz and Cerminara, 2016;

Taddese et al., 2020). Accordingly, we concluded that the peaks

P1C and P3C, detected over the frequencies from 1 Hz to 1 MHz

(i.e., second to microsecond timescale fluctuations), involved

fast dipole fluctuations from small collective 2D- and 3D-struc-

ture motions to slow dipole fluctuations from large domain or

4D-structural motions (interfaces/chain) while the peak P2C

involved only slow dipole fluctuations from large domain or 4D-

structure motions.

We then simply assumed that the different relaxation pro-

cesses reflected the distinct dynamics of unfolding and assem-

bly intermediates that populate during the thermal unfolding of

CtxB5; intermediates characterized by the fluctuations of

different sets of dipoles. In addition, as a first approximation,

only intermolecular electrostatic dipoles (i.e., positive amino

acids on one chain close enough to negative amino acids on

another chain) were considered the main contributors to the

signal. This is reasonable as the contribution of nonionized di-

poles is negligible in ionized conditions and as the frequency

range and the broadness of P2C support the contribution of at

least intermolecular dipoles to the signal. CtxB5 has three zones

of interface I1, I2, and I3 whose stability was ranked according to

their respective number of atomic and amino acid interactions

and whose peak temperature position was attributed according

to their respective number of intermolecular electrostatic dipoles

(higher number of dipoles, higher temperature position for the

peak). In brief, P1C was attributed to the dynamics of a pentamer

(narrow peak) with I1 thermally destabilized but I2 and I3 intact;

P3C was a pentamer with nomore I1, I2 destabilized, and I3 intact,

and finally P2C was assembly intermediates with no more I1 and

I2 but I3 destabilized hence the dissociation upon the loss of the

last I3 interface in some monomers.

Following the same logic, to attribute conformations to the

different peaks detected for the LTB5 sample, the amino acid

network and the intermolecular electrostatic dipole network of

LTB5 were built from the toxin X-ray structure (PDB 1LTR).

LTB5 has the same I1, I2, and I3 interface areas than CtxB5,

each composed of electrostatic dipoles involved in secondary

(2D), tertiary (3D), and quaternary (4D) structures, consistently

with the detection of interface thermal destabilization by BDS

over the frequencies from 1 Hz to 1 MHz (i.e., second to micro-

second timescale fluctuations) (Figure 3C). The two toxin pen-

tamer interface areas I1, I2, and I3 are subdivided into spatially

disconnected interfacial domains I1a, I1b, I2a, I2b, I2c, and I3, which

have the same stability ranking and intermolecular electrostatic

dipole content, inconsistently with the two different B-subunit

dielectric signals (Table 1).

This suggests intramolecular electrostatic dipoles contribute to

the dielectric signals as well, and are responsible for the differ-

ences. The electrostatic dipole network (EN) containing both inter-

molecular and intramolecular electrostatic dipoles was then built

for the two toxin pentamers to investigate such possibility (Fig-

ure 4A) (Methods). The comparison of the ENs shows that LTB5

has two supplementary intramolecular electrostatic dipoles (A1,



Table 1. LTB5 and CtxB5 (underlined if different) interface interactions and intermolecular electrostatic dipoles inferred from the AAN

and the 4D-EN (Methods)

Thermal Strength Interfaces Chain Ea Chain Fa
Interface

Parameterb Chain Da

Interface

Parameterb
Electrostatic

Dipoles

Weak interfaces I1a 1–3 92–93 5, 50

5, 46

–

I2c 101–103 73–79

73–77

5, 65

5, 22

–

Moderate interfaces I1b 1–12 28–39 18, 139

19, 137

E11-R35

I2b 28–39 57–73

58–68

19, 157

19, 136

E29-R67

Strong interfaces I2a 25–32 88, 96-103 24, 166

26, 198

–

I3
Central a- helix:

61 to 81

61–77

63–77

63–81 12, 120

12, 97

E66-K63

E66-R67

D70-R67

R73-D70

67–81 66–77 13, 90

12, 117

R67-E66

R67-D70

D70-R73
aThe numbers refer to the first and last residue of each domain that constitutes the interface.
bInterface parameters: number of amino acid pairs, number of atomic interactions.
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E7) and (K81, E102) compared with CtxB5, due to the mutations

A1T, E7D, and E102A at positions 1, 7, and 102 (Figure 4A). The

ionized amino group of the N-terminal of the residue 1 is involved

in the (A1, E7) dipoles (Methods). The electrostatic dipoles (K81,

E102) are backup of the electrostatic dipoles (K81, N103), present

in both toxin pentamers whereas the dipoles (A1, E7) have no

backup in CtxB5. The (K81, N103) dipoles are also present in

LTB5 although not shown on the LTB5 network (Methods).

