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Abstract

Malignant pleural mesothelioma is an aggressive cancer with poor prognosis. Here we have

investigated in vitro efficacy of BAMLET and BLAGLET complexes (anti-cancer complexes

consisting of oleic acid and bovine α-lactalbumin or β-lactoglobulin respectively) in killing

mesothelioma cells, determined BAMLET and BLAGLET structures, and investigated possi-

ble biological mechanisms. We performed cell viability assays on 16 mesothelioma cell

lines. BAMLET and BLAGLET having increasing oleic acid content inhibited human and rat

mesothelioma cell line proliferation at decreasing doses. Most of the non-cancer primary

human fibroblasts were more resistant to BAMLET than were human mesothelioma cells.

BAMLET showed similar cytotoxicity to cisplatin-resistant, pemetrexed-resistant, vinorel-

bine-resistant, and parental rat mesothelioma cells, indicating the BAMLET anti-cancer

mechanism may be different to drugs currently used to treat mesothelioma. Cisplatin, peme-

trexed, gemcitabine, vinorelbine, and BAMLET, did not demonstrate a therapeutic window

for mesothelioma compared with immortalised non-cancer mesothelial cells. We demon-

strated by quantitative PCR that ATP synthase is downregulated in mesothelioma cells in

response to regular dosing with BAMLET. We sought structural insight for BAMLET and

BLAGLET activity by performing small angle X-ray scattering, circular dichroism, and scan-

ning electron microscopy. Our results indicate the structural mechanism by which BAMLET

and BLAGLET achieve increased cytotoxicity by holding increasing amounts of oleic acid in

an active cytotoxic state encapsulated in increasingly unfolded protein. Our structural stud-

ies revealed similarity in the molecular structure of the protein components of these two

complexes and in their encapsulation of the fatty acid, and differences in the microscopic

structure and structural stability. BAMLET forms rounded aggregates and BLAGLET forms

long fibre-like aggregates whose aggregation is more stable than that of BAMLET due to
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intermolecular disulphide bonds. The results reported here indicate that BAMLET and

BLAGLET may be effective second-line treatment options for mesothelioma.

Introduction

Malignant pleural mesothelioma is an aggressive tumour of the membrane lining the pleural

cavity of the chest caused by exposure to asbestos fibres [1–3]. Due to heavy use of asbestos in

the past, the United States, European countries, and Australia are suffering high incidence

rates of mesothelioma, and the incidence is rising in developing nations where asbestos mining

and use remains unrestricted, estimated as approximately 43 000 annual deaths worldwide of

which 13% are in Asia [1–2,4–5]. Treatment options for mesothelioma are mainly palliative in

nature, and patients will be confronted with recurrence of disease and drug resistance. The

chemotherapy treatment of cisplatin plus pemetrexed was adopted as the standard first-line

chemotherapy treatment when it increased the average survival of advanced mesothelioma

patients from 9 to 12 months [6,7]. Other chemotherapies that have shown treatment benefit

include gemcitabine and vinorelbine [8]. After initial chemotherapy treatment, mesothelioma

almost always progresses [7] and as yet, there is no effective second-line chemotherapy [7–9].

There is therefore an urgent unmet need for treatment options for this treatment-resistant

cancer.

Complexes of oleic acid with bovine α-lactalbumin protein (BAMLET/HAMLET–Bovine/

Human Alpha-lactalbumin Made LEthal to Tumours [10–11]) and with bovine β-lactoglobu-

lin (BLAGLET–Beta-LActoGlobulin made LEthal to Tumours) have demonstrated broad-

spectrum anti-cancer activity in vitro to over 50 cancer cell lines [12–21] inventoried in [22],

and have shown efficacy in reducing tumours and non-toxicity to healthy tissue in a few in
vivo experiments of cancer tumours in humans, mice, and rats [13,15,23–25]. HAMLET and

BAMLET are also cytotoxic towards some bacteria in vitro and in vivo in mice [26–29]. HAM-

LET and BAMLET complexes have not yet been tested on mesothelioma cancer cells.

Ever since the first published work on HAMLET that created the BAMLET field of study

[12], researchers have been aware that BAMLET compounds are deactivated by components

in blood, specifically as a consequence of both albumin [30] and calcium [31] sequestering the

oleic acid. Taking the cue from that first study, cell viability assays are generally performed in

the absence of serum during the BAMLET incubation step. We envisage administration of

BAMLET directly into the pleural cavity to treat mesothelioma. However, blood components

are also not completely absent in the pleural cavity and albumin and calcium can also be pres-

ent due to pleural effusion.

It has been shown that the fatty acid, most commonly oleic acid, is the main active compo-

nent of BAMLET and HAMLET-like complexes [14,18]. However, the protein component

also plays an important role in BAMLET activity, as not only are a range of anti-cancer and

anti-bacterial activities observed for BAMLETs prepared by different methods, but also in

BAMLETs constituted with different proteins (reviewed in [22]). A striking example is albu-

min which binds oleic acid in blood without reports of associated anti-cancer activity [32], yet

forms a cytotoxic BAMLET complex with oleic acid when prepared using a BAMLET heating

protocol [33]. Uncertainty remains as to whether oleic acid is the lone cytotoxic component of

BAMLET or if the protein component also contributes to this activity. Concentrations of oleic

acid alone were as efficient at killing cells as the BAMLET-like complexes [14,34–35]. Alternate

studies showed that similar amounts of oleic acid alone killed no cells or fewer cells than did
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the BAMLET-like complexes, and that higher amounts of oleic acid or sodium oleate were

required to kill the same number of cells [18,27,33,36–39,40–43]. Researchers using α-lactalbu-

min without oleic acid as a control for in vitroHAMLET and BAMLET experiments have

found no toxicity of α-lactalbumin towards cancer cells [14,24,27,44–46], whereas others

found a reduction in cell viability of approximately 10% [12,15,39]. α-Lactalbumin protein

treatment used as a control without oleic acid increased in vivo survival of bladder cancer

tumour-bearing rats, although 5 times more α-lactalbumin was required to produce a similar

level of survival as BAMLET treatment [15].

What the specific cellular targets of BAMLET are is an open question and is an active area

of investigation (reviewed in [22]). The many proposed cellular targets include membrane ion

channels [29,47–50], histones [51–53], mitochondria [54–56], proteasomes [19], α-actinin

[57], annexin [30], and ATP synthase [58]. Multiple lines of evidence indicate that the initial

BAMLET target is the cellular membrane of cancer cells [30,43,59–65].

It is generally accepted that the cytotoxicity of BAMLET-like anti-cancer complexes is due

to a structural balance of its components, the protein and the oleic acid that can be accommo-

dated by the protein, resulting in release of the oleic acid component to the cell membrane,

termed “cargo off-loading” [66–68]. The novel protein-lipid structure of BAMLET-like com-

plexes, in an aqueous environment will hold a nanoscale droplet of oleic acid oil in a cytotoxic

“solubilised” state [68], so called because when the complex comes into contact with lipid

membranes, the oleic acid dissociates from the protein complex and associates with the cell

membrane [65]. This behaviour is in contrast to the unreactive behaviour of oleic acid in the

bulk phase of a macroscale droplet of oil. The cytotoxicity mechanism can be thought of as a

balance in stability of the structure of the BAMLET-like complexes; the complexes appear sta-

ble in a polar environment and are unstable when in the presence of lipids or strongly lipid-

binding blood components. Such a mechanism is not used by any current cancer chemothera-

pies, targeted therapy drugs, or immunotherapies. The structure of BAMLET-like compounds

represents a recently described type of lipoprotein structure [69] that has been named the

“liprotide” [33]. This structure is well characterised by SAXS, with the SAXS curves of lipro-

tides having distinctive features, in particular, a blunt first minimum followed by a diffuse sec-

ond maximum.

In summary, BAMLET compounds have broad-spectrum anti-cancer activity and mesothe-

lioma is a cancer in need of a second-line treatment, and thus the present work investigates

BAMLET compounds as a potential therapy for mesothelioma, with suitable controls. The

general BAMLET shortcoming that it is disabled by blood is not anticipated to be problematic

in the case of mesothelioma treatment as the compound could be administered directly to the

pleural cavity where blood is not abundant. This study investigates BAMLET activity towards

mesothelioma cells in the presence of non-abundant blood compounds, and towards mesothe-

lioma cells that have being treated with and have developed resistance to chemotherapies, and

also determines the toxicity of α-lactalbumin alone. A bioinformatics analysis of membrane

proteins in bacterial genomes is carried out for clues as to the BAMLET target in both bacteria

and tumour cells, as simplified analysis is required for bacterial genomes compared with

eukaryotic genomes. Results point to the membrane-embedded enzyme ATP synthase as a

possible BAMLET target and thus gene expression alterations of ATP synthase subunits in

mesothelioma cells treated with BAMLET are investigated. Given that the novel BAMLET

mechanism of activity is due to its novel structure, this study carries out structural characteri-

sations that explore the relationship between structure and anti-cancer activity, by characteris-

ing and comparing BAMLET and BLAGLET structures by small angle X-ray scattering

(SAXS), circular dichroism (CD), and scanning electron microscopy (SEM).
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Results

BAMLET and BLAGLET are cytotoxic to human mesothelioma cell lines as

a function of oleic acid content

The cytotoxicity of BAMLET (Fig 1A) and BLAGLET (Fig 1B) compounds having low,

medium and high levels of oleic acid were tested on a range of human mesothelioma cell lines:

MM05, MSTO, REN, H28, H226, H2452, H2052, VMC20, VMC23, VMC33 and VMC40 (see

Methods). After 4.5 hours treatment of BAMLET or BLAGLET, in the absence of serum (to

avoid deactivation of treatment compound by blood components), followed by 1 day incuba-

tion in FBS, these mesothelioma cells were found to be sensitive to BAMLET and BLAGLET at

similar doses. The toxic concentration TC50 was in the range 0.3 to 0.8 mg/ml for treatment

with the BAMLET-medium species and 0.4 to 1.0 mg/ml for BLAGLET-medium. The higher

the oleic acid content of BAMLET or BLAGLET, the more sensitive the mesothelioma cells to

the compound (TC50 values were lower for BAMLET-high and BLAGLET-high being in the

range 0.07 to 0.6 mg/ml and 0.2 to 1.0 mg/ml respectively; TC50 values were higher for BAM-

LET-low and BLAGLET-low being in the range 1.0 to 5.0 mg/ml and 1.6 to 5.5 mg/ml respec-

tively). An immortalised non-cancer human mesothelial cell line (MeT5A) was used as the

non-cancer control due to ease of growing large quantities necessary for the assays, and

showed similar sensitivities to BAMLET and BLAGLET as the mesothelioma cell lines (Met5A

TC50 of 0.3±0.04 mg/ml and 0.2±0.04 mg/ml for BAMLET-medium and BLAGLET-medium

respectively). Viability assays for treatment with α-lactalbumin alone (no oleic acid) with con-

centrations up to 39 mg/ml demonstrated TC50 values ranging from 13 to 38 mg/ml for some

human mesothelioma cell lines, whereas for others the TC50 was not reached but viability did

decrease and TC50 can be extrapolated to 58 mg/ml and higher. (Table A in S1 File is a com-

plete compilation of TC50 for all human cells.)

