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Doxorubicin and paclitaxel, two hydrophobic chemotherapeutic agents, are used in cancer therapies.
Presence of hydrophobic patches and a flexible fold could probably make a-Lactalbumin a suitable
carrier for hydrophobic drugs. In the present study, a variety of thermodynamic, spectroscopic,
computational, and cellular techniques were applied to assess a.-lactalbumin potential as a carrier

for doxorubicin and paclitaxel. According to isothermal titration calorimetry data, the interaction
between a-lactalbumin and doxorubicin or paclitaxel is spontaneous and the K (M~?) value for the
interaction of a-lactalbumin and paclitaxel is higher than that for doxorubicin. Differential scanning
calorimetry and anisotropy results indicated formation of a.-lactalbumin complexes with doxorubicin
or paclitaxel. Furthermore, molecular docking and dynamic studies revealed that TRPs are not involved
in ai-Lac’s interaction with Doxorubicin while TRP 60 interacts with paclitaxel. Based on Pace analysis
to determine protein thermal stability, doxorubicin and paclitaxel induced higher and lower thermal
stability in a-lactalbumin, respectively. Besides, fluorescence lifetime measurements reflected that
the interaction between a-lactalbumin with doxorubicin or paclitaxel was of static nature. Therefore,
the authors hypothesized that a.-lactalbumin could serve as a carrier for doxorubicin and paclitaxel by
reducing cytotoxicity and apoptosis which was demonstrated during our in vitro cell studies.

In spite of intense research, cancer which claimed the lives of 8.2 million people in 2012, is still a major global
threat'2. Doxorubicin (DOX) and paclitaxel (PTX) are among the most effective chemotherapeutics used in the
treatment of various types of cancer. DOX, an antibiotic from the anthracycline family, exhibits a broad spectrum
of antineoplastic activity. In fact, DOX is one of the most powerful chemotherapeutic agents in breast cancer
treatment and is used for treatment of other malignancies as well. The therapeutic activity of DOX is mainly due
to its intercalation and alkylation of DNA and induction of topoisomerase II mediated strand breaks®->. Another
potent anticancer agent, PTX, is used for the treatment of a wide spectrum of cancers, especially ovarian and
breast cancers. PTX is extracted from the bark of Taxus brevifolia and is a diterpenoid taxane derivative. Its unique
mechanism of action is via binding tubulin dimers and stabilizing microtubule formation, which ultimately dis-
rupts mitosis and results in cell death®-®. However, DOX and PTX are very hydrophobic and thus poorly soluble
in aqueous media, which presents critical challenges for clinical application”’. Therefore, several approaches have
been investigated to develop novel aqueous formulations including, the use of liposomes, micelles, nanoparticles,
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nanocapsules, polymeric microspheres, and bioconjugation with different molecules, e.g., albumin, etc®. As an
indication, Doxil®, the first FDA-approved nano-therapeutic agent, is a liposomal preparation of DOX effective
in the treatment of ovarian and some other forms of cancers'°. In the case of PTX, Abraxane®, an albumin bound
nanoparticle, is a nanovector with special application in the treatment of breast cancer and non-small cell lung
cancer!'12,

Various proteins have potential as nanocarriers in drug delivery, and are being considered as GRAS (generally
regarded as safe)'’. Moreover, they have a broad range of characteristics such as biodegradability, exceptional
binding capacity for different drugs, as well as less opsonization by the reticuloendothelial system (RES)'. For
instance, human serum albumin, bovine serum albumin, and the milk protein 3-lactoglobulin have been studied
as carriers for DOX!'>!6, In particular, milk proteins have numerous structural and functional properties which
could facilitate their application as delivery agents of a variety of bioactive compounds. They can bind to ions
and/or hydrophobic molecules with various degrees of affinities, and are widely available, natural, inexpensive,
biocompatible, and biodegradable!”.

a-Lactalbumin (a-Lac), the second most abundant among milk whey proteins, is an acidic (pI 4.8), low
molecular weight (14.2 kD) globular protein'®". a-Lac is involved in the biosynthesis of lactose as a component
of lactose synthetase?. Hydrophilic a-Lac is present in the milk of nearly all mammals and composes 3.4% of
total bovine milk proteins (1-1.5 g/1)*!. This calcium binding metalloprotein contains two domains; a large helical
domain (residues 1-34 and 86-123) and a small 3 sheet domain (residues 35-85) connected by a loop. The o hel-
ical domain made up of three main o helices (residues 5-11, 23-24, and 86-98) and two smaller 3, helices (resi-
dues 18-20 and 115-118). The 3 sheet domain consists of three antiparallel 3 strands (residues 41-44, 47-50, and
55-56), a 3, helix (residues 77-80), and several loops. There is a deep cleft between the two domains and a calcium
ion is connected to its binding site in the loop connecting the two domains (in the native a-Lac). Ca*"-bound and
-depleted forms of a-Lac are referred to as holo-a-Lac and apo-a-Lac, respectively. It is important to note that,
apo-a-Lac presents altered tertiary structure compared to holo-a-Lac??. a-Lac also contains eight cysteine (Cys)
residues, which form four disulfide bridges (6-120, 61-77, 73-91, and 28-111) and one hydrophobic pocket??*.
Interestingly, it has been shown that oleic and palmitic acids can only bind to apo-a-Lac which harbors one
binding site for oleic acid and another for palmitic acid**. The complex formed by apo form of human or bovine
a-Lac and oleic acid demonstrate cytotoxicity in various tumor cell lines*. These complexes exist in a core-shell
configuration where fatty acids or other hydrophobic substances are encapsulated by several partially denatured,
flexible protein chains?®?’. a-Lac has also been shown to complex with other hydrophobic compounds, includ-
ing fatty acids?®%, retinol'’, hydrophobic column chromatography phases, hydrophobic peptides, melittin of bee
venom, and vitamin D;-32,

a-Lac has been applied in preparation of stable nanosystems harboring DOX via self-assembly®. According to
the results, a-Lac and the prepared nanosystems presented less toxicity in normal compared to tumor cells. This
already has been determined in the case of human «-Lac-oleic acid complex (HAMLET) and bovine a-Lac-oleic
acid complex (BAMLET). a-Lac’s specificity in exerting less damages to normal cells compared to tumor cells has
distinguished it among other proteins®. Furthermore, a-Lac, as the second whey protein, improved solubility
of a-Lac than caseins, presence of binding sites for hydrophobic ligands, biocompatibility, and biodegradability
make o-Lac a suitable candidate as a drug delivery agent. a-Lac is considered less immunogen compared to
other major milk proteins due to eliciting lower levels of IgE. Besides, there is no dominant epitope in a-Lac in
the case of T cells’ responses®. In the present study, we aimed to evaluate a-Lac’s potential as a carrier for chem-
otherapeutic agents such as DOX or PTX using thermodynamic, spectroscopic, and computational techniques.
Furthermore, we are going to answer the question of whether a-Lac is capable of embracing the chemothera-
peutic agents and consequently causing the slow release of the drugs and their less toxicity by performing and
comparing the cellular test results. The current paper reinforces the importance of performing biophysical and
thermodynamic studies before preparation of therapeutic nanocarrier.

Results and Discussion

Isothermal titration calorimetry. ITC, a powerful technique to study biomolecular interactions, provides
a direct method to determine thermodynamic parameters of binding such as binding stoichiometry (n), stand-
ard enthalpy change (AH®), entropy change (AS°), and binding constant (K}) in one experiment®. The primary
titration profile of the binding of DOX or PTX to a-Lac at 25 °C and the theoretical fits are shown in Fig. 1a,b.
Furthermore, the estimated thermodynamic parameters are comprised in Table 1. Since ethanol was used to
dissolve PTX, it should be noted that the a-Lac thermal changes due to 3% (v/v) ethanol (see Experimental and
Theoretical Methods section) was negligible and not included in the manuscript. Although care should be taken
in interpreting ITC data where there is no clear pre-transition or post-transition, it seemed clear that interaction
does occur, albeit at low affinity. However, this seems natural for large molecular ligands such as DOX or PTX.
Employing higher concentrations of 500 uM in the case of HAS and (3-lactoglobulin which are larger proteins
with more capacity to interact with DOX or PTX compared to a-Lac, Kj, values of 1.0x10*-1.43x 10* have been
reported!>**3. These values are similar or a little higher than our obtained K, values. In general, it can be con-
cluded that larger ligands present lower values of K, compared to smaller ligands (K, values of 106—10%).

The heat released upon each injection of DOX or PTX solution is reduced gradually with each sequential
injection, but does not level off completely within the practical limitations of the experiments. This may indicate
not only binding of DOX or PTX, but also a reorganization of the protein complex. Near- and Far-UV CD exper-
iments along with computational simulations indicate that this is the case (vide infra). Moreover, the number of
initial DOX binding sites is clearly smaller than the number of initial PTX binding sites on a-Lac (Table 1). This
could be due to dissimilar changes in secondary and tertiary structures in a-Lac during interactions with DOX
or PTX and formation of another binding site during PTX interaction process. The value of K, for a-Lac:DOX is
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Figure 1. ITC diagram from the titration of a-La with (a) DOX and (b) PTX. 290 uM «-La was titrated with
3.4mM DOX and 50 uM a-La was titrated with 250 uM PTX at 25 °C. The amount of heat measured per
injection and the amount of heat measured per mole of the injected DOX or PTX as a function of the molar
ratio of a-Lac to DOX or PTX for each injection are shown at top and bottom, respectively. The heat effects
due to mixing and dilution were corrected by subtracting the heat effects of PTX and DOX in protein buffer
and the effect of ethanol as PTX’s solvent under identical condition (temperature and timing) from the heat of
a-Lac:DOX or a-Lac:PTX titration.

a-Lac:DOX 0.940.104 (6.7+1.61) x 10° —6.8+1.23 —5.37 —5.22
a-Lac:PTX 1.8+0.066 (14+4.82) x 10° —145+21 —467 —5.53

Table 1. ITC Analysis of DOX or PTX’s Binding to a-Lac in 20 mM Tris Buffer (pH 7) at 25°C.

smaller than that of a-Lac:PTX complexes, which could be resulted from larger hydrophobic forces in interaction
of PTX with a-Lac than DOX. This is discussed in the results obtained by molecular dynamic studies.

