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Human ileal bile acid-binding protein (I-BABP) has a key role in the intra-

cellular transport and metabolic targeting of bile salts. Similar to other

members of the family of intracellular lipid-binding proteins (iLBPs), disor-

der–order transitions and local unfolding processes are thought to mediate

ligand entry and release in human I-BABP. To gain insight into the stabil-

ity of various protein regions, the temperature response of human I-BABP

was investigated using NMR, CD and fluorescence spectroscopy, as well as

molecular dynamics (MD) simulations. A joint analysis of NMR thermal

melting and relaxation dispersion data indicates a complex pattern of inter-

nal dynamics with a dominating single barrier and a likely presence of

rapidly exchanging conformational substates on both sides of the barrier.

Moreover, our residue-specific analysis uncovers a partially unfolded U*
state in which part of the helical region with three proximate b-strands
contains a substantial amount of residual structure, whereas several seg-

ments of the C-terminal half exhibit a high susceptibility to temperature

elevation. Cluster analysis of atomic temperature responses indicates a

thermodynamic coupling between distant protein sites including the bottom

of the b-barrel, the E–F region and part of the helical cap. MD simulations

up to 1 ls show correlated motions in the same protein regions and

together with the NMR data suggest a role for the highly dynamic D–E
turn and E–F region in the initiation of unfolding. The response of human

I-BABP to temperature elevation is discussed in the context of the folding/

unfolding behaviour of different members of the iLBP family.

Introduction

Human ileal bile acid-binding protein (I-BABP), a

14.2-kDa member of the family of intracellular lipid-

binding proteins (iLBP) [1,2] is expressed in the

absorptive enterocytes of the distal small intestine and

has a key role in the transcellular trafficking of bile

salts [3]. Additionally, along with other members of

the iLBP family, BABPs are thought to participate in

the regulation of the transcriptional activity of nuclear

receptors. Specifically, stimulating the activity of the

farnesoid X receptor [4], BABPs contribute to the
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regulation of bile acid, lipid and glucose homoeostasis.

Accordingly, BABP-misfunctioning can lead to a wide

range of metabolic disorders and diseases of the gas-

trointestinal tract including type 2 diabetes [5] and col-

orectal cancer [6,7].

The NMR structural studies of apo [8] and holo [9]

human I-BABP show a topology characteristic of

iLBPs. Specifically, a b-barrel comprised of 2 five-

stranded antiparallel b-sheets encloses a binding cavity

of ~ 1000 �A3 covered by a helix-loop-helix motif at

the top (Fig. 1). The cavity accommodates two binding

sites exhibiting positive cooperativity [10] and a bile

salt preference when complexed with a mixture of di-

and trihydroxy bile salts [11]. Internal motions appear

to have a major role in bile salt-BABP recognition

[12,13]. Specifically, by providing access to the other-

wise enclosed binding site, disorder–order transitions

are thought to have a key role in regulating ligand

entry in BABPs [9,14] and other members of the iLBP

family [15]. Additionally, interaction of BABPs with

lipid membranes, a process thought to be involved in

transferring bile salts between cell compartments, has

been reported to be accompanied by a partial unfold-

ing of chicken L-BABP [16,17]. Conformational plas-

ticity and local unfolding of iLBPs may also have a

role in stimulation the transcriptional activity of

nuclear receptors accomplished via nuclear transloca-

tion mechanisms triggered by ligand binding [18].

Being a single-domain, predominantly b-sheet pro-

tein, the folding mechanism of iLBPs has been a sub-

ject of interest [19–26]. While folding studies of

different members of the protein family uncover con-

siderable differences in both the rates of folding steps

and the number and type of intermediate states, most

of the studies agree with the existence of a fast phase

followed by one or two slower kinetic steps. For both

rat and human I-BABP, stopped-flow kinetic study of

refolding shows a fast phase resulting in an intermedi-

ate with native-like amounts of secondary structure,

and a second, slower phase corresponding to the for-

mation and stabilization of the native, tertiary fold

[27]. During unfolding, three phases are observed for

rat I-BABP, whereas for the human homologue, both

fluorescence and CD detects a single phase [27]. Differ-

ences in the stability of kinetic intermediates have been

suggested as a possible explanation for the different

behaviour of the two highly homologous proteins.

Comparative studies of various other members of the

iLBP family indicate that the number of buried

hydrophobic atoms in folding initiating sites might be

a key determinant in the formation of different inter-

mediate states during folding [20,24].

While most of these works have been concerned

with chemically induced denaturation, in the current

study, we are primarily focusing on thermally induced

processes. Specifically, NMR spectroscopy enabling a

residue-level monitoring of temperature response and

internal protein dynamics was used to obtain insight

into the stability of short- and long-range interactions

and folding cooperativity in human I-BABP, a mem-

ber of the iLBP family whose binding properties are

currently under investigation in our laboratory. NMR

experiments are complemented with CD, fluorescence

measurements and molecular dynamics (MD) simula-

tions. In the absence of denaturants, our studies indi-

cate a complex dynamic behaviour with a dominating

barrier separating the native state conformational

ensemble (F) from a partially unfolded protein state

(U*) exhibiting a high propensity to dimerization and

with a possible role in the formation of higher order

aggregates of the predominantly b-sheet protein. Using

a deconvolution technique suitable for accessing

physicochemical parameters of protein states outside

the experimental temperature range, we have charac-

terized the F↔U* transition and identified some of the

key determinants of protein stability. In agreement

with the NMR data, MD simulations indicate a link

between differences in vulnerability to temperature

Fig. 1. Ribbon diagram of the solution NMR structure of human

ileal bile acid-binding protein [8]. b-strands are labelled A–J for

identification when discussed in the text.
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elevation and internal dynamics on the ls–ms time

scale and suggest a role for the highly dynamic D–E
turn and E–F region in the initiation of unfolding.

Protein sites differing in their vulnerability to tempera-

ture elevation are discussed in the context of the fold-

ing/unfolding behaviour of different members of the

iLBP family. In addition to providing a residue-level

insight into the thermal behaviour of human I-BABP,

our results have implications for aggregation mecha-

nisms and protein stabilization of iLBPs, a family of

proteins with a potential scaffold for drug carriers [28]

and artificial enzymes [29].

Results

Temperature-induced unfolding monitored by

fluorescence and CD spectroscopy

Representative fluorescence emission spectra of human

I-BABP recorded between 5 and 85 °C are shown in

Fig. 2A. Most of the fluorescence signal arises from a

single buried tryptophan (Trp49) exhibiting an emission

maximum at 330 nm in the folded state. Thermal

unfolding is accompanied by a significant loss of fluo-

rescence intensity and a red shift in the emission

Fig. 2. Fluorescence and CD spectroscopic analysis of thermal unfolding. (A) Fluorescence emission spectra of human I-BABP at different

temperatures. Experiments were performed in 20 mM potassium phosphate, 50 mM KCl, 0.05% NaN3, pH 6.3. Protein concentration was

2 lM. The observed red shift in the wavelength of the emission maximum is indicated by an arrow. (B) Ratio of fluorescence intensities

detected at 330 and 347 nm as a function of temperature. The solid line represents a sigmoidal fit assuming a two-state process with

parameters DH = 212 kJ�mol�1, DCp = 5.6 kJ�°C�1�mol�1, Tm = 57 °C. (C) Far-UV CD spectra of human I-BABP as a function of

temperature. Experiments were performed in the same buffer as in (A) with a protein concentration of 15 lM. (D) Heat denaturation of

human I-BABP followed by the CD signal at 215 nm using a scanning rate of 1 °C�min�1. The solid line represents a sigmoidal fit assuming

a two-state process yielding a melting temperature of 59 °C. The first derivative of the heat-up profile is shown in the inset.
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maximum to 347 nm indicating the exposure of Trp49
to the aqueous solvent. The ratio of fluorescence inten-

sities at 330 and 347 nm was fit by a cooperative two-

state model yielding values of DH = 212 kJ�mol�1,

DCp = 5.6 kJ�°C�1�mol�1 and Tm = 57 °C for the

enthalpy and heat capacity change of unfolding and

the melting temperature respectively (Fig. 2B). The

value of kmax between 65 and 85 °C shifts up to

347 nm, slightly below the wavelength of the emission

maximum observed for urea-denatured I-BABP (data

not shown) indicating that Trp49 may not become

completely exposed.

Thermal unfolding of human I-BABP was also mon-

itored by CD spectroscopy. Around room tempera-

ture, the far-UV CD spectrum (Fig. 2C) is

characteristic of a predominantly b-sheet protein with

a helical contribution. Both below and above room

temperature substantial changes are observed in the

spectral shape, indicating gradual changes in the sec-

ondary structure in a broad temperature range.

According to the far-UV CD spectra, the most dra-

matic change in the secondary structure content takes

place between 55 and 61 °C. Conformational changes

were also monitored at a fixed wavelength of 215 nm

at a heating rate of 60 °C�h�1 (Fig. 2D). Fitting the

heat-up profile by a cooperative two-state model indi-

cates a main transition at 59 °C. However, based on

the derivative of the heat-up curve, the existence of

additional smaller transitions is possible both below

and above the main transition (Fig. 2D inset). Accord-

ing to the BeStSel algorithm of secondary structure

prediction [30], the presence of a substantial amount

of residual structure (~ 10% a-helix, ~ 30% b-sheet,
~ 10% turn) is indicated above the melting tempera-

ture. Unfolding appears to be nearly completely rever-

sible up to concentrations of ~ 15 lM. At higher

concentrations (200 lM), attempted to be used in near-

UV CD experiments, signs of protein aggregation start

to occur at 53 °C, obscuring a full analysis.

