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Background: The �-lactalbumin-oleic acid complex has a unique apoptotic activity for selectively killing tumor cells.
Results:We identified the oleic acid-binding site in the human- and goat-�-lactalbumin complexes by two-dimensional NMR.
Conclusion:Oleic acid is bound to a loosely organized hydrophobic core of the proteins in the molten globule state.
Significance: The results are crucial for understanding the molecular mechanisms of the cytotoxicity of the protein-oleic acid
complexes.

Although HAMLET (human �-lactalbumin made lethal to
tumor cells), a complex formed by human �-lactalbumin and
oleic acid, has a unique apoptotic activity for the selective killing
of tumor cells, the molecular mechanisms of expression of the
HAMLET activity are not well understood. Therefore, we stud-
ied the molecular properties of HAMLET and its goat counter-
part, GAMLET (goat �-lactalbuminmade lethal to tumor cells),
by pulse field gradient NMR and 920-MHz two-dimensional
NMR techniques.We also examined the expression of HAMLET-
like activities of complexes between oleic acid and other proteins
that form a stable molten globule state. We observed that both
HAMLETandGAMLETatpH7.5wereheterogeneous, composed
of thenativeprotein, themonomericmoltenglobule-like state, and
the oligomeric species. At pH 2.0 and 50 °C, HAMLET and
GAMLET appeared in themonomeric state, and we identified the
oleic acid-binding site in the complexes by two-dimensionalNMR.
Rather surprisingly, the binding site thus identified was markedly
different between HAMLET and GAMLET. Furthermore, canine
milk lysozyme, apo-myoglobin, and �2-microglobulin all formed
theHAMLET-like complex with the anti-tumor activity, when the
proteinwas treatedwith oleic acid under conditions inwhich their
molten globule states were stable. From these results, we conclude

that the protein portion of HAMLET, GAMLET, and the other
HAMLET-like protein-oleic acid complexes is not the origin of
their cytotoxicity to tumor cells and that the protein portion of
these complexes plays a role in the delivery of cytotoxic oleic acid
molecules into tumor cells across the cell membrane.

HAMLET (human �-lactalbumin made lethal to tumor
cells), first discovered by the Lund group in Sweden (1, 2), is a
complex formed by�-lactalbumin (�-LA)5 and oleic acid (OA),
and has a unique apoptotic activity by which it selectively kills
tumor cells. The �-LA portion of HAMLET is in amolten glob-
ule (MG)-like conformation under physiological conditions (2),
and hence this is an intriguing example in which the MG-like
state of the protein exerts a biological activity, relating to the
tumor cell killing activity, which is different from the original
biological activity in the native state, i.e., the specificity-modi-
fier activity of the lactose synthase system for �-LA (3). In
human milk, �-LA is the most abundant whey protein (3), and
OA is the most abundant fatty acid and occurs as a triacylglyc-
eride (4). The acidic environment of the stomach of a breast-fed
infant is thus very favorable for production of HAMLET,
because �-LA forms theMG state at acidic pH (5), and a signif-
icant amount of milk triacylglycerides are digested by lingual
and gastric lipases in the stomach, releasing OA (4, 6, 7). The
generally held idea that gastric lipase preferentially hydrolyzes
short and medium chain fatty acids was recently questioned,
and the main fatty acids released by gastric lipase in the stom-
ach were OA and palmitic acid (6, 7). It is thus quite reasonable
to postulate that HAMLET is produced in the breast-fed infant

* This work was supported by Grants-in-Aid for Scientific Research in Innova-
tive Areas 20107009 and 23107725 from the Ministry of Education, Culture,
Sports, Science and Technology of Japan. A part of this work was sup-
ported by the Nanotechnology Network Project of the Ministry of Educa-
tion, Culture, Sports, Science and Technology, and the Joint Studies Pro-
gram of the Institute for Molecular Science (Japan).

1 Present address: Fuji Pharma Co., Ltd., 1515 Tsujigado, Mizuhashi, Toyama
939-3515, Japan.

2 Present address: Chitose Institute of Science and Technology, 758-65 Bibi,
Chitose, Hokkaido 066-8655, Japan.

3 Present address: Graduate School of Science and Engineering, Yamagata
University, 4-3-16 Jyonan, Yonezawa, Yamagata 992-8510, Japan.