According to values of AH?, both interactions are exothermic but the amount of change is enormous in the
case of PTX. This could be due to a higher enthalpy in PTX interaction with a-Lac, extensive conformational
changes of the protein upon interaction with PTX, strong hydrophobic protein-protein interactions and conse-
quent formation of protein assemblies (also indicated by anisotropy and DSC, vide infra), two initial binding sites
for PTX, and formation of PTX assemblies in water. It is of special importance to note that enthalpy of PTX solu-
tion in the protein buffer was too high, so it was minimized during numerous tests. To this end, PTX was diluted
in the protein buffer and also the amount of ethanol needed to dissolve the PTX was minimized.

Based on AS°values, a-Lac:PTX presented greater reduction in entropy compared to a-Lac:DOX complexes.
This could be due to protein-protein hydrophobic interactions in the presence of the ligand and alteration in
arrangement of water molecules in the presence of PTX assemblies in water. Moreover, a-Lac:PTX and «-Lac:-
DOX interactions are both spontaneous as implied by AG® values. Furthermore, considering the negative values
of AH® and AS° for a-Lac:DOX and a-Lac:PTX complexes, it could be concluded that van der Waals forces,
hydrogen bonds, and protonation were the effective driving forces of interactions®*.

Differential scanning calorimetry. Heat denaturation was studied to determine the effect of DOX or PTX
on the stability of a-Lac using DSC. Excess heat capacity as a function of temperature is shown in DSC thermo-
grams (Fig. 2). Furthermore, melting temperature (T,,), the standard enthalpy change of denaturation (AH®), the
standard entropy change of denaturation (AS®), and the standard heat capacity change upon a-Lac unfolding
(AC°,) were calculated according to DSC data and presented in Table 2. Presence of DOX caused increased T,,,
AH°, AS° and AC"p values for 1:5.5 ratio of a-Lac:DOX complex compared to a-Lac. A higher AC °p value indi-
cates that hydrophobic patches of a-Lac in complex with DOX are more exposed than a-Lac*’. Moreover, AH®
is thought to derive from intermolecular interactions between hydrophobic amino acids of the proteins. Thus, a
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Figure 2. DSC thermograms of apo a-Lac in the presence of DOX and PTX. DSC thermograms of 3 mg/ml
apo a-Lac in 20 mM Tris buffer (pH 7) containing 3.5 mM EDTA were obtained in the presence of 0mM DOX
(solid line), 0.86 mM DOX (dashed line), 108 uM PTX (dot dash line). The measurements were performed over
a temperature range of 15-60°C.

Sample T, (°C) | AH° (kcal/mol) AS° (cal/mol K) AC®, (kcal/mol K)
a-Lac 333 16.6 54 0.70
a-Lac:DOX 36.4 30.8 100 1.15
a-Lac:PTX 32.7 14.7 47 0.31

Table 2. Thermodynamic Parameters of a-Lac’s Denaturation with DOX or PTX Determined by DSC.

higher AH® value resulted from DOX interaction with a-Lac reflects greater exposure of hydrophobic patches
of a-Lac, which could cause hydrophobic interactions between a-Lac molecules and induce formation of a-Lac
assemblies. Furthermore, a higher and positive value of AH® following interaction of DOX and a-Lac implies that
a-Lac denaturation is an endothermic process.

In addition, the presence of PTX resulted in a remarkably higher T;, value at 1:5.5 ratio of a-Lac:PTX complex
than a-Lac. However, the DSC thermogram of a-Lac and PTX interaction (Fig. 1, Supplementary information)
shows several peaks, which implies the presence of several populations of protein assemblies and not feasible to
analyze. Therefore, we decreased the ratio of a-Lac:PTX to 1:0.5 and could obtain a DSC thermogram with one
peak. Moreover, for higher concentrations of PTX, the authors employed Pace analysis.

This observation could be due to the fact that PTX is more hydrophobic and causes more hydrophobic-
hydrophobic interactions among proteins in higher concentrations of PTX. According to the data presented in
Table 2, no significant change is observed in the values of T,,, AH®, and AS° parameters between «-Lac and 1:0.5
ratio of a-Lac:PTX complex. On the other hand, AC®j data implied that a decreased value of AC®, in lower
concentrations of PTX reflects less exposure of a-Lac hydrophobic patches. This, in turn, results in reduced
hydrophobic-hydrophobic interactions among proteins at lower concentrations of PTX, which is coherent with
the anisotropy data.

Circular dichroism spectroscopy. Far-UV CD was performed to monitor the secondary structural
changes of a-Lac upon interaction with DOX or PTX. The diagram presented in Fig. 3a,b shows [0] (deg cm?
dmol ™) versus wavelength (nm). As presented in the diagram, with added DOX or PTX the CD spectral profile
of a-Lac underwent significant changes. According to the CD data (presented in Table 1, Supplementary informa-
tion), DOX induced a reduction of a-helix content from 34.2% in the native a-Lac to 30.2% in the complex when
the concentration of DOX was 2 times greater than a-Lac. Surprisingly, PTX did not induce a significant change
in the a-helix content of a-Lac at this concentration. However, applying 5.5 fold excess of DOX or PTX than
a-Lac reduced the a-helix and increased the random coil content which still are considered as slight changes.
This effect was higher in the case of DOX and was supported by our MD results (vide infra).

Furthermore, secondary structural changes induced by DOX or PTX were concentration dependent and
increased when measured at higher concentrations. This could indicate the perturbation of the secondary struc-
ture of a-Lac by DOX or PTX. There were no perceivable changes in the contents of parallel or anti-parallel
B-sheets and (3-turns. The extent of changes was also minor in the case of HAS interaction with DOX or PTX and
B-lactoglobulin interaction with DOX, in line with our results'>*"41,

The near-UV CD spectra of 1:2 and 1:5.5 ratios of a-Lac:DOX and a-Lac:PTX complexes, shown in Fig. 4a,b,
reflected conformational transitions. a-Lac:DOX systems presented more positive ellipticity in 260-280 nm,
which may reflect perturbed environments of aromatic amino acids except for TRP*2. This indicates less or
no participation of TRP in the interaction of DOX with «a-Lac, which agrees with our simulation studies per-
formed by docking. In fact, according to the docking studies, DOX does not interact with a-Lac’s TRPs. However,
a-Lac:PTX systems showed changes in 295 nm, which indicates greater participation of TRP. Accordingly,
our docking simulation studies showed greater involvement of TRP 60 during interaction of PTX with a-Lac.
Interestingly, the 1:2 ratio of a-Lac:PTX caused negative ellipticity in 295 nm while the 1:5.5 ratio of a-Lac:PTX
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Figure 3. Far-UV CD spectra of a-Lac in the presence of (a) DOX and (b) PTX. 10 uM «-Lac dissolved in
20 mM Tris buffer (pH 7) was scanned in the absence (solid line) and the presence of 2 (long dashed line) and
5.5 (dashed line) fold excess concentrations of DOX or PTX. All measurements were performed at the room
temperature (25 °C).
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Figure 4. Near-UV CD spectra of a-Lac in the absence and present of (a) DOX and (b) PTX. 10uM «-Lac
dissolved in Tris buffer (20 mM, pH 7) was scanned in the absence (¢) and presence of 2 (®) and 5.5 (M)
stochiometries of DOX or PTX at room temperature (25 °C).
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resulted in a highly positive ellipticity in the same wavelength. As a matter of fact, in the presence of 20 UM
PTX, the chemical nature of TRP microenvironment is such that left-handed circularly polarized light (L-CPL)
is absorbed to a lesser extent than right-handed circularly polarized light (R-CPL), which leads to appearance of
a negative peak in 295 nm. However, higher concentrations of PTX, which causes higher absorbance of L-CPL
compared to R-CPL brings about the positive peak®.

In the case of DOX, more intense ellipticity in 260 nm could be attributed to an electron transfer between
oxygens containing DOX and the TYR of a-Lac*2. Moreover, when there is TYR- TRP sequence of amino acids,
a weak peak at 295 nm is observed which could be seen in the case of DOX and 20 uM PTX*. However, higher
concentrations of PTX provided huge changes in 295 nm possibly due to generation of another binding site in the
vicinity of TRP 60, which was confirmed by our computer simulations.

Pace analysis to determine protein thermal stability. Thermal stability of a-Lac upon interaction
with DOX or PTX was studied by fluorescence spectroscopy. The changes in fluorescence intensity of a-Lac
at 337 nm versus temperature in the presence and absence of various concentrations of DOX or PTX is shown
in Fig. 5a-d, respectively. Increasing fluorescence intensity in the temperature range of 25—40°C reflects the
decrease of intramolecular quenching of TRP fluorescence®®. Denatured fraction of a-Lac (fy) can be calculated
according to equation (1) using Fig. 5a,b

Fn — E)hs.

Je=FF, (1)

where F,,, represents the observed fluorescence intensity of a-Lac at 337 nm; F, and F, represent fluorescence
intensities of native and denatured states, respectively. As can be seen in the Fig. 5a,c, the initial points represent
the native state of a-Lac for which the equation of the line was determined. Accordingly, F, was calculated for
each a-Lac:DOX and a-Lac:PTX ratio. The fluorescence intensity at 95 °C was considered as the denatured state
(Fy). As a first approximation, protein denaturation can be approached using the two state theory (Native <
Denatured), and the equilibrium constant (K) value was calculated by equation (2)*:

K- i
1—f @)

Furthermore, using equations (3) and (4), the value of change in standard Gibbs free energy (AG®) for dena-
tured a-Lac was determined*®:

AG° = —RT In K (3)
AG®° = _RT In Fn — Eys,
Fabs. — Fd (4)

Furthermore, AG® as a function of temperature is plotted in Fig. 5b,d, which depicts AG® linear variation with
temperature over the unfolding region. In order to estimate the conformational stability at room temperature
(AG°®,s), it is necessary to assume that a linear dependence is valid until 25 °C.