Non-cancer primary fibroblasts are more resistant to BAMLET than cancer

cells when serum is present

Non-cancer primary human fibroblast cells, considered to be more representative of healthy

mesothelial cells than immortalised cell lines, were assayed to measure BAMLET toxicity

towards healthy-like cells compared to mesothelioma cells. The BAMLET species assayed was

BAMLET-medium, prepared with a 5-to-1 molar ratio of oleic acid-to-protein, similar to the

ratios of species used in reported in vivo experiments [13–15,23,25]. For three of the four non-

cancer primary human fibroblast control cell lines tested, the response to BAMLET was

biphasic, with a large proportion of the non-cancer cells more resistant to BAMLET than were

the mesothelioma cells (statistically significantly higher TC50 of 2.4±0.3, 1.8±0.7, and 1.7±0.5

mg/ml for HOFF, HOFM01, and HOFM02 respectively, and percentage of resistant cells was

71%, 51%, and 43% respectively; respective p-values demonstrating statistical significance

compared with mesothelioma MM05 are 2e-11, 9e-14, and 5e-13), with the rest of the non-

cancer cells having the same sensitivity to BAMLET as the mesothelioma cells (Fig 1C; Table A

in S1 File; and intermediate results interspersed in the code of S1 Dataset). Treatment con-

sisted of three days incubation of cells with BAMLET-medium in the presence of 10% fetal

bovine serum (FBS), to maintain both types of cells with uninterrupted supply of nutrients

needed to stay healthy. Visual inspection did not reveal there to be two different types of cells

in the cultures (Figure B in S1 File). We note that the three non-cancer fibroblast cell lines that

exhibited resistance to BAMLET were established only a few months prior to the experiments,

whereas the non-cancer fibroblast cell line that had similar sensitivity to BAMLET as the

mesothelioma cell lines (Humofib; TC50 0.7±0.1 mg/ml, response to BAMLET was not

BAMLET structure and cytotoxicity towards chemotherapy-resistant mesothelioma cells
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Fig 1. TC50 values at which 50% of human mesothelioma and non-cancer cells remain viable showing that the

higher the amount of oleic acid in the BAMLET or BLAGLET compound, the more sensitive are cells to

treatment. (a) BAMLET or bovine α-lactalbumin for 4.5 hours in medium without FBS after removal of conditioned

FBS-containing medium, then addition of FBS and incubation for 1 day; (b) BLAGLET for 4.5 hours following same

protocol as in (a). Cell lines shown are human immortalised non-cancer mesothelial (Met5A, yellow) and human

mesothelioma (MM05, MSTO, REN, H28, H226, H2452, H2052, VMC20, VMC23, VMC33, and VMC40, colours as

shown in (b)). Dose-response curves for a representative experiment are shown in Figures Aa and Ab in S1 File. (c)

Cell death assay plot of human non-cancer primary fibroblast cells and human mesothelioma cells lines treated with

BAMLET for 3 days with FBS present. Mesothelioma cells and immortalised non-cancer cells have a similar, consistent

response to BAMLET (TC50 0.7±0.1 mg/ml for MM05, H226, VMC23, VMC40, Met5A, and Humofib). There is a

biphasic response to BAMLET treatment for three non-cancer primary cells (HOFF, HOFM01 and HOFM02) which

manifests as two steps in the dose-response curve (as opposed to one step in the dose-response curve for the

mesothelioma cells) and two values of TC50 (first value of TC50 is same as for mesothelioma cells and second value of

TC50 is 2.4±0.3, 1.8±0.7, and 1.7±0.5 mg/ml for HOFF, HOFMO1, and HOFMO2 respectively and are statistically
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biphasic and no proportion of cells were more resistant to BAMLET), established by the same

method, had been propagated for approximately 4 years prior to the experiments, demonstrat-

ing an immortalised characteristic of indefinite proliferation. These results suggest that cells

become more sensitive to BAMLET when they become immortalised. Although not investi-

gated further, we note that the three BAMLET-resistant non-cancer fibroblast cell lines grew

very slowly in vitro, and after several more months of propagation, their proliferation

increased to similar easy-to-culture levels as for Humofib, at which point they became simi-

larly sensitive to BAMLET. This suggests that BAMLET’s effects are growth phase-dependent.

In addition to showing that BAMLET is more toxic to mesothelioma cells and immortalised

cells than to recently established non-cancer healthy-like cell lines, these results show that

BAMLET is able to kill mesothelioma cells when serum is present. When serum was removed

prior to BAMLET dosing, the mesothelioma cells were approximately 7 to 10 times more sen-

sitive to BAMLET (eg. TC50 0.05±0.02 mg/ml for MM05, 0.10±0.01 mg/ml for H226, Table A

in S1 File) than when FBS was present (eg. TC50 0.7±0.1 mg/ml for MM05, 0.70±0.1 mg/ml for

H226, Table A in S1 File). We note that when FBS was not present during BAMLET incuba-

tion, the non-cancer primary fibroblasts did not have a biphasic response and were not more

resistant to BAMLET than were mesothelioma cells (TC50 0.10±0.001 mg/ml for HOFM01,

0.10±0.01 mg/ml for HOFM02, Table A in S1 File).

BAMLET is as cytotoxic to cisplatin-resistant and other chemotherapy-

resistant mesothelioma cells as to chemotherapy-sensitive cells

The cisplatin-resistant rat mesothelioma cell line (IL45-CisR) had similar sensitivities to BAM-

LET as the parental cells (IL45) (Fig 1D; Table B in S1 File average IL45-CisR TC50 = 0.87

±0.21 mg/ml; p-value = 1; results interspersed in the code of S1 Dataset). We established that

the cisplatin-resistant cells did indeed have higher tolerances of cisplatin than the parental

cells (Figure Ca in S1 File; average IL45-CisR TC50 = 3.18±1.90 μM, average IL45 TC50 = 1.74

±0.31 μM; p-value = 0.0002). The pemetrexed-resistant rat mesothelioma cell line (IL45-

PemR) had similar sensitivities to BAMLET as its parental pemetrexed-sensitive cells (IL45) in

22 out of 32 experiment comparisons (Fig 1E; Table B in S1 File average IL45-PemR TC50 =

1.00±0.27 mg/ml and average IL45 TC50 = 0.88±0.18 mg/ml; p-value = 1). We found that the

pemetrexed-resistant cells were indeed resistant to pemetrexed at the doses tested (IL45-PemR

TC50 was not reached for most experiments; p-value = 1e-72) while its parental IL45 cell line

was sensitive to pemetrexed (Figure Cc in S1 File; Table B in S1 File average IL45 TC50 = 8.00

±7.07 μM). The rat mesothelioma cell line developed for vinorelbine resistance (IL45-VLBR)

had similar sensitivities to BAMLET as the parental cells (IL45) (Figure Cg in S1 File; Table B

in S1 File average IL45-VLBR TC50 = 0.93±0.27 mg/ml; p-value = 1) although in our hands we

did not achieve consistently higher resistance to vinorelbine (data variable from week to week

significantly different to the first TC50 value). Experiments were carried out 3 times with 3 replicates per experiment,

and values shown are from a representative experiment consisting of three replicates. (d,e) BAMLET TC50 values for

chemotherapy-resistant and chemotherapy-sensitive cells, showing that both types of cells have the same level of

sensitivity to BAMLET. Although pemetrexed-resistant or cisplatin-resistant cells are more resistant to those

chemotherapies (Figure C in S1 File), they are just as sensitive to BAMLET. There is variability in TC50 from week to

week, which we attribute to the regular dosing with maintenance chemotherapy between assays and high passage

number. However, statistical consistency of effects tests conclude that there is no overall difference in TC50 between

the chemo-resistant and parental cells. (d) Pemetrexed-resistant (IL45-PemR, red and orange lines for cells maintained

with regular high and low pemetrexed doses respectively) and (e) cisplatin-resistant (IL45-CisR, red and orange lines

for cells maintained with regular high and low cisplatin doses respectively) rat mesothelioma cells lines and their

parental chemosensitive rat mesothelioma cell line (IL45, blue and cyan lines for high- and low-passage number cells

respectively) treated with BAMLET-medium (BAMLET prepared with oleic acid-protein ratio of 5 to 1).

https://doi.org/10.1371/journal.pone.0203003.g001
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and not shown). The gemcitabine-resistant rat mesothelioma cell line (IL45-GemR) had higher

tolerances to gemcitabine than the parental (IL45) cells (Figure Ce in S1 File; average

IL45-GemR TC50 = 1.43±1.404 μM, average IL45 TC50 = 0.46±0.35 μM; p-value = 4e-102).

However, unlike the trend seen with the other three chemotherapies, the gemcitabine-resistant

cells were also more resistant to BAMLET than the parental cells (Figure Cf in S1 File; Table B

in S1 File average IL45-GemR TC50 = 1.23±0.76 mg/ml; p-value = 1e-5). The immortalised

non-cancer control rat mesothelial cell line (4/4RM.4) had similar sensitivity to BAMLET

(average BAMLET TC50 = 0.84±0.08 mg/ml) as the rat mesothelioma IL45 cell line (Table B in

S1 File). These results indicate that BAMLET is as effective in cytotoxicity towards mesotheli-

oma cells that have been treated with and have developed resistance to the cisplatin, peme-

trexed, and vinorelbine chemotherapies currently used to treat mesothelioma, as it is towards

chemotherapy-naive mesothelioma cells. These results also indicate that mesothelioma cells

that have developed resistance to gemcitabine (another chemotherapy used to treat mesotheli-

oma) may be more resistant to BAMLET.

Immortalised non-cancer mesothelial cell lines are as sensitive to

chemotherapies as mesothelioma cells

The immortalised non-cancer control human mesothelial cell line (MeT5A) had similar sensi-

tivity to cisplatin, pemetrexed, gemcitabine, or vinorelbine as the human mesothelioma cells

(Figures Da to Dd in S1 File). The immortalised non-cancer rat mesothelial cell line (4/4RM.4)

also showed similar or increased sensitivity to cisplatin, pemetrexed, and gemcitabine com-

pared to the rat mesothelioma cells (Table B in S1 File). The long-time immortalised non-can-

cer primary fibroblast human cell line (Humofib) was just as sensitive to cisplatin or

pemetrexed treatment as the human mesothelioma cell lines (Figures Da to Dd in S1 File).

Bioinformatics analysis of bacterial sequences indicates plasma membrane

ATP synthase as a potential BAMLET target

A comparison of the membrane proteins of HAMLET-sensitive (Streptococcus pneumoniae,
Streptococcus mitis, and Streptococcus pyogenes [26]) and HAMLET-resistant bacteria (Escheri-
chia coli, Staphylococcus aureus, Staphylococcus epidermidis, Klebsiella pneumoniae, Pseudomo-
nas aeruginosa, and Enterobacter cloach [26]) reveals that the difference between the two

groups is the HAMLET-resistant bacteria possess the F0F1 ATP synthase subunit I gene whilst

the HAMLET-sensitive bacteria do not (see Figure E in S1 File for relative gene placements

and subunit I sequence alignment). For all six HAMLET-resistant bacteria, the Interproscan

[70] search of the protein sequence of the gene preceding membrane subunits A and C

matches it to subunit I (Interproscan ID IPR005598) and predicts it to possess four transmem-

brane helices identifying it as a transmembrane protein. Subunit I has been shown to assist in

assembly of the membrane-embedded c-ring of F0F1 ATP synthase [71–72], a major compo-

nent of the ATP synthase proton pore [73]. BLASTP searches confirmed that ATP synthase

subunit I is not present in the HAMLET-sensitive bacteria nor in the human genome (all six

subunit I sequences of the HAMLET-resistant bacteria were used for BLASTP searches). All

BLASTP searches returned a result of no significant similarity found, with the exception of

three sequenced S. pneumoniae isolates (identified in NCBI protein database as CVY60247,

COE43039, and CJL04251). The NCBI nucleotide database contains 1,274,592 species and iso-

lates of S. pneumoniae (for search term: “Streptococcus pneumoniae” AND “genome”), of

which only these three contain the subunit I gene. Thus, S. pneumoniae does not contain the

ATP synthase subunit I gene. We thus hypothesised that the ATP synthase c-ring membrane

proton pore component functioning without the presence nor assistance of subunit I may be

BAMLET structure and cytotoxicity towards chemotherapy-resistant mesothelioma cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0203003 August 29, 2018 7 / 32

https://doi.org/10.1371/journal.pone.0203003


implicated in BAMLET’s membrane depolarisation activity and anti-cancer mechanism.

Given this result and given that other ATP synthase subunits may be targeted by HAMLET

[58], we further investigated expression of ATP synthase genes in response to regular BAM-

LET dosing.