Residue-specific temperature response by NMR

and fitting of thermal melting curves

Superimposed 1H-15N HSQC spectra of human I-

BABP in the temperature range of 5–54 °C are shown

in Fig. 3A. Further increase in the temperature results

in a sudden drop in signal intensity accompanied by

the appearance of a white gel-like precipitate at pro-

tein concentrations of ~ 100 lM required to achieve

appropriate signal-to-noise ratio for the temperature-

dependent measurements. Examples of chemical shift

trends of residues located in various parts and sec-

ondary structure elements of the protein are depicted

in Fig. 3B. The position of most resonances changes

substantially over the investigated temperature range

indicating fast exchange of backbone amides between

different local environments. This is in agreement with
19F NMR studies of unfolding in 6FTrp-hI-BABP

showing no presence of intermediates displaying con-

formational exchange on the slow-to-intermediate time

scale [27] as well as the investigation of 4FPhe-hI-

BABP, indicating that several phenylalanine residues

are involved in an intermediate structure that is in fast

exchange with the unfolded state [31]. We note that

this does not mean that slow exchange processes are

absent. Merely, due to severe line broadening and low

concentration of the corresponding higher energy

states they may not become directly observable.

During our investigation, we restricted the analysis

to residues whose backbone amide chemical shifts

could reliably be determined at least at 10 of the 16

investigated temperatures. We also excluded those,

which, due to ring current effects of their own or a

proximate aromatic group or the temperature depen-

dence of the pKa of their side chain, gave rise to exo-

tic-shaped plots. Inspection of the chemical shift trend

of the remaining 106 residues reveals a nonuniform

response to thermal stress throughout the protein.

Notably, while some of the residues show linear tem-

perature dependence, most of them exhibit a curved

temperature response indicating a multistate process

[34]. Specifically, under fast exchange conditions, the

observed chemical shift (Ωobs) at each temperature cor-

responds to a population-weighted average of the

chemical shifts associated with the individual states. In

the case of two exchanging states, this results in a lin-

ear shift of cross-peaks as a function of temperature

according to Ωobs = xAΩA + xBΩB, where ΩA and ΩB

are the chemical shift of the individual states and xA
and xB are their mole fraction. If an additional C state

is involved in the process with a chemical shift ΩC dif-

fering from both ΩA and ΩB and C is in fast exchange

with both A and B, the position of the cross-peak will

change in a nonlinear way, typically resulting in a

curved plot. The deviation from linearity depends on

the temperature dependence of the mole fraction of

the third state and the relation of ΩA, ΩB, ΩC chemical

shifts in the two spectral dimensions.

Residues exhibiting a linear chemical shift trend

upon thermal melting are primarily located in the N-

terminal bA, helix-I and some of the turn regions (B–
C, C–D, F–G), whereas the presence of an additional

state is apparent throughout the rest of the protein.

Contribution of the latter to the observed chemical

shifts was estimated by determination of the maximum

curvature of the fitted chemical shift trends using a
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Bayesian curve fit. Most prevalent contribution of a

third state is observed in the EFGH region of the pro-

tein (Fig. 3A inset), with residues Gly66, Ser69, Gln72,

Met74, Thr78, Thr82, Leu90, Val91, Val92, Asn93 exhibit-

ing the largest curvature.

For fitting the NMR thermal melting data, depend-

ing on the linear or nonlinear characteristics of the
1H-15N chemical shift trend of a given residue, two- or

three-state transitions were considered assuming fast

exchange. The molar fraction of a protein state at a

specific temperature was calculated in terms of the

Gibbs free energy change in the conformational transi-

tion for each different model (see below) as described

in Materials and methods. Given the diversity of indi-

vidual thermal melts, individual fits were performed.

Moreover, to ensure that the considered models

remain consistent with the physicochemical character-

istics of the system, the melting point obtained from

fluorescence measurements was used as an initial

parameter. For the three-state transitions, two differ-

ent models were considered. In model 1, an endother-

mic pretransition is assumed before the main melting

point. In model 2, the observed protein aggregation

prompted us to explore the possibility of an exother-

mic process following the melting point. Although the

presence of larger aggregates in the solution cannot be

excluded, due to their slow rotational correlation time

(sc), low concentration and conformational heterogene-

ity, they are not expected to give an appreciable con-

tribution to chemical shifts. Therefore, the observed

NMR thermal melting curves must arise from mono-

mers and if exist, small oligomeric species the most. As

Fig. 3. (A) Series of 1H-15N HSQC NMR spectra of human I-BABP as a function of temperature. Experiments were performed in 20 mM

potassium phosphate, 50 mM KCl, 0.05% NaN3, pH 6.3 at a protein concentration of 100 lM. Temperature increase is indicated by a gradual

change in the colour of resonances from blue (5 °C) to red (54 °C). Inset: Backbone amides showing linear (grey) and nonlinear (yellow, red)

chemical shift trends in their temperature response mapped onto the ribbon representation of human I-BABP. Residues with above average

curvature in their amide NH chemical shift trends are indicated in red. Residues with < 10 nonoverlapping data points were not included in

the analysis and are shown in white. (B) Chemical shift trend of selected residues located in various secondary structure elements of the

protein. (C) Temperature dependence of 15N shifts in the native state obtained by linear regression of data at 5, 8, 10, 11 and 14 °C.

Secondary structure elements are indicated at the top. The dashed line at 17.6 ppb�K�1 indicates the maximum slope reported for ubiquitin

[32], whose thermal unfolding conforms to a two-state model [33].
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dimerization has been reported for several members of

the iLBP family [35–38], it seemed reasonable to

assume dimerization as a primary possible source of

an exothermic contribution. We note that in the 10–
40 °C temperature range, the value of sc (9.6, 8.1, 6.8

and 5.0 ns at 10, 18, 25 and 40 °C respectively), as

obtained from 15N T1, T2 relaxation and heteronuclear

{1H}-15N NOE experiments [14], is in full agreement

with a monomeric human I-BABP, suggesting that

dimers or higher aggregates, if present, must be tran-

sient in nature.

Residues displaying a linear thermal melting fit well to

a two-state transition with thermodynamic parameters

averaging around DHavg = 31 � 9 kJ�mol�1, Tavg
m = 55

� 3 °C, DCavg
p = 50 � 70 J�°C�1�mol�1 (not shown).

Fits of chemical shifts and populations of the

deconvoluted states for two representative residues

exhibiting a nonlinear thermal melting are depicted in

Fig. 4. Asmost residues could adequately be fitted assum-

ing a three-state transition using either model 1 (endother-

mic pretransition with DHavg
1 = 22 � 8 kJ�mol�1,

Tavg
m1 = 29 � 1 °C, DCavg

p1 = 50 � 100 J�°C�1�mol�1 and

DHavg
2 = 29 � 8 kJ�mol�1, Tavg

m2 = 57 � 2 °C, DCavg
p2 =

130 � 130 J�°C�1�mol�1) or model 2 (exothermic post-

transition assuming dimerization with DHavg = 66

� 7 kJ�mol�1, Tavg
m = 58 � 3 °C, DCavg

p = 100 � 50

J�°C�1�mol�1 and DHavg
dim = �93 � 10 kJ�mol�1, Tavg

dim =
59 � 1 °C, DCavg

pdim = 50 � 30 J�°C�1�mol�1, Table S1),

solely on the basis of thermal melting curves, it was not

possible to differentiate between the validity of the two

models. To evaluate the physical relevance of model 1

and 2, the relationship between the parameters inferred

Fig. 4. Examples of nonlinear temperature response of backbone amide chemical shifts as detected in 1H-15N HSQC spectra of human I-

BABP. Dashed and solid lines are fits of the experimental data using model 1 (F↔I↔U*) and model 2 (F↔U*, 2U*↔U*2) respectively.

Chemical shifts and populations (right) of the deconvoluted F and U* states are shown in blue and red, whereas the chemical shifts of the

deconvoluted I and U*2 states are indicated in green.
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from NMR thermal melting curves and backbone 15N

relaxation dispersion measurements was analysed.

Relationship between thermal unfolding and

relaxation dynamics

The EFGH protein region exhibiting the most prevalent

multistate unfolding behaviour in NMR thermal melt-

ing curves has previously been shown to be involved in a

millisecond time scale motion in the apo form [12,14],

and it is part of a hypothetic portal region in BABPs

[15]. This prompted us to seek a correlation between the

exchanging states observed by NMR relaxation mea-

surements and the conformational transitions reported

by the NMR thermal melting curves. Carr–Purcell–
Meiboom–Gill (CPMG) relaxation dispersion (Rex)

experiments [39,40] are suitable for the characterization

of conformational exchange processes on the microsec-

ond-to-millisecond time scale (sex ~ 0.3–10 ms).