According to the results presented in Table 3, it was revealed that lower concentrations of DOX or PTX caused
minor changes in the a-Lac stability while higher concentrations led to significant changes in thermal stability of
the protein. Interestingly, DOX or PTX showed different effects; 5.5 fold stoichiometric excess of DOX induced
significantly higher thermal stability of a-Lac whereas PTX caused marked decrease in a-Lac thermal stability.
We attributed this to the conformational changes due to generation of another binding site in o-Lac. The results
of Pace analysis are in a good agreement with DSC findings.

Lifetime measurements. Based on the results of fluorescence lifetime measurements, T, of 0.91 and T, of
3.53 ns with amplitudes of 61.76 and 38.24%, respectively, were obtained for a-Lac. Therefore, the average T of
1.91 ns was calculated according to the equation (7) in the “Experimental and Theoretical Methods” section (2
= 1.273). Furthermore, adding 0, 2.0, and 5.5pM DOX or PTX to the a-Lac solution did not cause significant
changes in the fluorescence lifetime. This implies that the interactions between a-Lac and DOX or PTX are of
static nature which means that DOX or PTX bound to a-Lac dissociate from their sites in hydrophobic pockets
after a definite time while free DOX or PTX in the solution replace them. This already has been shown in the
case of HAS and PTX in which the changes in fluorescence lifetime was slight and the interaction was statistic.
The reported results are in line with our findings¥’. As it will be seen, this finding would be of importance in our
cytotoxic studies.

Anisotropy. «-Lac waslabeled with FITC and the anisotropy of the labeled protein was measured before and
after DOX or PTX binding. The dye to protein ratio was low and the anisotropy of unlabeled protein was 0.26.
The results obtained from anisotropy measurements are displayed in Fig. 6a,b. According to the results, addition
of DOX or PTX to a-Lac solution reduced the anisotropy value to 0.12 and 0.17, respectively. Such a decrease
in anisotropy might be caused by incident of homo-FRET between FITC molecules and may imply formation of
protein assemblies. If labelled proteins associate, fluorophores get closer together and excitation energy transfers
amongst them and their emission becomes unpolarized*. In the presence of hydrophobic ligands, proteins may

SCIENTIFICREPORTS|  (2018) 8:17345 | DOI:10.1038/541598-018-35559-1 6



www.nature.com/scientificreports/

a DOX 1200
y =8.6209x +474.97

1000 R2=10.9857
-
E}
< 800 f
<
2z
2 600
]
’5, 400
=
=)

200

0."'
o \ 000000s.
20 30 40 50 60 70 80 90
Temperature (°C)
b PTX 900
800

Flu. Intensity (a. u.)
A Y
o O © © © © 9
o © © © ©o o o

o
~
o

30 40 50 60 70 80 90
Temperature (°C)

¢ DOX 30

y=-09776x +47.738
R2=0.9974

AGO (kJ mol!)

i A'A'!...'.‘o
’ nﬂx.imm,“‘
5 b y=-03946x+1854 o0e.
R*=09973 “*:M»L::::‘o.

*,
y=-0.4473x + 19.458 oy “‘l-‘.‘
as b R?=0.9967 *

30 3 40 45 50 55 60 65 70 75
Temperature ('c)

d PTX is
y=-0.2941x +16.871
10 | R2=09913
~ g
= y=-0274x+ 15701
g s R*=0978
=
< y=-03049x + 15.115
% 0 R2=0.9921
|
5
-10
25 35 5 55 65 75 85 95

Temperature ('c)

Figure 5. Pace analysis diagrams to determine protein thermal stability. Heat denaturation profiles (a and
b) and standard Gibbs energy of unfolding plots (¢ and d) of 10 mM a-Lac in 20 mM Tris buffer (pH 7) were
determined in the absence and presence of various concentrations of DOX or PTX. Excitation and emission
wavelengths were 280 and 337 nm, respectively. a-Lac (®), a-Lac:DOX or a-Lac:PTX ratio of 1:2 (A), and
a-Lac:DOX or a-Lac:PTX ratio of 1:5.5 (#).

a-Lac (Control) 38 8.4
a-Lac:DOX (1:2) 38 8.3
a-Lac:DOX (1:5.5) 41 233
a-La (Control) 39 9.5
a-Lac:PTX (1:2) 38 8.9
a-Lac:PTX (1:5.5) 31 7.5

Table 3. DOX or PTX binding to a-Lac by Pace analysis.
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a-Lac against temperature was obtained in absence (®) and presence of 10 (4), 20 (M), and 40 (A) uM DOX or
PTX. The protein was dissolved in 20 mM Tris buffer (pH 7).

form protein assemblies?®*° and in such case FITC molecules may become close enough for the resonance energy
transmission to happen.

As it can be seen in Fig. 6a,b, in 1:1 ratio of a-Lac:PTX, the proteins are not saturated yet. In fact, raised
temperature caused free proteins to bind preliminary a-Lac:PTX complex9es and resulted in larger protein
assemblies and consequently decreased anisotropy. This was also observed in the case of 1:1 stoichiometry of
a-Lac:DOX complexes. However, in 1:2 ratio of a-Lac:PTX, smaller and sphere-shaped protein assemblies were
formed due to increased temperature. This means unavailability of the a-Lac hydrophobic patches for the solvent
in lower concentrations of PTX, which resulted in diminished hydrophobic interactions between protein mole-
cules and subsequent dissociation of a-Lac:PTX complexes. This could be attributed to conformational changes
in a-Lac and generation of another binding site upon interaction with PTX, which remains in agreement with
our CD and DSC findings. Although this is not the case for DOX, which agrees with structural studies. Finally,
at 1:4 stoichiometry of a-Lac:DOX or a-Lac:PTX, the proteins were approaching saturation and so the formed
complexes due to raised temperature were preserved.

Molecular docking. Blind and local docking were performed to indicate possible binding sites for ligands
in the protein. According to the blind docking results, two and three binding sites on a-Lac were predicted for
DOX and PTX, respectively (Fig. 7a,b). As presented in Fig. 7¢,d, the best position for DOX and PTX was located
in the same hydrophobic pocket close to antiparallel 3 sheet of a-Lac. According to the AutoDock Vina calcula-
tions, binding affinities of -7.1 and -8.0 (kcal/mol) were obtained for a-Lac:DOX and «-Lac:PTX, respectively.
Additionally, local docking was performed based on the results of blind docking. Besides, analysis of the docking
results revealed the residues within a distance cutoff of 3.5 A from DOX: ASN 44, SER 47, GLU 49, ASN 56, TYR
103, LEU 105, ALA 106. However, HIS 32, ASP 46, SER 47, GLU 49, ASN 56, LYS 58, TRP 60, ASN 102, TYR 103,
LEU 105 were detected to locate in 3.5 A from PTX. In both cases, docking results for binding sites and binding
affinities are in a good agreement with experimental data obtained using ITC.

Based on the results of the modeling, dominant interaction is hydrophobic and hydrogen bond. As indicated
in Fig. 7¢,d, DOX interacted with SER47, GLU 49, ASN 56, and TYR 103 and PTX interacted with SER47, ASN
56, and TRP 60 via hydrogen bonding in the hydrophobic pocket of a-Lac. Other residues are shown to have
hydrophobic interactions with a-Lac.

Molecular dynamics simulation. Three MD simulations were carried out for a-Lac and a-Lac:DOX and
a-Lac:PTX complexes. Root mean squared deviation (RMSD), solvent accessible surface area (SASA) and the
secondary structure (with DSSP algorithm) were studied to analyze the structures®. Generally, the time evolution
of RMSD shows the simulation stability. Furthermore, it is considered as a way to evaluate the results of molecular
docking. Moreover, RMSD of the protein backbone was calculated relative to the initial structure in the presence
and absence of DOX or PTX molecules (Fig. 8). Based on the results, conformation of the a-Lac in the presence
or absence of DOX or PTX reached stability, indicating that all of structures (obtained from local docking) were
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Figure 7. Binding sites and residues interacted. Possible binding sites of a-Lac for (a) DOX or (b) PTX; LIGPLOT
diagrams of the interacted residues between a-La and (c) DOX or (d) PTX.
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Figure 8. RMSD of a-Lac backbone relative to the initial structure. RMSD of «-Lac in the absence or presence
of DOX or PTX during 100 ns MD simulation was calculated.
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Figure 10. Number of Hydrogen Bonds. Number of Hydrogen Bonds during the MD simulations for
a-Lac:DOX and a-Lac:PTX complexes.

fully stable. Upon binding to DOX or PTX, the RMSD values for a-Lac were decreased (average values of 1.51,
1.46, and 1.42 A for a-Lac, a-Lac:DOX, and a-Lac:PTX, respectively). The reduction in RMSD for a-Lac:PTX
relative to a-Lac was higher than that for a-Lac:DOX, suggesting the greater stability of a-Lac:PTX complexes
according to the experimental data obtained using ITC.