Quantification by RT-qPCR of ATP synthase genes indicates that

mesothelioma cells decrease their metabolic activity in response to regular

BAMLET dosing

The gene chosen as a standard for normalisation of qPCR results is ATP synthase subunit c

isoform 1 (ATP5G1) as it was more stable across control and BAMLET-dosed cell lines than

the housekeeping RNA18S ribosomal 1 gene (RNA18S1) (Figure F in S1 File). The regular

high BAMLET dosing (0.3 mg/ml) was with sub-lethal concentrations lower than the TC50

concentration. Our results found that the higher the BAMLET dosing, the greater the downre-

gulation of RNA18S1 as measured by fold change in ribosomal RNA (rRNA) expression (Fig

2A). Regular low BAMLET dosing (0.1 mg/ml) resulted in downregulated RNA18S1 gene

expression in all three cell lines tested of which one was statistically significant (MeT5A), and

regular high BAMLET dosing resulted in downregulated RNA18S1 gene expression in all four

cell lines tested of which two were statistically significant (H28 and REN) (Table C in S1 File).

This indicates that mesothelioma cells slow down their metabolic rate in response to BAMLET

treatment. Regular BAMLET dosing of the higher 0.3 mg/ml dose results in downregulation or

ablation in mesothelioma cells of the ATP synthase subunits measured (Fig 2B to 2H).

Twenty-three of the twenty-four tested combinations of ATP synthase gene in cell line pairs

exhibited downregulation of which seven were statistically significant (encompassing all 4 cell

lines tested) (Table C in S1 File). This indicates that regular high BAMLET dosing of mesothe-

lioma cells slows down their ATP synthase-generated energy activity. In most cases, regular

low BAMLET dosing also results in downregulation of ATP synthase components (Fig 2;

Table C in S1 File). In a few cases (in H28 and REN mesothelioma) low BAMLET dosing leads

to upregulation of some of the ATP synthase subunit c isoforms which indicates that low

BAMLET dosing may increase energy production in these mesothelioma cells even though

high dosing lead to a decrease in mRNA expression of these same and other energy production

genes. These overall results of downregulation of genes involved in metabolic and energy pro-

duction activities in response to regular high or low BAMLET dosing are consistent with the

hypothesis that ATP synthase is a target of BAMLET.

BAMLET and BLAGLET adopt increasingly BAMLET-like structural

features as oleic acid content is increased, and BLAGLET aggregation is

more stable than BAMLET aggregation

The SAXS data for high oleic acid content BAMLET and BLAGLET species exhibit the now

classical liprotide characteristics of a non-sharp first minimum and a well-developed second-

ary maximum (Fig 3) which indicate that the structure is that of a liprotide having an oleic

acid core and disordered protein shell. The resulting probability distribution function features

a shoulder followed by a peak, now characteristic of liprotide structures (Fig 3B and Figure G

in S1 File). The SAXS data for low oleic acid content BAMLETs and BLAGLETs are those of a

globular protein. As oleic acid content increases, the liprotide features are more pronounced.

Data curves for the highest two concentrations of BAMLET overlap, and the two highest con-

centrations of BLAGLET in β-mercaptoethanol overlap, indicating that a saturation point of

oleic acid content was reached and excess oleic acid that could not be incorporated into the

protein was removed by dialysis resulting in the same final structure. It has already been
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Fig 2. Fold change of mRNA and rRNA expression for mesothelioma (REN, H28, and VMC23) and control (MeT5A)

cells regularly dosed with low or high BAMLET doses. Fold change measured for 3 replicates by qPCR for genes

RNA18S ribosomal 1 (a), ATP synthase subunit 3 isoform 1 variant 2 (b), ATP synthase subunit 3 isoform 2 (c), ATP

synthase subunit 3 isoform 2 variant 3 (d), ATP synthase subunit 3 isoform 3 (e), ATP synthase subunit beta (f), and ATP

synthase inhibitory factor 1 (g).

https://doi.org/10.1371/journal.pone.0203003.g002
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Fig 3. Experimental scattering curves and probability distribution profiles. (a) Experimental scattering curves

demonstrating that BLAGLET exhibits the diffuse minimum followed by an increase in intensity (a “hump”) that is

characteristic of BAMLET structures. Scattering shown is for β-lactoglobulin and BLAGLET species having protein:

oleic acid input ratios of 1:5, 1:20, 1:40, 1:60, and 1:80, in pH 12 with 2% β-mercaptoethanol solution at 10˚C (top),

BAMLET species having input protein to lipid molecular ratios of 1:2, 1:5, 1:5.625, 1:6.25, 1:7.5, 1:8.75, 1:10, 1:12.5,

1:15, 1:17.5, and 1:20, in pH 12 solution at 4˚C (middle), and BLAGLET species having protein:oleic acid input ratios

of 1:1, 1:5, 1:10, 1:20, 1:40, 1:60, and 1:80, in pH 12 solution at 4˚C without β-mercaptoethanol (bottom). As oleic acid

content is gradually increased, the curves gradually develop a maximum that then gradually shifts to a higher q

(representing gradually shorter distances between scattering points). The BLAGLET maximum at 0.16 Å-1 for

BLAGLET 1:20 (in β-mercaptoethanol) shifts to 0.13 Å-1 for BLAGLET 1:80, corresponding to distances 39.3 Å to 48.3

Å (d = 2π/q). The BAMLET maximum at 0.2 Å-1 for BAMLET 1:5.625 shifts to 0.185 Å-1 for BAMLET 1:20,

corresponding to distances 31.4 Å to 40.0 Å. Even though significant aggregation of BLAGLET occurs when β-
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shown that excess oleic acid is not present in liprotide curves [69]. At pH 12, BAMLET species

are non-aggregated, as shown by the constant SAXS intensity as q approaches zero (Fig 3A

and Figure D in S1 File). This indicates that the added charge to protein side chains at pH 12 is

enough to provide repulsion so that BAMLET is no longer aggregated. At pH 12, BLAGLET

remains aggregated, as shown by increasing intensity of SAXS curves as q approaches zero,

with the exception of BLAGLET 1:1 that is not aggregated (Fig 3 bottom). Addition of 2% β-

mercaptoethanol at pH 12 results in non-aggregated BLAGLET (constant SAXS intensity as q

approaches zero) with the exception of BLAGLET 1:5 that remains aggregated (Fig 3 top and

Figure G in S1 File). This deaggregation of BLAGLET in β-mercaptoethanol indicates that dis-

ulphide bonds contribute to aggregation of BLAGLET and that BLAGLET structure consists

of significantly more disulphide bonds than BAMLET. The significant amount of BLAGLET

disulphide bonds is certainly due to the β-lactoglobulin protein’s odd number of cysteines.

One cysteine per β-lactoglobulin protein molecule will not be paired in a disulphide bond with

another cysteine in the same molecule and, when accessible, will become paired with a cysteine

from another protein molecule. This is in contrast to the α-lactalbumin’s even number of cys-

teines and the resulting lack of aggregation of BAMLET at pH 12. Concentration-adjusted

SAXS curves of BAMLET overlap, demonstrating that the aggregation status is stable and not

dependent on concentration. This is also the case for BLAGLET in β-mercaptoethanol, with

the exception of the highest concentrations that exhibit a decrease in the intensity at low q due

to intermolecular repulsion (Figure G in S1 File). Plots of derived radius versus concentration

and of I(0)/concentration versus concentration are effectively concentration independent,

demonstrating that BAMLET in pH 12 and BLAGLET in β-mercaptoethanol are stable parti-

cles that are neither aggregating nor repulsing (derived parameters appear in Table D in S1

File, Guinier plots to find radii in Figure H in S1 File, and plots of derived parameters versus

concentration in Figure I in S1 File). Given that these species are not aggregated, we carried

out modelling of the shapes of these structures from P(r) distributions derived from the SAXS

data (distance distribution plots derived by Indirect Method [74–75] in Figure J in S1 File,

structure models and goodness-of-fit plots in Figure K in S1 File.)

BAMLET and BLAGLET at pH 12 consist of increasingly peripherally

located protein as oleic acid content increases

The structural units of BAMLET and BLAGLET species are similar to each other. (Fig 4 shows

representative models; Figure K in S1 File shows multiple models; S2 Dataset contains all mod-

els; models contain dummy atoms representing scattering mass.) As oleic acid incorporated

into BAMLET and BLAGLET species increases, the protein component is located more

peripherally and the core volume not containing protein increases. Models for no or low oleic

acid BAMLET and BLAGLET have globular protein structure. Models are more unfolded as

oleic acid content is increased, with the high oleic acid content BAMLETs and BLAGLETs

containing the bulk of the protein on the periphery of the model and not in the centre. The

centre has been shown experimentally to contain a droplet of oleic acid oil [68], confirming

previous predictions and modelling [33,69]. As oleic acid content of BAMLET increases, the

mercaptoethanol is not present, as evidenced by the increasing SAXS intensity at low q, the characteristic diffuse

minimum and secondary maximum (the “hump”) are still evident. (b) Probability distribution profiles, P(r), for

BAMLET species in pH 12, 4˚C, derived from SAXS data by the Indirect Method [74–75] with the curves set to zero at

zero and Dmax distances, and used to create models of BAMLET. The P(r) is a histogram of distances between

scattering points (in this case, protein mass) in the complexes. Low and no oleic acid content BAMLETs have P(r)

curves typical of globular proteins, with one maximum near the centre of the histogram. Medium and high oleic acid

content BAMLET P(r) curves have the shoulder that is characteristic of liprotides.

https://doi.org/10.1371/journal.pone.0203003.g003
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mildly elongated shape envelope of low oleic acid content BAMLET becomes spherical for

high oleic acid content BAMLET (seen visually in the models). As oleic acid content increases,

BAMLET radius of gyration (Rg) steadily increases while the maximum dimension of the com-

plex in general decreases (Figure I in S1 File) confirming the visually observed elongated-to-

spherical transition. This structural progression of decreasing maximum dimension and

increasing Rg was previously mentioned [69] and is now convincingly demonstrated here for

BAMLET by the SAXS modelling for a range of oleic acid content BAMLET complexes. This

structural progression demonstrates how a fixed volume of α-lactalbumin protein incorporates

increasing amounts of oleic acid in its core. In contrast, BLAGLET Rg steadily increases and

maximum dimension remains constant as oleic acid content increases (Figure I in S1 File).

Oleic acid may not be incorporated in BLAGLET protein in the same way as it is in BAMLET

protein. There is an excellent fit between the simulated scattering from these models and the

actual scattering data (shown by overlap of simulated and actual scattering curves in Figure K

in S1 File) and the multiple models are similar (Figure K in S1 File), demonstrating that the

models are the plausible representations of BAMLET and BLAGLET structure.

Scanning electron microscopy shows that BAMLET forms rounded

aggregates and BLAGLET forms long fibre-like aggregates

Scanning electron microscopy (SEM) of BAMLET-high powder (Fig 5A) shows that spheres of

approximately 1–3.5 μm (10 000–35 000 Å) diameter predominate. SEM of BLAGLET-high

powder (Fig 5B) shows that long, thin fibre-like structures of length 25 μm and longer and

width 0.5–1.5 μm predominate. These features are in contrast to α-lactalbumin and β-lacto-

globulin powder that show no such features when viewed by SEM (Figure L in S1 File).