Dependence of the transverse relaxation (R2) on an

effective field strength (established by variable trains of

refocusing spin echoes) is analysed enabling the deter-

mination of the exchange rate, kex = kforward + kreverse,

and the parameter Φex = pApBDx2
AB, where pA and pB

are the populations of the two exchanging states and

DxAB is the chemical shift difference between the two

states. As it has been shown previously, CPMG Rex

analysis of apo human I-BABP in the 10–18 °C temper-

ature range reports two clusters of residues with slightly

different exchange rates (Fig. 5A,B). Values of kex as

determined from a global fit analysis vary from

840 � 60 s�1 at 10 °C to 1540 � 120 s�1 at 18 °C and

from 300 � 40 s�1 at 10 °C to 880 � 100 s�1 at 18 °C
for the fast and slow clusters respectively [14]. The

‘faster’ Rex-cluster includes residues (Thr73, Val91,

Asn96, His98) with the largest contribution to transverse

relaxation (Rex > 10 s�1) and comprises primarily the

E–F and G–H regions, overlapping with the segments

exhibiting nonlinear 1H-15N thermal melting. The

‘slower’ Rex-cluster involves part of the helical region,

the proximate C–D turn, and b-strands B and D.

Approaching room temperature, the two clusters

merge into a single network of fluctuation with a

kex ~ 2000–3000 s�1, matching the time scale of an

initial rate-limiting unimolecular step in ligand binding

[41]. As it was noted, the strong entropy–enthalpy
compensation observed for the two clusters suggests a

disorder–order transition between the ground and the

higher energy states of the protein [14].

Intriguingly, a substantial number of residues dis-

playing large-amplitude relaxation dispersions exhibit

large 15N chemical shift differences between the decon-

voluted states suggesting a relation between millisecond

time scale global fluctuations and unfolding transitions

in human I-BABP. To explore this possibility, the cor-

relation between Φex obtained from Rex measurements

versus the chemical shift difference (Dd) of the deconvo-
luted states obtained from thermal melting curves has

been analysed in detail. (We used the parameter Φex

instead of the Rex-derived chemical shift differences

between the exchanging states given the ambiguities in

the determination of the latter when kex ~ Dx.) If the

two processes are related, a linear correlation must exist

between Φex and Dd2. As it is depicted in Fig. 5C, a

fairly good correlation exists between the parameters

inferred from the relaxation and the thermal melting

data using the assumptions of model 2. Moreover, the

slope of Φex versus Dd2F�U� is in good agreement with

the product of the populations of the F and U* states

(blue lines), indicating a direct connection between the

global conformational exchange processes and thermal

unfolding. Remarkably, in the 10–18 °C range, residues

of the two Rex-clusters exhibit two different slopes

corresponding to slightly different populations. Accord-

ingly, below room temperature, there is a slight hetero-

geneity in the protein in the way the unfolding

transition is manifested. For model 1, the correlation

between the relaxation and thermal melting data is

much worse (Fig. 5D). Some correlation between Φex

and Dd2F�I appears to exist for a subset of 5–10 residues,

however, the population of state I is much higher

(15–30%, red line) than it would be indicated by the

Φex versus Dd
2
F�I slope. Accordingly, a joint analysis of

the thermal melting and relaxation dispersion data

argues for the physical relevance of model 2 and

strongly suggests that the deconvoluted U* state, which

appears to have a high propensity to dimerization,

corresponds to a conformational state associated with

global ls–ms fluctuations in the protein. Amino acid

positions exhibiting the most apparent correlation

between the two independent experiments appear

throughout the protein but primarily in b-strands B, D,

and the E–F and G–H regions. We add that from the

temperature dependence of relaxation dynamics

between 10 and 18 °C, the enthalpy difference between

the two exchanging states reported by the Rex measure-

ments is ~ 20–40 kJ�mol�1 [14], which in overall is in

agreement with the enthalpy change (~ 30–60 kJ�mol�1)

associated with the F↔U* transition obtained from the

thermal melting curves using model 2.

We note that there are a few residues (e.g. Tyr53,

Thr58, Gly88, Val109, Thr113) for which there is a signif-

icant deviation from the overall good correlation

between Φex and Dd2F�U� indicating that the protein

likely undergoes a complex array of internal motions.

In fact, while in light of the joint analysis of relaxation
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Fig. 5. (A) Residues exhibiting a conformational exchange on the fast end of ms timescale as indicated by CPMG relaxation dispersion

experiments at 14 °C (600 MHz for 1H) are mapped on the ribbon representation of the most representative element of the lowest energy

structural ensemble of human I-BABP (PDB entry 1O1U [8]). The two clusters with slightly different exchange rates are indicated in orange

(slower) and red (faster). Increasingly darker colour indicates larger 15N chemical shift difference between the ground and the higher energy

state for each Rex cluster. Residues exhibiting a flat dispersion profile or with no available data are coloured in grey. (B) Transverse

relaxation dispersions of the backbone 15N nuclei of representative residues from the slow (orange) and the fast (red) cluster as a function

of CPMG B1 field strength at 14 °C. Solid lines correspond to global two-state exchange models with parameters listed in [14]. Error bars

correspond to standard deviations obtained from three parallel measurements (n = 3). (C, D) Φex parameters derived from CPMG relaxation

dispersion experiments as a function of the squared chemical shift difference between the deconvoluted (C) F and U* states (model 2) and

(D) F and I states (model 1) at different temperatures. Data points for the fast and the slow cluster in the 10–18 °C temperature range are

indicated by open and closed symbols respectively. Dashed lines in (C) are obtained by linear regression. Slopes corresponding to the

product of the populations of the deconvoluted states are shown in blue (pFpU*) and red (pFpI), for model 2 and 1 respectively. (E)

Asymptotic values of transverse relaxation rates at high mCPMG field strength obtained at 14 and 25 °C (600 MHz for 1H).
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and thermal NMR data, model 2 appears to be

the most adequate, the existence of preunfolding

transition(s) cannot be excluded. This is suggested by

the strong temperature dependence of chemical shifts

of several residues on the native side of the barrier

indicative of large changes in the local environment

(Fig. 3C). Amino acid positions exhibiting higher than

usual temperature dependence in their 15N chemical

shifts in the native state are distributed quite evenly

throughout the protein, involving segments both in the

N-terminal half (a-I, a-II, bB, C–D turn) as well as in

the more plastic C-terminal half (E–F, G–H regions,

bI). Additionally, the complexity of internal dynamics

in the protein is indicated by the asymptotic values of

transverse relaxation rates (R0
2) at high CPMG field

strengths at specific amino acid positions (Fig. 5E).

Elevated R0
2 values are manifestations of motions that

are slow enough to cause line broadening but too fast

to be suppressed by the CPMG pulse train even at

high repetition rates [40]. Residues with above average

values of R0
2 are primarily located in b-strand F and

the G–H region as well as near the linker connecting

the helical cap to the b-barrel highlighting the flexibil-

ity of these segments on the ls time scale which

becomes more intense with increasing temperature.

Structural characteristics of the U* state

Based on the substantially smaller enthalpy difference

between the F and U* states than the enthalpy change

of unfolding indicated by the fluorescence and CD

experiments or temperature-dependent equilibrium

urea denaturation (data not shown), it is clear that

state U* is a partially unfolded state containing a sub-

stantial amount of residual structure. The latter is also

suggested by the practically zero heat capacity differ-

ence between the F and U* states, as well as the calcu-

lated chemical shifts. For a fully denatured protein,

due to the loss of dispersion in the chemical environ-

ment, amide protons are detected in a narrow chemical

shift range. This is shown for human I-BABP in 6 M

urea in Fig. 6A. Calculated chemical shifts of the F

(blue), U* (orange) and U*2 (green) states are depicted

in Fig. 6B. While the resonances of many residues

move towards the expected ppm range upon going

from the pure F state to U*, substantial dispersion

remains in the chemical shifts. This is most clearly seen

for bA and part of the helical region (Fig. 6C),

whereas several segments of the C-terminal half show

a significant loss of dispersion in the U* state

(Fig. 6D). Combined (1H, 15N) chemical shift differ-

ences between the pure F and U* states along the

amino acid sequence are shown in Fig. 7A with sec-

ondary structure elements indicated at the top. The

presence of a residual structure in the U* state is most

clearly indicated in the helical segment and the N-

terminal ABC b-strands. In contrast, regions most

affected by temperature increase include the bD–bE
and bF–bG regions, in particular the bottom of the b-
barrel, as well as the vicinity of the I–J turn.

Fig. 6. (A) 1H-15N HSQC spectrum of

human I-BABP in 6 M urea at 10 °C. (B–D)

Deconvoluted 1H-15N spectra of human I-

BABP in the F (blue), U* (orange) and U*2
(green) states obtained by fitting the

experimental temperature-dependent 1H-15N

HSQC spectra of human I-BABP using the

three-state model (F↔U*, 2U*↔U*2) with

thermodynamic parameters listed in

Table S1. Full spectra are depicted in (B).

Spectra of protein segments (C) T3-I23 and

(D) H57-G75 are shown with assignment.
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Additionally, the two short linkers connecting the two

a-helices as well as a-II to the b-barrel display high

susceptibility to temperature elevation.

Clusters of conserved pairwise interactions in

human I-BABP

To relate the NMR-derived site-specific temperature

response to structural determinants of protein stability,

conserved short- and long-range pairwise interactions

in human I-BABP were analysed. At first, amino acid

conservation on the basis of identity and similarity

(Materials and methods) has been assessed by multiple

sequence alignment of 94 members of the iLBP family

with different organism-, tissue- and ligand specificity

(Fig. S1). Eleven positions have been identified

displaying identity in over 80% of the analysed

sequences. This includes five positions where in human

I-BABP itself and in some other members of the iLBP

family (mostly BABPs) the conserved residue is substi-

tuted by an amino acid similar (W6F/Y, I40V) or dif-

ferent (R28I, F69S, D75G) in characteristics.