SASA is another parameter for investigating the conformational changes of the protein structure which calcu-
lated in these simulations. The average values of SASA are 7137, 7162, and 7175 A2 for a-Lac, a-Lac:DOX, and
a-Lac:PTX, respectively. These data show the greater exposure of a-Lac surface to solvent in the presence of DOX
and PTX molecules which are agreement with experimental data. Furthermore, secondary structure was analyzed
using DSSP program. As shown in Fig. 9, the number of residues adopting secondary structural elements was cal-
culated. According to the results, a-helix content decreases in o-Lac, upon binding to DOX or PTX (45, 35, and
39% for a-Lac, a-Lac:DOX, and a-Lac:PTX, respectively). Besides, binding of DOX or PTX to a-Lac resulted
in an increased random coil content (32, 37, and 35% for free a-Lac, a-Lac:DOX, and a-Lac:PTX, respectively).
Other secondary structural elements especially 3-sheets did not present any significant alteration. These clearly
are supported by our far-UV CD results.

The hydrogen bond analysis was performed to study the interactions in a-Lac:DOX and a-Lac:PTX com-
plexes (Fig. 10). In the hydrogen bond analysis, a hydrogen bond was defined as a (dDA) <3.5 A distance and
a (aDHA)> 135° angle between the hydrogen bond donor and acceptor. The data obtained from the hydrogen
bond analysis indicated that the number of hydrogen bonds in a-Lac: PTX complex is more than those of o-Lac:-
DOX complex. These finding can be attributed to the orientation of the hydrogen bond donors and acceptors in
PTX which is more accessible than relative to DOX.

The stability of hydrogen bonds was measured by % occupancy (Table 4). Our findings show the stability of
hydrogen bonds in a-Lac:PTX complex was higher than those of a-Lac:DOX complex. These data were consist-
ent with the analysis discussed in the other sections.

Furthermore, the average structures for the last 20 ns of the MD simulation for a-Lac:DOX and a-Lac:PTX
complexes were investigated and are presented in Fig. 11a,b. During the MD simulation, both DOX and PTX
were positioned in the same hydrophobic pocket close to antiparallel beta sheet of a-Lac. The ligand molecules
oriented in such a way that they had the greatest interactions with the a-Lac residues. Furthermore, the inter-
acting residues of a-Lac are depicted in the Fig. 11a,b. These data agree with results obtained from molecular
docking.

Cell proliferation assay. The cytotoxicity of a-Lac:DOX or a-Lac:PTX was compared with that of the free
a-Lac, DOX, and PTX against MDA-MB-231 and T47D cells following 24, 48, and 72 h incubation using MTT
assay. Fig. 12a—c presents the cytotoxicity of a-Lac in the extensive range of 1-1000 uM on MDA-MB-231 and
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THR 33 15.9 ASP 46 52.6
SER 47 33.8 GLU 49 44.2
GLN 54 37.4 ASN 56 36.5
ASN 56 29.6 LYS 58 49.8
LYS 58 39.1 TRP 60 24.5
TYR 103 44.9 ASN 102 75.5

TYR 103 27.3

Table 4. Hydrogen bond analysis of a-Lac:DOX and a-Lac:PTX complexes during the MD simulation.

Figure 11. Conformation of the average structure of (a) the a-Lac:DOX and (b) a-Lac:PTX complexes for the last
20 ns of the MD simulation. DOX, PTX, and interacting residues of a-Lac are shown in the stick representations.
The a-Lac structure is depicted in cartoon representations (Color scheme for a-Lac: cyan for carbon, red for
oxygen, blue for nitrogen, and white for hydrogen atoms. For DOX, PTX, carbon atoms are in pink).

T47D cells. Based on our results, a-Lac could only induce statistically significant toxicity at higher concentrations
of 500 and 1000 pM. It is worth mentioning that, a-Lac elicited insignificant cytotoxicity at the concentrations
used in complex with DOX or PTX. Moreover, free DOX or PTX decreased viability of MDA-MB-231 and T47D
cells in a time- and concentration-dependent manner (Fig. 13a-1). The data in Fig. 13a-1 were normalized to
the corresponding control (MDA-MB-231 and T47D cells treated with 1, 2, 4, 10, and 20 uM DOX or PTX).
According to our results, DOX showed higher cytotoxicity compared to PTX in both cell lines and at the three
incubation times, which have been reported by other authors®!. Furthermore, based on our MTT results, the pres-
ence of a-Lac could decrease the cytotoxicity of DOX or PTX whether applied in equal or ascending ratios at 24,
48, and 72 h. This could stem from the interactions of DOX or PTX with a-Lac and subsequent reduction of free
drug concentrations. A related point to consider is that these interactions are stable until 72 h and could decrease
DOX or PTX toxicity up to 72 h which could be an indication of static interaction of a-Lac with DOX or PTX.
This reflects the fact that some drug molecules present in the culture media were free and part of them bound to
a-Lac molecules after the interactions between «-Lac and DOX or PTX reached their equilibria. In fact, there was
an equilibrium between a-Lac and free drugs present in the solution, i.e. over time, part of bound drugs dissociate
and enter the culture media and part of free drugs replace them in turn. Consequently, free effective DOX or PTX
concentrations could be lower in the presence of a-Lac than its absence. Over a time, the free drugs entered the
cells and caused their death, which means their concentrations in the culture media has decreased. Therefore, in
order to reach an equilibrium again, less drugs were bound to the protein. This could indicate slow release of the
drugs which is considered as an important principle in drug delivery. Slow release of drugs could result in less
drug injections and consequently less damage to healthy tissues which is very desirable.
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Figure 12. Cytotoxicity of a-Lac in MDA-MB-231 and T47D cells. The cells were incubated with 1-1000 uM
of a-Lac for 24 (a), 48 (b), and 72 (c) h. Cell viability was evaluated by MTT assay. The data represents
mean £ SEM of three independent experiments. *represents p < 0.05 compared to the corresponding control.

Besides, a-Lac was more effective in toxicity reduction of DOX or PTX when applied in equimolar ratio.
This could be due to the fact that there are enough a-Lac molecules available to interact with DOX or PTX when
applied in equal ratio while less c-Lac molecules are present when DOX or PTX were applied at ascending ratio.
Thus, additional free DOX or PTX molecules are available to penetrate the cells when applied ascending stoi-
chiometries. Interestingly, o-Lac was more efficient in reducing PTX toxicity than DOX, which is in line with
our thermodynamic results. As reported in thermodynamics section, since there are two binding sites for PTX
on a-Lac and a-Lac:PTX’s Ky, is higher than that of a-Lac:DOX, it can be concluded that more PTX molecules
interacted with a-Lac compared with DOX. In other words, free PTX concentration is smaller in a-Lac:PTX than
free DOX concentration in a-Lac:DOX solutions.
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Figure 13. MTT assay. Effect of DOX alone (1, 2, 4, 10, and 20 pM), PTX alone (1, 2, 4, 10, and 20 pM), and
a-Lac (1, 2, 4, 10, and 20 pM) along with DOX or PTX (1, 2, 4, 10, and 20 pM) with equal (1:1, 2:2, 4:4, 10:10,
and 20:20) and ascending ratios (1:2, 1:4, 1:10, and 1:20) in MDA-MB-231 (a-f) and T47D (g-1) cells. The cells
were incubated with the described concentrations and ratios of a-Lac, DOX, and PTX for 24 (a,b,g and h),

48 (c,d,iand j), and 72 (e,f,k and 1) (h). Cell viability was evaluated by MTT assay. The percent viability data
were normalized to the corresponding control. The data represents an average = SEM of three independent
experiments. *represents p < 0.05 compared to the corresponding control.
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Figure 14. Flow cytometric analysis of apoptosis induction. Effect of a-Lac, DOX, PTX, a-Lac:DOX, and
a-Lac:PTX on apoptosis induction in MDA-MB-231 cells after incubation for 48 h. The cells were incubated
with 1 (b) and 2 (¢) uM a-Lac, 2uM DOX (d), 1:2 ratio of a-Lac:DOX (e), 2:2 ratio of a-Lac:DOX (f), 2uM
PTX (g), 1:2 ratio of a-Lac:PTX (h), and 2:2 ratio of a-Lac:PTX (i). The presented graphs are representative of
the flow cytometric output. The control cells were also presented to compare (a).

Apoptosis assay. Apoptosis induction by a-Lac alone, DOX alone, PTX alone, and a-Lac:DOX or
a-Lac:PTX complexes were evaluated by flow cytometry. In the current study, different staining of viable and
apoptotic cells by AO and EB were applied to assess apoptosis by flow cytometry. Representative flow cytomet-
ric outputs of treated MDA-MB-231 cells after 48 h incubation are displayed in Fig. 14a-i. FL1-H and FL3-H
channels of the flow cytometer were used to measure green (AO) and red (EB) fluorescence intensities, respec-
tively. Q1 and Q2 regions were corresponding to necrotic and late apoptotic cells whereas Q3 and Q4 regions
represented viable and early apoptotic cells, respectively. According to the results (Fig. 15a-d), treatment with
DOX or PTX could induce total apoptosis (sum of early and late apoptosis) in MDA-MB-231 and T47D cells in
a time- and concentration-dependent manner. It should be noted that the data in Fig. 15a-d were normalized to
the corresponding control (MDA-MB-231 and T47D cells treated with 1 and 2pM DOX or PTX). Interestingly,
presence of a-Lac caused reduction of the apoptosis induced by DOX or PTX either applied in equal ratios with
DOX or PTX or in ascending ratios in both cell lines after 24 and 48 h treatment. However, equal ratios of a-Lac
and DOX or PTX resulted in reduced amounts of apoptosis induction than ascending ratios in MDA-MB-231 and
T47D cells in 24 and 48 h. A related point to consider is that, 1 and 2 M «a-Lac alone did not provoke apoptosis
induction in MDA-MB-231 and T47D cells after 24 and 48 h incubation (Fig. 2, Supplementary information).
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Figure 15. Quantification of apoptosis analysis using flow cytometry. Effect of a-Lac on apoptosis induction by
DOX or PTX when applied in equal or ascending ratios in MDA-MB-231 (a,b) and T47D (c,d) cells. The cells
were incubated with 1 and 2pM DOX or PTX alone or in complex with 1 and 2pM a-Lac in equal (1:1 and 2:2)
or ascending (1:2) ratios for 24 and 48 h. Apoptosis induction was evaluated by flow cytometry. Each data point
is an average == SEM of three independent experiments. *represents p <0.05 compared to the corresponding
control.