4 To whom correspondence should be addressed. Present address: Center for
the Promotion of Integrated Sciences, Graduate University for Advanced
Studies (Sokendai), Shonan Village, Hayama, Kanagawa 240-0193, Japan.
E-mail: kuwajima@ims.ac.jp.

5 The abbreviations used are: �-LA, �-lactalbumin; OA, oleic acid; MG, molten
globule; HLA, human �-lactalbumin; GLA, goat �-lactalbumin; PFG, pulse
field gradient; PBMC, peripheral blood mononuclear cell; HSQC, heteronu-
clear single quantum coherence; CML, canine milk lysozyme; AMG, apo-
myoglobin; B2M, �2-microglobulin.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 20, pp. 14408 –14416, May 17, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

14408 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 20 • MAY 17, 2013



stomach, protecting infants from tumor development (2, 8).
HAMLET has also been used successfully for cancer therapy in
treating glioblastomas (9), skin papillomas (10), and bladder
cancer (11).
Despite these beneficial features of HAMLET, the molecular

mechanisms of the formation and stabilization of HAMLET,
as well as the structure, including the OA-binding site, of
HAMLET are not well understood. Several issues, including (i)
whether the OA binding to the MG-like �-LA is specific or
nonspecific, (ii) where theOA-binding site is located in�-LA in
the MG-like state, (iii) how many OA molecules are bound to
�-LA in HAMLET, and (iv) whether HAMLET is monomeric
or oligomeric, remain obscure. To address these issues, here we
studied the molecular properties of HAMLET and its goat
counterpart, GAMLET (goat �-lactalbumin made lethal to
tumor cells), by reversed phase HPLC, pulse field gradient
(PFG)NMR, and 920-MHzultrahighmagnetic fieldNMR tech-
niques. We also examined the expression of HAMLET-like
anti-tumor cell activities of complexes between OA and other
proteins (caninemilk lysozyme, apo-myoglobin, and �2-micro-
globulin) that form a stable MG state under acidic conditions.
We observed that seven or eight OA molecules were bound

to an �-LAmolecule in HAMLET and GAMLET and that both
HAMLET and GAMLET at pH 7.5 were heterogeneous, being
composed of the native protein, the monomeric MG-like state,
and the oligomeric species. At pH2.0 and 50 °C, bothHAMLET
and GAMLET appeared in the monomeric MG-like state, and
we identified the OA-binding site in both complexes in this
state by 920-MHz two-dimensional NMR spectra. Rather sur-
prisingly, the OA-binding site thus identified wasmarkedly dif-
ferent between HAMLET and GAMLET despite their essen-
tially identical anti-tumor activities. The results thus indicate
that no unique binding site of OA in the protein is required for
expression of the anti-tumor cell activities. Furthermore,
canine milk lysozyme, apo-myoglobin, and �2-microglobulin
all formed the HAMLET-like complex when the protein was
treated with OA under conditions in which their MG states
were stable, and all these complexes exhibited the HAMLET-
like anti-tumor activities, although the strength of the activity
was dependent on the protein species. From these results, we
conclude that the protein portion of HAMLET, GAMLET, and
the other HAMLET-like protein-OA complexes is not the ori-
gin of their cytotoxicity to tumor cells and that the protein
portion of these complexes plays a role in delivering cytotoxic
OA molecules into tumor cells across the cell membrane.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—15N-Labeled and
[13C,15N]-double-labeled human �-LA (HLA) and goat �-LA
(GLA) were expressed in Escherichia coli BL21(DE3)/pLysS
cells in M9 minimal medium as inclusion bodies using expres-
sion plasmids pHLAC and pSCREEN-LA, respectively, and
purified as described previously (12, 13); pHLACwas originally
a gift fromPeter S. Kim. AuthenticHLA andGLAwere purified
from fresh human and goat milk as described previously (13).
Humanmilk was obtained from individual donors, after signed
informed consent. The procedure was approved by the human
ethics committee of theNational Institute for Physiological Sci-

ences, National Institutes of Natural Sciences (Okazaki, Aichi,
Japan). Goat milk was obtained from the National Livestock
Breeding Center (Nagano, Japan).
Also used were the N49D variant of canine milk lysozyme