The (A1, E7) and (K81, E102) dipoles can be expected to

increase the stability of the LTB5 N-terminal and of the 3D-con-

tacts between the b6 (96–103) and the large central a-helix

(59–79), respectively (Figure 4B), as salt bridges stabilize protein

conformations (Xia et al., 2018). Moreover, the N-terminal is

involved in the I1a and I1b interfaces (Table 1), so both interfaces

can be expected to bemore stable and less susceptible to disso-

ciation in LTB5 (Figure 4B). The (K81, E102) locks the lower end of

the b6 (96–103) into position with the large central a-helix (59–79)

and the (A1, P93) locks the upper end of the b6 into position with

the I1a interface (Figure 4B). Thus, the 3D-mobility of b6, linked to

the fluctuations of the dipoles (A1, E7) and (K81, E102) can be

expected to be reduced in LTB5. Likewise, the (K81, D22) dipoles

lock the upper end of the b2 (25–31) into position with the large

central a-helix (59–79) while the intermolecular dipoles (D11,

R35) lock the lower end of the b2 into position with the I1b inter-

face, making the 3D mobility of the b2 dependent as well on

the dynamics of the additional dipoles (A1, E7) and (K81, E102)

(Figure 4B). Since b6 and b2 on the adjacent chain compose

the main b-interface (I2a), the two supplementary dipoles are

likely to also make I2a less susceptible to dissociation in LTB5

(Figure 4B). Finally, b6 is connected intramolecularly to the

a-helix (59–79) and the N-terminal such that a lower b6 3D-

mobility will also protect the I3 interface (Figure 4B).

The network and structural analysis pinpoints that the two

additional dipoles can stabilize the N-terminal, the C-terminal
and the interfaces of LTB5, consistently with a higher resistance

to dissociation for LTB5 and the attribution of the narrow peak

P2L to non-native-pentamers with destabilized interfaces but

not enough for dissociation, and the attribution of the broad

peak P2C to assembly intermediates in CtxB. The network

model also shows that the difference in the two toxin B-subunit

dielectric signals is due to differences in the intramolecular

dipole contents. Thus, our model of the CtxB thermal unfolding

based on the first approximation that intermolecular dipoles are

main dielectric contributors and hence oligomeric states are

detected needs to be revisited. The contribution of intramolec-

ular dipoles to the signal means that monomers can also be de-

tected. Nevertheless, as the decrease of the intensity of the

peaks with the temperature of the thermal treatments is not

associated with the increase of intensity of a final peak, fully de-

naturated monomers are not captured and only transient inter-

mediates are.

The peaks P4C/P4L have the highest temperature positions at

the highest temperatures of the thermal treatments and hence

correspond to the dynamics of the most denaturated states de-

tected (largest-scale dynamics, highest thermal perturbation).

The peaks P4C/P4L are the most likely peaks to monitor the dy-

namics of the B-subunit monomers, consistently with their lower

signal intensities due to the loss of intermolecular dipoles and the

loss of some of the intramolecular dipoles among which the (A1,

E7) and (K81, E102), inferred from the lack of differences in the

two B-subunit temperature positions of the P4 peaks, compared

to the P1 and P3 peaks (Figure 3A, 140�C, ).

The peaks P1C/P3L have the lowest temperature positions,

hence the fastest dynamics, and can be attributed to the least

denaturated state of the B-subunits detected; they are the

most likely peaks thatmonitor the dynamics of native-like pen-

tamers. In agreement with the detection of the P1C peaks after

the thermal treatment at 60�C for CtxB, temperature at which
Structure 29, 1–11, October 7, 2021 7
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Figure 4. Structural analyses of the dynamic

differences between LTB5 and CtxB5

(A) Electrostatic dipole networks of LTB5 and CtxB5.

