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A B S T R A C T   

In order to highlight the role of hydrophobic interactions in the molten globule (MG) state of globular protein 
modulated by surfactants, the interactions of bovine α-lactalbumin (α-LA) with alkyl trimethylammonium bro
mides (CnTAB, n = 10, 12, 14, and 16) have been studied by experimental and theoretical techniques. Isothermal 
titration calorimetry (ITC) showed that the enthalpy changes (ΔH) and area of the enthalpogram increased with 
increasing the chain length of CnTAB. The result of fluorescence, circular dichroism (CD) and 1H nuclear mag
netic resonance (NMR) spectrum suggested that C10TAB and C12TAB unfolded α-LA partially, C14TAB recon
structed protein with a native-like secondary structure content, and C16TAB induced an MG state α-LA. The SAXS 
results confirmed that the tertiary structure of α-LA was disrupted by C16TAB forming an MG state complex with 
a micelle-like structure even at the surfactants concentrations below CMC. As indicated by MD results, the 
β-domain and unstructured region(s) were involved in the MG state α-LA modulated by CnTAB. This work not 
only provides molecular insights into the role of hydrophobic interactions in the MG state of a globular protein 
but also helps understand the mechanism of preparing α-LA based biomacromolecule modulated by hydrophobic 
interactions.   

1. Introduction 

Protein–surfactant interactions are of great significance for basic 
research in life science, biomedicine, drug development, etc. They also 
have extensive applications in the food industry, pharmaceutical in
dustry, and, not the least, fabric and homecare detergent industry [1]. 
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
owes the most prevalent as an analytical tool in protein science to the 
capacity of SDS to denature proteins [2]. Previous studies [3–7] 
concluded that protein–surfactant interactions can be multi-step. 
Although details differ from protein to protein, surfactant to surfac
tant, the first stage involves the association of a few individual surfac
tant monomers with the protein, and the subsequent step generally leads 
to the modification or reconstruction of the protein’s structure 
(depending on the nature of surfactant). In this stage, the change in the 
structure of the protein develops over time, in which many intermediate 
states of the protein-surfactant complex have been detected and 

confirmed after a few milliseconds to seconds by experimental and 
theoretical simulation techniques [8–10]. When the surfactant is present 
at a sufficiently high concentration to achieve the saturation binding 
step. 

Motivated by the widespread applications of surfactants, many in
vestigations have been devoted to the understanding protein-surfactant 
interactions, both in the bulk and at interfaces [11]. Saha et al. [12] 
reported that the unfolding of bovine serum albumin (BSA) increased 
with increasing the chain length of the n-alkyl trimethylammonium 
bromide surfactants. Andersen and Otzen [13] revealed that ionic sur
factants with shorter alkyl chains lead to dramatically slower denatur
ation protein kinetics with the expected reduction in binding affinity 
and unfolding rates. Moreover, Højgaard et al. [2] studied that a protein 
completely lacking charged side chains was unfolded by SDS in a 
manner similar to charged proteins, suggesting that formal protein 
charges were not required for SDS-induced protein unfolding or binding. 
Despite extensive investigations focusing on such interactions, there are 
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still outstanding issues, mainly because such interactions are 
molecule-specific and vary significantly with the size and nature of the 
surfactants as well as the relative contribution of hydrophobic in
teractions to the intermediate states under research [11]. 

One of the best-studied intermediate states is that formed by 
α-lactalbumin (α-LA). As a model globular protein, α-LA contains 123 
amino acid residues and has a molecular mass of 14.2 kD. The structure 
of α-LA is divided into two domains, one is mainly helical (the α-domain) 
and the other has a significant content of β-sheet (the β-domain). In the 
condition of pH-range 4.2–3 and above pH 9.5, moderate guanidinium 
chloride concentrations, or elevated temperatures (apo-form), α-LA 
forms a compact globular structure (the A-state) that lacks the specific 
side chain packing that is characteristic of native conformation, which is 
commonly termed molten globule (MG) state by substantial secondary 
structure arranged in an overall native-like fold, a compact shape, for
mation of hydrophobic core exposed to solvent, and the absence of 
tertiary structure [14,15]. The MG state is an equilibrium unfolding 
intermediate under mildly denaturing conditions of many globular 
proteins such as α-LA, cytochrome c and apomyoglobin [16]. 

In order to highlight the role of hydrophobic interactions in the in
termediate states of globular protein modulated by surfactants, we have 
investigated the unfolded and MG state of α-LA induced by ammonium 
bromide surfactant with different chain length (CnTAB, n = 10,12,14,16) 
using isothermal titration calorimetry (ITC), fluorescence and circular 
dichroism (CD) spectra, small-angle x-ray scattering (SAXS) as well as 
molecular dynamics (MD) simulation. This work not only describes the 
overall binding of CnTAB with α-LA in the secondary structure and 
conformation but also provides more insights into the role of hydro
phobic interactions in the MG state of globular protein modulated by 
surfactants. 

2. Materials and methods 

2.1. Materials 

Bovine α-lactalbumin (α-LA, ≥95%), decyl-trimethylammonium 
bromide (C10TAB, ≥98%), dodecyl-trimethylammonium bromide 
(C12TAB, ≥98%), myristyl-trimethylammonium bromide (C14TAB, 
≥98%) and trimethyl-stearylammonium bromide (C16TAB, ≥98%) 
were purchased from Sigma-Aldrich (St. Louis, USA) and used without 
further purification. All samples were prepared with 10 mM pH 7.0 PBS 
buffer. Ultra-high-purity water was prepared using a Millipore SAS- 
67120 (Molsheim, Cedex, France). 