expressed using a Pichia pastoris expression system and puri-
fied in a previous study (14) and the �2-microglobulin
expressed in E. coli and purified in a previous study (15). Apo-
myoglobin, which was prepared from horse heart myoglobin
(Sigma) by the method of Teale (16) was a gift from K.
Kamagata.
Preparation of HAMLET, GAMLET, and the Other Pro-

tein-OA Complexes—The following buffer systems were used
for preparation of the protein-OA complexes: 20 mM glycine-
HCl buffer (pH 2.0) for HLA, GLA, and canine milk lysozyme;
20 mM acetate buffer (pH 4.0) for apo-myoglobin; and 20 mM

citrate buffer (pH 3.6) for �2-microglobulin. The concentra-
tions of the proteins were all 3mg/ml, and the 120molar excess
of OA compared with the molar amount of each protein was
directly suspended into the protein solution with sonication in
a TOMY model UD-211 sonicator, and each protein-OA mix-
ture was kept at 50–60 °C for 10min. After cooling themixture
to room temperature, the excess OA molecules were carefully
removed by centrifugation. We then exchanged the buffers of
the resultant protein-OA complexes with 50mMNH4HCO3 by
ultrafiltration and lyophilized the complexes. HAMLET and
GAMLET were also prepared by the original method of Svens-
son et al. (2) using an OA-conditioned DEAE-Triacryl M (Bio-
Sepra, France) column.
Antitumor Activities of the Protein-OA Complexes—L1210

cells and peripheral blood mononuclear cells (PBMCs) were
used as tumor and normal cells for the cell killing activity assays
of the protein-OA complexes. The cells were first washed with
PBS and resuspended at a density of 2 � 106 cells/ml in RPMI
1640 medium without FBS. The cell culture was seeded in a
96-well plate. The protein-OA complex to be tested was added
to the cell culture at a final protein concentration ranging from
1 to 10 �M for L1210 cells and 10 or 20 �M for PBMCs. After
incubation for 30 min at 37 °C in 5% CO2, 10 �l of FBS was
added to the culture. After an additional 4-h incubation at 37 °C
in 5% CO2, the cell viabilities were evaluated by the trypan blue
assay.
HPLC Analysis—The molar ratio (stoichiometry) of OA to

�-LA in HAMLET and GAMLET was determined in an
LC-8020 HPLC system (TOSOH) using an octadecyl-4PW col-
umn (TOSOH) at 30 °C. The mobile phase consisted of two
solutions (A and B): A, 0.1% TFA in H2O, and B, 0.1% TFA in
acetonitrile. A linear gradient with a flow rate of 1.0ml/minwas
used as follows: first held at 75% A/25% B from 0 to 5 min and
then ramped to 0%A/100%B from5 to 75min. The columnwas
then re-equilibrated back to 75%A/25%B for 5min.OAand the
protein in the HAMLET and GAMLET complexes were first
dissociated by guanidine hydrochloride at 6 M. 200 �l of the
protein and OA mixture thus obtained (�-LA concentration,
75–110 �M) was injected into the column, and �-LA and OA
were detected by absorbance at 280 and 215 nm, respectively.
PFG-NMR Spectra—In PFG-NMR experiments, HAMLET

(or GAMLET) was dissolved at a final �-LA concentration of
0.3 mM in PBS (pH 7.5) that contained 10% D2O and 0.05%
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dioxane. PFG-NMR measurements were performed on a
Bruker Avance 500 spectrometer with a bipolar longitudinal
eddy-current-decay pulse sequence as described previously (15,
17). Sixteen spectra were acquired while changing the strength
of the diffusion gradient (g) from 5 to 100% of the maximum
power level. The NMR signal intensity (S), normalized by the
intensity at zero field gradient (S0), is related to g as follows,

S/S0 � exp(�d � g2) (Eq. 1)

where d is the observed decay rate, which is proportional to the
diffusion coefficient of themolecule.We fitted the signal decays
of dioxane, HAMLET, and GAMLET to Equation 1 and esti-
mated the hydrodynamic radii (Rh(Complex)) of the complexes
(HAMLET and GAMLET) by Equation 2 (18),