The red stars are for mutated position and the red

arrows highlight electrostatic dipoles only present in

LTB5. I1, I2, and I3 are the interface areas with

intermolecular electrostatic dipoles.

(B) Positions of the additional dipoles (A1, E7) and

(K81, E102) in the LTB5 X-ray structure. The dipole

(A1, E7) is located on the N-terminal domain, which

is involved in the I1 interfaces (I1a and I1b). The dipole

(K81, E102) connects the b6 from the main b-inter-

face (I2a, b2: 25 to 31 and b6: 96 to 103) to the tip of

the central a-helix (residues 59 to 79) involved in the

I3 interface.
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the B-subunit pentamers are not yet fully disassemble into

monomers under macroscopic conditions (77�C for CtxB5) (Bha-

kuni et al., 1991; Goins and Freire, 1988). P3L is detected only af-

ter the thermal treatment at 140�C but that might be due to over-

lapping with the P1L at lower temperatures, and we assume P3L

also monitors the dynamics of native-like LTB pentamers.

Under the new model and the new approximation, the P3C

peaks could be pentamers resulting from further interface desta-

bilization at 140�C or monomers resulting from interface dissoci-

ation. However, the detection of the P1L peaks after the thermal

treatment at 80�C, tends to argue that the P1L peaks monitor the

dynamics of pentamers further unfolded than those monitored

by the P3L peaks since they have a higher temperature position,

rather than the dynamics of monomers. Yet, the stronger inter-

face associated with the two additional dipoles in LTB5 could

result in the promotion of unfolding within pentamers (narrow

P2L) instead of interface destabilization (broad P2C), leading to

a final cooperative interface dissociation into LTB monomers
8 Structure 29, 1–11, October 7, 2021
(P1L) and no accumulation of assembly in-

termediates. The thermal perturbation of

B-subunit pentamers would lead to accu-

mulation of monomers at low temperature.

LTB thermal unfolding would be driven by

intramolecular perturbations while CtxB

thermal unfolding would be driven by inter-

molecular perturbations, scenario which

recalls the mechanisms of B-subunit reas-

sembly where folding and association are

rate-limiting in LTB and CtxB, respectively

(Lesieur et al., 2002; Ruddock

et al., 1996a).

A monomer is intuitively associated with

a more unfolded state than native-like pen-

tamers, non-native pentamers and assem-

bly intermediates such that if the relaxation

process P3C/P1L monitors monomer dy-

namics, it should exhibit larger-scale dy-

namics and have peaks at temperature po-

sitions higher than the relaxation

processes P1C/P3L and P2C/P2L. The inter-

mediate temperature position of the P3C/

P1L peaks questions the attribution of the

peak to monomers or it questions our ‘‘pic-
ture’’ of unfolded monomers. Of course, we know too little on

such intermediates and their dynamics as well as on protein

dielectric signals to settle this question at this stage. The key

point is that the same peaks, not associated with the dynamics

of fully denaturated monomers, are detected at temperatures

below pentamer dissociation under macroscopic conditions

and far above, showing the higher heat resistance of B-subunit

pentamers and intermediate conformations under weakly hy-

drated conditions and nanoconfinement (Bhakuni et al., 1991;

Goins and Freire, 1988; Ruddock et al., 1996b). Repeating the

experiments using different nanoconfinements and different

dehydration conditions will be oneway to test the role of both pa-

rameters in the temperature-resistance of the toxin B-subunits. It

must be noted that upon binding to the GM1-B-subunit receptor,

CtxB5 disassembles at 95�C showing already a resistance above

80�C (Goins and Freire, 1988). In addition, the introduction of an

intermolecular disulfide bridge via the double mutant T1C-T92C

(I1a interface) makes CtxB5 resistant to dissociation after
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incubation with SDS and heating at 90�C and to pH 1.2 as the

LTB pentamers, in agreement with our hypothesis that the dipole

(A1, E7) by stabilizing the N-terminal stabilizes the I1a interface

and is responsible for the LTB5 higher stability and lower inter-

face dissociation (Miyata et al., 2012).