2.2. Isothermal titration calorimetry (ITC) 

The ITC measurements were performed with a MicroCal iTC200 (GE 
Healthcare Life Sciences). Briefly, 200 μL buffer or α-LA solution with 
concentration of 30, 60, 90, 120 or 150 μM was injected into the sample 
cell and then was titrated by CnTAB solution in a 40 μL syringe. The 
concentration of CnTAB was approximately ten times higher than its 
critical micellar concentration (CMC) (CMC of CnTAB (n = 10, 12, 14 
and 16) is 60, 8, 2 and 0.1 mM respectively [7]). For each titration step, 
a volume of 1 μL of CnTAB solution was injected into the cell. The ob
tained heat flux signals (the fluxogram) were integrated by the Origin™ 
software supplied by MicroCal™ to obtain the corresponding ΔH value 
of the enthalpogram. 

2.3. Fluorescence spectrum 

Steady-state fluorescence measurements of the α-LA solution (30 μM) 
containing different concentrations of CnTAB injected into a 10 mm 
quartz cuvette (Hellma, Germany) were carried out using Cary Eclipse 
fluorescence spectrophotometer (Varian Ltd.) with an excitation wave
length of 280 nm and an emission range between 285 and 450 nm. Both 
excitation and emission slits widths were set at 5 nm with a scanning 

speed 200 nm/min for an average of three accumulations. The back
ground correction was conducted using pH 7.0 PBS buffer. All mea
surements were performed at 25 ◦C. 

2.4. Far- and near-UV circular dichroism (CD) spectra 

Far-UV and near-UV circular dichroism (CD) spectra were recorded 
on a JASCO J-810 spectropolarimeter (Jasco, Japan). Wavelength scans 
were recorded in the range of 195–260 nm (bandwidth 0.5 nm and path 
0.1 cm) for far-UV CD and 250–320 nm (bandwidth 1.0 nm and path 0.5 
cm) for near-UV CD. The scanning speed was 10 nm/min with 4 s of 
response for three accumulations. Background contributions from the 
buffer were subtracted. The results were presented as the mean residue 
molar ellipticity [θ] (deg cm2 dmol− 1) versus wavelength (nm). The 
secondary content of protein was analyzed using deconvolution soft
ware CDNN2.1 (Circular Dichroism analysis using Neural Networks) 
(http://gerald-boehm.de/download/cdnn) [17]. The background 
correction was conducted using pH 7.0 PBS buffer. All measurements 
were performed at 25 ◦C. According to the X-ray study of bovine α-LA in 
a hexamer state, α-LA contains three major helices per monomer con
sisting of 38 residues [18]. The residue number of the major α-helix 
segments accounts for 31–32% of the 123 residues. The curve-fitting of 
the CD spectrum of bovine α-LA has been reported to give the helical 
content of 34% at 25 ◦C [19–21]. The concentration of α-LA used was 
0.015 and 0.03 mM for far-UV and near-UV CD, and the CnTAB to pro
tein ratio was derived from the stoichiometry of ITC. The original helical 
content was used throughout the present paper. 

2.5. Nuclear magnetic resonance (NMR) measurements 

NMR measurements were performed on a 600 MHz Bruker spec
trometer equipped with a field gradient probe (located at Tsinghua 
University). NMR tubes (5-mm) were used with accounting D2O of 30%. 
A total of eight scans were collected with a recycling delay of 1 s. In each 
run, eight dummy scans were applied to the sample before the actual 
experiment was carried out. For protein self-diffusion measurements, 
the spectral width was 20 ppm and 16 scans were collected with a 
recycling delay of 2 s. All 1D 1H NMR data were Fourier transformed 
with 0.3- to 1.0-Hz exponential line broadening. All the measurements 
were performed at 25 ◦C. 

2.6. Small angle X-ray scattering (SAXS) 

All SAXS measurements were performed on the BL19U2 beamline at 
NFPS (Shanghai, China), equipped with a robotic sample changer and a 
Pilatus 1 M detector (DECTRIS, Ltd.) with an exposure time of 1 s [22]. 
The wavelength of the incoming monochromatic X-ray beam is λ = 1.54 
Å with a q-region from 0.009 to 0.437 Å− 1. The resulting data is dis
played as a function of the modulus of the scattering vector q, where q is 
defined as q= 4πsin(θ)/λ, where 2θ is the scattering angle. All mea
surements were performed at 25 ◦C. Buffer subtraction from samples, 
data reduction and normalization with transmitted beam intensity were 
performed using BioXTAS RAW software (Version 1.2.1) [23]. SAXS 
data analysis was carried out by the ATSAS software program suite 
(Version 3.0.0) [24]. The CRYSOL was employed to evaluate the 
experimental solution SAXS data from α-LA with theoretical scattering 
data from atomic structure, and the goodness of fitting is determined by 
the discrepancy value (χ2) between theoretical and experimental data as 
well as visual inspection [25]. The ab initio models were reconstructed 
by the DAMMIN with a q-range of 0.009–0.437 Å− 1 [26]. Thirty inde
pendent runs were performed and the resulting models were averaged 
by DAMAVER [27] and filtered by DAMFILT to generate the final model. 
The alignment of the atomic structure with the ab initio model was 
superimposed using SUPCOMB program [28] based on the normalized 
spatial discrepancy (NSD) criteria. 
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2.7. Molecular dynamic (MD) simulation 