Rh(Complex) �
Rh(dioxane) � d�dioxane)

d�Complex)
(Eq. 2)

whered(dioxane) andd(Complex) are the decay rates of theNMR
signal obtained from dioxane and the complex (HAMLET or
GAMLET), respectively, and Rh(dioxane) is the hydrodynamic
radius of dioxane, 2.12 Å.
Two-dimensional 1H-15N Heteronuclear Single Quantum

Coherence (HSQC) Spectra—Two-dimensional 1H-15N HSQC
spectra of HLA and GLA in the MG state (pH 2.0) and the
spectra of HAMLET and GAMLET at pH 2.0 were collected at
50 °C on a JEOL ECA-920-MHz NMR spectrometer. We
acquired 32 transients for each of 256 t1 points, and the sweep
widths in t1 and t2 were 2476 and 14988 Hz, respectively. To
achieve the backbone resonance assignment of HLA and GLA
in the MG state (pH 2.0) and GAMLET at pH 2.0, HNCACB
and CBCACONH experiments were performed at 50 °C. All of
the NMR spectra were processed and analyzed by NMRPipe
and NMRView.

RESULTS

Preparation of HAMLET and GAMLET—We prepared
HAMLET and GAMLET by two different methods: (i) a heat

treatment method (19), in which the mixture of �-LA and OA
was heated at pH 2.0 and 50–60 °C for 10 min, followed by
removal of excess OA and lyophilization, and (ii) the original
column method, in which HAMLET and GAMLET were pre-
pared by column chromatography using an OA-precondi-
tioned ion exchange column (2). The anti-tumor activities of
the HAMLET and GAMLET complexes prepared by the two
methods were identical to each other (data not shown). The
complexes prepared by the two methods were also essentially
identical to each other with respect to their NMR spectra and the
hydrodynamic properties measured by the PFG-NMR technique
(see below). In the present study, we used the complexes prepared
by the heat treatment method unless otherwise stated. The stoi-
chiometries of protein andOA inHAMLET and GAMLETwere
determined by reversed phase HPLC analysis, and 8.5 and 6.9
OA molecules were bound to an �-LA molecule in HAMLET
and GAMLET, respectively.
Hydrodynamic Radii of HAMLET and GAMLET—To inves-

tigate the oligomeric state of HAMLET and GAMLET, we
measured the effective hydrodynamic radii (Rh) of these protein
complexes by the PFG-NMR technique. Fig. 1 (A and B) shows
the 1H NMR spectra of HAMLET and GAMLET, respectively,
at a field gradient strength of 0.69 G/cm, and these spectra are
compared with those at the largest field gradient strength (69
G/cm) (Fig. 1, C and D) (pH 7.5 and 25 °C). The spectrum of
HAMLET (Fig. 1A) is very similar to the spectrum previously
reported (20). Both the spectra of HAMLET and GAMLET
exhibit broad peaks at 0.745 and 1.375 ppm, which may arise
from the bound OA molecules (2, 20), as well as the native
protein peaks in the aromatic and up-field regions, although the
peak intensities of the bound OA are smaller in GAMLET than
in HAMLET. In the spectra at the largest field gradient
strength, essentially all proton signals from the native proteins
had vanished, whereas the broad signals from the bound OA
were still observed, indicating the presence of at least two com-
ponents that had significantly different hydrodynamic radii.