Additionally, 37 positions have been found to show

conservation on the basis of similarity. Positions

exhibiting sequential identity within the iLBP family

are primarily located in two main segments of the pro-

tein. The longer segment comprises the N-terminal

bA-aI-aII-bB region, whereas the shorter one includes

residues in the bD–bE region (Fig. S1). Intriguingly, 5

of the 11 positions are located in linker (Asn13, Lys35)

or turn (Gly66, Phe/Ser69, Asp/Gly75) regions. Conser-

vation on the basis of similarity in the two regions

Fig. 7. (A) Chemical shift differences between the deconvoluted F and U* states as a function of amino acid sequence using the three-state

model (F↔U*, 2U*↔U*2) with thermodynamic parameters listed in Table S1. Combined (1H, 15N) chemical shift differences are calculated

using the equation of Dd1HN,15N = √[(DdHN)
2 + (w1*DdN)

2], where w1 (=0.154) is a weight factor determined using the BioMagResBank chemical

shift database [42]. Secondary structure elements are depicted at the top. Dashed lines correspond to the average value of Dd1HN,15N and

Dd1HN,15N � std. Conserved residues on the basis of similarity or identity are marked with an asterisk. Amino acid positions involved in at least

two pairwise interactions are indicated by colour coding: light grey = short-range only, grey = long-range only, black = both short- and long-

range interactions. (B) Values of Dd1HN,15N are mapped on the ribbon diagram of human I-BABP [8] with a colour coding where blue to green to

yellow to red corresponds to an increasing value of Dd1HN,15N. (Specifically, showing Dd1HN,15N
i < Dd1HN,15N

mean-std in blue, Dd1HN,15N
mean-

std < Dd1HN,15N
i < Dd1HN,15N

mean in green, Dd1HN,15N
mean < Dd1HN,15N

i < Dd1HN,15N
mean + std in yellow, and Dd1HN,15N

mean + std < Dd1HN,15N
i in

red.) Side-chain atoms of residues involved in multiple conserved pairwise interactions are highlighted. Residues not included in the analysis are

shown in white. For clarity, side chains are labelled separately on the right in the same perspective.
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together with the connecting bC and the subsequent

bF elements is even more apparent. Despite the struc-

tural conservation, substantially less conserved posi-

tions can be found in the rest of the b-barrel,
specifically, in the GHIJ b-strands. Qualitatively, our

analysis agrees with two earlier reports conducted on

two smaller data sets [1,43]. In comparison to the analy-

sis by Gunasekaran et al. [43] based on the alignment of

52 CR(A)BP and fatty acid-binding protein (FABP)

sequences, incorporation of BABPs results in a smaller

number of fully conserved residues and in general less

conserved positions in the C-terminal half of the protein.

Many of the identified conserved residues are

involved in pairwise interactions. Short- and long-

range pairwise interactions among the conserved

residues in human I-BABP are listed in Table 1. Con-

served long-range interactions form two distinct clus-

ters (Fig. 8A). In the more extensive cluster I, a

number of residues have multiple contacts tying

together several b-strands. Among these networking

residues, Phe2 of bA exhibits the most long-range con-

tacts interacting with residues in six different b-strands
(bB (Val40, Gln42), bC (Phe47, Trp49), bF (Met85), bG
(Leu90), bH (Ile103), bI (Leu108), followed by Trp49 and

Leu90 interacting with five different strands each.

Many residues of the cluster are involved in stabilizing

short-range interactions, as well (Phe47-Trp49, Phe63-

Val65, Met85-Leu90, Ile103-Leu108). The substantially

smaller cluster II is limited to the helical region, in

particular, tying together the two helices via multiple

interactions of Ile28 (a-II) with residues in a-I, as well

as with Ile23. The latter is additionally engaged in a

contact with Gly75, forming a single conserved tie

between the helical cap and the rather loose E–F
region. Among the long-range interactions, hydropho-

bic–hydrophobic contacts are the most prevalent,

whereas interactions between two polar side chains or

between a hydrophobic and a polar side chain are lim-

ited to a few contacts (Table 1). Most importantly,

they contribute to the stabilization of bA (Trp/Phe2-

Gln42, Phe6-Arg125, Glu7-Lys35, Met8-Arg121), the heli-

cal region (Asp15-Ile28, Lys19-Ile28), the B–C- and D–E
turns at the bottom of the b-barrel (Gln45-Val65), and

the E–F region (Glu68-Lys80).

Many of the residues involved in conserved pairwise

interactions are characterized with below-average

chemical shift difference between the NMR-derived F

and U* states underlying the importance of these inter-

actions in the thermal stability of the protein

(Fig. 7B). Specifically, in cluster I, 13 (Gly4, Phe6,

Gln42, Phe47, Trp49, Asn61, Phe63, Val65, Leu90, Ile103,

Lys107, Ser123, Lys124) of the 19, in cluster II, 8 (Tyr14,

Asp15, Phe17, Met18, Lys19, Leu21, Leu23, Tyr53) of the

11 analysed residues display below-average value of

DdF � U*. On the other hand, both clusters contain a

small number of residues (Lys35, Glu68, Gly75, Val83,

Met85), which possess a high susceptibility to tempera-

ture elevation. Each of these residues is located in

peripheral segments of the protein. Lys35 is part of a

short link covalently connecting the helical segment to

the b-barrel, Gly75 is within the E–F turn, whereas

Glue68 (bE), Val83 (bF) and Met85 (bF) are at the bot-

tom of the b-barrel.

Table 1. Conserved long- and short-range interactions in human I-

BABP classified as hydrophobic–hydrophobic (H–H), hydrophobic–

polar (H–P), polar–polar (P–P) or glycine–hydrophobic/polar (G–H/P).

Interactions with a conservation exceeding 95% are shown in bold.

Residues present in BABPs but in > 80% of the considered iLBP

sequences are substituted by a different conserved residue are

marked with an asterisk.

H–H H–P P–P G–H/P

Long-range

interactions

F2–V40 F2–Q42 E7–K35 G4–R125

F2–F47 F6–R125 E68–K80 I23–G75*

F2–W49 M8–R121 K107–K124

F2–M85 D15–I28*

F2–90 K19–I28*

F2–I103 Q45–V65

F2–L108 W49–N61*

F6–V40 L108–S123*

F6–I103

F6–L108

Y14–I28*

M18–I28*

V40–F47

V40–W49

V40–L108

F47–F63

F47–V65

F47–M85

W49–F63

W49–L90

W49–L108

F63–V83

F63–L90

V65–V83

V65–M85

V65–L90

V83–L90

Short-range

interactions

Y14–M18 Q42–F47 R121-S123*

F17–L21 Y53*–H57

M18–I23 N61*–F63

L21–I23

I23–I28*

F47–W49

F63–V65

A81–V83

M85–L90

I103–L108
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Cluster analysis of individual unfolding events

Amide proton chemical shifts sensing to a large extent

the H-bonding status of the peptide bond [45] have

extensively been used to monitor the thermostability of

protein regions [32] and gain insight into the source of

cooperativity in folding processes [46]. To quantify the

degree of similarity between unfolding events at the

residue level, amide proton chemical shifts were nor-

malized as described in Materials and methods and the

resulting thermal melting profiles were subjected to

cluster analysis. We note that as NMR data could be

collected up to slightly below the melting temperature,

our analysis primarily provides information on the

early stages of unfolding. Accordingly, cluster analysis

of thermal melting in the 5–54 °C temperature range

indicates three main groups of residues with distinct

temperature dependences (Fig. 9). The major cluster

(blue) includes most segments of the N-terminal b-
sheet, some regions of a-I, as well as bG, bH and bJ
of the C-terminal half. A set of additional 12 residues

(orange) located primarily in turn regions and at the

termini of secondary structure elements comprises the

smallest among the three main groups. Finally, a fairly

large cluster of residues (yellow) displays similar ther-

mal melting profiles for residues in bD continuing in

the E–F region together with specific segments in the

helical cap. Chain of pairwise interactions appears to

have a key role in transmitting information between

distant sites. Specifically, interactions of a-I with resi-

dues in the I–J b-strands (Ser112, Ile114, Val117, Tyr119)

followed by subsequent strand–strand interactions (bI–
bB, bB–bC–bG) appear to be a key element of struc-

tural integrity. Likewise, by forming contacts with a-II
and the loop connecting the two helices, the E–F turn

(Thr73, Gly75) may have an important role in the prop-

agation of order/disorder between the helical cap and

the bottom of the barrel.