Circular dichroism shows that thermal denaturation of BLAGLET is

gradual and reversible, whereas for apo-β-lactoglobulin it is gradual and

irreversible

As occurred for BAMLET-high and α-lactalbumin [69], circular dichroism of cycles of heating

BLAGLET-high to 95˚C and cooling back to 20˚C reveal that there is no pronounced transi-

tion temperature at which the protein changes from mainly folded to mainly unfolded or vice

versa (Fig 6A and Figures M and N in S1 File). The unfolding steps are small and numerous

and give the impression of steady unfolding. One can imagine increasing amounts of oleic

acid being able to associate with the protein as the protein increasingly unfolds. The thermal

denaturation is a mostly reversible process for BLAGLET-high. Repeated temperature cycles

for apo-β-lactoglobulin show that the thermal denaturation is gradual in appearance, however

it is not reversible (Fig 6B and Figure O in S1 File). After heating to 95˚C, the protein of apo-β-

lactoglobulin remains denatured when cooled to 20˚C. This characteristic may be due to the

formation of disulphide bonds at the higher temperatures when the protein is unfolded, that

remain bonded and impede the protein from folding again when the temperature is reduced

to 20˚C. This may be occurring for apo-β-lactoglobulin and not for apo-α-lactalbumin ([69]

Fig 4. SAXS-derived models, coloured as for SAXS curves in Fig 3, derived by DAMMIN for (a) BAMLET species

having (from top to bottom) input protein to lipid molecular ratios of 1:2, 1:5, 1:5.625, 1:6.25, 1:7.5, 1:8.75, 1:10, 1:12.5,

1:15, 1:17.5, and 1:20, and (b) β-lactoglobulin without oleic acid and BLAGLET having protein:lipid ratios of 1:20, 1:40,

1:60, and 1:80 (from top to bottom). The models are composed of dummy atoms that represent X-ray scattering mass

of the protein component of BAMLET and do not represent the oleic acid. The speculatively modelled oleic acid oil

droplets are depicted as a yellow sphere or ellipsoid in the centre of the partially unfolded protein model, as

experimentally revealed in [68]. As oleic acid content increases, the models evolve from mildly elongated ellipsoid

globular protein to spherical profile having peripheral protein density.

https://doi.org/10.1371/journal.pone.0203003.g004
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showed that thermal denaturation of apo-α-lactalbumin is gradual and reversible) due to β-

lactoglobulin having an odd number of cysteines (5 cysteines) and thus the folded monomer

cannot have all cysteines engaged in disulphide bonds within the monomer. α-Lactalbumin

has an even number of cysteines (4 cysteines) and thus its folded, disulphide-bonded mono-

mer does not have a free, highly-reactive cysteine. The BLAGLET and apo-β-lactoglobulin

thermal denaturation results show that oleic acid in the BLAGLET complex inhibits the

unfolding irreversibility observed for apo-β-lactoglobulin. If this irreversibility is due to

unpaired disulphide bonds between cysteines of neighbouring β-lactoglobulin molecules, then

oleic acid inhibits the formation of these neighbouring bonds.

Discussion

In this study, we investigate the in vitro efficacy of BAMLET complexes in killing mesotheli-

oma cells. Our cell viability results indicate that BAMLET may be a potential treatment option

for mesothelioma. In most cases, chemotherapy-resistant mesothelioma cells and their paren-

tal cells that are not as chemotherapy-resistant showed similar sensitivity to BAMLET, indicat-

ing a potential for BAMLET to treat chemotherapy-resistant disease. We show that BAMLET

is able to kill mesothelioma cells at doses for which non-cancer cells remain viable. BAMLET

is cytotoxic to all 11 human mesothelioma cell lines tested, which represent the most common

types of mesothelioma. BAMLET was as cytotoxic towards mesothelioma cells that had devel-

oped resistance to one of the main chemotherapies used to treat mesothelioma, cisplatin, as it

was towards the parental non-resistant mesothelioma cell line. In a majority of experiments,

BAMLET was as cytotoxic towards mesothelioma cells that had developed resistance to the

other main chemotherapy used to treat mesothelioma, pemetrexed. BAMLET was also as

Fig 5. SEM of BAMLET and BLAGLET. (a) SEM of BAMLET-high powder having protein to lipid molecular ratios of 1:20, showing that this BAMLET

species forms sphere-like aggregations of approximately 1–3.5 μm diameter. Our SAXS results demonstrate that at pH 12, these aggregations separate into

monodispersed particles. (b) SEM of BLAGLET-high powder having protein to lipid molecular ratios of 1:20, showing that this BLAGLET species forms fibre-

like aggregations of approximate width 0.5–1.5 μm and lengths of 25 μm and longer observed.

https://doi.org/10.1371/journal.pone.0203003.g005
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cytotoxic towards mesothelioma cells that were receiving and surviving regular dosing with

vinorelbine, another chemotherapeutic agent used to treat mesothelioma. These results indi-

cate that BAMLET may be effective in killing cancer cells in tumours that have developed resis-

tance to cisplatin, pemetrexed, and vinorelbine. We hypothesise that this is due to the

BAMLET mechanism of action being different to the cytotoxicity mechanisms of cisplatin,

pemetrexed, and vinorelbine. Mesothelioma cells that have developed resistance to the gemci-

tabine chemotherapy, however, were more resistant to BAMLET. This indicates that resistance

to gemcitabine may confer resistance to BAMLET. Whilst BAMLET was as cytotoxic to che-

motherapy-resistant cells as to chemotherapy-naive cells in most cases, the finding that it was

not in all cases (ie, it was not the case for gemcitabine and sometimes for pemetrexed) demon-

strates that BAMLET is targeting biological mechanisms and is not an indiscriminate poison.

Our results add to the cancer cell types for which BAMLET is cytotoxic, extending the list to

over 60 cancer cell types, now including mesotheliomas. We show that although mesothelioma

cells are more sensitive to BAMLET in the absence of serum, BAMLET is nonetheless able to

kill mesothelioma cells even when blood serum components are present. Although BAMLET

is partially deactivated by the calcium and albumin in blood, we show that increasing the

BAMLET dose by a factor of 10 makes it possible to achieve the same level of cytotoxic activity

Fig 6. Plot of CD wavelengths from 190 nm to 250 nm by 0.5 nm, changing temperature by 5˚C approximately

every 5 minutes for (a) BLAGLET-high in pH 7, and (b) apo-β-lactoglobulin in pH 7. Similar to the preparation of

BLAGLET, apo-β-lactoglobulin was prepared by heating β-lactoglobulin to 85˚C for 1 hour then lyophilised. For

circular dichroism experiments, temperature was initially 20˚C then raised to 95˚C and lowered to 20˚C four times,

with CD readings taken every 5˚C change in temperature. At 20˚C and 95˚C, the samples were held at that

temperature for more than 5 minutes.

https://doi.org/10.1371/journal.pone.0203003.g006
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towards mesothelioma cells incubating in FBS-containing medium (containing albumin and

calcium) as when these cancer cells are incubated in medium containing no FBS (containing

calcium but no albumin). These results lead us to make the suggestion that BAMLET adminis-

tered to mesothelioma patients by direct instillation into the lung pleural cavity, thus avoiding

the intravenous route that would put BAMLET in contact with high concentrations of deacti-

vating blood components, may result in BAMLET cytotoxicity to tumour cells. This approach

warrants further investigation in in vivomodels. Such treatment would require a high enough

dose of BAMLET to overcome the BAMLET-deactivating effects of calcium and any albumin

in the serous fluid in the pleural cavity. Given that BAMLET has been shown to act on the cell

membrane and has not been shown to diffuse extensively through tissue, we envisage that

repeated treatments would be necessary to continue tumour shrinkage by killing cancer cells

at the edges of the tumour.

We demonstrated that primary non-cancer cells are more resistant to BAMLET than meso-

thelioma cancer cells. This window of resistance was small yet statistically significant. For non-

cancer immortalised mesothelial cells, there was no BAMLET window of resistance compared

to mesothelioma cells. For these non-cancer immortalised cell lines, there was no window of

resistance for pemetrexed or cisplatin either, which are the current standard chemotherapies

for treating mesothelioma [6]. That pemetrexed and cisplatin showed no in vitro therapeutic

window and are the current standard of care appears as a paradox. There was previously no

effective drug therapy option for mesothelioma, and cisplatin had already demonstrated anti-

cancer activity for other cancers in vitro, in animal experiments, and in human patients [76–

77], and so cisplatin treatment was trialled on mesothelioma patients [78–81]. This was carried

out before subsequent cisplatin trials in animals [81–83]. When cisplatin was finally tested on

mesothelioma cells in vitro, it was found to have no activity [84] or variable activity [81,85].

The rationale for trialling pemetrexed, a folic acid analog, to treat human mesothelioma

patients was that it had shown in vitro anti-cancer activity for other cancer types, and that

mesothelioma tumours had been shown to overexpress a folate receptor protein and other

antifolates appeared to have activity in humans for treating mesothelioma [6,86–89]. Peme-

trexed had also been tested on three patient-derived cell lines and found to be cytotoxic to two

[84]. Although it has not been discussed in published studies, human non-cancer immortalised

mesothelial cell line MeT5A has been shown in published studies to be just as sensitive to cis-

platin as human mesothelioma cell lines [90–91], and rat non-cancer immortalised mesothelial

cell line 4/4RM.4 had similar or increased sensitivity to cisplatin, pemetrexed, gemcitabine,

vinorelbine, and paclitaxel as rat mothelioma cell lines [92]. We observed that three recently

established slow growing non-cancer human fibroblast cell lines were more resistant to BAM-

LET than mesothelioma cells, whereas a fourth one established 4 years prior to the others by

the same method had similar sensitivity to BAMLET as the mesothelioma cells. This may

imply that the therapeutic effect of BAMLET is cell-cycle dependent, such that BAMLET has a

more potent effect on highly proliferating cells. In this case, given the implication of the cell

membrane in the BAMLET mechanism of action, the BAMLET cytotoxicity mechanism may

involve an increased sensitivity to oleic acid induced membrane disruption during cell divi-

sion. The effects of BAMLET on rapidly proliferating cells warrants further investigation. This

observation also recalls reports by other researchers that recently established non-cancer pri-

mary cells are resistant to BAMLET and HAMLET while long-time established non-cancer

immortalised cell lines are sensitive [12,14,35]. Such results suggest that over time, increased

adaptation of non-cancer cells to in vitro culture may increase their sensitivity to BAMLET,

and also suggests that such increased sensitivity may not occur in vivo. The BAMLET therapeu-

tic window may be larger in vivo than what was found in these in vitro results as no toxic effects

to healthy cells were observed in the bladders of humans, rats and mice after treatment with
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very high concentrations of HAMLET or BAMLET (25, 10, and 10 mg/ml respectively) [14–

15,23], whereas experiments reported here at the lower dose we used (5 mg/ml) killed healthy

fibroblast cells grown in vitro. Our BAMLET treatment window of resistance for human non-

cancer primary fibroblasts compared to mesothelioma cells disappeared when serum was

removed for the BAMLET incubation period. This protocol unfortunately would have

removed growth factors in the medium generated and built up by the non-cancer fibroblasts.

The loss of resistance indicates that the non-cancer primary cells were more sensitive than

mesothelioma cells to the treatment protocol, ie. to the sudden removal of growth factors and/

or albumin. This result suggests that BAMLET cell viability assays performed using the stan-

dard BAMLET protocol of removing FCS-containing medium for the BAMLET incubation

period may misleadingly fail to find a window of resistance and this would be erroneously

attributed to BAMLET toxicity towards non-cancer cells when it is in fact due to the sensitivity

of the non-cancer cells to the treatment protocol.

Over 20 years of BAMLET research has resulted in many investigations into the BAMLET

mechanism of anti-cancer activity and has thrown up many possible cellular targets, but as yet

there is no full understanding. The BAMLET mechanism of anti-cancer activity is in some

way or another related to the BAMLET structure releasing oleic acid to perturb cancer cell

membranes (reviewed in [22]) and thus is not the same mechanism employed by currently

used anti-cancer drugs. ATP synthase is a membrane protein involved in energy production

previously shown to be a HAMLET target, with HAMLET treatment resulting in a dose-

dependent reduction in levels of the ATP energy molecule [58]. Our qPCR results show a

BAMLET dose-dependent reduction in gene expression of ATP synthase components and of

ribosomal RNA. These results indicate that BAMLET treatment leads to a decrease in cancer

cell energy production capacity and metabolic activities. Multiple lines of investigation by oth-

ers indicate that the cellular target of BAMLET is the plasma membrane [30,43,59–65]. Our

bioinformatics analysis of bacterial membrane proteins revealed ATP synthase as the only

membrane protein to have a structural difference in HAMLET-sensitive bacteria compared to

HAMLET-resistant bacteria, the difference being the lack of subunit I in sensitive bacteria.