MD simulations and subsequent analyses were carried out with the 
GROMACS 2018.2 package. The AMBER99SB-ILDN force field was used 
for the α-LA alone and the gaff2 force field was used for the α-LA con
taining 40, 20, 10 or 5 C10TAB, C12TAB, C14TAB or C16TAB molecules 
according to the ITC inflection points. A cubic box with a minimum 
spacing of 1 nm for all edge-to-protein distances was used as the simu
lation box to solvate α-LA with transferable intermolecular potential 
with three points (TIP3P) for water molecules, and a specified number of 
surfactants were added to the box randomly using the insert-molecules 
command in GROMACS. The complex was then neutralized by adding 
counterions (Na+/Cl-) with an ionic strength of 10 mM [29]. The sys
tems were initially minimized energetically through 10,000 steps with 
the steepest descent methods [30]. Then the system was heated to 300 K 
in the canonical ensemble (NVT) during 100 ps MD simulation and 
equilibrated for another 100 ps in the isothermal-isobaric (NPT) 
ensemble. The production run was performed for 300 ns for protein and 
each complex. During the simulation, the LINCS algorithm was used to 
constrain the bond length [31]. MD simulations were run with a 2 fs time 
step. Isothermal and isobaric coupling constants were kept at 0.1 ps and 
2 ps, respectively, bringing the system to a stable environment of 300 K 
temperature and 1 bar pressure. A 10 Å cut-off was enforced to restrict 
short-range interactions, while van der Waals interactions were 
restricted to 14 Å. The trajectory was saved every 60 ps. The stability of 
the dynamic system was evaluated by the values of the radius of gyration 
(Rg), root mean square deviation (RMSD) and root mean square fluc
tuation (RMSF) derived from GROMACS. The secondary structure of 
α-LA was analyzed by the DSSP program [32]. The automated force field 
topology builder obtained the original coordinates of CnTAB molecules 
[33,34]. 

3. Results and discussion 

3.1. Thermodynamic of binding of CnTAB to α-LA 

The isothermal titration calorimetry (ITC) enthalpogram profiles of 
CnTAB titrated into series concentrations of α-LA (30–150 μM) were 
determined. The enthalpogram behavior of CnTAB titrated into PBS 
buffer has been investigated previously and the critical micellar con
centration (CMC) of CnTAB (n = 10, 12, 14 and 16) is found to be 50 mM, 
6 mM, 2 mM and 0.25 mM, respectively [7]. As seen from Fig. 1, the 
shape of the α-LA ITC curve varies from C10TAB to C16TAB and the 
enthalpy change (ΔH) profile obtained by the endothermic peak as well 
as exothermic peak area increases with increasing concentrations of 
protein, demonstrating that the larger protein amounts need more 
CnTAB molecules to meet unfolding and structural reconstruction, and 

thus led to an increased ΔH [5]. 
The ITC curves show the first peak between 10 and 40 mM C10TAB, 

1–6 mM C12TAB, 0–1 mM C14TAB and 0–0.3 mM C16TAB, which in
dicates that α-LA unfolding event induced by CnTAB is endothermic (ΔH 
> 0) as the contribution from breaking hydrogen bonds out-weighs the 
contribution of the exothermic events such as the neutralization of 
cationic CnTAB with negative charged α-LA (isoelectric point of ~4.3) 
and disruption breaking of hydrophobic interactions [35]. Subse
quently, the second endothermic behavior is observed between 60 and 
100 mM C10TAB and 12–20 mM C12TAB, suggesting binding of satu
ration and the free C10TAB or C12TAB micelles formation. The ITC 
curves of C10TAB and C12TAB titrated into α-LA are similar to the those 
of CnTAB titrated into caseinate, where the caseinate particles are 
dissociated into casein clusters by CnTAB [7]. 

However, besides the endothermic peak in the ITC curve of α-LA 
titrated by CnTAB with a longer alkyl chain (n = 14 and 16), an 
exothermic minimum at 2.5–4 mM C14TAB and 0.9–1.9 mM C16TAB is 
observed, implying that the unfolded protein undergoes structural 
reconstruction before free micelles formation. It is hard to calculate the 
exact minimum of C16TAB titrated into higher α-LA concentrations due 
to the difficulty of increasing C16TAB concentration in a syringe. 
Interestingly, the C14TAB and C16TAB titration behavior into α-LA 
shows the similarity with the ITC curve of SDS into α-LA, in which the 
structural rearrangement, cooperative unfolding and refolding of α-LA 
with increasing α-helical content upon bound by SDS has been reported 
[5]. 

