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HAMLET (Human Alpha-lactalbumin Made LEthal to Tumor cells), which was identified in human breast
milk as an alpha-lactalbumin (LA)-oleic acid complex, kills tumor cells, selectively. Although it may have
potential as a therapeutic agent against various tumor cells, only low-volume methods for its production

exist. In this study, heat treatment was used to produce complexes from LAs and oleic acid using a simple
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method. In the case of human LA and oleic acid, heat-treated samples apparently showed much stronger
activities than those treated at room temperature, with cytotoxicities equal to that of HAMLET. Further-
more, circular dichroism spectroscopy revealed that heat-treated samples lost their tertiary structure,
suggesting a molten globule as oleic acid-bound LA. BLA samples also showed strong activities by heat
treatment. Batch production with heat treatment can efficiently convert LAs into tumoricidal complexes.

© 2008 Elsevier Inc. All rights reserved.

Alpha-lactalbumin (LA) is a small globular protein secreted in
mammalian milks. It is a calcium-binding metalloprotein, which
becomes a stable molten globule (MG) under low-pH, Ca-free
and low-salt conditions, under thermal stress or in the presence
of mild denaturants. A great number of studies have been per-
formed to investigate the characteristics of the intermediate fold-
ing and metal-binding affinity of LA [1-4].

In the lactating mammary gland, alpha-lactalbumin takes a part
in the components of lactose synthase [5]. Meanwhile, it has been
reported that LA and its derivative from human milk have the abil-
ity to induce apoptosis-like cell death in tumor cells. Moreover,
Svanborg and coworkers have identified that a complex of apo-
HLA and oleic acid (HAMLET; Human Alpha-lactalbumin Made
LEthal to Tumor cells) induces apoptosis, or programmed cell
death, in tumor cells but spares mature cells [6-10]. Interestingly,
these complexes adopt an MG-like state under physiological condi-
tions at neutral pH [11,12].

Abbreviations: LA, alpha-lactalbumin; MG, molten globule; HAMLET, human alpha-
lactalbumin made lethal to tumor cells; CD, circular dichroism; HLA, human alpha-
lactalbumin; BLA, bovine alpha-lactalbumin; FCS, fetal calf serum; PBS, phosphate-
buffered saline; UV, ultraviolet.
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For the efficient in vitro formulation of such complexes (HAM-
LET), only one method has been demonstrated: Apo-LA was bound
on an anion-exchange column in which oleic acid had been loaded
and then the fraction eluted with high salt was collected as the ac-
tive complex. It was also noted that a simple mixing experiment
with apo-LA and oleic acid showed much lower activity than HAM-
LET [6,13].

Purified bovine LA or the LA of other species, together with oleic
acid can be converted to HAMLET-like complexes by the same
method [14,15]. Although it would be of benefit to prepare the ac-
tive components from such milk as LAs of domestic animals are
more abundant and convenient resources for clinical or industrial
application, the low yields of the active fraction using an anion-ex-
change column pose a problem.

In this study, we prepared a complex directly from a mixture of
LA and oleic acid for the purpose of practical and effective conver-
sion of functional materials. We found that heat treatment induces
partial denaturation for LA without a calcium chelator and con-
verts LA into the complexes efficiently. The CD spectrum clearly
suggested that the heat-treated mixture maintains an MG-like
state stably even after cooling and the removal of free oleic acid.
This complex induces tumor cell death as efficiently as HAMLET,
i.e,, the complex from an anion-exchange column. In addition,
our method produced cytotoxic active complexes from BLA more
easily than the conventional method.
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Materials and methods

Bovine and human alpha-lactalbumin (BLA and HLA). Holo-alpha-
lactalbumin from bovine and human milk, oleic acid, RPMI-1640,
fetal calf serum, non-essential amino acids, gentamicin, and so-
dium pyruvate were purchased from Sigma. All other reagents
were of biochemical research grade.

Heat treatment of alpha-lactalbumin-oleic acid mixture. Alpha-
lactalbumins were dissolved at 210 uM in phosphate-buffered sal-
ine (PBS). Oleic acids were directly suspended into the LA solutions
for 120 molar equivalents. These mixtures were heated (50 °C and
60 °C) to facilitate dispersal of the oleic acid and structural change
of the protein. After incubation for 10 min, the mixtures were
cooled to room temperature. Excess oleic acids were carefully re-
moved by centrifugation.

Culture of L1210. Mouse lymphocytic leukemic cell line L1210
was obtained from the JCRB cell bank. The cells were maintained
in RPMI-1640 supplemented with non-essential amino acids, gen-
tamicin, sodium pyruvate, and 10% fetal calf serum at 37 °C in an
atmosphere of 95% humidity and 5% carbon dioxide.