FIGURE 1. The PFG-NMR spectra of HAMLET (A and C) and GAMLET (B and D) at pH 7.5 and 25 °C. The spectra in A and B are those at a field gradient strength
of 0.69 G/cm, and the spectra in C and D are those at 69 G/cm. Arrows indicate the NMR signals used for the analysis. Arrows of the same color (black, blue, or red)
indicate NMR signals that gave the same Rh values (see text). The large arrows indicate the NMR signals used to draw the decay curves in Fig. 2.
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The peak intensities of the individual NMR signals were
investigated as a function of the square of the field gradient
strength. Fig. 2 (A and B) shows the typical decay curves thus
obtained, andwe calculated theRh values from the decay curves
using the Rh value of the internal reference compound, 1,4-
dioxane, of 2.12 Å (18). For both HAMLET and GAMLET, the
NMR signals are classified into three groups as indicated by
arrows of three different colors (Fig. 1,A and B). For HAMLET,
the black, blue, and red arrow signals gave Rh values of 19.8 �
1.1, 24.5 � 0.4, and 61.0 � 1.3 Å, respectively. Similarly for
GAMLET, the signals indicated by black, blue, and red arrows
gave Rh values of 20.0 � 0.9, 23.6 � 0.6, and 57.1 � 0.4 Å,
respectively. Therefore, for both HAMLET and GAMLET, the
black arrow signals were those from the native proteins. The Rh
value of native �-LA, previously measured by sedimentation
(21), dynamic light scattering (22), and PFG-NMR techniques
(23), ranges from 18.8 to 19.7 Å, and hence it is in excellent
agreement with the values from the black arrow signals. The
theoretical Rh values calculated from the x-ray crystallographic
structures (Protein Data Bank codes 1B9O and 1HFY) of native
HLA and GLA using the program HYDROPRO (version 7c)
(24), are 20.6 and 19.9 Å, respectively, again in excellent agree-
ment with the values shown above. The Rh values (23–25 Å)
obtained from the blue arrow signals are 10–20% larger than
the value (20.8–20.9 Å) for the monomeric MG state of �-LA
(21–23). The blue arrow signals may thus represent a mono-
meric MG-like state with the Rh value increased by 10–20%
by bound OA molecules. The Rh values (61.0 and 57.1 Å for
HAMLET and GAMLET) obtained from the red arrow signals
indicate that these signals represent an oligomeric protein-OA

complex that may consist of 13–17 proteinmolecules; this esti-
mate was based on the volume ratios calculated from the radii
of the monomeric and oligomeric protein-OA complexes. As a
result, both HAMLET and GAMLET are composed of three
components, the native protein, the monomericMG-like state,
and the oligomeric protein-OA complex. Because the NMR
signals of OA were observed mostly as red arrow signals, most
OA molecules were bound to the oligomeric complexes at pH
7.5 and 25 °C. At least one of the red arrow signals appeared to
beOA, and thus, ifOAwas in rapid exchange, itmight adversely
affect the determination of Rh. However, this is very unlikely,
because the exchange between freeOAandboundOAwas slow
even under a harsher condition (pH 2.0 and 50 °C) (see below).
We also carried out the PFG-NMR experiment for the HAM-
LET and GAMLET prepared by the column method and
obtained essentially the same results (data not shown).
We also performed the PFG-NMR experiments in the pres-

ence of 2 M urea, and the results again indicated the presence of
three components, the native species, themonomeric complex,
and the oligomeric complex (Fig. 2, C and D). The Rh values of
native�-LA and themonomeric complexwere essentially iden-
tical to those shown above in the absence of urea. However, the
Rh values of the oligomeric species became significantly
smaller, 36.5 � 1.4 and 35.0 � 1.6 Å for HAMLET and
GAMLET, respectively, at 2 M urea, indicating significant dis-
sociation occurring in the presence of urea.
We further carried out the PFG-NMR experiments at pH 2.0

and 50 °C, the conditions used for preparation ofHAMLET and
GAMLET by the heat treatment method. Under these condi-
tions, all the NMR signals, including those of the protein and

FIGURE 2. A and B, the PFG-NMR analysis of HAMLET (A) and GAMLET (B) (pH 7.5 and 25 °C). The intensities of the NMR signals indicated by the large black, blue,
and red arrows in Fig. 1 are shown as a function of the square of the field gradient strength. C and D, same analysis results for HAMLET (C) and GAMLET (D) in the
presence of 2 M urea (pH 7.5 and 25 °C). The solid lines represent the theoretical curves obtained by fitting the experimental data to a single exponential
function. The inset in each panel shows the decay curve for dioxane.
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boundOA, exhibited decay curves essentially identical to those
of the monomeric MG-like state at neutral pH shown above,
and the Rh values of HAMLET and GAMLET thus obtained
were 25.0 � 0.3 and 24.8 � 0.8 Å, respectively. Observation of
the coincident decay curves for the protein and bound OA sig-
nals indicated that OA was not in rapid exchange.
Identification of the OA-binding Site in HAMLET and