Clearly, the results obtained from apoptosis and MTT assays were highly consistent in our study. Thus, it was
concluded that a-Lac could be introduced as a suitable carrier for chemotherapeutic agents DOX or PTX.

Conclusion

In the current study, it was suggested that a-Lac may serve as a novel and appropriate carrier for chemothera-
peutic agents DOX or PTX as supported by thermodynamic, spectroscopic, computational, and cellular studies.
Based on our studies, van der Waals forces and hydrogen bonds were shown to be involved in the interactions
between ligands and a-Lac. Furthermore, it was revealed that the interactions between a-Lac and DOX or PTX
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are of static and spontaneous nature. According to the results, one binding site for DOX and two binding sites
for PTX were detected. Based on spectroscopic and computational studies, it was revealed that TRP 60 of a-Lac
is engaged in interaction with PTX. While, no TRP is involved in o-Lac’s interaction with DOX. In addition,
a-Lac interaction with DOX or PTX led to greater exposure of a-Lac hydrophobic patches. Consequently,
protein-protein interactions were facilitated by a-Lac:ligand interactions. Besides, DOX caused higher thermal
stability of a-Lac while PTX resulted in its lower thermal stability. Interestingly, a-Lac could lower the cytotox-
icity of DOX or PTX as revealed by MTT and apoptosis assays. It seemed that, a-Lac interactions with DOX or
PTX could result in their slower release that is desirable in drug delivery. Since the interaction of a-Lac with
DOX or PTX was static in nature, the formed complexes were stable up to at least 72 h. However, a-Lac presented
more potential in reducing PTX toxicity compared to DOX as revealed by cytotoxicity studies and confirmed by
thermodynamic findings.

Materials and Methods

Materials. «-Lac from bovine milk-type III-calcium depleted (L 6010), (3-(4,5-dimethylthi-
azol-2-yl)-2,5-dephenyltetrazolium bromide (MTT), dialysis membranes (cut-off, 12000 Da), acridine orange,
Ludox®, penicillin, and tris(hydroxymethyl) aminomethane (Tris) were obtained from Sigma-Aldrich. Fetal
bovine serum (FBS), RPMI 1640 culture medium, and trypsin were purchased from GIBCO. DOX-HC], ethid-
ium bromide, ethylenediaminetetraacetic acid (EDTA), and dimethyl sulfoxide (DMSO) were from Merck.
Fluorescein 5-isothiocyanate (FITC) and PTX were obtained from Thermo-Fisher Scientific (Waltham, MA)
and Stragen Pharma, respectively. Flasks, petri dishes, and 96-well plates were purchased from Nunc (Denmark).

Cell lines and culture conditions. MDA-MB-231 and T47D breast cancer cell lines were received from
National Cell Bank of Iran (Pasteur Institute, Iran). Both cell lines were cultured in RPMI 1640 medium supple-
mented with 10% heat-inactivated fetal bovine serum (FBS), 500 pg/ml penicillin, and 200 pg/ml streptomycin.
The cells were incubated in a humidified atmosphere (95%) with 5% CO, at 37 °C. MDA-MB-231 and T47D cells
were routinely sub-cultured using trypsin/EDTA in phosphate buffered saline (PBS) solution®.

Experimental setup. In the current study, 20 mM Tris buffer, the most common buffer used for a-Lac,
containing 3.5 mM EDTA to remove the bound Ca?", was applied during the thermodynamic, spectroscopic, and
cellular experiments as a solvent for a-Lac. Furthermore, ethanol was used to dissolve PTX in all the experiments.
It is important to note that, the amount of ethanol used in all the experiments was less than 3% (v/v) which is
lower than maximum 20% (v/v) capable of eliciting conformational changes in the a-Lac, as reported in the pub-
lished literature®>>*. Besides, the authors are willing to emphasize that the effect of the amount of 3% (v/v) ethanol
was measured on a-Lac structure in isothermal titration and differential scanning calorimetries and detected no
change which has been documented in our previous publication®.. In addition, it is necessary to emphasize that
during all the spectroscopic, thermodynamic, and cellular experiments, the protein was soluble and never precip-
itated after forming complexes (vide infra) with DOX or PTX.

In the case of thermodynamic and spectroscopic studies, it should be taken into account that, since there is
a decrease of 0.025 unit in pH of Tris buffer for 1 °C of temperature raise (according to the protocol released by
the manufacturer, Sigma-Aldrich), the total amount of changes in pH during temperature raise from 25 to 90 °C
would be nearly 1.5 unit (pH 5.5). However, according to the published literature, a-Lac is resistant to pH fluc-
tuations up to pH 4°°. Moreover, in order to exclude the probable pH changes due to titration with DOX or PTX
solutions, i.e. the highest amount was 15% and 6% (v/v) of the total volume at the end of titrations, respectively,
the authors measured the pH and detected no change.

Isothermal titration calorimetry. Heat flow was measured using isothermal titration calorimetry (ITC)
to determine type of the interactions. ITC assays were performed on a VP-ITC Microcalorimeter (MicroCal,
LLC, Northampton, MA, USA) system at 25 °C. The 290 uM «-Lac, loaded in the sample cell, was titrated with
3.4 mM DOX while 50 uM «-Lac was titrated with 250 uM PTX in pH 7.0. In the both cases, the initial volume
of a-Lac was 1.8 ml. The reference cell was loaded with 20 mM Tris buffer (pH 7.0). In each experiment, all the
solutions were degassed under vacuum for 3 min before loading in the ITC cells. The measurements were started
by injecting 5 pl of the titrant into the reactor, which were proceeded by 29 successive injections. These injections
were performed at a rate of 10 ul per 20 s with 3 min spacing time between them. To correct the heat effects due
to mixing and dilution, the heat effects due to PTX and DOX in protein buffer and the effect of ethanol as PTX’s
solvent under identical condition (temperature and timing) were subtracted from the heat of a-Lac:DOX and
a-Lac:PTX titrations. The experimental data were analyzed and fitted using MicroCal Origin software to calculate
the binding parameters.

Differential scanning calorimetry. Differential scanning calorimetry (DSC) measurements were per-
formed on a differential scanning calorimeter (N-DSC II) supplied by Calorimetry Sciences Corp (Utah, USA).
A pressure of 2 atm was applied to prevent the formation of air bubbles and avoid changes in the sample volume.
The thermograms of 1:5.5 molar ratio of a-Lac:DOX and 1:0.5 and 1:5.5 molar ratios of a-Lac:PTX systems were
recorded over a temperature range of 15-60 °C with a heating rate of 2 °C/min. The reference cell was loaded with
Tris buffer. All experiments were performed in a solution of 1.5 mg/ml a-Lac in Tris buffer containing EDTA. The
sample scans were prepared for analysis by subtracting the buffer baseline followed by calculation of thermody-
namic parameters from thermograms using CpCalc software (version 2.1) supplied by the manufacturer.

Circular dichroism spectroscopy. Far-UV (195-260 nm) and near-UV (260-320 nm) circular dichro-
ism (CD) spectra were measured to evaluate changes in the secondary and tertiary structures, respectively, of
a-Lac induced by DOX or PTX. The CD spectra were recorded at room temperature (25 °C) by an Aviv 215
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Spectropolarimeter (Lakewood, New Jersey, USA) using a cuvette of 1 mm path length for far-UV and 2 mm
path length for near-UV measurements. Apo a-lac was formed by dissolving a-Lac (300 ul, 10 uM) in Tris buffer
(20 mM) containing EDTA (3.5 mM) to remove the bound Ca?*. Afterwards, a-Lac was titrated with small
increments of DOX or PTX stock solutions (3.4 and 7 mM, respectively). At the end of titration, molar ratios of
1:2.0 and 1:5.5 were obtained for both a-Lac:DOX and a-Lac:PTX. The a-Lac:DOX and a-Lac:PTX solutions
were vortexed for 15 s followed by incubation for 4 min to allow the formation of a-Lac:DOX and a-Lac:PTX
complexes prior to CD measurements. Due to DOX and PTX absorption in the wavelength range of experiments,
it was necessary to do a correction. Therefore, CD spectra were corrected by subtracting the spectra of DOX or
PTX from «-Lac in the presence of various concentrations of DOX or PTX**’. The CD results were expressed in
terms of molar ellipticity ([6]) in deg cm? dmol ™! according to the following equation:

(6] = 100 x 115.3 x 6/cl (5)

where 115.3 is the mean amino acid residual weight (MRW) for bovine a-Lac, 0 is the CD signal in degrees
at each wavelength, c is the a-Lac concentration in mg/ml and 1 is the length of the lightpath (cm). CDSD and
CDNN software analysis was applied to deconvolute the CD spectra to determine the tertiary structure and the
content of various secondary structure elements.

Pace analysis to determine protein thermal stability. The stability of a-Lac upon interaction with
DOX or PTX was analyzed according to the two-state model of Pace*®. Briefly, thermal denaturation curves of
10 M a-Lac solution in the presence and absence of 2.0-fold and 5.5-fold concentrations of DOX or PTX (3.4
and 7 mM, respectively) were obtained by Carry Eclipse (Varian, Australia) spectrofluorimeter, at excitation and
emission wavelengths of 280 and 337 nm, respectively. a-Lac and the drugs mixed solutions in Tris buffer were
vortexed for 15 s, followed by 4 min incubation. Afterwards, a-Lac solution in complex with DOX or PTX was
scanned in the temperature range of 20 to 95 °C. Temperature was raised 2 °C per min and the data were recorded
every 1 min. The fluorescence intensity was corrected according to the equation (6) to remove the absorption of
different concentrations of DOX or PTX in the same temperature range™:

F = FInit. % 10((Aex+Aem)/2) (6)

where F and Fy,; represent corrected and initial fluorescence intensity, respectively. A, represents absorption
of DOX or PTX at the excitation wavelength and A, is absorption of DOX or PTX at the emission wavelength.