Meanwhile, ΔH obtained from the first endothermic peak of α-LA 
bound by CnTAB (n = 10, 12, 14 and 16) is calculated as 0.83, 2.85, 
13.48 and 15.73 kJ mol− 1, demonstrating that the more considerable 
enthalpy change induced by the longer alkyl chain of CnTAB. Moreover, 
the association of α-LA with CnTAB is spontaneous and the Gibbs free 
energy (ΔG) is negative; thus, the binding characterizes as a favorable 
entropic contribution (ΔS > 0), suggesting that the hydrophobic inter
action plays a dominant role in the binding of α-LA with CnTAB. This 
result indicates that the binding of α-LA with CnTAB is a predominant 
enthalpic contribution to the overall free energy change (ΔG1) of the 
process [36]. On the other hand, the ΔH2 of surfactant micellization 
decreases at higher α-LA concentrations, which means that the ΔH2 
generated by free CnTAB micelles formation is reduced by association 
with α-LA and the mixed micellization of CnTAB-α-LA is preferable [37]. 

Then, the variation of ΔH1 of the CnTAB-α-LA binding with tem
perature has been processed to investigate the constant pressure heat 
capacity change (ΔCp) according to the standard thermodynamic rela
tionship [36]: 

ΔCp = d(ΔH)
/

dT 

The variations of ΔH1 of CnTAB bound by α-LA as a function of 

Fig. 1. ITC curve of titrated C10TAB (A), C12TAB (B), C14TAB (C) and C16TAB (D) into PBS buffer and various concentrations of α-LA. (E): Plot of variation of ΔH1 
(in kJ mol− 1) as a function of temperature for the binding of CnTAB with α-LA, ΔCp values in kJ mol− 1 K− 1. 
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temperature are shown in Fig. 1E. The sign and magnitude of ΔCp can 
provide a crucial reference for molecular-level explanations of binding 
force properties under interactions. The value of ΔCp for α-LA bound by 
CnTAB (n = 10, 12, 14 and 16) is calculated by the slope of the plot as 
− 0.31, 0.43, − 0.66 and − 0.74 kJ⋅mol− 1K− 1, which reflects a typical 
thermodynamic signature corresponding to the release of water of hy
drophobic hydration and/or counterions from the hydrophobic surfaces 
on α-LA upon CnTAB bound [36]. The classical hydrophobic in
teractions, in which nonpolar surfaces are shielded from bulk water, are 
characterized by a favorable entropic binding signature together with a 
negative ΔCp [38]. Nevertheless, while the ΔS is significantly tempera
ture dependent, the heat capacity change is not, and ΔS is positive for 
the solvation of polar solutes. At the same time ΔCp is negative, 
demonstrating that the ΔCp may be a more prominent feature of the 
hydrophobic interactions [39]. The release of ordered water from the 
transfer of nonpolar surfaces into the hydrophobic core of the protein 
accompanies a decrease in the heat capacity bound by CnTAB and thus 
leads to a negative ΔCp [40]. CnTAB with a longer alkyl chain contrib
utes more hydrophobic interactions during the binding process, which 
also reasonably explains the favorable entropic contribution to the 
interaction with the increasing chain length of CnTAB (TΔS1 > 0). The 
result demonstrates that the association of α-LA with CnTAB comprises 
several hydration contributions and hydrophobic interaction force 
dominates the binding process, and the shielding of hydrophobic (or 
nonpolar) molecular surfaces from the aqueous phase due to the asso
ciation plays a significant role in the negative heat capacity change. 

3.2. Structural change of α-LA upon bound by CnTAB 

3.2.1. Fluorescence analysis 
The fluorescence properties of bovine α-LA are mainly due to four 

tryptophan (Trp) residues, Trp-26, Trp-60, Trp-104, and Trp-118. Trp- 
26 is in the β-sheet domain and Trp-60 sandwiches between the α-helical 
and the β-sheet domain may act as a reporter for the structure recon
struction of the β-sheet domain. Trp-104 is located in the hydrophobic 
box region surrounded by the helices B-D in the hydrophobic cluster II 
[41]. Trp-118 is located between the B- and C-terminal 310-helices in 
the hydrophobic cluster I [42], which has been shown previously to be 
essential for the folding and stability of the MG state α-LA [43,44]. 

As displayed in Fig. S2 and Fig. 2A and 2B, the fluorescence feature of 
α-LA undergoes a sigmoidal transition with a three-stage change upon 
CnTAB bound, in which the intensity increases slightly along with a 
gentle red-shift in the maximum emission from 325 nm to 328 nm in the 
initial addition of CnTAB. Subsequently, with the increase of CnTAB 
concentration, a significant improvement of intensity accompanying a 
remarkable red-shift of the emission from 328 nm to 350 nm was 
observed. This result indicates that Trp residues were exposed to the 
solvent and the environment of the Trp residues was more hydrophilic 
when binding with CnTAB. The reconstruction of α-LA by the further 
association of CnTAB leads Trp residues to remain in the hydrophilic 
environment with more solvent exposure. It is comparable that the 
solvent- or heat-mediated α-LA denaturation leads to a significant in
crease in fluorescence intensity accompanied by a red shift in emission 
[45]. Additionally, the binding with CnTAB promoted the contact and 
energy transfer from the lone pair electrons at the indole ring in Trp 
residues to the trimethylammonium bromide group of CnTAB, which 
may also lead to the reduction in the fluorescence intensity of α-LA. 