DISCUSSION

The LTB5 and CtxB5 dielectric signals are different demon-

strating the capacity of the BDS to diagnose the impact of

sequence variants on protein dynamics. The combination of

the experimental results and the network analysis reveal the po-

tential role of the two LTB5-specific dipoles (A1, E7) and (K81,

E102) and the mutations A1T, E7D, and E102A in deviating

LTB5 to unfolding paths that make LTB5 more heat resistant

and less prompt to thermal dissociation through assembly inter-

mediates. This recalls what has been shown for the B-subunit

in vitro reassembly under macroscopic conditions where the

rate-limiting step for LTB5 is a folding step involving the N-termi-

nal but is interface formation involving the main b-interface (I2a)

for CtxB5 (De Wolf et al., 1987; Lesieur et al., 2002; Ruddock

et al., 1995, 1996a, 1996b; Zrimi et al., 2010). The concordance

between the nanoscopic and the macroscopic investigations

highlights the encoding of the dynamics (here the slow large-

scale dynamics) in the sequence of proteins as does the distinct

dielectric responses of the two toxin pentamers, and as shown

by Anfinsen experiments in the early 1970s (Anfinsen, 1973).

The large-scale dynamics being encoded in the protein se-

quences is in contradiction with other BDS investigation where

the large-scale motions of proteins are described as slaved by

the solvent (Frauenfelder et al., 2009; Olsson et al., 2020). In

our experiments, the large-scale motions cannot be attributed

to the bulk solvent because only protein-bound solvent remains

when the measurements start. The dielectric features and the

large-scale protein dynamics result from a mixture of pure pro-

tein dipoles and protein-solvent dipoles with dielectric contribu-

tions which depend on the local environment of the dipoles, simi-

larly to what is described for Trp-fluorescence (Callis and

Burgess, 1997).

Conclusion
We have shown that BDS under nanoconfined and weakly hy-

drated conditions can be used to investigate the impact of

sequence variants on the dynamics involved in the B-subunits

thermal unfolding. The dielectric features are analyzed accord-

ing to the known molecular dynamics of the structural level of

proteins and consistently with the model developed by L. A.

Dissado and R. M. Hill where relaxation dynamics arise from

the hierarchical organization of matter in structural clusters

(Dissado and Hill, 1983). Heterogeneous conformations (broad

peak) attributed to assembly intermediates and homogeneous

conformations (narrow peak) attributed to non-native pentame-

ric intermediates and/or monomers can be dielectrically char-

acterized, offering an additional perspective to study the mo-

lecular dynamics underlying oligomerization and fiber

formation. The possibility to measure slow protein dynamics

experimentally makes BDS one of the few techniques that

can be used to monitor the impact of sequence variants on

functional dynamics, and diagnose the cause for disease devel-
opment, increased virulence or drug resistance, a step toward

personalized medicine.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Cholera toxin B-subunit pentamer SIGMA-ALDRICH C9903

Heat-labile enterotoxin B subunit pentamer SIGMA-ALDRICH E8656

Deposited data

Cholera toxin B subunit pentamer https://www.rcsb.org PDB 1EEI

Heat-labile enterotoxin B subunit pentamer https://www.rcsb.org PDB 1LTR

Software and algorithms

Amino acid network (AAN) Dorantes-Gilardi et al., 2018 https://github.com/lorpac/

amino_acid_network

4D-AAN Dorantes-Gilardi et al., 2018 https://github.com/lorpac/

amino_acid_network

Electrostatic dipole network (EN) This paper https://github.com/lorpac/

amino_acid_network/blob/master/

electrostatic_network.ipynb

4D-EN Pacini et al., 2020 https://github.com/lorpac/

amino_acid_network/blob/master/

electrostatic_network.ipynb
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Claire

Lesieur (claire.lesieur@ens-lyon.fr).

Material availability
This study did not produce new unique reagents.

Data and code availability
Four codes are generated during this study to produce four different networks : the amino acid network (AAN), the intermolecular

amino acid network (4D-AAN), the electrostatic dipole network (EN) and the intermolecular electrostatic dipole network (4D-EN).

Only the EN is an addition, previous networks and codes to produce them are published. The AAN and the 4D-AAN are produced

using the code available at https://github.com/lorpac/amino_acid_network. To create the full AAN, the option "dim: ’all’ " should

be used in the configuration file (analysis_conFigurejson), while for the 4D-AAN the option "dim: ’4D’ " should be used.