Lifetime measurements. Fluorescence lifetime measurements were performed using an Edinburgh
Instruments (FLS 920) spectrofluorimeter in laser mode at excitation and emission wavelengths of 255 and 337
nm, respectively. The spectrofluorimeter was equipped with a temperature-controlled cell connected to a cir-
culating water bath. Fluorescence lifetime of 10 uM a-Lac in 20 mM Tris buffer (pH 7 and containing EDTA)
in the presence and absence of 2.0- and 5.5-fold concentrations of DOX or PTX were measured. Using a
double-exponential decay function of the decay profiles with F900 analysis software, the lifetime values were
determined from the reconvolution fit analysis. When applying the reduced x? value, the goodness of fit was
assessed (close to 1 in all cases).

Furthermore, according to the following equation and using the amplitude o, of the ith component lifetime
Trp the average fluorescence lifetime (75) was calculated since TRP and «-Lac presented two different lifetime
values®:

2
_ 20T
TF = -

20T (7)

Fluorescence anisotropy measurements (A). «-Lac labeling with FITC was performed according to
published procedures*. In brief, a-Lac was dissolved in Tris buffer (pH 7.0) and reacted with FITC in a darkened
lab. The FITC was first dissolved in a few drops of DMSO, then made up to volume in pH 7.0 Tris buffer. The
sample was left on a shaker to react for 8 h at room temperature in the dark. Free unreacted dye was separated
from the reaction mixture by repeated dialysis against 0.01 M buffer. Dialysis membranes (cut-off, 12000 Da)
were prepared according to standard methods and immediately used. Dialysis was considered complete when free
FITC fluorescence in the outer solution was no longer detectable.

Fluorescence spectra and steady-state emission anisotropies of all a-Lac samples were measured with Cary
Eclipse fluorimeter (Agilent, Palo Alto, CA). Anisotropy was measured with a manual polarizer and the G factor
correction was done manually, with Ludox® as the reference fluorophore. The labelled protein was then excited
at 490 nm and the parallel and perpendicular emissions were monitored at maximum emission of 512 nm with
a manual polarizer. The anisotropy measurement of the protein was then repeated with DOX or PTX. DOX is
fluorescent and it absorbs light at 490 nm but has no fluorescence emission at 512 nm and shows no interference
with the anisotropy measurements.

Molecular docking. Molecular docking was performed to study the interactions between a-Lac and DOX
or PTX using AutoDock Vina 1.1.2 program®. Blind docking was used to predict preferred orientation of ligands
and binding affinities. Crystal structure of a-Lac was obtained from RCSB protein data bank (1HFZ PDB code).
Afterwards, hydrogen atoms were added to the protein structure and initial files were prepared by MGL tools
(1.5.6rc3 version)®!. Furthermore, DOX and PTX structures were obtained from PubChem (https://pubchem.
ncbi.nlm.nih.gov/) and ChemSpider (http://www.chemspider.com/), respectively. Besides, Kollman and Gasteiger
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charges were assigned to a-Lac and ligand molecules, respectively. Moreover, a grid volume that was big enough
to cover the entire surface of the protein was applied using a grid spacing with value of 1 A for blind docking.
Docking results were clustered and the best mode was selected to use for local docking in which a Grid box of
30x30x30 points was used with a spacing of 1 A. Exhaustiveness was set on 20 and the root mean square (RMS)
cluster tolerance was set to 2.0 A. For other docking parameters, default values were applied. a-Lac was set to be
rigid while DOX or PTX molecules were set to be flexible through both blind and local docking. The graphical
images representing the best pose were prepared using MGL tools. Besides, LigPlot+ v.1.4.5, was employed to
present schematic two dimensional representations of protein-ligand interactions using the PDB files as input®.

Molecular dynamics simulation. The best docking poses of a-Lac:DOX and a-Lac:PTX complexes were
considered as the initial structures for MD simulations. Restrained electrostatic potential (RESP) charges were
assigned to the DOX and PTX molecules using the antechamber module from the AmberTools 14 suite®®. The
MD simulations were carried out with the GROMACS package (Version 5.1.3)%%. Furthermore, the force field
parameters for DOX and PTX were generated using antechamber module with the general AMBER force field
(gaff), while the ff14SB force field was used for a-Lac®>%. The starting structures of a-Lac:DOX and a-Lac:PTX
complexes were put in a periodic rectangular box with a closeness parameter of 12 A. Then, TIP3P water mole-
cules filled the simulation boxes®”. Sodium counter ions were added to the systems to preserve the electroneutral-
ity condition. Moreover, the particle mesh Ewald (PME) method was used to treat the long-range electrostatic
interactions®. Besides, the SHAKE algorithm was used to constrain all bonds involving hydrogen atoms®. In
addition, the initial velocities were taken from a Maxwell-Boltzmann distribution at a temperature of 300 K.
Moreover, a cutoff distance of 10 A was used to truncate van der Waals interactions in each simulation. The equa-
tions of motion were integrated using the leap frog algorithm”® with a time step of 2 fs. For each system, at first,
the energy minimization was performed in 5000 steps, using the steepest descent method to remove bad contacts.
During the minimization, position restraints with force constants of 1,000 k] mol™ nm™2 were considered on all
heavy atoms of the a-Lac, DOX, and PTX molecules. Following the energy minimization, heating step was per-
formed from 0 to 300 K through an NVT ensemble MD simulation for 1 ns. Afterwards, 1 ns equilibration was
carried out at a constant temperature (300 K) and pressure (1 bar). The control parameters such as total energy,
density, temperature, and RMSD were checked during the equilibration step, showing that the equilibration time
is appropriate for performance of the next step. Finally, a 100-ns production run was carried out in the NPT
ensemble. In NPT MD simulations, the temperature and pressure were controlled by the Nose '~Hoover ther-
mostat’! and Parrinello-Rahman barostat’?, respectively. Moreover, the coupling time of 0.1 and 1.0 ps was used
for thermostat and barostat, respectively. Totally, three MD simulations were done (a-Lac:DOX and a-Lac:PTX
complexes and free a-Lac). The atomic coordinates were saved every 25 ps for analysis. Moreover, molecular
graphics were made with the PyMOL program (The PYMOL Molecular Graphics System, Version 1.7.2).

Cell proliferation assay. The cytotoxicity of a-Lac, DOX, PTX, a-Lac:DOX, and a-Lac:PTX was deter-
mined using MTT assay. In this assay, harvested exponentially growing MDA-MB-231 and T47D cells were plated
in 96-well plates. Afterwards, the cells were treated with freshly prepared solutions containing various concen-
trations of a-Lac alone (1-1000 .M), DOX alone (1, 2, 4, 10, and 20 uM), PTX alone (1, 2, 4, 10, and 20 pM), and
a-Lac (1, 2, 4, 10, and 20 uM) along with DOX or PTX (1, 2, 4, 10, and 20 pM) with equal (1:1, 2:2, 4:4, 10:10, and
20:20) and ascending ratios (1:2, 1:4, 1:10, and 1:20). The corresponding control cells were also considered in the
absence of any kind of treatments. The solutions were vortexed before treatment in order to trigger the interaction
between a-Lac and DOX or PTX. After incubation for 24, 48, and 72 h, 10 pl of MTT (5 mg/ml) dissolved in PBS
was added to each well followed by incubation for 3 h. Then, 100 pl DMSO was added to each well to dissolve the
formazan crystals formed by viable cells. Finally, the absorbance of each well was measured at a test wavelength of
570 and a reference wavelength of 630 nm using an Elisa reader spectrophotometer (BioTek, USA). Cell viability
was calculated by comparing absorbance of the treated cells with that of the control cells, which conventionally
was 100%. The results were presented as means of three independent experiments2.

Apoptosis assay. Apoptosis induction in absence and presence of a-Lac alone (1 and 2juM), DOX alone
(1 and 2puM), PTX alone (1 and 2pM), and o-Lac (1 and 2 pM) along with DOX or PTX (1 and 2 pM) with
equal (1:1 and 2:2) and ascending (1:2) ratios was detected and quantified by flow cytometric analysis of treated
MDA-MB-231 and T47D cells stained with acridine orange/ethidium bromide (AO/EB) according to the
published procedures’”#. Following incubation for 24 or 48 h, the treated cells were trypsinized and pelleted.
Afterwards, they were resuspended in 1 ml PBS and stained with AO and EB with the final concentration of 0.1
and 0.25 mM, respectively. All samples were analyzed by CyFlow Space (Partec, Germany) followed by data anal-
ysis using FloMax software.

Statistical analysis. Statistical analyses were performed using SPSS version 16.0 statistical software (SPSS
Inc., Chicago, USA). One-way analysis of variance (ANOVA) and Tukey’s post-hoc testing were applied to com-
pare means for continuous variables. A two-tailed p value of <0.05 was considered statistically significant.

References

1. Torre, L. A. et al. Global cancer statistics, 2012. CA: a cancer journal for clinicians 65, 87-108 (2015).

2. Chowdhury, M. R,, Schumann, C., Bhakta-Guha, D. & Guha, G. Cancer nanotheranostics: Strategies, promises and impediments.
Biomedicine & Pharmacotherapy 84, 291-304 (2016).

3. Vong, L. B. & Nagasaki, Y. Combination treatment of murine colon cancer with doxorubicin and redox nanoparticles. Molecular
pharmaceutics 13, 449-455 (2016).