Fig. 2. Effect of different concentrations of CnTAB (n = 10, 12, 14 and 16) on the fluorescence intensity (A) and maximum emission (B) of α-LA (0.03 mM). C: 
Corresponding modified Benesi-Hildebrand curves of α-LA bound by CnTAB. 

Table 1 
Thermodynamic, binding and structural parameters of α-LA (30 μM) bound by CnTAB.  

Sample Thermodynamic parameters Secondary structural content (%)c 

△H1
a (kJ mol− 1) △H2

a (kJ mol− 1) Ka1
b (102 M− 1) Ka2

b (102 M− 1) α-Helix Antiparallel-Parallel β-Turn Randomly Coil 

Native α-LA - 31.4 19.2 20.2 30.2 
C10TAB-α-LA 0.83 24.5 14.1 14.4 24.5 14.1 14.4 46.1 
C12TAB-α-LA 2.85 30.6 17.4 16.9 30.6 17.4 16.9 35.1 
C14TAB-α-LA 13.48 32.0 20.3 18.3 32.0 20.3 18.3 29.3 
C16TAB-α-LA 15.73 33.2 23.6 15.1 33.2 23.6 15.1 28.1  

a Calculated by ITC enthalpogram profile. 
b Calculated by modified Benesi-Hildebrand curves 
c Secondary structural content of native α-LA and α-LA bound by CnTAB obtained from deconvolution of CD spectra in the far-UV region (190–260 nm) at 25 ℃ using 

the deconvolution software CDNN2.1 
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Little change in the intensity and emission on the higher CnTAB con
centrations was found meaning the saturation of binding process. 

The binding and thermaodynamic parameters, such as binding con
stant and free energy, have been calculated by the modified Benesi- 
Hildebrand equation [46]: F∞ − Fx

Fx − Fo
= 1 + 1

Ka [S], where Ka represents the 
binding constant, Fo, Fx and F∞ denotes the steady-state fluorescence 
intensities in the absence and presence of CnTAB, respectively, and [S] is 
the concentration of CnTAB. The dependence of (F∞− Fx)/(Fx − Fo) on the 
reciprocal value of the CnTAB concentration [CnTAB]–1 was oberved to 
be linear with a slope equal to the value of (Ka)–1. Fig. 2C displays the 
modified Benesi-Hildebrand plots, and the corresponding thermody
namic and binding parameters are presented in Table 1. As seen from 
Fig. 2C, upon binding with CnTAB, α-LA undergoes a three-stage change 
in the spectral feature, where the first (ICnTAB) and second linear part 
(IICnTAB) of the plot corresponds to the lower and higher binding affinity 

of α-LA to CnTAB. The binding constant Ka1 of α-LA-CnTAB (n = 10, 12, 
14 and 16) is found to be 0.33, 0.57, 1.06 and 5.08 × 102 M− 1 according 
to the slope of the linear fitting, and the value Ka2 is calculated as 0.47, 
5.57, 10.09 and 15.60 × 102 M− 1, respectively, suggesting that the 
CnTAB with longer alkyl chain prefers binding with α-LA. This result is in 
line with the ITC results that the CnTAB with longer alkyl chain 
contributed larger enthalpy change and the hydrophobic interaction 
dominated the α-LA bound by CnTAB. Moreover, one can deduce that the 
association of α-LA with CnTAB was accelerated sharply in the second 
state, and a longer alkyl chain of CnTAB provided a higher affinity for 
CnTAB with α-LA. 

3.2.2. Circular dichroism (CD) analysis 
The far-UV circular dichroism (CD) spectrum was used to monitor 

secondary structure changes of α-LA. Fig. 3 shows the CD characteristics 

Fig. 3. A-D: Representative far-UV and near-UV CD spectra of α-LA in different concentrations of CnTAB (n = 10, 12, 14 and 16), respectively. E: The plots of CnTAB 
concentration with ellipticity at 208 nm and 222 nm of samples. 
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of the secondary and tertiary structure of α-LA upon binding with 
CnTAB, and plot of ellipticity at 208–222 nm ratio (θ208/θ222) as a 
function of CnTAB concentrations. The contents of α-helix, β-turn and 
random coil have been calculated and summarized in Table 1. After the 
addition of C10TAB, C12TAB and C14TAB, the intensity of the negative 
band of far-UV CD presented a considerable decrease, but the valley 
around 218 nm, a typical feature of a β-sheet conformation was still 
observable. The near-UV CD was essentially featureless, and the in
tensity of the far-UV CD was greatly diminished, suggesting a loss of 
tertiary structure. As listed in Table 1, α-LA shows a decreased content of 
α-helical and β-turn conformation and an increased content of random 
coil conformation upon bound by C10TAB and C12TAB. Despite the 
considerable modification of C14TAB in the CD spectrum, α-LA was 
calculated as similar secondary content with the native state (Table 1). 
Moreover, the unfolding transition curves at an ellipticity ratio of 
208 nm to that of 222 nm (Fig. 3E) are coincident with the fluorescence 
behavior, i.e., α-LA undergoes a three-stage CnTAB-induced (n = 10, 12 
and 14) unfolding transition (Fig. S1) where is different from the com
plete denaturation of α-LA. 