The EN and the 4D-EN are produced using the code available at https://github.com/lorpac/amino_acid_network/blob/master/

electrostatic_network.ipynb. To create the full EN, the option "dim: ’all’ " should be used in the configuration file (electrostatic_net-

work_conFigurejson), while for the 4D-EN the option "dim: ’4D’ " should be used.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

There are no experimental models or subjects in this study.

The Heat-Labile Enterotoxin, B subunit (LTB5) used in this study was brought from SIGMA-ALDRICH (E8656) and according to

SIGMA-ALDRICH, LTB5 is from Escherichia coli, recombinant expressed in Pichia pastoris. The Cholera Toxin B subunit (CtxB5)

used in this study was brought from SIGMA-ALDRICH and according to SIGMA-ALDRICH CtxB5 is produced from Vibrio cholerae.

METHOD DETAILS

Materials
Lyophilized heat labile enterotoxin B pentamer (LTB5) purchased from Sigma Aldrich (E8656) was diluted in phosphate buffered sa-

line (PBS; 10 mM sodium phosphate, 150 mM sodium chloride, pH 7.4) at a final concentration of 2,7 mg/mL (stock solution). The
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stock solution also contained Tris buffer, NaN3 and sodium EDTA as LTB5 was bought from Sigma Aldrich lyophilized from a solution

containing 0.05 M Tris buffer, pH 7.5, 0.2 M NaCl, 3 mM NaN3, and 1 mM sodium EDTA. LTB5 and CtxB5 are both purchased from

Sigma Aldrich lyophilized from the same solution composition and prepared similarly for the BDS experiment, their dielectric re-

sponses are therefore comparable. The stock solution was aliquoted and kept at �20�C, frozen and thawed twice maximum for

dielectric measurements. Ten-time concentrated solution of PBS solutions were purchased from BIOSOLVE and diluted 10-times

in distilled water to prepare the PBS used for the toxin solution (PBSx1). In addition, the PBS solution was filtered in 22 mm filter

to limit impurity contamination. The Aluminium Oxyde (AAO) Films on Al are purchased from InRedox. The AAO membrane dimen-

sions are 10 mm * 10 mm, and they contain nanopores of 40 nm-diameters and 10-mm lengths, with 12% porosity. The AAO mem-

brane containing the nanopores is referred to as the nanomembrane. Before use, the nanomembranes were plasma treated for

twenty minutes to remove organic impurities.

Protein sample preparation
For the dielectric measurement, a protein sample at 0,025 mg/ml was used. It was prepared by diluting 2 ml of stock solution at

2,7 mg/ml in 212 ml of deionized water (final pH 6,9). The final protein solution contains protein, deionized water, salt and buffer re-

agents (Phosphate buffer and Tris) and some trace of sodium EDTA and NaN3. It is worth noting that one full dielectric experiment

uses as little as � 5 mg of toxin.

200 ml drop of sample was deposited on the nanomembrane using the drop technique, then heated at 50�C (323 K) for 15 min to

evaporate the bulk water and allow entrance of the sample in the pores. The sample was then cooled down to 30�C (303 K) for 5 mi-

nutes with a speed of 2 K/min, placed between two Al electrodes of 7mm and 40mmdiameter, respectively, and in the cell holder for

measurement.

Dielectric measurements
The dielectric measurements were performed on a broadband dielectric spectrometer Novocontrol Alpha analyzer over a frequency

range from 1Hz to 106 Hz and over a temperature range from -80�C (193K) to 180�C (453 K). The temperature rampswere carried-out

with a rate of 2K/min and a voltage of 0.2Vwas applied. The dielectric loss ε’’, the imaginary part of the complex dielectric permittivity,

wasmeasured as a function of temperature at different frequencies. For the temperature control, a flow of pure nitrogen gaswas used

in a closed cryostat, providing water-free and oxygen-free experimental conditions. The thermal treatments goes from 60�C to 180�C
with the following procedure. The sample is first heated to 60�C (333K) for three hours, then cooled down to -80�C (193K) (Cooling, C)

and maintained for 30 min at -80�C before being heated back to 60�C (Heating, H). A cycle is composed of the cooling (C) and the

heating (H) temperature measurements. A second three-hours incubation at 60�C is performed to check the stability of the sample.