Local and global unfolding of human I-BABP

addressed by molecular dynamics simulations

To study further the internal motions and local and

global unfolding of human I-BABP, the solution

NMR structure (PDB: 1O1U, [8]) was subjected to

MD simulations in explicit water at various tempera-

tures of 300, 350, 370 and 400 K. Although the 1-ls
simulations (400 ns at 400 K) are at the short end of

the time scale of the NMR studies, the results comple-

ment the NMR experiments revealing important

dynamic features of the molecule. Moreover, carrying

out the simulations at elevated temperatures, the 1 ls

Fig. 8. Ribbon representation of human I-BABP (PDB: 1O1U [8], left) and rat I-FABP (PDB: 1AEL [44], right) showing the conserved short-

(dashed line) and long-range (solid line) interactions. Residues involved in short-range, long-range, or both short- and long-range interactions

are depicted in yellow, blue and magenta respectively. Residues involved in multiple long-range interactions are marked with a green dot.
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time was sufficient to observe local and global unfold-

ing events of the protein. Results of MD simulations

are presented in Figs 10 and 11 and in Movies S1–S6
of the Supplementary Information. The MD trajecto-

ries were subjected to the following analyses: (a) sec-

ondary structure changes upon the MD trajectories

were calculated by DSSP algorithm [47]. (b) The tra-

jectories were analysed to find out which regions of

the protein exhibit correlated motions by the Bio3D

R-package cross-correlation analysis module [48]. (c)

By clustering the changes of the pairwise distances

between Ca atoms, we determined the regions of the

molecule that move together as rigid parts. To focus

on the slow motions, the fast fluctuations were aver-

aged out by 5 and 10 ns smoothing (averaging) on the

Ca positions. (d) 3D structures corresponding to char-

acteristic points of the simulations were analysed and

the polar and apolar solvent-accessible surface areas

were calculated.

At 300 K, the structure of human I-BABP is fairly

stable with fluctuations in the helical region (a-I, a-II)

and at the region of the E–F strands (Fig. 10A). Corre-

lated motion analysis with principal component analysis

resulted in cross-correlation matrices showing regions

with positive and negative correlations as well, revealing

the ‘breathing’ motion of the helical region (a-I, a-II)
and the E–F strands (Fig. 11A,B). This is concordant

with earlier results on conformational changes occurring

upon ligand binding [9]. Movies on the conformational

changes corresponding to the first two principal compo-

nents are presented as supplementary material (Movies

S1 and S2). When decomposing the together-moving

residues into two clusters, the E–F region together with

the bottom of the b-barrel is separated from the rest of

the molecule. Decomposing into three clusters shows

the separation of the helical cap (not shown). These

results are consistent with the NMR experiments.

At 350 K, fluctuations are observable in the helical

cap, and they are more pronounced in the DEF

region. The analysis for correlated motions points out

an increased breathing of the helical cap and the E–F
region (Fig. 11C, Movies S3 and S4). Noteworthy, in

the open conformation, a significantly increased expo-

sure of the inner hydrophobic surface is observed.

Clustering of the together-moving regions shows the

separation of the E–F region together with the bottom

of the b-barrel from the rest of the molecule

(Fig. 11D). Further splitting brings out the helical cap

and clustering into four groups separates the loose

turn between the E and F strands (Fig. 11E,F).

At an even higher temperature of 370 K, after

400 ns simulation a locally unfolded intermediate is

observed with fully opened and unfolded conformation

at the region of the E–F strands (Figs 10B and 11G,

H). This conformation is preserved for another 400 ns

followed by the uptake of a b-structure in the corre-

sponding region, however, with an altered b-sheet
architecture. Specifically, bF separated from bE,
rejoins the C-terminal b-sheet by forming stabilizing

contacts with bG. The rearrangement of the E–F
region is accompanied by a shortening of bA. This

‘unfolding intermediate’ exhibits largely increased

hydrophobic surface which can provide a propensity

for intermolecular interactions and aggregation

(Fig. 11H). Correlated motion analysis points out the

local unfolding event of the E–F region as a main

component (data not shown).

Finally, at 400 K, we observed large fluctuations in

the helical cap, and after 160 ns, a local unfolding of

the E–F strands. After 200 ns, starting at the E–F
region and spreading onto the entire molecule, a com-

plete unfolding of the molecule takes place within the

next 100 ns (Fig. 10C).

Fig. 9. Clustering of regions in human I-BABP based on the

assessment of similarity between individual amide 1H thermal

melting profiles. Chemical shift changes as a function of

temperature were normalized to the difference between the

experimentally detected chemical shift and the calculated random

coil value at 5 °C. The analysis was based on calculating the

pairwise root-mean-square deviations between normalized thermal

unfolding profiles. Clustering the data into six clusters yields three

main groups of residues (blue, yellow, orange) reflecting similarities

and differences in the temperature response of specific protein

regions. Four additional residues separating from the rest are

depicted in red (Met74, Ala127), green (Glu7), and black (Ile23).

Residues with less than ten temperature points were not included

in the analysis and are shown in white.
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Discussion

Cooperative unfolding and characteristics of the

partially unfolded U* state

Proteins trapped in partially unfolded states can

undergo uncontrolled self-association, a well-known

source of impaired functionality and disease states

[49,50]. In other cases, partial unfolding of specific

protein regions has functional implications in processes

such as ligand binding [51], signal transduction [52],

chaperone activity [53], channel gating [54]. iLBPs are

predominantly b-sheet proteins in which order–disor-
der transitions are thought to have an important role

in ligand uptake and release hence in intracellular lipid

transport and targeting, as well as ligand-mediated

regulation of the transcriptional activity of nuclear

receptors. Our joint NMR thermal melting and relax-

ation analysis complemented by MD simulations indi-

cates a complex internal dynamics for human I-BABP,

an extensively studied member of the iLBP family.

According to our data, thermal unfolding of the pro-

tein around 58–59 °C gives rise to global fluctuations

at the fast end of the ms time scale below room tem-

perature (10–18 °C) between the ground state and two

higher energy states with slightly different populations

and exchange kinetics, which at higher temperature

(25 °C) merge. The higher energy state(s), in the 10–
25 °C temperature range present at a few per cent, are

related to a partially unfolded state with a substantial

amount of residual structure in the N-terminal half

Fig. 10. Fluctuation of the secondary

structure of human I-BABP as revealed by

MD simulations. Secondary structure

composition of human I-BABP upon 1 ls

MD simulation at 300 K (A), 370 K (B) and

400 ns at 400 K (C) with 3D structures and

solvent accessible polar (blue) and apolar

(red) surface areas corresponding to every

200 ns (panel A, B) and 80 ns (panel C)

time-point shown at the top. The structure

of the protein is fairly stable with

fluctuations in the helical region (residues

Asn13-Asn33) and at the region of the E–F

strands (residues Glu68-Met85). At 370 K,

after 400 ns, a locally unfolded intermediate

is formed with fully opened conformation at

the region of the E–F strands (panel B). This

conformation is preserved for another

400 ns and then the corresponding region

uptakes a b-structure, however, in an

altered b-sheet architecture, where bF

separated from bE rejoins the C-terminal b-

sheet by forming stabilizing contacts with

bG (see the structure at 800 ns). The

rearrangement of the E–F region is

accompanied by a shortening of bA. In the

locally unfolded conformations, a

significantly increased exposed hydrophobic

surface is observed. At 400 K (panel C)

increased fluctuations are observed in the

helical regions and at the E–F strands. After

200 ns, starting in the E–F region, a global

unfolding process takes place which is

completed around 300 ns.
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(primarily in the helical region and the ABC b-strands)
and more disordered protein segments in the C-term-

inal half (primarily in the DEF region). The direct

relation of thermal unfolding to a global exchange

process in a wide temperature range rules against a

downhill folding mechanism in which local structure

would be expected to melt independently with no sub-

stantial correlation between the relaxation data and

the spectral properties of the partially unfolded state

(line broadening induced by conformational fluctua-

tions versus chemical shift difference between the F

and U* states). Accordingly, our joint analysis of

NMR thermal melting and relaxation data strongly

suggests a cooperative folding/unfolding mechanism

for human I-BABP, where the energy landscape is

dominated by a single barrier with a relatively ordered

Fig. 11. Dynamics of human I-BABP as revealed by MD simulations. (A, B) Cross-correlation matrices corresponding to the first and second

principal components of correlated movements in human I-BABP upon MD trajectory, respectively, at 300 K. Blue colour indicates positive

and magenta indicates negative correlation. (C) Human I-BABP structures characterizing the first principal component of the correlated

motions at 350 K. Grey ribbons show the transition between the two extremes (blue and red) reflecting a closed and an open conformation.

(D–F) Clustering of regions for the ‘slow’ motions that move together at 350 K into two, three and four clusters respectively. (G) Energy

minimized structure of the molecule at the beginning of the simulation at 370 K, and (H) locally unfolded intermediate observed around

600 ns. The corresponding polar (blue) and apolar (red) solvent-accessible surface areas are shown.
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ensemble on one side (native state) and less ordered,

more heterogeneous conformations on the other side

(denatured state). Cooperativity is also indicated by

the correlated motions revealed by MD simulations

involving the DEF region and the helical cap, as well

as the overlap of these segments with a cluster of resi-

dues displaying a highly similar thermal melting profile

(Fig. 9, yellow). We note that our findings do not rule

out the possibility of intermediates along the unfolding

pathway. In fact, the strong temperature dependence

of chemical shifts in the native state (Fig. 3C) and the

unfolding-related two distinct fluctuations with slightly

different exchange rates below room temperature

(Fig. 5A,C) indicate a complex pattern of internal

dynamics for human I-BABP where the presence of

intermediates is still possible.

According to our data, the partially unfolded U*
state has a high propensity to undergo dimerization.

This can be most easily envisioned by a conforma-

tional rearrangement in the most vulnerable DEF pro-

tein region (characterized with the most prevalent

DdF � U* chemical shift differences) giving rise to the

exposure of hydrophobic patches in the U* state. This

is strongly suggested by MD simulations where the

caught partially unfolded conformational state

(Fig. 10C, top) exhibits a significantly increased

hydrophobic surface. We note that dimerization via

hydrophobic interactions has been indicated for iLBPs

such as kidney and liver FABPs in the past [35,38]. It

should be emphasized that as rotational correlation

times correspond to a monomeric human I-BABP [14],

the formation of dimers must be transient in nature.