4. Burke, P.]. & Koch, T. H. Design, synthesis, and biological evaluation of doxorubicin— formaldehyde conjugates targeted to breast
cancer cells. Journal of medicinal chemistry 47, 1193-1206 (2004).

SCIENTIFICREPORTS|  (2018) 8:17345 | DOI:10.1038/541598-018-35559-1 18



www.nature.com/scientificreports/

14.
15.
16.

17.
. Gu, Y,, Matsumura, Y., Yamaguchi, S. & Mori, T. Action of protein-glutaminase on a-lactalbumin in the native and molten globule

19.
20.
21.

22.
23.

24.
25.
26.

27.

28.
29.
30.

31.
32.

33.
34.
35.
36.
37.
38.
39.
40.

41.
42.

43.
44,
45.

46.
. Yang, X. et al. Insights into the binding of paclitaxel to human serum albumin: multispectroscopic studies. Luminescence 28,

. Prados, J. et al. Doxorubicin-loaded nanoparticles: new advances in breast cancer therapy. Anti-Cancer Agents in Medicinal

Chemistry (Formerly Current Medicinal Chemistry-Anti-Cancer Agents) 12, 1058-1070 (2012).

. Lin, Y.-S. et al. Targeting the delivery of glycan-based paclitaxel prodrugs to cancer cells via glucose transporters. Journal of medicinal

chemistry 51, 7428-7441 (2008).

. Luo, J. et al. Well-defined, size-tunable, multifunctional micelles for efficient paclitaxel delivery for cancer treatment. Bioconjugate

chemistry 21, 1216-1224 (2010).

. Boztas, A. O. et al. Synergistic interaction of paclitaxel and curcumin with cyclodextrin polymer complexation in human cancer

cells. Molecular pharmaceutics 10, 2676-2683 (2013).

. Zhou, H. et al. Synthesis and characterization of amphiphilic glycidol— chitosan— deoxycholic acid nanoparticles as a drug carrier

for doxorubicin. Biomacromolecules 11, 3480-3486 (2010).

. Barenholz, Y. C. Doxil®—the first FDA-approved nano-drug: lessons learned. Journal of controlled release 160, 117-134 (2012).
. Zhao, M. et al. Quantitative proteomic analysis of cellular resistance to the nanoparticle abraxane. ACS nano 9, 10099-10112 (2015).
. Miele, E., Spinelli, G. P, Miele, E., Tomao, E. & Tomao, S. Albumin-bound formulation of paclitaxel (Abraxane ABI-007) in the

treatment of breast cancer. Int ] Nanomedicine 4, 99-105 (2009).

. Lohcharoenkal, W., Wang, L., Chen, Y. C. & Rojanasakul, Y. Protein nanoparticles as drug delivery carriers for cancer therapy.

BioMed research international 2014 (2014).

Elzoghby, A. O., Samy, W. M. & Elgindy, N. A. Protein-based nanocarriers as promising drug and gene delivery systems. Journal of
controlled release 161, 38-49 (2012).

Agudelo, D. et al. Probing the binding sites of antibiotic drugs doxorubicin and N-(trifluoroacetyl) doxorubicin with human and
bovine serum albumins. PloS one 7, e43814 (2012).

Agudelo, D., Bérubé, G. & Tajmir-Riahi, H. An overview on the delivery of antitumor drug doxorubicin by carrier proteins.
International journal of biological macromolecules 88, 354-360 (2016).

Livney, Y. D. Milk proteins as vehicles for bioactives. Current Opinion in Colloid & Interface Science 15, 73-83 (2010).

states. Journal of agricultural and food chemistry 49, 5999-6005 (2001).

Wehbi, Z. et al. Effect of heat treatment on denaturation of bovine a-lactalbumin: determination of kinetic and thermodynamic
parameters. Journal of agricultural and food chemistry 53, 9730-9736 (2005).

Goers, J., Permyakov, S. E., Permyakov, E. A., Uversky, V. N. & Fink, A. L. Conformational prerequisites for a-lactalbumin
fibrillation. Biochemistry 41, 12546-12551 (2002).

Ligkova, K., Kelly, A. L., O'Brien, N. & Brodkorb, A. Effect of denaturation of a-lactalbumin on the formation of BAMLET (bovine
a-lactalbumin made lethal to tumor cells). Journal of agricultural and food chemistry 58, 4421-4427 (2010).

Permyakov, E. A. & Berliner, L. J. a-Lactalbumin: structure and function. FEBS letters 473, 269-274 (2000).

Chakraborti, S., Sarwar, S. & Chakrabarti, P. The effect of the binding of ZnO nanoparticle on the structure and stability of
a-lactalbumin: a comparative study. The Journal of Physical Chemistry B 117, 13397-13408 (2013).

Cawthern, K. M., Narayan, M., Chaudhuri, D., Permyakov, E. A. & Berliner, L. J. Interactions of a-lactalbumin with fatty acids and
spin label analogs. Journal of Biological Chemistry 272, 30812-30816 (1997).

Knyazeva, E. L. et al. Who is Mr. HAMLET? Interaction of human a-lactalbumin with monomeric oleic acid. Biochemistry 47,
13127-13137 (2008).

Brinkmann, C. R,, Thiel, S. & Otzen, D. E. Protein-fatty acid complexes: biochemistry, biophysics and function. The FEBS journal
280, 1733-1749 (2013).

Frislev, H. S., Jessen, C. M., Oliveira, C. L., Pedersen, J. S. & Otzen, D. E. Liprotides made of a-lactalbumin and cis fatty acids form
core-shell and multi-layer structures with a common membrane-targeting mechanism. Biochimica et Biophysica Acta (BBA)-
Proteins and Proteomics 1864, 847-859 (2016).

Gustafsson, L. et al. HAMLET kills tumor cells by apoptosis: structure, cellular mechanisms, and therapy. The Journal of nutrition
135, 1299-1303 (2005).

Kehoe, J. J. & Brodkorb, A. Interactions between sodium oleate and a-lactalbumin: The effect of temperature and concentration on
complex formation. Food Hydrocolloids 34, 217-226 (2014).

Barbana, C. et al. Interaction of bovine a-lactalbumin with fatty acids as determined by partition equilibrium and fluorescence
spectroscopy. International dairy journal 16, 18-25 (2006).

Delavari, B. et al. Alpha-lactalbumin: a new carrier for vitamin D 3 food enrichment. Food Hydrocolloids 45, 124-131 (2015).
Pedersen, J. N, Frislev, H. S., Pedersen, J. S. & Otzen, D. E. Using protein-fatty acid complexes to improve vitamin D stability. Journal
of dairy science 99, 7755-7767 (2016).

Xie, J. et al. One-Step Photo Synthesis of Protein-Drug Nanoassemblies for Drug Delivery. Advanced healthcare materials 2, 795-799
(2013).

Meulenbroek, L. A. et al. Characterization of T cell epitopes in bovine a-lactalbumin. International archives of allergy and
immunology 163, 292-296 (2014).

Saboury, A. A review on the ligand binding studies by isothermal titration calorimetry. Journal of the Iranian Chemical Society 3,
1-21 (2006).

Purcell, M., Neault, J. & Tajmir-Riahi, H. Interaction of taxol with human serum albumin. Biochimica et Biophysica Acta (BBA)-
Protein Structure and Molecular Enzymology 1478, 61-68 (2000).

Agudelo, D., Beauregard, M., Bérubé, G. & Tajmir-Riahi, H.-A. Antibiotic doxorubicin and its derivative bind milk 3-lactoglobulin.
Journal of Photochemistry and Photobiology B: Biology 117, 185-192 (2012).

Ross, P. D. & Subramanian, S. Thermodynamics of protein association reactions: forces contributing to stability. Biochemistry 20,
3096-3102 (1981).

Yang, H. et al. Binding modes of environmental endocrine disruptors to human serum albumin: insights from STD-NMR, ITC,
spectroscopic and molecular docking studies. Scientific Reports 7, 11126 (2017).

Gomez, ], Hilser, V. ], Xie, D. & Freire, E. The heat capacity of proteins. Proteins: Structure, Function, and Bioinformatics 22, 404-412
(1995).

TAJMIR, R. H. An overview of drug binding to human serum albumin: protein folding and unfolding (2007).

Tieghem, E., Van Dael, H. & Van Cauwelaert, F. A circular dichroic study of Cu (II) binding to bovine a-lactalbumin. Journal of
inorganic biochemistry 42, 119-131 (1991).

Kelly, S. M. & Price, N. C. The use of circular dichroism in the investigation of protein structure and function. Current protein and
peptide science 1, 349-384 (2000).

Edelhoch, H., Lippoldt, R. & Wilchek, M. The circular dichroism of tyrosyl and tryptophanyl diketopiperazines. Journal of Biological
Chemistry 243, 4799-4805 (1968).

Stanciug, N., Ripeanu, G., Bahrim, G. & Aprodu, I. pH and heat-induced structural changes of bovine apo-a-lactalbumin. Food
chemistry 131, 956-963 (2012).

Creighton, T. E. Protein structure: a practical approach. (Oxford University Press, 1997).

427-434 (2013).

SCIENTIFICREPORTS|  (2018) 8:17345 | DOI:10.1038/541598-018-35559-1 19



www.nature.com/scientificreports/

48. Zolmajd-Haghighi, Z. & Hanley, Q. S. When one plus one does not equal two: fluorescence anisotropy in aggregates and multiply
labeled proteins. Biophysical journal 106, 1457-1466 (2014).

49. Lin, E-Y,, Chen, W.-Y,, Ruaan, R.-C. & Huang, H.-M. Microcalorimetric studies of interactions between proteins and hydrophobic
ligands in hydrophobic interaction chromatography: effects of ligand chain length, density and the amount of bound protein.
Journal of Chromatography A 872, 37-47 (2000).