This finding that ATP synthase may be a HAMLET target in bacteria is consistent with the

findings that HAMLET kills bacteria by triggering a dissipation of the proton gradient across

the plasma membrane [26–29]. The ATP synthase complex is composed of the membrane-

embedded F0 component and soluble catalytic F1 component, and our results that cancer cells

survive regular BAMLET dosing by downregulating ATP synthase is consistent with the

hypothesis of ATP synthase as a membrane target of BAMLET. Proton-pumping, energy-gen-

erating F0F1 ATP synthase has been identified as present on the plasma membrane of cancer

cells [93–96] whereas in most types of healthy cells it is located in the mitochondria and not on

the plasma membrane, which suggests that ATP synthase could be an effective potential target

for anti-cancer therapy. The membrane-embedded c-ring of F0 ATP synthase has been dem-

onstrated to be capable of forming a pore when in high calcium conditions [97]. The soluble

F1 component of ATP synthase drastically changes position after treatment with HAMLET,

from a punctate cell surface staining-pattern to a cytoplasmic pattern of aggregates, suggesting

that the soluble F1 component has dissociated from the membrane F0 component in response

to HAMLET [58]. The centre of the F0 ATP synthase c-ring is hydrophobic with the exception

of an accessible threonine residue, is thought to likely contain a phospholipids plug, and the

structural mechanism of how this centre could become a pore is a matter of debate [98]. The

relationship of BAMLET and its possible compromising of cancer membranes via structural

or regulatory effects on ATP synthase is an intriguing hypothesis worthy of further investiga-

tion. Our cell death assay results suggest an additional potential membrane target of BAM-

LET–the SLC28 and SLC29 concentrative and equilibrative nucleoside transporters that
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transport the chemotherapy drug gemcitabine into the cell [99–100]. We found that mesotheli-

oma cells that had developed resistance to gemcitabine had also developed resistance to BAM-

LET. A plausible membrane-associated hypothesis for this relationship is that the membrane-

embedded gemcitabine/nucleoside transporters are a target of BAMLET and their downregu-

lation leads to decreased sensitivity to BAMLET in addition to decreased uptake of and

decreased sensitivity to gemcitabine. Further investigations would be to see if removing these

nucleoside transporters removes sensitivity to BAMLET, and a possible confounding issue for

such investigations would be that some inhibitors of membrane channels and transporters also

deactivate BAMLET by causing oleic acid to precipitate out of the complex (eg. barium chlo-

ride and amiloride [22]). Oleic acid is likely to have multiple membrane targets due to its struc-

ture. Oleic acid is a simple lipid having the same length as the width of one layer of the lipid

bilayer and thus has high affinity for the lipid bilayer. Oleic acid’s one unsaturated cis double-

bond is responsible for a kink in oleic acid structure, a characteristic that promotes softening,

disordering and disruption of the lipid bilayer. Although it has been shown by multiple

research groups that the oleic acid component of BAMLET is the active component [14,18],

our cell death assay results show that high doses of the α-lactalbumin protein component also

have toxic effects towards cancer cells, and this cytotoxicity is not due to the protein being

unfolded as the protein in our α-lactalbumin-only assays was not unfolded. These results echo

previous findings that pure protein causes a 20% reduction in the growth rate of cells as mea-

sured by thymidine incorporation [12]. However, significantly higher doses of α-lactalbumin

were required for cytotoxicity when compared with BAMLET, and thus α-lactalbumin can be

used as a control in BAMLET viability assays at the lower concentrations required for BAM-

LET cytotoxicity.

Our findings that BAMLET has similar cytotoxicity towards cisplatin-resistant and peme-

trexed-resistant cancer cells as towards chemotherapy-sensitive cells provides a further indica-

tion that the BAMLET mechanism of anti-cancer activity is different to anti-cancer

mechanisms of cisplatin and pemetrexed. These results echo previous findings that HAMLET

is just as cytotoxic towards apoptosis-resistant cells (p53 mutant and bcl-2 overexpressing) as

for their respective apoptosis-sensitive parental cell lines [21], and BAMLET is just as cytotoxic

towards TRAIL-resistant cell lines as for TRAIL-sensitive cell lines [15]. This is of particular

interest for the field of mesothelioma because mesothelioma is a cancer that is resistant to the

available chemotherapies. We found that genes involved in energy production and metabolism

(ie. ATP synthase and ribosomal RNA) are downregulated in mesothelioma cells in response

to regular BAMLET dosing, indicating that mesothelioma cells need to slow down their

metabolism in order to survive regular BAMLET dosing. This suggests that the novel BAM-

LET mechanism of activity is associated with cellular metabolism, in addition to the now sub-

stantial body of evidence that the BAMLET mechanism involves the cell membrane.

Our SAXS structural results reveal how BAMLET and BLAGLET complexes hold oleic acid

in a solubilised, activated state, and give insights into how this structure is able to incorporate

increasing amounts of oleic acid resulting in the increased cytotoxicity to mesothelioma cells

that we demonstrated in our cell viability assays. In brief, the more oleic acid incorporated into

BAMLET complexes, the more the protein structure unfolds to accommodate the increased

oleic acid volume in the core, without changing the nature of the binding between protein and

lipid. In this structural system, the oleic acid appears to be not bound in specific protein bind-

ing sites and not bound tightly to the protein. This continuum of partially unfolded states was

hinted at in our previous CD work on BAMLET [69] and remains consistent with the work on

BLAGLET here. The results presented here now convincingly show, by SAXS, the structural

continuum of partial unfolding for both BAMLET and BLAGLET protein. Our SAXS-derived

structural models and parameters show that the BAMLET and BLAGLET protein structures
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grow in size as increasing amounts of oleic acid are added to the complex. Our recent small

angle neutron scattering studies show that the oleic acid is located in the core of this structure

[68]. The protein structures grow in size incorporating the increased oleic acid volume in the

core in the same conformation of non-specific binding sites. It is the increased amount of oleic

acid present in the solubilised, activated state that is mainly responsible for the increased cyto-

toxicity of the higher oleic acid content BAMLETs and BLAGLETs compared to the lower

oleic acid content complexes. This state is referred to as a “solubilised” state because the oleic

acid component remains inside its parent protein in an aggregated form dissolved in solution

instead of the oleic acid forming one larger separate oil slick phase. This solubilised state of

oleic acid, loosely bound to the protein, is referred to as “activated” because although the com-

plex remains intact in water solutions, the oleic acid is readily dissociated from the protein and

therefore able to enter the lipid membrane when the complex comes into contact with cancer

cell membranes. Oleic acid is an oil and as oil and water are not comfortable bedfellows we

postulate that the protein component of BAMLET acts as a surfactant, inhibiting the oleic acid

from forming an unreactive micelle, keeping it emulsified in an aqueous environment, most

probably via attraction of the hydrophobic fatty acid tail to the hydrophobic interior surfaces

of the partially unfolded soluble protein. Our CD results for repeated cycles of thermal dena-

turing of BAMLET [69] and BLAGLET (in the present work) demonstrate that the BAMLET-

like structure exhibits flexibility as well as instability, unfolding as the temperature increases

and refolding around the oleic acid as the temperature decreases. We postulate that this flexi-

bility and instability are central to the BAMLET “cargo-offloading” mechanism. This mecha-

nism means the protein can keep oleic acid encapsulated when the complex is in an aqueous

environment, and then fail to hold on to the oleic acid when the complex comes into contact

with hydrophobic cell membranes, much like a scheduled cargo unload.

While both BAMLET and BLAGLET were cytotoxic towards mesothelioma cells, our stud-

ies reveal structural differences between BAMLET and BLAGLET. Our SAXS results show that

BLAGLET, prepared from bovine β-lactoglobulin protein, remains aggregated in conditions

where BAMLET, prepared from bovine α-lactalbumin, is no longer aggregated. BLAGLET

was more resistant to its aggregated form being deaggregated, and we showed that this is due

to intermolecular disulphide bonds. SAXS-derived parameters and models showed that as

oleic acid content is increased, the molecular dimensions of the ellipsoidal BLAGLET steadily

increases whereas that of BAMLET actually decreases and BAMLET becomes more spherical,

hinting at differences in the structural mechanisms for binding increasing amounts of oleic

acid. SEM images show a striking difference in the aggregated forms of these two BAMLET-

like species. BAMLET aggregations are spherical, while BLAGLET aggregations are long fibre-

like structures, as a result of their intermolecular disulphide bonds. These structural differ-

ences presented in the current work hint at possibilities for creating BAMLET-like compounds

having tuneable structural characteristics that result in tuneable biological characteristics with

regards to stability and release of the active oleic acid component to kill cancer cells.

Methods

Preparation of BAMLET and BLAGLET complexes

BAMLET and BLAGLET complexes were prepared according to the heating protocol [37].

Lyophilised bovine α-lactalbumin protein (99% purity, calcium-depleted from Sigma-Aldrich

for all BAMLET experiments other than some cell death assays, or 90% purity α-lactalbumin

from Davisco Foods International Inc., Le Sueur, MN, USA, for some BAMLET cell death

assays) or bovine β-lactoglobulin protein (Sigma-Aldrich, Sydney, Australia) was dissolved in

150 mM NaCl, 1 mM EDTA, at pH 8.3, at a concentration of 1 to 50 mg/ml. BAMLET
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complexes having protein:oleic acid ratios 1:5.625, 1:6.25, 1:7.5, 1:8.75, 1:12.5, 1:15, and 1:17.5

were prepared by mixing appropriate quantities of BAMLET complexes having ratios 1:5, 1:10,

and 1:20 in 45 mM glycine, 55 mM NaOH, pH 12. Protein concentrations were determined by

absorption of light at wavelength 280 nm, using extinction co-efficients 28 460 for BAMLET

and α-lactalbumin and 17 600 for BLAGLET and β-lactoglobulin, on a Thermo Scientific

NanoDrop 2000c UV-Vis Spectrophotometer. Oleic acid (4 mL) was dissolved in ethanol (50

mL). Protein in solution was heated under continual stirring to 45˚C for α-lactalbumin and to

60˚C for β-lactoglobulin and incubated for 15 min for α-lactalbumin and for 60 min for β-lac-

toglobulin (β-lactoglobulin required incubation for a longer time at higher temperature than

α-lactalbumin in order to effectuate unfolding of the protein). Oleic acid in ethanol was vor-

texed for 1 min then added to stirring solution by descending pipette tip into solution and

slowly releasing oleic acid in a steady stream. Stirring at the same temperature continued for

10 min, and then stirring ceased and the solution allowed to cool to room temperature. The

solution was dialysed (SnakeSkin Dialysis Tubing, Thermo Scientific, membrane cutoff 3.5

kDa) for 3 days in Elga filtered water (Purelab Option-Q) at 4˚C with a change of water every

24 hrs. The solution was flash-frozen in aliquots of 10 ml in 50 ml falcon tubes descended into

liquid nitrogen, freeze dried (ALPHA 1-2-LDplus, Martin Christ GmbH, Germany) in the dry-

er’s cryogenic chamber at -41˚C and 0.37 mbar for 5 days or until all water was removed, and

the lyophilised BAMLET or BLAGLET powder was stored at 4˚C. Aliquots are described using

content ratios 1:N where N is moles of oleic acid per mole of protein, as prepared. No residue

protein or oleic acid was observed on surfaces. BAMLET-low, BAMLET-medium, and BAM-

LET-high refer to BAMLET complexes having N = 1, 5 and 20 respectively as per [69]. BLAG-

LET-low, BLAGLET-medium, and BLAGLET-high refer to BLAGLET complexes having

N = 1, 5 and 20 respectively. BAMLET-medium is the BAMLET species used in experiments

except where otherwise specified.