Transient association of the monomeric form has also

been suggested for chicken liver (cl) BABP [26], where

the formation of transient aggregates have been pro-

posed to account for the singular behaviour of a sub-

set of residues in urea denaturation experiments. The

affected residues in chicken liver bile acid-binding pro-

tein (cL-BABP) are mainly located in the G–H b-
strands as well as in the D–E, E–F and F–G turns that

is overlapping with segments exhibiting a pronounced

contribution of a third state in NMR thermal melting

in the human analogue. We note that preliminary

stopped-flow kinetic refolding experiments of human I-

BABP in the presence of a decreasing amount of urea

indicate conformational heterogeneity in the denatured

state with a rate-limiting kinetic step accounting for

~ 15% of the observed fluorescence change, possibly

corresponding to the dissociation of a dimerized state

before refolding can take place (data not shown).

According to the chemical shift differences between

the deconvoluted F and U* states, the most resistant

sites to temperature elevation are regions involved in

multiple pairwise interactions tying together different

secondary structure elements (Fig. 7B). However, both

conserved clusters contain a small number of primarily

peripheral residues (e.g. Lys35, Gly75, Val83, M85),

which exhibit high susceptibility to temperature rise. It

has been suggested that such protein sites of increased

vulnerability to physicochemical conditions (denatu-

rant, temperature) may act as unfolding initiation sites

[55]. As indicated by our NMR and MD simulation

results, differences in dynamic properties on the ls–ms

time scale are translated into different susceptibility to

temperature stress. Accordingly, we propose that the

highly dynamic, loose D–E turn and E–F regions are

likely the first to unfold in human I-BABP. Regarding

the spreading of disorder, peripheral residues of con-

served clusters in mobile regions exhibiting a high sus-

ceptibility to temperature elevation may have a key

role in the propagation of unfolding. This has implica-

tions for both the mechanism of unfolding and the

onset of self-association.

Comparison with the folding/unfolding

behaviour of other iLBPs

Most kinetic studies in the presence of denaturant indi-

cate a multistate folding/unfolding mechanism of iLBPs

[21,22,25,27]. Intriguingly, for human I-BABP, fluores-

cence and CD kinetic analysis of urea-induced unfold-

ing reports a single phase [27]. Our NMR thermal

melting and relaxation data in the absence of denatu-

rants indicate a complex pattern of internal dynamics

for the protein with a dominating single barrier and a

likely presence of rapidly exchanging conformational

substates along the unfolding pathway. Moreover, our

data show that before complete unfolding, human I-

BABP is trapped in a partially unfolded state contain-

ing a significant amount of residual structure. The U*
state with retained secondary and tertiary interactions

in response to thermal stress might share common fea-

tures with urea-induced molten globule-like unfolding

intermediates reported for CRABP-I [21] and rat I-

BABP [27] by stopped-flow kinetic measurements.

Several of the most resistant sites to temperature ele-

vation in human I-BABP (i.e. residues exhibiting low

values of chemical shift difference between the F and

U* states) correspond to conserved amino acid posi-

tions, which have previously been indicated to be part

of folding initiation sites in BABPs and related pro-

teins. The most illustrative examples include Phe47
(bB) and Phe63 (bC). These two amino acid positions

have been proposed to be part of a folding initiating

site in human I-BABP [31] and belong to a cluster in

I-FABP, which by stopped-flow fluorescence has been
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suggested to act as a nucleation centre for the propa-

gation of b-strands [22].
One of the major differences between hI-BABP and

I-FABP appears to be related to the local stability of

the N-terminal b-strand. While in I-FABP, the middle

of bA has been reported to be completely unfolded at

denaturant concentrations where residual structure is

still present elsewhere [56], in hI-BABP, the entire

strand possesses low susceptibility to temperature ele-

vation. The different folding behaviour of bA in I-

BABP and I-FABP are likely related to differences in

long-range interactions of bA between the two pro-

teins. In I-FABP, bA is primarily engaged in interac-

tions with the two C-terminal b-strands (Fig. 8B),

whereas in I-BABP it forms additional contacts with

six other strands (bB, bC, bF, bG, bH and bI) via

hydrophobic interactions. Additionally, there is a non-

conserved electrostatic interaction between Lys5 and

Glu39 (bB) in hI-BABP, with Glu39 being further

engaged in a salt bridge with His52 (bC). We note that

localized residual structure in the three N-terminal b-
strands has also been suggested for the chicken liver

BABP homologue in the presence of high concentra-

tions of urea [26].

Another important difference between hI-BABP and

FABPs involves the helical region. While in FABPs,

the helical region has been shown to have no signifi-

cant role in protein stability or the mechanism of the

formation of the b-barrel [57,58], recent studies of rab-
bit I-BABP [59] and human I-BABP indicate a possi-

ble role of the helices in the folding process.

Specifically, an 19F NMR investigation of human I-

BABP unfolding reports an exceptionally high chemi-

cal shift change for Phe17 between 4 and 8 M urea,

raising the possibility of its involvement in an early

folding intermediate [31]. Our residue-specific investi-

gation of the thermal response supports the role of the

helical segment in protein stability. Specifically, a sub-

stantially below-average DdF � U* throughout a-I indi-

cates a residual structure in the region before global

unfolding. While stabilization of a-I by short-range

pairwise interactions in hI-BABP and I-FABP is rather

similar, long-range interactions of Ile28 with multiple

residues in a-I provides an additional source of stabi-

lization in hI-BABP. Furthermore, as mentioned

above, side-chain interactions between residues Tyr14,

Phe17, Leu21, Ile114, Val117 and Tyr119 couple the heli-

cal cap to the C-terminal segment of the b-barrel,
specifically to bI.

Unlike the helical segment and the three N-terminal

b-strands, the DEF region of human I-BABP exhibits

DdF � U* chemical shift differences substantially

exceeding the average (Fig. 7). The exceptions include

two conserved residues on bD (Phe63, Val65) and a

short segment in the E–F turn (Ile71-Met74). The D–E
region of iLBPs is unique in the sense that there are

no hydrogen bonds between the backbone atoms of

the adjacent strands and the source of stabilization is

limited to van der Waals contacts between hydropho-

bic side chains (in hI-BABP: Phe63, Val65 (bD),

Ile71(bE) and Val83(bF)). Similar to hI-BABP, residues

stabilizing the DE-region in I-FABP are part of a

hydrophobic cluster associated with an initial

hydrophobic collapse during the folding process [60].

Also, Leu64 of the D–E turn has been found to have a

crucial role in the final stabilization of the b-barrel in
rat I-FABP [19]. Intriguingly, while in I-FABP there

are additional nonconserved hydrophobic residues in

bD and bE stabilizing the region (VVFELGVD

FAYSL), in hI-BABP many of them are substituted by

a polar side chain (NKFTVGKESNIQT) suggesting

that in hI-BABP the D–E region is substantially less

stabilized.

Functional implications of variations in local

stability

The mechanism of ligand entry and exit in iLBPs has

been a subject of interest for many years [1,15]. Disor-

der–order transitions are thought to play a key role in

the regulation of ligand entry and release. According to

the so-called dynamic portal hypothesis, a localized

region of backbone disorder exists in the helical cap in

the apo form of rat I-FABP, which together with the

proximate C–D- and E–F turns acts as a flexible gate

permitting ligand entry [44,61]. Weakened capping

interactions of a-II has been proposed to be responsible

for the disorder in the apo state, whereas the binding of

palmitate induces a series of interactions between a-II
and the neighbouring C–D turn stabilizing the last four

residues of the helix and shifting the order-disorder

equilibrium towards a more ordered, closed state [61].

In the related CRBP I and II proteins, while there is no

sign of increased picosecond mobility in the absence of

ligand, CPMG relaxation dispersion experiments have

shown the presence of conformational fluctuations in

the helical region [62]. Moreover, in apo CRBP II, the

increased values of conformational exchange rates and
15N chemical shift differences between the exchanging

populations in a-II are parallel with a structural disor-

der in the region [62]. Unlike in FABPs and some of

the reported CRBP structures, studies of chicken liver

and human ileal BABPs show evidence of a conforma-

tional equilibrium between a closed and a more open

protein state with the involvement of the E–F and G–
H protein regions allowing access to the otherwise
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enclosed binding cavity [13,14]. In cl-BABP, protona-

tion/deprotonation of a nearby histidine has been

found to be closely related to the opening/closing tran-

sition [13], and in both proteins a conformational selec-

tion mechanism of ligand binding is suggested by

NMR dynamics and structural data [9,63]. The

increased vulnerability to temperature elevation of the

DEF region in human I-BABP revealed by our NMR

spectroscopic investigation indicates that under specific

conditions (proton gradient, collision with lipid bilay-

ers), segments in this protein region are likely the first

to undergo a partial unfolding process. This can have

implications for ligand entry and release modulated by

interaction with the cell membrane of enterocytes and

hepatocytes during enterohepatic circulation [3].