GAMLET—To identify the OA-binding site in HAMLET and
GAMLET, we measured 1H-15N HSQC spectra of the mono-
mericMG-like state of HAMLET andGAMLET and compared
these spectra with those of the free MG state of HLA and GLA
without the bound OA. The HAMLET and GAMLET com-
plexes were prepared from 15N-labeledHLA, 15N-labeledGLA,
and [13C,15N]-double-labeled GLA, and their anti-tumor activ-
ities were identical to those of the complexes prepared from the
nonlabeled proteins (data not shown). The HSQC spectra were
measured at pH 2.0 and 50 °C, conditions under which both
HLA and GLA are fully in theMG state, and the HAMLET and
GAMLET complexes are in the monomericMG-like state. The
backbone assignment of [13C,15N]-double-labeled HLA and
GLA in the MG state and [13C,15N]-double-labeled GAMLET

was obtained by three-dimensional CBCACONH and
HNCACB experiments recorded on a 920-MHz NMR instru-
ment. We assigned 53 of the 121 nonprolyl residues of HLA in
theMG state and 40 of the 121 nonprolyl residues of GLA (Fig.
3, A and C). For HLA, an additional assignment of 33 residues
was provided by C. Redfield (25). For GAMLET, we assigned
cross-peaks that were significantly affected by OA binding.
Fig. 3 (B and D) shows 1H-15N HSQC spectra of HAMLET

andGAMLET, respectively, overlaid on the spectra ofHLA and
GLA in the MG state. Many cross-peaks appear at the same
positions between HAMLET and HLA and between GAMLET
and GLA, indicating that HAMLET and GAMLET were in the
monomeric MG-like state under these conditions. However,
several cross-peaks show clear differences. The cross-peaks of
Leu-8, Ser-9, Lys-13, Asp-16, Ala-22, Leu-23, Phe-31, Thr-33,
Asp-37, Val-42, and Thr-86 were different between HAMLET
andHLA in theMGstate (Fig. 3B), and the chemical shift values
were significantly different for these cross-peaks. Similarly, the
cross-peaks of Gly-35, Ala-40, Asp-83, Asp-84, and Thr-86
were different between GAMLET and GLA in the MG state
(Fig. 3D). The chemical shift values were significantly different

FIGURE 3. The 1H-15N HSQC spectra of HLA (A) and GLA (C) in the free MG state, and the spectra of HAMLET (B) and GAMLET (D) (pH 2.0 and 50 °C). In
B and D, the spectra of HAMLET and GAMLET, shown in red, are superimposed on the spectra in the free MG state, shown in black. The NMR signal assignments
are indicated with a one-letter amino acid code and residue number. The 1H, 13C, and 15N chemical shifts at 323 K have been deposited in the BioMagResBank
under accession numbers BMRB-11515, BMRM-11517, and BMRM-11523. The cross-peaks that show a difference between the free MG state and the �-LA-OA
complex (HAMLET or GAMLET) are circled in B and D.
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for Gly-35, Asp-83, and Asp-84, the cross-peak of Ala-40 dis-
appeared in GAMLET, and the cross-peak of Thr-86, absent in
the acidic MG state, appeared in GAMLET.
From the above results, we identified the OA-binding site in

HAMLET and GAMLET. Fig. 4 shows the three-dimensional
structures of nativeHLA andGLA, and the amino acid residues
whose cross-peaks are significantly affected by OA binding are
shown in red. Rather surprisingly, the OA-binding site was
quite different betweenHAMLETandGAMLET. InHAMLET,
most of the residues affected by OA binding are within the A-
andB-helices (Fig. 4A). On the other hand, the residues affected
by OA binding in GAMLET are located near the Ca2�-binding
site of the protein and hence at the interface between the�- and
�-subdomains (Fig. 4B). It is thus concluded that the OA-bind-
ing site is located at quite different places, between the A- and
B-helices in HAMLET and at the interface between the �- and
�-subdomains in GAMLET, although both the protein-OA
complexes show essentially the same anti-tumor activities.
Anti-tumor Activities of the Protein-OA Complexes Other

than HAMLET and GAMLET—The difference in the OA-
binding site between HAMLET and GAMLET indicates that a
unique commonOA-binding site is not required for expression
of anti-tumor cell activity. This fact led us to investigate possi-