Viability of L1210 cells. L1210 cells were washed by PBS and re-
suspended at a density of 2 x 10° cells/ml in RPMI-1640 media
without FCS. The cell culture was seeded in a 96-well plate. The
tested compounds were added to cell cultures to final concentra-
tions of 21 uM (LA conc.). After incubation for 30 min at 37 °C in
5% CO,, FCS was added to the culture. After 6 h incubation, cell
viabilities were evaluated by MTS colorimetric assay (CellTiter 96
Aqueous non-radioactive proliferation assay, Promega) according
to the manufacturer’s instructions.

Agarose gel electrophoresis of DNA fragmentation. Untreated cells
(control) and drug-treated cells (2 x 10%/ml) were harvested and
washed twice with ice-cold PBS. The cell pellets were re-sus-
pended in lysis buffer (10 mM Tris, 10 mM EDTA, 0.5% Triton
X-100) and left to stand for 10 min on ice. The suspension was then
centrifuged at 16,000g for 5 min. The supernatant was treated with
DNase-free RNase A for 60 min at 37 °C and with Proteinase K for
30 min at 50 °C. NaCl was added to the supernatant to a final con-
centration of 0.2 M, and nucleic acids were precipitated by addition
of 2-propanol and overnight incubation at —20 °C. After centrifuga-
tion, the entire pellets were dissolved in 20 pl of TE buffer (10 mM
Tris, 10 mM EDTA, pH 8.0). The DNA samples were run on 2% aga-
rose gel electrophoresis, visualized by ethidium bromide staining
and photographed under UV light.

CD spectroscopy. CD spectra were measured with a Jasco J-725A
spectropolarimeter (Japan Spectroscopic Co., Ltd., Tokyo, Japan).
The pass length of the optical cuvette was 10 mm for 320-
250 nm and 1 mm for 250-205 nm, respectively. The protein con-
centrations were 21 uM for all measurements. The temperature of
the measuring cells was maintained at 37 °C. The protein concen-
trations were determined by the absorbance at 280 nm according
to Gill and von Hippel [16].

Results and discussion
Cell-death activity of heat-treated HLA-oleic acid

This experiment was performed to establish a convenient meth-
od to convert LA and fatty acid into active tumoricidal complexes.
Fig. 1 shows the cytotoxicities of our samples against L1210 leuke-
mia cells. Excess oleic acid or LAs themselves possessed almost no
cytotoxicity (Fig. 1, Nos. 2, 3, and 7). A purified HAMLET sample,
produced by the conventional method using an anion-exchange
column, was used as the control. The simple mixture of HLA and
oleic acid showed slight cytotoxicity but was much lower than that
of HAMLET (Fig. 1, Nos. 1 and 4).
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Fig. 1. Viabilities of L1210 cells after 6 h exposure with 21 pM HAMLET (No. 1),
2.5 mM oleic acid (No. 2), 21 uM HLA (No. 3), 21 uM HLA samples treated at room
temperature, 50 °C and 60 °C (Nos. 4, 5, and 6), 21 uM BLA (No. 7), and 21 uM BLA
samples treated at room temperature, 50 °C and 60 °C (Nos. 8, 9, and 10). Results are
presented as means = SD (n=5).

HAMLET has been thought to adopt partially unfolded states
under physiological conditions [6]. It has been reported that the
structural features of HAMLET are very similar to those of the
intermediate states of LA during denaturation [17,18]. To examine
whether denaturation of LA would cause an increase in the bioac-
tive component, we attempted heat-induced denaturation of HLA
in the presence of oleic acid. Briefly, authentic HLA was dissolved
in PBS. About one hundred molar equivalents of oleic acid were di-
rectly suspended in the solution. The solution was heated for a
fixed time and then cooled. Excess fatty acid was subsequently re-
moved. Intriguingly, heat-treated samples showed a stronger
activity compared with the simple mixture (Fig. 1, Nos. 5 and 6).
The mean values of the viability ratio were 3% for the heat-treated
samples at 50 °C and 4% at 60 °C. These activities were comparable
to that of HAMLET.

Further confirmation of the activity of heat-treated samples was
performed by DNA ladder assays. Fig. 2 shows the results of the
electrophoresis of DNA isolated from L1210 cells. DNA fragmenta-
tion, which is one of the characteristic features of apoptosis, was
observed in both HAMLET and the heat-treated samples (Fig. 2,
lanes 2 and 3). These results clearly suggested that the cytotoxic
function of the heat-treated samples was similar to that of
HAMLET.