By added with C16TAB (Fig. 3D), the far-UV CD of α-LA exhibited a 
significant enhancement in the ellipticity at ~208 and 222 nm with a 
sigmoidal transition of θ208/θ222 (Fig. 3E), and the intensity of near-UV 
CD was still visible. As listed in Table 1, the α-helical and parallel 
conformation increases and random coil content decreases. A protein’s 
more helicity and partially rigid tertiary structure are a hallmark of the 
MG state α-LA upon C16TAB bound. A distinct difference appeared in 
the CnTAB-induced structure of α-LA; the short-chain CnTAB (n = 10 and 
12) unfolded α-LA partially, and the medium-chain C14TAB recon
structed protein with a native-like secondary structure content. α-LA 
exhibited an MG state when bound by C16TAB. This result supports the 
study that the binding of CnTAB led to the dissociation of the caseinate 
particles, and longer-chain CnTAB showed a higher binding affinity 
forming a more stable CnTAB-casein complex [7]. 

3.2.3. Nuclear magnetic resonance (NMR) analysis 
The full 1H NMR spectrum of native α-LA bound by CnTAB was given 

in Fig. 4A, and three resonance regions (8.6–8.0 ppm; 8.0–7.0 ppm; 
6.5–6.2 ppm) were enlarged in Fig. 4B-D. The 1H NMR of CnTAB 
showing the resonance characteristics at 3.0, 1.25, 0.75 ppm has been 
reported in previous work (Fig. S3) [7]. By bound with C10TAB and 
C12TAB, the 1H NMR of α-LA has a broad and poorly resolved spectrum 
with an upfield-shift of resonance at 6.4 ppm and integrated as a single 
resonance at 7.3 ppm, which is comparable with the NMR spectrum of 

highly unfolded α-LA induced by 6 M GuHCl. 
With the addition of C14TAB, the 1H NMR of α-LA was considerably 

dispersed and well-resolved and differed markedly from the spectrum of 
the highly unfolded state, where the resonance of the aromatic ring of 
α-LA at 6.4 ppm showed an upfield-shift effect and the resonance at 
8.6 ppm was diminished, as well as a single integrated resonance at 
8.25 ppm was also observed. This indicates the presence of a disordered 
state intermediate between the fully unfolded and the native state [47]. 
Upon the addition of C16TAB, the 1H NMR of α-LA showed an 
upfield-shift of resonance at 7.7 ppm and 6.4 ppm with an integrated 
resonance and 8.1 ppm. Meanwhile, as seen from Fig. S4, after added by 
C16TAB, the resonance of α-LA at 3.6 ppm, assigned as residue Trp-60, 
was reduced and resonance at 2.3 ppm, 3.2 ppm and 4.2 ppm, assigned 
as residues Asp-37-Ala-46, were more pronounced containing a series of 
well-resolved amide lines [48]. This result not only suggests a direct 
interaction of these residues with C16TAB and changes in their local 
environment upon bound by C16TAB, but the lack of persistent tertiary 
structure needed to give rise to resonances significantly perturbed from 
those found in the partially unfolded state [47]. 

The random coil region containing residues Gly-35–Ile-46 shows a 
helical propensity and forms a non-native helical structure in a high- 
temperature examination of the MG state α-LA [49]. This region is 
located in the β-domain and it is reported to be less stable than the 
α-domain, and its conversion to helices upon partial denaturation has 
been described or theorized [48]. The negatively charged residues, such 
as Glu-7, Glu-11, and Asp-97, could interact strongly with the oppositely 
charged CnTAB. After the initial electrostatic binding, short-range van 
der Waals interactions between hydrophobic residues of α-LA and 
CnTAB occured. Neutralization of negative charges on the protein sur
face by the CnTAB may accelerate this process, which would first weaken 
the tertiary structure of α-LA, transiently exposing hydrophobic resi
dues, then the binding with the longer CnTAB alkyl chain provided a 
stronger bond which was more energetically favored. This resulted in 
the conversion of random-coil into the helical structure and thus the MG 
state of α-LA bound by C16TAB was observed. The helix A (residues 
5–11) and helix C (residues 86–99) in α-LA contain the positively 
charged residues providing electrostatic repulsion and making a close 
approach unfavorable to the ammonium bromide group of CnTAB, 
which may also display a degree of protection relative to the α-LA MG 
state [50]. Moreover, the association of CnTAB with α-LA’s random coil 
segment(s) may place Trp residue(s) at the CnTAB cluster interface 
where the rest of the protein segments and the CnTAB excluded the 
accessibility of the quencher, which was promoted by the longer alkyl 

Fig. 4. Effect of different concentrations of CnTAB (n = 10, 12, 14 and 16) on the 1H NMR spectrum of α-LA.  
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chain CnTAB. Trp-60 is in the random coil region and may approach the 
CnTAB, and thus Trp-60 could be an appropriate candidate for being 
buried side-chain into being embedded its side-chain into the pro
tein-CnTAB cluster. 

The results of fluorescence, CD and NMR spectrum confirm that the 
hydrophobic interactions play a critical role in the unfolding and 
refolding of protein modulated by surfactant and the surfactant associ
ation promotes the efficient of MG state because the protein has a loose 
tertiary structure that transiently exposes hydrophobic residues. This is 
in line with the study that the hydrophobic residues play a crucial role in 
stabilizing the protein MG state [51]. 