ble expression of anti-tumor activities in the complexes
between OA and the other proteins that form the stable MG
state. We chose canine milk lysozyme, apo-myoglobin, and
�2-microglobulin. Canine milk lysozyme, a Ca2�-binding
lysozyme, is homologous to�-LA and forms theMGstate at pH
2 (26, 27). Apo-myoglobin and �2-microglobulin form the MG
state at pH 4 (15, 28, 29). We prepared the OA-protein com-
plexes (denoted by CML-OA, AMG-OA, and B2M-OA for the
canine milk lysozyme-, apo-myoglobin-, and �2-microglobu-
lin-OA complexes) by the same method as used for HAMLET
and GAMLET, i.e., by heat treatment of the mixture of each
protein andOA at 50–60 °C for 10min under the conditions in
which the MG state was stable, followed by removal of excess
OA and lyophilization. We applied these complexes to L1210
leukemia cells to examine the anti-tumor cell activities of the
complexes, and the viability of tumor cells was determined by
trypan blue staining. In the presence of 10 �M of each complex,
CML-OA, AMG-OA, and B2M-OA exhibited 100, 45, and 15%
of the anti-tumor cell activities observed in the presence of 10
�M HAMLET, respectively (Fig. 5). Therefore, all the com-
plexes between OA and the proteins examined exhibited simi-
lar anti-tumor activities, although the degree of activity was
dependent on the protein species. To test the specificity of cell

FIGURE 4. The OA-binding sites of HLA in HAMLET (A) and of GLA in GAMLET (B) as determined by differences in cross-peaks between the free MG state
and the �-LA-OA complex (HAMLET or GAMLET; Fig. 3, B and D). The amino acid residues represented by the space-filling model are those whose
cross-peaks in the 1H-15N HSQC spectra are assigned (Fig. 3, A and C). The red residues indicate the OA-binding site of each protein.

FIGURE 5. Anti-tumor activities of HAMLET, CML-OA, AMG-OA, and B2M-OA as measured by the trypan blue assay. The pictures show images of L1210
cells and PBMCs obtained with an optical microscope after 4 h of incubation with the protein-OA complexes. Each complex at the final protein concentration
of 10 �M was applied to the culture of L1210 cells. 20 �M of HAMLET, CML-OA, and B2M-OA and 10 �M of AMG-OA were applied to the culture of PBMCs. PBS
indicates the control in which the PBS buffer solution was added to the culture.
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killing activities of these complexes, we also applied the com-
plexes to normal cells, PBMCs. The results are also included in
Fig. 5, and all the protein-OA complexes tested did not kill
PBMCs at a high concentration (20 �M for HAMLET, CML-
OA, and B2M-OA and 10 �M for AMG-OA), suggesting that
the cell killing activities of these complexes were tumor
cell-specific.

DISCUSSION

The PFG-NMRdata in the present study clearly indicate that
both the HAMLET and GAMLET complexes are composed of
three components, i.e., the native protein (Rh � 20 Å), the
monomericMG-like state (Rh � 24 Å), and the oligomeric spe-
cies (Rh � 57–61 Å) under the native conditions (pH 7.5 and
25 °C). Under the acidic condition (pH 2.0) at 50 °C, both
HAMLET and GAMLET appeared in the monomeric MG-like
state, and to identify the OA-binding site, we examined the
1H-15N HSQC spectra of the HAMLET and GAMLET com-
plexes with those of the proteins in the free MG state without
bound OA. Rather surprisingly, the OA-binding site thus iden-
tified was markedly different between the two protein com-
plexes, indicating that no unique binding site of OA in the pro-
tein is required for expression of the anti-tumor cell activities.
That the expressions of the anti-tumor activities by CML-OA,
AMG-OA, and B2M-OAwere similar further indicates that the
formation of the anti-tumor complexwithOA is not peculiar to
�-LA.