50. Kabsch, W. & Sander, C. Dictionary of protein secondary structure: pattern recognition of hydrogen-bonded and geometrical
features. Biopolymers 22, 2577-2637 (1983).

51. Serrano, M. J. et al. Evaluation of a Gemcitabine-Doxorubicin-Paclitaxel Combination Schedule through Flow Cytometry
Assessment of Apoptosis Extent Induced in Human Breast Cancer Cell Lines. Cancer Science 93, 559-566 (2002).

52. Bigdeli, B. et al. Enterolactone: A novel radiosensitizer for human breast cancer cell lines through impaired DNA repair and
increased apoptosis. Toxicology and applied pharmacology 313, 180-194 (2016).

53. Grinberg, V. Y., Grinberg, N. V,, Burova, T. V., Dalgalarrondo, M. & Haertlé, T. Ethanol-induced conformational transitions in
holo-a-lactalbumin: Spectral and calorimetric studies. Biopolymers 46, 253-265 (1998).

54. Wehbi, Z. et al. Study of ethanol-induced conformational changes of holo and apo a-lactalbumin by spectroscopy and limited
proteolysis. Molecular nutrition & food research 50, 34-43 (2006).

55. Yang, ., Zhang, M., Chen, J. & Liang, Y. Structural changes of a-lactalbumin induced by low pH and oleic acid. Biochimica et
Biophysica Acta (BBA)-Proteins and Proteomics 1764, 1389-1396 (2006).

56. Hamada, D. & Goto, Y. The equilibrium intermediate of 3-lactoglobulin with non-native a-helical structurel. Journal of molecular
biology 269, 479-487 (1997).

57. Zeinabad, H. A., Zarrabian, A., Saboury, A. A., Alizadeh, A. M. & Falahati, M. Interaction of single and multi wall carbon nanotubes
with the biological systems: tau protein and PC12 cells as targets. Scientific reports 6, 26508 (2016).

58. Chattopadhyay, A. Exploring membrane organization and dynamics by the wavelength-selective fluorescence approach. Chemistry
and physics of lipids 122, 3-17 (2003).

59. Nigen, M., Le Tilly, V., Croguennec, T., Drouin-Kucma, D. & Bouhallab, S. Molecular interaction between apo or holo a-lactalbumin
and lysozyme: Formation of heterodimers as assessed by fluorescence measurements. Biochimica et Biophysica Acta (BBA)-Proteins
and Proteomics 1794, 709-715 (2009).

60. Trott, O. & Olson, A. J. AutoDock Vina: improving the speed and accuracy of docking with a new scoring function, efficient
optimization, and multithreading. Journal of computational chemistry 31, 455-461 (2010).

61. Sanner, M. E. Python: a programming language for software integration and development. ] Mol Graph Model 17, 57-61 (1999).

62. Wallace, A. C., Laskowski, R. A. & Thornton, J. M. LIGPLOT: a program to generate schematic diagrams of protein-ligand
interactions. Protein engineering, design and selection 8, 127-134 (1995).

63. Bayly, C. L, Cieplak, P, Cornell, W. & Kollman, P. A. A well-behaved electrostatic potential based method using charge restraints for
deriving atomic charges: the RESP model. The Journal of Physical Chemistry 97, 10269-10280 (1993).

64. Pearlman, D. A. et al. AMBER, a package of computer programs for applying molecular mechanics, normal mode analysis,
molecular dynamics and free energy calculations to simulate the structural and energetic properties of molecules. Computer Physics
Communications 91, 1-41 (1995).

65. Wang, J., Wolf, R. M., Caldwell, . W, Kollman, P. A. & Case, D. A. Development and testing of a general amber force field. Journal of
computational chemistry 25, 1157-1174 (2004).

66. Duan, Y. et al. A point-charge force field for molecular mechanics simulations of proteins based on condensed-phase quantum
mechanical calculations. Journal of computational chemistry 24, 1999-2012 (2003).

67. Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. & Klein, M. L. Comparison of simple potential functions for
simulating liquid water. The Journal of chemical physics 79, 926-935 (1983).

68. Essmann, U. et al. A smooth particle mesh Ewald method. The Journal of chemical physics 103, 8577-8593 (1995).

69. Ryckaert, J.-P,, Ciccotti, G. & Berendsen, H. J. Numerical integration of the cartesian equations of motion of a system with
constraints: molecular dynamics of n-alkanes. Journal of Computational Physics 23, 327-341 (1977).

70. Hockney, R., Goel, S. & Eastwood, J. Quiet high-resolution computer models of a plasma. Journal of Computational Physics 14,
148-158 (1974).

71. Nosé, S. A unified formulation of the constant temperature molecular dynamics methods. The Journal of chemical physics 81,
511-519 (1984).

72. Parrinello, M. & Rahman, A. Polymorphic transitions in single crystals: A new molecular dynamics method. Journal of Applied
physics 52,7182-7190 (1981).

73. Djavid, G. E., Bigdeli, B., Goliaei, B., Nikoofar, A. & Hamblin, M. R. Photobiomodulation leads to enhanced radiosensitivity through
induction of apoptosis and autophagy in human cervical cancer cells. Journal of Biophotonics (2017).

74. Ribble, D., Goldstein, N. B., Norris, D. A. & Shellman, Y. G. A simple technique for quantifying apoptosis in 96-well plates. BMC
biotechnology 5, 12 (2005).

Author Contributions

The following authors have contributed to the manuscript: Behdad Delavari: He presented the main idea,
performed the spectroscopic and thermodynamic studies, preformed all data analysis, and contributed in writing
the manuscript. Fatemeh Mamashli: She wrote the manuscript and contributed in cellular tests. Bahareh Bigdeli:
She performed the cellular tests. Atefeh Poursoleiman: She contributed in circular dichroism and fluorescence
spectroscopy tests. Leila Karami: She performed molecular dynamic studies and contributed in its analysis. Zahra
Zolmajd-Haghighi: She set up anisotropy and lifetime experiments. Atiyeh Ghasemi: She performed Isothermal
Titration Calorimetry test. Samaneh Samaei-Daryan: She performed docking studies. Dr. Morteza Hosseini: He
provided the fluorescence lifetime instrument. Thomas Haertlé: He contributed in scientific editing and helped
in writing the manuscript. Vladimir I. Muronetz: He contributed in scientific editing and helped in writing the
manuscript. @yvind Halskau: He contributed in scientific editing and helped in writing the manuscript. Ali Akbar
Moosavi-Movahedi: He performed the Differential Scanning Calorimetry study. Bahram Goliaei: He provided
the materials and instruments needed to perform cellular studies and supervised the performance of the cellular
tests. Ali Hossein Rezayan: He is the first thesis supervisor of Behdad Delavari. Ali Akbar Saboury: The project
was performed in his laboratory. He is the second thesis supervisor of Behdad delavari.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-35559-1.

Competing Interests: The authors declare no competing interests.

SCIENTIFIC REPORTS |

(2018) 8:17345 | DOI:10.1038/541598-018-35559-1 20


http://dx.doi.org/10.1038/s41598-018-35559-1

www.nature.com/scientificreports/

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
Cam | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFIC REPORTS |

(2018) 8:17345 | DOI:10.1038/s41598-018-35559-1 21


http://creativecommons.org/licenses/by/4.0/

	A biophysical study on the mechanism of interactions of DOX or PTX with α-lactalbumin as a delivery carrier

	Results and Discussion

	Isothermal titration calorimetry. 
	Differential scanning calorimetry. 
	Circular dichroism spectroscopy. 
	Pace analysis to determine protein thermal stability. 
	Lifetime measurements. 
	Anisotropy. 
	Molecular docking. 
	Molecular dynamics simulation. 
	Cell proliferation assay. 
	Apoptosis assay. 

	Conclusion

	Materials and Methods

	Materials. 
	Cell lines and culture conditions. 
	Experimental setup. 
	Isothermal titration calorimetry. 
	Differential scanning calorimetry. 
	Circular dichroism spectroscopy. 
	Pace analysis to determine protein thermal stability. 
	Lifetime measurements. 
	Fluorescence anisotropy measurements (A). 
	Molecular docking. 
	Molecular dynamics simulation. 
	Cell proliferation assay. 
	Apoptosis assay. 
	Statistical analysis. 

	Figure 1 ITC diagram from the titration of α-La with (a) DOX and (b) PTX.
	Figure 2 DSC thermograms of apo α-Lac in the presence of DOX and PTX.
	Figure 3 Far-UV CD spectra of α-Lac in the presence of (a) DOX and (b) PTX.
	Figure 4 Near-UV CD spectra of α-Lac in the absence and present of (a) DOX and (b) PTX.
	Figure 5 Pace analysis diagrams to determine protein thermal stability.
	Figure 6 Anisotropy of α-Lac in the presence of (a) DOX and (b) PTX.
	Figure 7 Binding sites and residues interacted.
	Figure 8 RMSD of α-Lac backbone relative to the initial structure.
	Figure 9 Analysis of secondary structure.
	Figure 10 Number of Hydrogen Bonds.
	Figure 11 Conformation of the average structure of (a) the α-Lac:DOX and (b) α-Lac:PTX complexes for the last 20 ns of the MD simulation.
	Figure 12 Cytotoxicity of α-Lac in MDA-MB-231 and T47D cells.
	Figure 13 MTT assay.
	Figure 14 Flow cytometric analysis of apoptosis induction.
	Figure 15 Quantification of apoptosis analysis using flow cytometry.
	Table 1 ITC Analysis of DOX or PTX’s Binding to α-Lac in 20 mM Tris Buffer (pH 7) at 25 °C.
	Table 2 Thermodynamic Parameters of α-Lac’s Denaturation with DOX or PTX Determined by DSC.
	Table 3 DOX or PTX binding to α-Lac by Pace analysis.
	Table 4 Hydrogen bond analysis of α-Lac:DOX and α-Lac:PTX complexes during the MD simulation.