3.3. Analysis of solution structure 

Small angle x-ray scattering (SAXS) has proven to be a powerful and 
fast technique for identifying the structure, folding state, and flexibility 
of biomacromolecules and complexes in solution [52]. The SAXS mea
surements have been performed and the scattering profiles are presented 
in Fig. 5 and Fig. S5. The overall structural parameters are summarized 
in Table S1. The SAXS profile of α-LA shows a typical feature of a 
globular protein, and the p(r) curve is symmetric with a maximum 
interatomic distance (Dmax) of 40 Å, the dimensionless Kratky plot 
[(qRg)2I(q)/I(0) vs. qRg] presents a bell-like profile with a clear 
maximum and a regression to X-axis at higher q region, indicating a 
folded α-LA in solution. As seen from Fig. S5, with added by CnTAB, the 
linearity observed in the Guinier plot (insert of Fig. S5B, qmax*Rg< 1.3) 
confirms the monodispersity of α-LA-CnTAB complex and the good 
quality of data allows further analysis. A characteristic scattering 

“bump” in the q range of 0.1–0.3 Å− 1 with a dropped frequency around 
20 Å in the p(r) curve is observed, while the scattering profiles of 
α-LA-CnTAB entirely differ from that of pure CnTAB (Fig. S6). With the 
increase of the CnTAB monomers in the complex, the contribution of the 
negative contrast becomes more significant and therefore, more prom
inent in the p(r) function. 

A distinction in comparing the experimental SAXS data of α-LA 
bound by various concentrations of CnTAB with the theoretical scat
tering of α-LA (PDB 1A4V) was performed by CRYSOL. As seen from 
Fig. 5A, the good fitting of experimental scattering profile of native α-LA 
with that of theoretical scattering of atomic structure is characterized by 
an χ2 value of 1.52, suggesting that the compact structure of α-LA in 
solution. And the poor fitting was observed between SAXS data of α-LA 
added by low concentration of CnTAB and atomic structure of α-LA, 
suggesting that the structure of α-LA was modified upon CnTAB bound 
and a micelle-like conformation of the complex formed. Moreover, the 
structural parameters of the α-LA-CnTAB complex, such as radius of 
gyration (Rg), Dmax, and Porod volume increased upon bound by longer 
alkyl chain CnTAB (Fig. 5B and Fig. S7). With the increasing chain length 
of CnTAB (Fig. 5C), the dimensionless Kratky plot of α-LA exhibited a 
similar bell shape with an enhancement at a high-q region and the 
maximum intensity shifted slightly to the low-q region. For a completely 
unfolded protein or protein in a pre-MG state, the maximum intensity in 
the Kratky plot is hard to be observed, which is clearly indicative of an 
MG conformation of α-LA bound by longer chain CnTAB [53]. 

Moreover, the reconstructed ab initio envelop of α-LA with a low 
concentration of CnTAB has been performed by DAMMIN, reflecting the 
protein conformation in the initial binding stage. As shown in Fig. 5D, 

Fig. 5. A: Left pane: the fitting of experimental data of α-LA (open scatter) in the presence of different concentration of CnTAB with the theoretical scattering intensity 
of crystal structure (PDB: 1A4V, solid line); right pane: ab initio shape envelope from DAMMIN overlays with α-LA crystal structure. B and C: corresponding pair- 
distance distribution, p(r) curve and Kratky plot. D and E: Fitting of experimental data (open circles) with DAMMIN fitting (solid line) and corresponding enve
lope, goodness of fitting was evaluated by the χ2-value. 
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the excellent agreement between experimental SAXS data and DAMMIN 
modeling curve is indicated by χ2 values close to 1.0. The ab initio bead 
model of the α-LA-CnTAB complex exhibits an expanded shape in solu
tion (Fig. 5E), demonstrating a modified tertiary structure of protein 
induced by CnTAB and a conformation containing more water mole
cules. This is consistent with the description of the MG state as an 
ensemble of compact structure with persistent secondary structure but 
disrupted tertiary interactions and extensive solvent penetration of the 

hydrophobic core [54]. Interestingly, the increased envelope is found in 
the random coil and cleft region of α-LA, which is in line with the 
spectral results that CnTAB induced an MG state α-LA upon binding with 
the random coil and cleft segment of protein. The longer chain CnTAB 
providing more hydrophobic interactions prompted association with the 
unfolded segment(s) of protein and helped protein refold. It should be 
noted that the ab initio model represents the average of an ensembled 
conformation and the DAMMIN simulation of protein under large 

Fig. 6. The time-course of the binding of α-LA with CnTAB during simulations. A-C: SASA of native α-LA, α-LA-C10TAB and α-LA-C16TAB complex, respectively. D: 
The RMSF analysis as function of α-LA residues. E: The value of RMSD and Rg for α-LA in the presence of C10TAB and C16TAB. F-I: Hydrophilic and hydrophobic 
SASA, and the secondary structure elements of α-LA bound by C10TAB and C16TAB. K: Schematic representation and electrostatic potential (red and blue: negative 
and positive charged) of α-LA and corresponding domain are highlighted. L-M: The last trajectory structural clustering of α-LA bound by C10TAB and C16TAB. 
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amounts of surfactant is not recommended since this modeling approach 
assumes a constant electron density for the simulated model. The SAXS 
results confirm that CnTAB disrupted the tertiary structure of α-LA, and 
C16TAB induced an MG state of α-LA with the micelle-like structure 
even for surfactant concentrations below CMC. 