Importantly, the partial unfolding accompanied by

membrane interaction is thought to be a reversible pro-

cess modulated by the presence of ligands [17]. In line

with this, the stabilizing role of bile salts is supported

by our observation that when monitoring intrinsic tryp-

tophan fluorescence, the holo form of human I-BABP

melts at approximately one degree higher temperature

than the unligated form (data not shown) and that mil-

lisecond fluctuations, which according to our results,

are closely related to a partial unfolding process, cease

upon ligand binding [12].

The protein sites exhibiting increased susceptibility

to temperature elevation can also have implications for

ligand-mediated nuclear translocation mechanisms and

the enhancement of the transcription activities of

nuclear receptors [4]. Specifically, the presence of

nuclear localization signals and nuclear export signals

have been reported to mediate nuclear translocation in

FABP4 [64] and CRABP-II [18], and it has been sug-

gested to be a general mechanism of signalling in

iLBPs [64]. Nuclear import is in general thought to be

mediated by three basic residues in the helix-loop-helix

region, whereas appropriately positioned hydrophobic

residues at the bottom of the b-barrel [64] have been

found to be critical for nuclear export. According to

our results, both the linker connecting the helical

region to the b-barrel and segments of the DEF b-
strands show an enhanced plasticity in human I-BABP

and may have a role in exposing the corresponding

basic (e.g. Lys19, Lys30, Arg32) and hydrophobic (e.g.

Val65, Leu90, Val91) side chains in a geometrical

arrangement appropriate for signalling.

In conclusion, NMR spectroscopy in conjunction

with CD and fluorescence spectroscopies and MD sim-

ulations were used to gain insight into the relationship

between internal dynamics and protein stability in

human I-BABP, a predominantly b-sheet protein,

where aggregation poses a serious challenge. One of

the main conclusions of our work is that there is a

direct structural and thermodynamic relation between

the main unfolding transition and a global ls–ms con-

formational fluctuation observed below the melting

point in a wide temperature range. This strongly indi-

cates a cooperative mechanism of unfolding for human

I-BABP noting that the protein displays a rather com-

plex pattern of internal dynamics with a likely pres-

ence of conformational substates and even the

possibility of intermediates along the unfolding path-

way. Besides arguing for cooperativity, the joint analy-

sis of NMR thermal melting and relaxation dispersion

data reveals the existence of a partially unfolded U*
state trapped before protein aggregation with a high

propensity for dimerization. According to NMR mea-

surements and MD simulations, non-native conforma-

tion responsible for the onset of self-association is

primarily located in segments of the DEF region. The

identified regions of high plasticity can have a key role

in regulating ligand binding and release, as well as the

exposure of signalling motifs associated with nuclear

translocation. Besides providing insights into the

mechanism of unfolding, our residue-specific analysis

of temperature response reveals several key amino acid

positions and protein segments, which can serve as tar-

gets for the modulation of protein stability. This can

have implications for the future development of phar-

maceutical agents affecting bile salt metabolism and

the engineering of BABP-based drug carrier systems.

Materials and methods

Protein biosynthesis and purification

For unenriched protein, the Escherichia coli strain MG1655,

transformed with the pMON5840-hI-BABP construct, was

incubated overnight in 50 mL LB media containing

100 lg�mL�1 ampicillin, then divided and transferred into

two 2-L flasks, containing 700 mL LB media each. Protein

expression, under control of the recA promoter, was

induced by the addition of 7 mL 10 mg�mL�1 nalidixic acid

to the growing culture at OD600 ~ 1.5 and cells were allowed

to grow 3–4 h more, harvested and frozen at �70 °C. For
uniformly 15N-enriched protein, the transformed E. coli

strain was incubated overnight (37 °C, 250 r.p.m.) in 50 mL

nonisotope-enriched minimal media (6 g�L�1 Na2HPO4,

3 g�L�1 KH2PO4, 0.5 g�L�1 NaCl, 1 g�L�1 NH4Cl, 1 mM

MgSO4, 5 g�L�1
D-glucose, 25 mg�L�1 thiamine.HCl,

0.1 mM CaCl2 and trace metals according to Li et al. [65]

containing 100 lg�mL�1 ampicillin, then transferred into a

2-L flask, containing 700 mL fresh isotope-enriched minimal

media with 0.7 g 15NH4Cl. Protein expression, under the

control of the recA promoter, was induced by the addition

of 7 mL 10 mg�mL�1 nalidixic acid to the growing culture
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at OD600 ~ 2.0 and cells were allowed to grow 3–4 h more,

harvested and frozen at �70 °C. For unenriched and 15N-

enriched proteins, the cell pellet was thawed in ~ 10–20 mL

of 20 mM Tris-Cl, pH 8.0, 5 mM EDTA, containing a

broad-spectrum protease inhibitor mixture (Roche Molecu-

lar Biochemicals, Basel, Switzerland). The protein was

released by processing the cell suspension through an Emul-

siflex C5 homogenizator (Avestin, Mannheim, Germany)

three to four subsequent times. The homogenized cell sus-

pension was subjected to centrifugation at 4 °C, 23 000 g

for 30 min. The clarified supernatant was chromatographed

on a 25 9 5 cm column of Q-Sepharose Fast Flow. Dialysis

was carried out against multiple changes of 10 mM Tris,

pH = 8.2, 0.05% NaN3 at 4 °C, until the A260/A280 absor-

bance ratio decreased below 0.7 followed by gel filtration

chromatography using a 110 9 2.5 cm column of Sephadex

G-50. Delipidation was achieved by passing the protein

solution over a column of lipophilic Sephadex type VI

(Sigma product no. H-6258, Sigma-Aldrich, St. Louis, MO,

USA) pre-equilibrated with 20 mM potassium phosphate,

50 mM KCl and 0.05% NaN3 (pH 6.3) at 37 °C [66]. Protein

purity, as assessed by overloaded Coomassie-stained SDS/

PAGE gels, was > 98%. Protein concentration was deter-

mined by absorbance at 280 nm using an extinction coeffi-

cient of 12 930 M
�1�cm�1 obtained by composition analysis

according to Pace et al. [67].

Fluorescence and CD spectroscopy

To monitor temperature-induced spectral changes, fluores-

cence emission spectra were recorded in the range of 290–
510 nm on a Jobin-Yvon Fluoromax-4 (Horiba Scientific,

Kyoto, Japan) photon counting spectrofluorometer between

5 and 85 °C in 10 °C steps. Protein solutions were excited

at 297 nm and the fluorescence spectra were recorded.

Far-UV CD measurements were performed in sealable

quartz cells of 0.1 cm pathlength using a Jasco J-810 (Jasco,

Easton, MD, USA) spectrophotometer. Spectra were recorded

in the range of 200–280 nm between 5 and 100 °C in 5 °C
steps. Five scans were averaged at each temperature point. A

continuous heat-up of the sample was measured at 215 nm

from 5 to 98 °C with a scanning rate of 60 °C�h�1. Tempera-

ture was controlled using a PFD-425S Peltier-type heating sys-

tem. CD spectra were analysed using the BeStSel algorithm

[30]. CD band intensities are expressed in mean residue elliptic-

ity ([Θ]MR, deg cm2�dmol�1). Fluorescence and far-UV CD

spectroscopy measurements were carried out in 20 mM potas-

sium phosphate, 50 mM KCl and 0.05% NaN3 at pH = 6.3

with a protein concentration of 2 and 15 lM respectively.

NMR data collection and analysis

Two-dimensional 1H-15N HSQC experiments [68] were car-

ried out on a 600 Varian NMR SYSTEMTM (Varian, Palo

Alto, CA, USA) spectrometer equipped with a 5-mm indi-

rect detection triple (1H13C15N) z-axis gradient probe at the

following temperatures: 5, 8, 11, 14, 17, 20, 23, 26, 29, 32,

37, 42, 45, 48, 51, 54 °C. Pulse widths were adjusted at each

temperature and were ranging from 7.5 ls (5 °C) to 8.7 ls
(54 °C) for 1H and 32–33 ls for 15N. Spectra were acquired

with spectral widths of 8012 and 2000 Hz in the 1H and 15N

dimensions respectively. The number of complex points in

the 1H dimension was 2048, subsequently zero-filled to a

total of 4096 points. The number of increments in the indi-

rectly detected dimension was 256, subsequently linear pre-

dicted to 512. Gaussian and exponential weighting functions

were applied in the F2 (1H) dimension, whereas the F1 (15N)

dimension was Gaussian weighted only. Measurements were

carried out in a buffer containing 20 mM potassium phos-

phate, 50 mM KCl and 0.05% NaN3 at pH = 6.3 with a pro-

tein concentration of 100 lM. The 1H chemical shifts were

referenced externally to 2,2-dimethylsilapentane-5-sulphonic

acid (DSS), whereas the 15N chemical shifts were referenced

indirectly to DSS [69]. Backbone amide (d1H, d15N) chemical

shifts as a function of temperature were fit to

d1H=15NðTÞ ¼ xFðTÞdF1H=15N þ xU
� ðTÞdU�

1H=15N ð1Þ

for two-state transitions, and

d1H=15NðTÞ ¼ xFðTÞdF1H=15N þ xIðTÞdI1H=15N þ xU
� ðTÞdU�

1H=15N

ð2aÞ

or

d1H=15NðTÞ ¼ xFðTÞdF1H=15N þ c1x
U� ðTÞdU�

1H=15N

þ 2c2x
dimðTÞdU�2

1H=15N ð2bÞ

for three-state transitions, where xk is the molar frac-

tion of state k at a given temperature and dk is its
1H/15N chemical shift (k = F, I, U*, U*2) [34]. Values

of xk as a function of temperature were determined

using the Gibbs–Helmholtz equation. Specifically, the

free energy change in an unfolding transition at a speci-

fic temperature can be given in terms of the changes in

enthalpy (DH), heat capacity (DCp) and the melting

temperature (Tm) as follows.