To confirm the characteristics of the structure of the heat-trea-
ted samples, CD spectra were measured at pH 7.4 and 37 °C (Fig. 3).
The near-UV CD spectrum of HLA had the characteristics of a neg-
ative peak at 270 nm and a positive peak at 293 nm, indicating the
rigid packing interactions of aromatic side-chains (Fig. 3A). Heat-
treated samples and HAMLET had lower signal intensities com-
pared to native LA, indicating the loss of this tertiary structure.
The far-UV CD spectra of both native HLA and heat-treated com-
plexes showed significant negative ellipticities (Fig. 3A inset). CD
ellipticity at 222 nm is commonly used as a measure of the extent
of secondary structures. Thus, it seemed that the spectrum of the
heat-treated complex showed an increase in helicity from that of
native LA. These spectroscopic features of the samples agreed with
those of the molten globule state of LA [19]. Interestingly, HAMLET
showed weak negative peaks in the near-UV CD spectrum, which
indicates that HAMLET partially maintains the native-like tertiary
structure. On the other hand, the tertiary structures of heat-treated
complexes were thought to be completely lost from their CD spec-
tra. This result may indicate that structural features of heat-treated
complexes are slightly different from that of HAMLET although
their apoptotic activities resemble each other.
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Fig. 2. DNA fragmentation of L1210 cells. Cell culture with control (lane 1),
HAMLET (lane 2), and HLA samples treated at 60 °C (lane 3) after 3 h exposure to
each sample.

Oleic acid is thought to be hardly bound to holo-LA because cal-
cium binding increased the structural stability of native LA at room
temperature. By contrast, heat-treated samples showed a confor-
mational transition toward the intermediate state that suggested
the binding of oleic acid; even calcium was not depleted from LA.
LA can be partially unfolded, and Ca®* will still remain associated
with the protein [20]. Thus, heat treatment of LA would facilitate
the exposure of hydrophobic residues to water and binding to oleic
acid regardless of the presence of calcium. In terms of practical effi-
ciency, the batch process with heat treatment in this study seemed
more suitable for producing active components than the conven-
tional method, the scale and condition of which are limited by
the anion-exchange resin.

Cell-death activity of heat-treated BLA-oleic acid

It has been reported that conversion of BLA into the apoptotic
complex using an anion-exchange column results in low yields
compared to HLA [15,16]. Hence, we tried to produce the apoptotic
complex using the batch process with heat treatment. A simple
mixture of BLA and oleic acid had almost no cell-death activity in
contrast to the above case of HLA and oleic acid (Fig. 1, No. 8).
On the other hand, heat-treated complexes apparently increased
the apoptotic activities (Fig. 1, Nos. 9 and 10). The cell viabilities
of BLA-oleic acid complexes were 37% for the heat-treated sample
at 50 °C and 29% at 60 °C, respectively. BLA clearly formed apopto-
tic complexes, although the activities were lower than those of
HAMLET or heat-treated HLA complexes.

The CD spectra of BLA samples showed slight differences from
those of HLA samples. Heat-treated samples of BLA showed a weak
negative peak around 270 nm in near-UV CD spectra although the
intensity was much lower than the native state (Fig. 3B). Thus, the
heat-treated BLA-oleic acid complex may partially maintain its na-
tive-like tertiary structure. This residual peak at around 270 nm of
the 50°C-treated sample was diminished by 60 °C treatment.
Interestingly, the peak intensities of the near-UV seemed to be cor-
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Fig. 3. Effects of heat treatment on both (A) HLA-oleic acid and (B) BLA-oleic acid samples represented by CD spectra in the near-UV region. All spectra were measured at
37 °C for native LA (solid), heat-treated samples at 50 °C (dash) and 60 °C (dot), and HAMLET (dash-dot). Each sample was dissolved in PBS (pH 7.4). Inset shows the far-Uv

region of native LA (solid) and heat-treated samples at 60 °C (dot).
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related with cytotoxic activity. These results may indicate that the
amount of the active components increases as native LA loses its
conformation by heat treatment. However, heat treatment at
70 °C or 80°C was less effective for apoptotic activity and peak
intensities of near-UV CD spectra (data not shown). These results
may imply that an unnecessarily high temperature interrupts the
hydrophobic association between LA and oleic acid and prevents
the formation of the active components. Studies on LA folding have
indicated that the stability of the MG state of HLA is substantially
greater than that of BLA [2,21-25]. Thus, HLA can adopt the MG
state, which is thought to be important for forming active compo-
nents, more easily than BLA. One advantage of our batch method is
that reaction conditions are easily controlled. There is a possibility
that other appropriate conditions of denaturation would improve
the productivity of the active components of BLA.

It was reported that the calcium-depleted form of LA and its load-
ing on an anion-exchange column preconditioned with oleic acid
were essential for converting LA and oleic acid to a complex showing
strong activity against tumor cells. However, heat treatment chan-
ged such a mixture to a cytotoxic component without a calcium che-
lator. Utilizing the batch method, the conversion of BLA to an
apoptotic complex was successful. This method could be capable
of effective conversion of the active components from LAs.
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