Cell culture and cell death assays

The human malignant pleural mesothelioma cell lines H28, H226, H2052, H2452, MSTO, and

the immortalised human mesothelial cell line MeT5A [101] were purchased from the Ameri-

can Type Culture Collection (ATCC, Manassas, VA, USA). REN human mesothelioma cells

[102] were provided by Laura Moro (University of Piemonte Orientale A. Avogadro, Novara,

Italy). The primary human mesothelioma cell line MM05 was generated at the University of

Queensland Thoracic Research Centre (The Prince Charles Hospital, Brisbane, Australia)

[103]. The human mesothelioma cell lines VMC23 (and VMC33 taken from the same patient

after chemotherapy) [104] and VMC20 [105] were described previously and human mesotheli-

oma cell line VMC40 established by the same group were kindly provided by Walter Berger

(Institute of Cancer Research and Walter Klepetko, Medical University of Vienna, Aus-

tria). The mesothelioma types represented are epithelioid (REN, H28, H226, H2452,

H2052, VMC20, VMC23 and VMC33) and biphasic (MM05, MSTO and VMC40). All cell

lines were cultured in RPMI 1640 with 10% FBS, 1% penicillin-streptomycin (PS) and

maintained at 5% CO2, 37˚C and 95% humidity. The rat mesothelioma IL45 cell line [106]

was a kind gift from Associate/Professor Emanuela Felley-Bosco (Zurich University). The

chemotherapy-resistant IL45 rat mesothelioma cell lines were described previously [92],

and were maintained for resistance with the following high or low doses respectively once

a week: 2.5 μM and 1.8 μM cisplatin for IL45-CisR, 1.05 μM or 105 nM pemetrexed for

IL45-PemR, 70 nM and 15 nM gemcitabine for IL45-GemR, and 105 nM and 35 nM

vinorelbine for IL45-VLBR. The immortalised mesothelial 4/4RM.4 cell line from female

Fischer 344 rats [107] was purchased from ATCC (CCL-216). Primary non-cancer human
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dermal fibroblasts (Humofib, HOFF, HOFMO1, and HOFMO2) were isolated from biop-

sies of healthy patients undergoing abdomen reduction surgery at Concord Hospital, with

hospital ethics approval (CH62/6/2006-026) and have been used in a number of studies

(see [108] and references therein).They were chosen for these experiments because they

have mesothelial-like visual characteristics (Figure B in S1 File). Alamar Blue cell death

assays were carried out for human cells as follows. Cells were plated in 96-well culture

plates at 3 000 cells in 100 μl medium per well for cancer and immortalised mesothelial

cell lines and at 5 000 cells in 100 μl per well for non-cancer primary cells. After 24 hr,

non-cancer and cancer cells reached similar confluence and cells were treated. For experi-

ments having FBS present during dosing, 20 μl of BAMLET or chemotherapy treatment in

RPMI was added and incubation continued for 72 hr. For experiments having no FBS

present during dosing, medium was removed and 100 μl of BAMLET, BLAGLET, or α-

lactalbumin treatment in medium without FBS was added and incubated for 4.5 hr after

which 100 μl medium containing 20% FBS and 2% Penicillin-Streptomycin was added to

give a final FBS concentration of 10% and incubation continued for 24 hr. Alamar Blue,

20 μl (50 mL PBS containing also Sigma reagents 0.075 g Resazurin, 0.0125 g Methylene

Blue, 0.1655 g Potassium hexacyanoferrate (III), 0.211 g Potassium hexacyanoferrate (II)

trihydrate, filter-sterilised, and stored at 4˚C in the dark), was added and incubated for 2

to 4 hr at 37˚C. Fluorescence intensity was measured at 590–10 nm with 544 nm excita-

tion, using a FLUOstar Optima (BMG LabTech, Ortenberg, Germany). Fluorescence

intensity was presented as a percentage of intensity of control cells. Experiments involving

human cell lines were performed 3 times with 3 replicates each time, except for experi-

ments involving slow-growing non-cancer primary fibroblasts that were performed 4

times with 2 or 3 replicates. All media and FBS were from Life Technologies (Carlsbad,

CA, USA). Where indicated, cells were treated with pemetrexed, gemcitabine, or vinorel-

bine (Eli Lilly, Sydney, Australia), or cisplatin (McFarlane Medical & Scientific, Sydney,

Australia).

Calculations of TC50 and statistical significance of cell assays

Viability percentage was calculated from intensity measurements as the ratio of intensity

treatment to intensity control where the control is the treatment concentration of zero.

Cell death assays involving human non-cancer fibroblasts that appeared to have a biphasic

response to BAMLET treatment were analysed by statistical modelling carried out in R

[109] to determine models, TC50 values, and statistical significance. Cell death assays

comparing viability of chemotherapy-resistant and parental rat mesothelioma cells in

response to chemotherapy or BAMLET treatment were analysed by statistical modelling

in R to determine statistical significance. A sigmoid function [110] was used to model

treatment responses for cell lines in the cell death assays, except in the case of Pemetrexed

treatment of rat mesothelioma cells for which a linear function was used. The sigmoid

function used was:

viability fraction ¼ Aþ B � Að Þ �
1

1þ exp ðxmid� xÞ
scale

� �� �

 !

ð1Þ

where A is the left asymptote (viability at treatment concentration of 0, B is the right

asymptote (viability at highest treatment concentration), xmid the transition point

(TC50), scale is an x-axis scale parameter impacting slope of the transition, and x is log10

of the BAMLET concentration (thus rendering the curve symmetrical and suitable for

modelling using log-likelihood).
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Biphasic treatment responses were modelled using a biphasic version of the sigmoid func-

tion:

viability ¼ Aþ B � Að Þ �
sensitive

1þ exp ðxmid� xÞ
scale

� �� �þ
ð1 � sensitiveÞ

1þ exp ðxmidþxshift� xÞ
scale

� �� �

 !

ð2Þ

where A is the left asymptote, B is the right asymptote, xmid is the transition point for the

BAMLET-sensitive cells (TC50 of BAMLET-sensitive cells), xshift is the shift in transition

point for BAMLET-resistant cells (xmid + xshift = TC50 of BAMLET-resistant cells), sensitive
is the sensitive cell fraction, scale is an x-axis scale parameter impacting slope of the transitions,

and x is log10 of the BAMLET concentration.

Models for a response of a cell line to treatment fit A, B, xmid, xshift, and scale for all experi-

ments for a given cell line, and fit sensitive per experiment per cell line. The maximum log like-

lihood method was used to determine the best fitting parameters for a given model, using the

optimx R package, including determination of TC50. The likelihood ratio test was used to com-

pare 2 competing models where the models are nested, ie. one model is obtained from the

other model by removing parameters, the models referred to as “complex” and “simpler”

respectively. The chi-squared statistic was used to determine whether the improvement of fit

for the more complex model over the simpler model is statistically significant, using the follow-

ing formulae for chi-squared value and degrees of freedom:

X2
difference in models ¼ X2

complex model � X2
simpler model ð3Þ

df difference in models ¼ df complex model � df simpler model ð4Þ

This method was first used to demonstrate that the response to BAMLET of the non-cancer

fibroblast cells is biphasic. This method was then used to determine whether the shift in TC50

of BAMLET-resistant non-cancer cells compared to the TC50 of cancer cells is statistically sig-

nificant. This method was used to determine whether viability responses to chemotherapy or

BAMLET treatment were statistically significantly higher for chemotherapy-resistant rat meso-

thelioma cells compared to chemotherapy-sensitive parental cells. TC50 values for all other cell

death assay experiments (BAMLET and BLAGLET assays of human mesothelioma cell lines

and BAMLET assays of rat mesothelioma cell lines) were calculated by linear regression in

LibreOffice Calc. All R code for TC50 modelling using sigmoidal or linear models are in the

code of S1 Dataset. Cell assay data used in R modelling and calculations are in S1 Dataset.

Reverse transcription and quantitative real-time PCR (RT-qPCR)

RT-qPCR was carried out following a protocol based on [111]. Briefly, total RNA was extracted

from cell lines using Trizol reagent (Life Technologies) following the manufacturer’s protocol.

Reverse transcription reactions were performed using 200 ng of total RNA with MMLV first

strand cDNA kit (Promega, Madison, WI) following the manufacturer’s protocol. Gene

expression was determined by quantitative real-time PCR using the Kapa SYBR 1 Fast qPCR

Master Mix (Sigma-Aldrich) and the Vii7 QPCR System (Thermo Fisher Scientific). Probe

Design software (Roche Diagnostic) was used for designing PCR primers (Table E in S1 File).

For each gene in a cell line, qPCR cycle threshold was collected for 3 replicates. Expression lev-

els of mRNA were determined using the 2−ΔΔCq method [112–113] with normalisation to the

reference gene. Statistical significances were determined by a randomisation test consisting of

10,000 permutations [113–114]. Data and R code are in S3 Dataset.

BAMLET structure and cytotoxicity towards chemotherapy-resistant mesothelioma cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0203003 August 29, 2018 22 / 32

https://doi.org/10.1371/journal.pone.0203003


Small angle X-ray scattering and analysis

Lyophilised BAMLET or BLAGLET was dissolved in 45 mM glycine, 55 mM NaOH, pH 12.

For further experiments, lyophilised BLAGLET was dissolved in 45 mM glycine, 55 mM

NaOH, pH 12, 2% β-mercaptoethanol (to deaggregate and produce monodispersed BLAG-

LET). Samples were dialysed in the buffer solution for at least 24 h at 4˚C to provide a buffer

blank. Samples were successively diluted by 50% to create a concentration series. Scattering

data were collected as I(q) versus q, where the scattering vector q = 4πsinθ/λ, 2θ is the scatter-

ing angle, and λ is the X-ray wavelength. SAXS data for BAMLET and BLAGLET β-mercap-

toethanol samples were collected on the Australian Synchrotron SAXS/WAXS beamline [115],

wavelength 1.127 Å, sample exposure time of approximately 5 s on a Pilatus 1M photon count-

ing detector (Dectris) placed 1.48 m from the sample capillary, and measurements were binned

in 5 s units. Samples were fed to the beam by capillary from a 96-well plate, 100 μl per well,

kept at 4˚C for BAMLET and 10˚C for BLAGLET by a Huber Ministat 230 Circulation ther-

mostat. Data reduction was performed with the beamline specific software package “scatter-

brain” (Australian Synchrotron "http://www.synchrotron.org.au/aussyncbeamlines/saxswaxs/

software-saxswaxs/") producing data on absolute scale. SAXS data for BLAGLET samples with-

out β-mercaptoethanol were collected on a Bruker NanoStar II instrument (Karlsruhe, Ger-

many), with a rotating anode copper Kα source (wavelength 1.541 Å), Montel mirrors, three

pinhole collimation, a Vantec 2000 2D detector with 68 μm pixel size, and q range 0.01–0.42

Å-1. Samples of 40 μL were held in a capillary at 4˚C. The instrument’s software was used to

integrate the detected intensity to produce the 1D scattering function I(q). Calibration to place

pH 12 data on an absolute scale was performed using water [116]. For both BAMLET and

BLAGLET SAXS data, the ATSAS suite of SAXS analysis programs [117] was used for SAXS

analysis of the buffer blank subtracted data. SAXS of BAMLET and BLAGLET β-mercap-

toethanol samples were analysed as monodispersed particles for which radius of gyration (Rg)

and molecular shape envelope can be determined. The Rg of the scattering complex and the

scattering intensity extrapolated to zero q, I(0), were determined by two methods. One method

was the Guinier approximation [118] (Guinier 1938) using the ATSAS program Primus. The

other method was the numerical method of Glatter [74–75] using the ATSAS program

GNOM. The Guinier analysis obtains Rg and I(0) from the slope and y-intercept, respectively,

of the linear fit line ln(I(q)) versus q-1 using a subset of the low q SAXS data such that q x Rg <

1.30 [118]. The lowest q point used to derive this linear fit line was also used as the lowest q

point for the numerical method and Fourier transform of Glatter. The probability distribution

function, P(r), was derived by the indirect Fourier transform method [74–75] using the

ATSAS program GNOM. Twenty 3D models representing the scattering particles were derived

from the P(r) using the ATSAS DAMMIN program [119]. Simulated scattering from models

was performed by DAMMIN and FoXS Server (Fast SAXS Profile Computation with Debye

Formula) [119–121]. SAXS data are in S2 Dataset.