3.4. Molecular dynamics (MD) simulations 

The all-atom molecular dynamics (MD) simulations in 300 ns scale 
were performed to explain the molecular structure changes of α-LA 
bound by CnTAB [55]. It can be observed from Fig. 6A-C that the solvent 
accessible surface area (SASA) of α-LA exhibited a higher value in the 
connecting loops and unstructured N-termini and C-termini, which was 
also found in the root-mean-square-fluctuation (RMSF) (Fig. 6D). With 
binding of C10TAB, a considerable increase of SASA value in the 
β-domain and the region between helix A and helix B was observed, 
suggesting a partially unfolded protein upon C10TAB bound. After the 
addition of C16TAB, the SASA value decreased in the random coil and 
unstructured termini, and the protein underwent the large conforma
tional fluctuations in the loop between the helix B and the random coil 
region of the β-domain. The release of structured water emanates from 
the transfer of nonpolar surfaces into the protein’s hydrophobic core 
accompanying a decrease in the heat capacity following complex for
mation and thus leading to an increased SASA [56]. These conforma
tional fluctuations are presented by the residues 1–10, 35–50 and 60–70, 
which locates in the unstructured regions, loops connecting secondary 
structural elements and termini of α-LA [54]. This result suggests that 
the association of α-LA with CnTAB consists of several hydration con
tributions which justify a significant role of hydrophobic interaction 
force underlying the binding process [36]. 

By adding C10TAB (Fig. 6E), α-LA presented an Rg of 16 Å with a 
root-mean-squared-deviation (RMSD) of 3 Å with a considerable 
decrease in helical structure and an increase in random coil (Fig. 6H). 
After adding C16TAB, the Rg and RMSD value was calculated as 14.4 Å 
and 1 Å, respectively. The stability of the major secondary structural 
elements of α-LA was similar to that of native protein, meaning an MG 
state of protein upon C16TAB bound (Fig. 6I). This is in line with the 
results of CD, fluorescence, and NMR spectra that an ensemble of the 
compact structure of α-LA with persistent secondary structure, but little 
tertiary structure upon bound by longer alkyl chain CnTAB. Fig. 6F also 
shows that the hydrophobic interactions are the main forces to stabilize 
the α-LA-CnTAB complex and dominate the structural change of the α-LA 

modulated by CnTAB. This is also consistent with the ITC result that 
CnTAB with longer chain shows more significant binding and thermo
dynamic parameters with α-LA. At neutral conditions, the β-domain of 
α-LA, a main unstructured segment, is negatively charged (Fig. 6K), 
making the electrostatic attraction crucial in the original orientation. 
Subsequently, the cooperative association of the longer chains CnTAB 
molecules aligned along the prospective helix to stabilize exposed hy
drophobic side chains of protein, which converted the loops or un
structured regions into α-helix. This result agrees with the SAXS 
modeling result that the increased DAMMIN envelop was found in the 
random coil and cleft area of α-LA. As a nonionic surfactant, polysorbate 
20 also improved the α-helix and β-sheet content of casein and induced 
an MG state protein [6], even though little electrostatic interactions 
were involved. This indicates that hydrophobic interactions play a pri
mary role in the modulation of the MG state protein. The last step tra
jectory during the simulation of α-LA-C10TAB and α-LA-C16TAB 
presented a micelle-like structure (Fig. 6L and M), where the positively 
charged CnTAB group was energetically favorable to anchor the 
oppositive charged segment of protein, and the alkyl chain of C10TAB 
was not sufficient to bind with exposed hydrophobic paths of protein but 
was preferable to self-assemble, which led a partially unfolded protein. 
While C16TAB with a longer alkyl chain provided adequate hydropho
bic interactions for associating with the unfolded regions to induce an 
MG state of the protein. 

4. Conclusions 

In this work, the interactions of α-LA with CnTAB have been studied 
to explore the role of hydrophobic interactions in the MG state of 
globular protein modulated by surfactants. As indicated in Fig. 7 and 
Fig. S8, the binding of α-LA to CnTAB undergoes four major steps: (S1) 
demicellization of CnTAB micelles when diluted into α-LA solution. (S2): 
The orientation of ammonium bromide groups to the negatively charged 
and the unstructured segments of the protein. (S3): Further increasing 
CnTAB monomers, the alkyl chain of C10TAB energetically preferable to 
self-assemble rather than associate with exposed unstructured regions of 
the protein, which leads to a partially unfolded protein. On the other 
hand, C16TAB, with a longer alkyl chain, provides adequate hydro
phobic interactions and cooperatively binds to the unstructured regions 
of protein, forming a micelle-like structure and inducing an MG state. 
The α-domain of the protein comprising the highly structured parts and 
helices is found to be relatively stable, while the loops connecting 

Fig. 7. Scheme of different state of α-LA modulated by CnTAB. Some icons were from Biorender.  
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secondary structural elements, termini are disrupted upon binding with 
CnTAB. (S4): The binding reaches saturation and free CnTAB micelles 
form. This work not only provides molecular insights into the role of 
hydrophobic interactions in the intermediate states of globular protein 
induced by surfactants but also better understand the mechanism of 
preparing α-LA-based biomaterial modulated by hydrophobic 
interactions. 
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