The temperature is then raised to 80�C for three hours followed by a cycle, and this procedure (three hours incubation and a cycle) is

repeated at 100�C, 140�C and 180� where only the cooling measurement is performed. Triplicates have been done and the result of

one experiment is shown. Compared to the CtxB5 experiment, reproducibility of identical signals was more difficult for LTB5 due to

the lower signal resolution, which makes relaxation peaks overlapping with the conductivity signal. The transient character of the in-

termediates captured by BDS makes them also dependent on the kinetic and hence sensitive to the initial state of the sample in the

stock solution. To solve these difficulties great care has to be taken for handling the stock solution, which should not be frozen and

thawed more than twice before use. The temperature and frequency-dependencies of the relaxation processes were reproducible

but the intensity between experiments could vary.

Control experiments
The dielectric response of the empty nanomembrane was measured for 10 min at 60�C and from 60�C to -80�C to control that no

dielectric dispersions are detected. Likewise, the dielectric response of nanopores filled with a 200 ml drop of deionized water

was measured for 10 min at 60�C and from 60�C to �80�C.
The native state of the toxin is checked by Trp-fluorescence before a dielectric experiment (Lesieur et al., 2002). The sample cannot

be recovered from the nanopores after the BDS experiment so it is not possible to control the disassembly or unfolded state of the

toxin by Trp-fluorescence and SDS-PAGE, after the dielectric measurement.

Electrostatic dipole network
The amino acid network (AAN) of the whole LTB pentamer is built using the atomic coordinates of the LTB5 X-ray structure (PDB

1LTR) freely accessible on the RCSB website (https://www.rcsb.org/). The amino acids are the nodes of the networks linked if

they have at least one atom each located within a threshold distance of 5 Å from one another. The AAN computes all atomic distances

and hence models all atomic and amino acid interactions in the pentamer structure (Dorantes-Gilardi et al., 2018). The electrostatic

dipole network (EN) is obtained from the AAN by keeping only opposite charged amino acids as nodes of the network linked if they

have at least one atom eachwithin 5 Å distance of one another. The ENmodels the Coulomb interactions between positive and nega-

tive charges in the structure. From the AAN, the intermolecular amino acid network (4D-AAN) is obtained by computing only inter-

molecular atomic distances between amino acids that belongs to different chains (nodes) providing the atomic and amino acid in-

teractions involved only at the interfaces between monomers. The intermolecular electrostatic dipole network (4D-EN) is obtained

from the 4D-AAN by keeping only opposite charged amino acids as nodes of the network linked if they have at least one atom

each within 5 Å distance of one another. The 4D-EN models intermolecular electrostatic interactions (Pacini et al., 2020). The EN
Structure 29, 1–11.e1–e3, October 7, 2021 e2
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is built as the intermolecular electrostatic dipoles but considering intramolecular electrostatic dipoles (opposite charges within one

monomer) as well. Dipoles computed for only one or two interfaces of the pentamer are ignored in the network as theymight be due to

crystallographic bias. The networks were obtained from the X-ray structure PDB 1EEI for the CtxB pentamer.

As the experiments are done at pH 6.9, the negative charges are the C-terminals, the glutamic and aspartic acids and the positive

charges are the N-terminals, the lysine and the arginine residues. The orientation of the dipoles is not taken into account in the model

although it could cancel out the participation of some of the dipoles to the dielectric signal when dipoles of equal strength have oppo-

site orientation. Nevertheless, the amino acid chemical neighborhoods are anisotropic and no amino acids have same chemical envi-

ronment so it appears unlikely to have dipoles with equal dielectric contribution but at opposite directions, making the approximation

locally reasonable. The residue 103, a lysine in the X-ray structure PDB 1LTR of LTB5, was ignored in the electrostatic network of

LTB5. Nevertheless, the dipole (K81, N103) is considered to be present in the BDSmeasurement because the residue 103 is an aspar-

agine in the experimental LTB5 and because the carboxyl group of the C-terminal is in the same position in the two toxin structures.

There is no X-ray structure available in the Protein DataBank (https://www.rcsb.org/) for the human LTB5 with the experimental

C-terminal.

QUANTIFICATION AND STATISTICAL ANALYSIS

There are no quantification or statistical analysis in this study.
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