Bioinformatics analysis

Gene sequences were obtained from NCBI Nucleotide (https://www.ncbi.nlm.nih.gov/

nuccore) and Protein (https://www.ncbi.nlm.nih.gov/protein) databases. Multiple sequence

alignments were carried out using Clustal Omega (1.2.3) (http://www.ebi.ac.uk/Tools/msa/

clustalo/) using default parameters [122–124]. Functional analysis of protein sequences was

performed using an Interproscan search for each sequence [70]. Gene searches were carried

out using NIH Standard Protein BLAST (BLASTP 2.6.0+) (https://blast.ncbi.nlm.nih.gov/

Blast.cgi) using default parameters [125–126]. The NCBI Nucleotide identifiers of genome

sequences from which ATP synthase genes were obtained are NC_008533.1 (S. pneumoniae
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D39), CP014326.1 (Streptococcus mitis strain SVGS_061), NC_002737.2 (Streptococcus pyo-
geneM1 GAS), CP009685.1 (Escherichia coli str. K-12 substr.MG1655), BX571856.1 (Staphylo-
coccus aureus subsp. aureus strain MRSA252), AE015929.1 (Staphylococcus epidermidis ATCC
12228), NZ_FO834906.1 (Klebsiella pneumoniae str. Kp52.145), CP007224.1 (Pseudomonas aer-
uginosa PA96), and CP009756.1 (Enterobacter cloacae strain GGT036). BLASTP search organ-

isms were Streptococcus pneumoniae (taxid:1313), Streptococcus mitis (taxid:28037),
Streptococcus pyogenes (taxid:1314), andHomo sapiens (taxid:9606).

Scanning electron microscopy

Scanning electron microscopy (SEM) of α-lactalbumin, β-lactoglobulin, and of high oleic acid

content BAMLET and BLAGLET in powder form was performed with a Phenom ProX Desk-

top SEM, having a Cerium Hexaboride filament (CeB6) source. A beam acceleration voltage of

10 kV or 5 kV was used, as indicated. The beam current was set between 0 and 8.1 nA as per

the capabilities of this instrument. The vacuum level in the Phenom sample chamber is vari-

able and the instrument’s typical values of 0.1–0.3 mbar were used. A turbo molecular pump is

used inside unit to maintain the source vacuum and a dry diaphragm pump is used externally.

Magnification from 255× to 20,000×, typically 5,000×, was used as indicated. The instrument’s

detector is a Backscattered Electron (BSE) Detector consisting of four segments to collect the

backscattered electrons. Samples were mounted on an aluminium pin stub, attached by a dou-

ble sided Carbon pad sticker.

Circular dichroism

Lyophilised β-lactoglobulin or BLAGLET was dissolved in 20 mM Tris-HCl, 2 mM EDTA, pH

7 at a concentration of 0.2 mg/mL. Protein (250 μL) in solution, or solution alone, was placed

in a 1 mm pathlength quartz cuvette. Circular dichroism (CD) was performed using a Jasco

(Tokyo, Japan) J-815 CD Spectropolarimeter fitted with a Peltier temperature controller. CD

was performed for the far ultraviolet (UV) wavelengths 190–250 nm, in steps of 0.5 nm. The

temperature of the samples was increased from 20 to 95˚C in 5˚C steps, with readings taken

after 5 min incubation at each step. The same procedure was used reducing the temperature

back to 20˚C, and the cycle was repeated four times. Readings, with scanning speed 100 nm/

min, scanning bandwidth 1 nm, were made in quadruplicate and averaged. Analysis of second-

ary structure content was performed for the buffer subtracted CD data using the Yang method

[127].
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73. Allegretti M, Klusch N, Mills DJ, Vonck J, Kühlbrandt W, Davies KM. Horizontal membrane-intrinsic α-

helices in the stator a-subunit of an F-type ATP synthase. Nature. 2015; 521: 237–240. https://doi.org/

10.1038/nature14185 PMID: 25707805

74. Glatter O. Data evaluation in small-angle scattering: calculation of the radial electron density distribu-

tion by means of indirect Fourier transformation. Acta Phys Austriaca 1977; 47: 83–102.

75. Glatter O. A new method for the evaluation of small-angle scattering data. J Appl Cryst. 1977; 10: 415

421.

76. Rosenberg B, VanCamp L, Trosko JE, Mansour VH. Platinum compounds: a new class of potent anti-

tumour agents. Nature. 1969; 222: 385–386. PMID: 5782119

77. Rosenberg B. Platinum coordination complexes in cancer chemotherapy. Naturwissenschaften. 1973;

60: 399–406. PMID: 4203933

78. Hayes DM, Cvitkovic E, Golbey RB, Scheiner E, Helson L, Krakoff IH. High dose cis-platinum dia-

mmine dichloride: amelioration of renal toxicity by mannitol diuresis. Cancer. 1977; 39: 1372–1381.

PMID: 856437

BAMLET structure and cytotoxicity towards chemotherapy-resistant mesothelioma cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0203003 August 29, 2018 29 / 32

https://doi.org/10.1016/j.jmb.2015.01.024
https://doi.org/10.1016/j.jmb.2015.01.024
http://www.ncbi.nlm.nih.gov/pubmed/25681694
https://doi.org/10.1007/s10863-009-9222-x
https://doi.org/10.1371/journal.pone.0009384
https://doi.org/10.1371/journal.pone.0009384
http://www.ncbi.nlm.nih.gov/pubmed/20186341
https://doi.org/10.1021/la1026416
http://www.ncbi.nlm.nih.gov/pubmed/20735022
https://doi.org/10.1016/j.bbamem.2013.07.026
https://doi.org/10.1016/j.bbamem.2013.07.026
http://www.ncbi.nlm.nih.gov/pubmed/23916586
https://doi.org/10.1038/srep16432
http://www.ncbi.nlm.nih.gov/pubmed/26561036
https://doi.org/10.1016/j.jmb.2015.08.009
https://doi.org/10.1016/j.jmb.2015.08.009
http://www.ncbi.nlm.nih.gov/pubmed/26297199
https://doi.org/10.1021/bi1012832
http://www.ncbi.nlm.nih.gov/pubmed/20804154
https://doi.org/10.1016/j.jmb.2010.03.012
http://www.ncbi.nlm.nih.gov/pubmed/20227419
https://doi.org/10.1002/prot.25298
https://doi.org/10.1002/prot.25298
http://www.ncbi.nlm.nih.gov/pubmed/28380660
https://doi.org/10.1002/prot.24508
https://doi.org/10.1002/prot.24508
http://www.ncbi.nlm.nih.gov/pubmed/24408789
https://doi.org/10.1093/nar/gku1243
http://www.ncbi.nlm.nih.gov/pubmed/25428371
https://doi.org/10.1073/pnas.0708075105
http://www.ncbi.nlm.nih.gov/pubmed/18083842
https://doi.org/10.1016/j.bbrc.2007.12.170
https://doi.org/10.1016/j.bbrc.2007.12.170
http://www.ncbi.nlm.nih.gov/pubmed/18182163
https://doi.org/10.1038/nature14185
https://doi.org/10.1038/nature14185
http://www.ncbi.nlm.nih.gov/pubmed/25707805
http://www.ncbi.nlm.nih.gov/pubmed/5782119
http://www.ncbi.nlm.nih.gov/pubmed/4203933
http://www.ncbi.nlm.nih.gov/pubmed/856437
https://doi.org/10.1371/journal.pone.0203003


79. Samson MK, Baker LH, Benjamin RS, Lane M, Plager C. Cis-dichlorodiammineplatinum(II) in

advanced soft tissue and bony sarcomas: a Southwest Oncology Group Study. Cancer Treat Rep.

1979; 63: 2027–2029. PMID: 575067

80. Alberts AS, Falkson G, Goedhals L, Vorobiof DA, Van der Merwe CA. Malignant pleural mesotheli-

oma: a disease unaffected by current therapeutic manoeuvers. J Clin Oncol. 1988; 6: 527–535.

https://doi.org/10.1200/JCO.1988.6.3.527 PMID: 3351560

81. Krarup-Hansen A, Hansen HH. Chemotherapy in malignant mesothelioma: a review. Cancer Che-

mother Pharmacol. 1991; 28: 319–330. PMID: 1914074

82. Holiat SM, Smith WE, Hubert DD, Dacis S. Chemotherapeutic trials with hamster mesothelioma 10–

24: responses to azacitidine, aziridinylbenzoquinone, cisplatin, and PCNU. Cancer Treat Rep. 1981

65: 1113–1115. PMID: 6170430

83. Chahinian AP, Norton L, Holland JF, Szrajer L, Hart RD. Experimental and clinical activity of mitomycin

C and cis-diamminedichloroplatinum in malignant mesothelioma. Cancer Res. 1984; 44: 1688–1692.

PMID: 6423278

84. Britten CD, Izbicka E, Hilsenbeck S, Lawrence R, Davidson K, Cerna C, et al. Activity of the multitar-

geted antifolate LY231514 in the human tumor cloning assay. Cancer Chemother Pharmacol. 1999;

44: 105–110. https://doi.org/10.1007/s002800050953 PMID: 10412943

85. Bowman RV, Manning LS, Davis M, Musk AW, Robinson BWS. Susceptibility of cultured human

malignant mesothelioma cells to cytotoxic drugs, cytokines, and immune effector cells: in vitro assess-

ment. Proc Am Assoc Cancer Res. 1989; 30: 611.

86. Schultz RM, Chen VJ, Bewley JR, Roberts EF, Shih C, Dempsey JA. Biological activity of the multitar-

geted antifolate, MTA (LY231514), in human cell lines with different resistance mechanisms to antifo-

late drugs. Semin Oncol. 1999; 26(2 Suppl 6): 68–73. PMID: 10598558

87. Bueno R, Appasani K, Mercer H, Lester S, Sugarbaker D. The alpha folate receptor is highly activated

in malignant pleural mesothelioma. J Thorac Cardiovasc Surg. 2001; 121: 225–233. https://doi.org/

10.1067/mtc.2001.111176 PMID: 11174727

88. Scagliotti G, Shin D, Kindler H, Johnson D, Keppler U. Phase II study of ALIMTA (pemetrexed diso-

dium, MTA) single agent in patients with malignant pleural mesothelioma. European Journal of Can-

cer. 2001; 37,(Supplement 6): S20–S21.

89. Hughes A, Calvert P, Azzabi A, Plummer R, Johnson R, Rusthoven J, et al. Phase I clinical and phar-

macokinetic study of pemetrexed and carboplatin in patients with malignant pleural mesothelioma. J

Clin Oncol. 2002; 20: 3533–3544. https://doi.org/10.1200/JCO.2002.10.073 PMID: 12177114

90. Moriya M, Yamada T, Tamura M, Ishikawa D, Hoda MA, Matsumoto I, et al. Antitumor effect and anti-

angiogenic potential of the mTOR inhibitor temsirolimus against malignant pleural mesothelioma.

Oncol Rep. 2014; 31: 1109–1115. https://doi.org/10.3892/or.2013.2948 PMID: 24378576

91. Gultekin KE, Yurdakonar MK, Yaman E, Yuce US, Yilmaz A, Alp E, et al. Effects of cisplatin and pano-

binostat on human mesothelial (Met-5A) and malignant pleural mesothelioma (MSTO-211H) cells.

Genet Mol Res. 2013; 12: 5405–5413. https://doi.org/10.4238/2013.November.11.2 PMID: 24301913

92. Hudson AL, Weir C, Moon E, Harvie R, Klebe S, Clarke SJ, et al. Establishing a panel of chemo-resis-

tant mesothelioma models for investigating chemo-resistance and identifying new treatments for

mesothelioma. Sci Rep. 2014; 4: 6152. https://doi.org/10.1038/srep06152 PMID: 25141917

93. Li W, Li Y, Li G, Zhou Z, Chang X, Xia Y, et al. Ectopic expression of the ATP synthase β subunit on

the membrane of PC-3M cells supports its potential role in prostate cancer metastasis. Int J Oncol.