(i) For a two-state F↔U* process:

DGF�U� ðTÞ ¼ DHF�U� ðTF�U�
m Þ 1� T

TF�U�
m

� �

þ DCF�U�
p T� TF�U�

m � T ln
T

TF�U�
m

� �� �
ð3Þ

where

DGF�U� ðTÞ ¼ �RT lnKF�U� ð4Þ

The molar fraction of the components at a specific

temperature can be calculated as
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xFðTÞ ¼ 1

1þ KF�U� ð5aÞ

and

xU
� ðTÞ ¼ KF�U�

1þ KF�U� ð5bÞ

(ii) For a three-state F↔I↔U* process:

DGF�IðTÞ ¼ DHF�IðTF�I
m Þ 1� T

TF�I
m

� �

þ DCF�I
p T� TF�I

m � T ln
T

TF�I
m

� �� �
ð6aÞ

DGI�U� ðTÞ ¼ DHI�U� ðTI�U�
m Þ 1� T

TI�U�
m

� �

þ DCI�U�
p T� TI�U�

m � T ln
T

TI�U�
m

� �� �
ð6bÞ

DGF�IðTÞ ¼ �RT lnKF�I ð7aÞ

DGI�U� ðTÞ ¼ �RT lnKI�U� ð7bÞ

The molar fraction of the components at a specific

temperature can be calculated as

xFðTÞ ¼
1

KF�I

KI�U� þ 1þ 1
KF�I

ð8aÞ

xIðTÞ ¼ 1

KI�U� þ 1þ 1
KF�I

ð8bÞ

and
xU

� ðTÞ ¼
1

KI�U�

KI�U� þ 1þ 1
KF�I

ð8cÞ

(iii) For a three-state process, when F↔U* is followed by a

dimerization of U*:

DGF�U� ðTÞ ¼ DHF�U� ðTF�U�
m Þ 1� T

TF�U�
m

� �

þ DCF�U�
p T� TF�U�

m � T ln
T

TF�U�
m

� �� �
ð9aÞ

DGdimðTÞ ¼ DHdimðTdimÞ 1� T

Tdim

� �

þ DCdim
p T� Tdim � T ln

T

Tdim

� �� �
ð9bÞ

where

DGF�U� ðTÞ ¼ �RT lnKF�U� ð10aÞ

DGdimðTÞ ¼ �RT lnKdim ð10bÞ

The molar fraction of the components at a specific

temperature can be calculated as

xFðTÞ ¼
�ð1þ c1K

F�U� Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ c1KF�U� Þ2 þ 8c21c2K

dimKF�U�
KF�U�

q
4c21c2K

dimKF�U�
KF�U�

ð11aÞ

xU
� ðTÞ ¼

�ð1þ c1K
F�U� Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ c1KF�U� Þ2 þ 8c21c2K

dimKF�U�
KF�U�

q
4c21c2K

dimKF�U�

ð11bÞ

and

xdimðTÞ¼

�ð1þc1K
F�U� Þþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þc1KF�U� Þ2þ8c21c2K

dimKF�U�
KF�U�

q
4c21c2K

dimKF�U�

0
@

1
A

2

Kdim

ð11cÞ

Scaling factors c1 and c2 were introduced into Eqns (2b)

and (11a–c), to correct for partially unfolded monomers

and dimers that turned into larger aggregates and due to

their high molecular weight (slow rotational correlation)

and heterogeneity are not expected to contribute. c1 and c2
were optimized by performing a grid search for a subset of

15 residues located in various secondary structure elements

throughout the protein yielding an average value of

c1 = 0.96 � 0.06 and c2 = 0.54 � 0.08 indicating that on

average, monomeric species are not much affected, whereas

about half of the formed dimers do not report. As c1 and

c2 should be temperature dependent, which to keep the

number of fitted parameters minimal we did not take into

account, this is a crude but reasonable estimate. We note

that while the scaling factors naturally influenced the exact

values of fitted parameters, they had only a marginal effect

on the DdF � U* chemical shift difference.

For a joint analysis of NMR thermal melting and con-

formational exchange, relaxation compensated CPMG [70]

relaxation dispersion data were collected and analysed as

described previously [14].

For the cluster analysis of individual amide 1H unfolding

profiles, chemical shift changes as a function of tempera-

ture were normalized for each residue using

dHN
norm;T ¼ dexp;T � dexp;5�C

dexp;5�C � drc;5�C

where dexp,T and dexp,5 °C are chemical shifts detected

at temperature T and 5 °C, respectively, and drc,5 °C is

a sequence-corrected calculated random coil chemical

shift at 5 °C (pH = 6.3) [71,72]. The analysis was per-

formed by clustering the temperature series of normal-

ized chemical shifts according to the root-mean-square

deviations using an in-house program.
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Analysis of conserved pairwise interactions

Amino acid sequence of 94 members of the iLBP family

with different organism-, tissue- and ligand specificity was

analysed. Specifically, about equal number of FABP (in-

testinal/brain/adipocyte), CR(A)BP I/II and BABP pro-

teins were selected from rat, mouse, bovine, chicken, frog,

fish and human from the SWISSPROT database sharing a

sequence identity > 20% with human I-BABP. Multiple

sequence alignment of the sequences was carried out using

the CLUSTAL OMEGA program [73]. Amino acids responsible

for structural conservation within the family were analysed

based on identity and similarity, for the latter relying on

the Gonnet Pam250 matrix [74]. Accordingly, using the

groupings of ‘STA’, ‘NEQK’. ‘NHQK’, ‘NDEQ’,

‘QHRK’, ‘MILV’, ‘MILF’, ‘HY’, ‘FYW’, ‘C’, if an amino

acid is replaced by another one belonging to the same

group, then that substitution was considered to be a con-

served mutation. The identification of conserved pairwise

interactions was based on the solution NMR structure of

human I-BABP (PDB: 1O1U) [8]. Specifically, residues i

and j were considered to be interacting if any side-chain

atom of residue i is within 4.0 �A of any side-chain atom

of residue j in more than 50% of the lowest energy struc-

tural ensemble. Interactions with |i � j| > 5 and |i � j| < 6

were classified as long- and short-range interactions

respectively.

Molecular dynamics simulations

The solution NMR structure of human I-BABP [8] was

subjected to MD simulations as implemented in GROMACS

[75], using the AMBER-ff99SB*-ILDNP force field [76].

The system was solvated by ~ 5016 water molecules with

TIP4P parametrization [77]. The total charge of the system

was neutralized, and the physiological salt concentration

was set by placing Na+ and Cl� ions. Energy minimiza-

tion of starting structures was followed by sequential

relaxation of constraints on protein atoms in three steps

and an additional NVT step (all of 200 ps) to stabilize

pressure. One microsecond trajectories of NPT simulations

at 300, 350 and 370 K and a 400-ns trajectory at 400 K

at 1 bar were recorded (collecting snapshots at every

20 ps). Secondary structure compositions of the frames of

MD trajectories were determined by DSSP algorithm [47].

Molecular graphics was performed with the UCSF CHIMERA

package (University of California, San Francisco) [78].

The VMD [79] and BIO3D R-package [48] were used to anal-

yse the correlated motions and for the principal compo-

nent analysis (PCA). All Ca atoms were used for

trajectory frame superposition and for PCA resulting prin-

cipal components (orthogonal eigenvectors) describing the

axes of maximal variance of the distribution of movement

of the structures. To analyse which atomic displacements

in the trajectory are correlated with one another, we used

Bio3D cross-correlation analysis module [48]. The first

100 ns of the trajectories were excluded from the analysis.

We used an in-house program to find out which regions

of the molecule move together. The calculation was based

on the clustering of the time series of alterations of pair-

wise distances between Ca atom positions. To focus on

the slow movements of the system, fast motions were

averaged by 5 and 10 ns (i.e. 250 and 500 frames) averag-

ing to determine the Ca atom positions before the calcula-

tion. Hydrophilic and hydrophobic surfaces were

calculated using Getarea with a water probe of size 1.4 �A

[80].
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Supporting information

Additional Supporting Information may be found

online in the supporting information tab for this arti-

cle:
Table S1. Thermodynamic and structural parameters

obtained by fitting the temperature-dependent 1H-15N

HSQC spectra of [99% 15N-labelled] human I-BABP

(20 mM K-phosphate, 50 mM KCl, 0.05% NaN3, 10%

D2O, pH = 6.3) using a three-state model assuming a

main F↔U* transition and a subsequent dimerization

of the U* state.

Fig. S1. Alignment of 94 iLBP sequences with different

organism-, tissue- and ligand specificity.

Movie S1. The first principal component of movements

analysing the 1 ls MD simulation at 300 K.
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Movie S2. The second principal component of move-

ments analysing the 1 ls MD simulation at 300 K.

Movie S3. The first principal component of movements

analysing the 1 ls MD simulation at 350 K.

Movie S4. The second principal component of move-

ments analysing the 1 ls MD simulation at 350 K.

Movie S5. The first principal component of movements

analysing the 1 ls MD simulation at 370 K.

Movie S6. The second principal component of

movements analysing the 1 ls MD simulation at

370 K.
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