2017; 50: 1312–1320. https://doi.org/10.3892/ijo.2017.3878 PMID: 28259978

94. Wen-Li Z, Jian W, Yan-Fang T, Xing F, Yan-Hong L, Xue-Ming Z, et al. Inhibition of the ecto-beta sub-

unit of F1F0-ATPase inhibits proliferation and induces apoptosis in acute myeloid leukemia cell lines. J

Exp Clin Cancer Res. 2012; 31:92. https://doi.org/10.1186/1756-9966-31-92 PMID: 23140181

95. Wang WJ, Ma Z, Liu YW, He YQ, Wang YZ, Yang CX, et al. A monoclonal antibody (Mc178-Ab) tar-

geted to the ecto-ATP synthase β-subunit-induced cell apoptosis via a mechanism involving the MAP-

Kase and Akt pathways. Clin Exp Med. 2012 Mar; 12:3–12. https://doi.org/10.1007/s10238-011-

0133-x PMID: 21505868

96. Zhang X, Gao F, Yu LL, Peng Y, Liu HH, Liu JY, et al. Dual functions of a monoclonal antibody against

cell surface F1F0 ATP synthase on both HUVEC and tumor cells. Acta Pharmacol Sin. 2008; 29:

942–50. https://doi.org/10.1111/j.1745-7254.2008.00830.x PMID: 18664327

97. Alavian KN, Beutner G, Lazrove E, Sacchetti S, Park HA, Licznerski P, et al. An uncoupling channel

within the c-subunit ring of the F1FO ATP synthase is the mitochondrial permeability transition pore.

Proc Natl Acad Sci USA. 2014; 111: 10580–5. https://doi.org/10.1073/pnas.1401591111 PMID:

24979777

BAMLET structure and cytotoxicity towards chemotherapy-resistant mesothelioma cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0203003 August 29, 2018 30 / 32

http://www.ncbi.nlm.nih.gov/pubmed/575067
https://doi.org/10.1200/JCO.1988.6.3.527
http://www.ncbi.nlm.nih.gov/pubmed/3351560
http://www.ncbi.nlm.nih.gov/pubmed/1914074
http://www.ncbi.nlm.nih.gov/pubmed/6170430
http://www.ncbi.nlm.nih.gov/pubmed/6423278
https://doi.org/10.1007/s002800050953
http://www.ncbi.nlm.nih.gov/pubmed/10412943
http://www.ncbi.nlm.nih.gov/pubmed/10598558
https://doi.org/10.1067/mtc.2001.111176
https://doi.org/10.1067/mtc.2001.111176
http://www.ncbi.nlm.nih.gov/pubmed/11174727
https://doi.org/10.1200/JCO.2002.10.073
http://www.ncbi.nlm.nih.gov/pubmed/12177114
https://doi.org/10.3892/or.2013.2948
http://www.ncbi.nlm.nih.gov/pubmed/24378576
https://doi.org/10.4238/2013.November.11.2
http://www.ncbi.nlm.nih.gov/pubmed/24301913
https://doi.org/10.1038/srep06152
http://www.ncbi.nlm.nih.gov/pubmed/25141917
https://doi.org/10.3892/ijo.2017.3878
http://www.ncbi.nlm.nih.gov/pubmed/28259978
https://doi.org/10.1186/1756-9966-31-92
http://www.ncbi.nlm.nih.gov/pubmed/23140181
https://doi.org/10.1007/s10238-011-0133-x
https://doi.org/10.1007/s10238-011-0133-x
http://www.ncbi.nlm.nih.gov/pubmed/21505868
https://doi.org/10.1111/j.1745-7254.2008.00830.x
http://www.ncbi.nlm.nih.gov/pubmed/18664327
https://doi.org/10.1073/pnas.1401591111
http://www.ncbi.nlm.nih.gov/pubmed/24979777
https://doi.org/10.1371/journal.pone.0203003


98. He J, Ford HC, Carroll J, Ding S, Fearnley IM, Walker JE. Persistence of the mitochondrial permeabil-

ity transition in the absence of subunit c of human ATP synthase. Proc Natl Acad Sci U S A. 2017 Mar

28; 114(13):3409–3414. https://doi.org/10.1073/pnas.1702357114 PMID: 28289229

99. Alvarellos ML, Lamba J, Sangkuhl K, Thorn CF, Wang L, Klein DJ, et al. PharmGKB summary: gemci-

tabine pathway. Pharmacogenet Genomics. 2014; 24: 564–74. https://doi.org/10.1097/FPC.

0000000000000086 PMID: 25162786

100. Mini E, Nobili S, Caciagli B, Landini I, Mazzei T. Cellular pharmacology of gemcitabine. Ann Oncol.

2006; 17 Suppl 5:v7–12. https://doi.org/10.1093/annonc/mdj941 PMID: 16807468

101. Ke Y, Reddel RR, Gerwin BI, Reddel HK, Somers AN, McMenamin MG, Let al. Establishment of a

human in vitro mesothelial cell model system for investigating mechanisms of asbestos-induced meso-

thelioma. Am J Pathol. 1989; 134: 979–991. https://doi.org/PMC1879894 PMID: 2541616

102. Smythe WR, Kaiser LR, Hwang HC, Amin KM, Pilewski JM, Eck SJ, et al. Successful adenovirus-

mediated gene transfer in an in vivo model of human malignant mesothelioma. Ann Thorac Surg.

1994; 57: 1395–1401. PMID: 8010779

103. Relan V, Morrison L, Parsonson K, Clarke BE, Duhig EE, Windsor MN, et al. Phenotypes and karyo-

types of human malignant mesothelioma cell lines. PloS One. 2013; 8: e58132. https://doi.org/10.

1371/journal.pone.0058132 PMID: 23516439

104. Kryeziu K, Jungwirth U, Hoda MA, Ferk F, Knasmuller S, Karnthaler-Benbakka C, et al. Synergistic

anticancer activity of arsenic trioxide with erlotinib is based on inhibition of EGFR-mediated DNA dou-

ble-strand break repair. Molecular Cancer Therapeutics. 2013; 12: 1073–1084. https://doi.org/10.

1158/1535-7163.MCT-13-0065 PMID: 23548265

105. Hoda MA, Münzker J, Ghanim B, Schelch K, Klikovits T, Laszlo V, et al. Suppression of activin A sig-

nals inhibits growth of malignant pleural mesothelioma cells. Br J Cancer. 2012; 107: 1978–1986.

https://doi.org/10.1038/bjc.2012.519 PMID: 23169291

106. Craighead JE, Akley NJ, Gould LB, Libbus BL. Characteristics of tumors and tumor cells cultured from

experimental asbestos-induced mesotheliomas in rats. Am J Pathol. 1987; 129: 448–62. https://doi.

org/PMC1899808 PMID: 2827488

107. Aronson JF, Cristofalo VJ. Culture of epithelial cells from the rat pleura. In Vitro. 1981; 17: 61–70.

PMID: 7216240

108. Wang Y, Mithieux SM, Kong Y, Wang XQ, Chong C, Fathi A, et al. Tropoelastin incorporation into a

dermal regeneration template promotes wound angiogenesis. Adv Healthc Mater. 2015 Mar 11; 4

(4):577–84. https://doi.org/10.1002/adhm.201400571 PMID: 25469903

109. R Core Team (2015). R: A language and environment for statistical computing. R Foundation for Sta-

tistical Computing, Vienna, Austria. URL https://www.R-project.org/.

110. von Seggern D. CRC Standard Curves and Surfaces with Mathematics, 2nd ed. Boca Raton, FL:

CRC Press, 2007.

111. Cheng YY, Kirschner MB, Cheng NC, Gattani S, Klebe S, Edelman JJ, et al. ZIC1 is silenced and has

tumor suppressor function in malignant pleural mesothelioma. J Thorac Oncol. 2013; 8: 1317–1328.

https://doi.org/10.1097/JTO.0b013e3182a0840a PMID: 24457242

112. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR

and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25: 402–408. https://doi.org/10.1006/meth.

2001.1262 PMID: 11846609

113. Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids

Res. 2001; 29(9): e45. PMID: 11328886

114. Pfaffl MW, Horgan GW, Dempfle L. Relative expression software tool (REST) for group-wise compari-

son and statistical analysis of relative expression results in real-time PCR. Nucleic Acids Res. 2002;

30(9): e36. PMID: 11972351

115. Kirby NM, Mudie ST, Hawley AM, Cookson DJ, Mertens HDT, Cowieson N, et al. A low-background-

intensity focusing small-angle X-ray scattering undulator beamline. J Appl Cryst. 2013; 46: 1670–

1680.

116. Orthaber D, Bergmann A, Glatter O. SAXS experiments on absolute scale with Kratky systems using

water as a secondary standard. J Appl Cryst 2000; 33: 218–225.

117. Konarev PV, Petoukhov MV, Volkov VV, Svergun DI. ATSAS 2.1, a program package for small-angle

scattering data analysis. J Appl Cryst. 2006; 39: 277–286.

118. Guinier A. La diffusion des rayons X sous les très faibles angles appliquée à l’étude de fines particules

et de suspensions colloïdales. [The diffusion of X-rays at very small angles applied to the study of fine

particles and colloidal suspensions.] CR Hebd Acad Sci. 1938; 206: 1374–1376.

BAMLET structure and cytotoxicity towards chemotherapy-resistant mesothelioma cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0203003 August 29, 2018 31 / 32

https://doi.org/10.1073/pnas.1702357114
http://www.ncbi.nlm.nih.gov/pubmed/28289229
https://doi.org/10.1097/FPC.0000000000000086
https://doi.org/10.1097/FPC.0000000000000086
http://www.ncbi.nlm.nih.gov/pubmed/25162786
https://doi.org/10.1093/annonc/mdj941
http://www.ncbi.nlm.nih.gov/pubmed/16807468
https://doi.org/PMC1879894
http://www.ncbi.nlm.nih.gov/pubmed/2541616
http://www.ncbi.nlm.nih.gov/pubmed/8010779
https://doi.org/10.1371/journal.pone.0058132
https://doi.org/10.1371/journal.pone.0058132
http://www.ncbi.nlm.nih.gov/pubmed/23516439
https://doi.org/10.1158/1535-7163.MCT-13-0065
https://doi.org/10.1158/1535-7163.MCT-13-0065
http://www.ncbi.nlm.nih.gov/pubmed/23548265
https://doi.org/10.1038/bjc.2012.519
http://www.ncbi.nlm.nih.gov/pubmed/23169291
https://doi.org/PMC1899808
https://doi.org/PMC1899808
http://www.ncbi.nlm.nih.gov/pubmed/2827488
http://www.ncbi.nlm.nih.gov/pubmed/7216240
https://doi.org/10.1002/adhm.201400571
http://www.ncbi.nlm.nih.gov/pubmed/25469903
https://www.R-project.org/
https://doi.org/10.1097/JTO.0b013e3182a0840a
http://www.ncbi.nlm.nih.gov/pubmed/24457242
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://www.ncbi.nlm.nih.gov/pubmed/11328886
http://www.ncbi.nlm.nih.gov/pubmed/11972351
https://doi.org/10.1371/journal.pone.0203003


119. Svergun DI. Restoring low resolution structure of biological macromolecules from solution scattering

using simulated annealing. Biophys J. 1999; 76: 2879–2886. https://doi.org/10.1016/S0006-3495(99)

77443-6 PMID: 10354416

120. Schneidman-Duhovny D, Hammel M, Tainer JA, Sali A. Accurate SAXS profile computation and its

assessment by contrast variation experiments. Biophys J. 2013; 105: 962–974. https://doi.org/10.

1016/j.bpj.2013.07.020 PMID: 23972848

121. Schneidman-Duhovny D, Hammel M, Tainer JA, Sali A. FoXS, FoXSDock and MultiFoXS: Single-

state and multi-state structural modeling of proteins and their complexes based on SAXS profiles.

Nucleic Acids Res. 2016; 44(W1): W424–429. https://doi.org/10.1093/nar/gkw389 PMID: 27151198

122. Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, et al. Fast, scalable generation of high-qual-

ity protein multiple sequence alignments using Clustal Omega. Mol Syst Biol. 2011; 7: 539. https://doi.

org/10.1038/msb.2011.75 PMID: 21988835

123. Li W, Cowley A, Uludag M, Gur T, McWilliam H, Squizzato S, et al. The EMBL-EBI bioinformatics web

and programmatic tools framework. Nucleic Acids Res. 2015; 43(W1): W580–584. https://doi.org/10.

1093/nar/gkv279 PMID: 25845596

124. McWilliam H, Li W, Uludag M, Squizzato S, Park YM, Buso N, et al. Analysis Tool Web Services from

the EMBL-EBI. Nucleic Acids Res. 2013; 41(Web Server issue): W597–600. https://doi.org/10.1093/

nar/gkt376 PMID: 23671338
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