Whether HAMLET or the other �-LA-OA complexes that
have similar anti-tumor activities aremonomeric or oligomeric
has been a subject of controversy. Spolaore et al. (30) recently
reported that the bovine �-LA-OA complex (BAMLET) is olig-
omeric with an Rh value of 37 Å as measured by dynamic light
scattering and gel filtration chromatography, and the oligo-
meric species displayed cytotoxicity toward tumor cells. Their
results are thus fully consistent with the present results,
although the molecular size of the complex is smaller in their
complex. On the other hand, Svanborg and co-workers (20, 31)
have reported on the basis of their PFG-NMR experiments that
HAMLET exists in the monomeric form with an Rh value of
26.9 Å. The discrepancy between their results and ours is rather
surprising, because both investigations used the same PFG-
NMR techniques. The only significant difference in the exper-
imental condition was the presence of 2 M urea in their experi-
ments. We thus performed the PFG-NMR experiments in the
presence of 2 M urea (Fig. 2, C and D) and observed significant
dissociation occurring in the presence of urea. However,
HAMLET and GAMLET still consisted of three components,
the native species, themonomeric complex, and the oligomeric
species, at 2 M urea. It is thus concluded that 2 M urea has a
significant impact on the oligomeric state ofHAMLET and that
under the physiological condition in the absence of urea,
HAMLET is mostly oligomeric. It is also suggested that the
oligomeric state of HAMLET is fragile and easily dissociated by
2 M urea. The fragile nature of the oligomeric �-LA-OA com-
plex was also reported in BAMLET: (i) The oligomeric
BAMLET complex was dissociated by dilution and the subse-
quent gel filtration (30), and (ii) the major signals observed in
the mass spectrometric analysis of originally aggregated

BAMLET were reported to be monomeric under physiological
conditions (32). Furthermore, the anti-tumor complex origi-
nally prepared from humanmilk was reported to be oligomeric
(33), supporting our conclusion that HAMLET is oligomeric
under physiological conditions.
Although the OA-binding site is markedly different between

HAMLET and GAMLET, the binding site in each complex rea-
sonably corresponds to the most structured region in the MG
state of each protein. From previous hydrogen/deuterium
exchange studies, the peptide NH protons most highly pro-
tected in theMG state of HLAwere located in the A- and B-he-
lices (34), whereas they were located in the C-helix in the MG
state of GLA (13). These regions thus coincide with the OA-
binding sites in HAMLET and GAMLET (Fig. 4). Because the
structured region in the MG state may correspond to a loosely
organized hydrophobic core accessible to solvent water, the
above results strongly suggest that OA is not recognized by a
specific structure but rather is recognized by nonspecific
hydrophobic interactions in the loosely organized hydrophobic
core in theMG state. The location of theOA-binding site in the
A- and B-helices in HAMLETmay not be inconsistent with the
hydrogen/deuterium exchange and limited proteolysis studies
of HAMLET reported by Casbarra et al. (35), in which they
observed that the �-subdomain was resistant to proteolysis
whereas the �-subdomain was more flexible and susceptible to
proteolysis. The A- and B-helices of HLA are already signifi-
cantly protected in the MG state (34), and the OA binding to
these helices further stabilizes the helical structures and makes
the �-subdomain more resistant to proteolysis.

Our conclusion that OA molecules in HAMLET and
GAMLET are recognized by nonspecific hydrophobic interac-
tions led us to examine the possible expression of similar anti-
tumor activities in the complexes between OA and the other
proteins that form the stable MG state. As expected, all of the
complexes examined, CML-OA, AMG-OA, and B2M-OA,
expressed similar anti-tumor activities (Fig. 5). The anti-tumor
activity of CML-OA may not be surprising, because a similar
Ca2�-binding lysozyme, equine milk lysozyme, exerts cytotox-
icity to tumor cells when complexed with OA (36, 37). As to
AMG-OA, Tolin et al. (38) mentioned the formation of a cyto-
toxic complex of apo-myoglobin and OA in their recent paper
on BLA fragment-OA complexes. The anti-tumor activity of
B2M-OA is, however, a new finding of the present study.
�2-Microglobulin is a � protein with a typical immunoglobulin
fold (39), and hence it is structurally quite different from �-LA
and lysozyme, which are �-helix-rich ��� proteins (3), and
also from apo-myoglobin, which is a typical all-� protein (40).
Recently, it was also reported that the OA complexes with
bovine �-lactoglobulin and pike pervalbumin induced the
tumor cell death and that the mechanisms of the cell death
by these protein-OA complexes were analogous to those by
HAMLET (41, 42).
The nonspecific nature of the OA binding to a protein in the

MG state may produce variations in the binding stoichiometry
between OA and the protein, depending on solution condi-
tions, the preparation methods of the complexes, and the pro-
tein species. For HAMLET, the stoichiometries so far reported
thus ranged from less than 1 to 9 (the number of the OA mol-
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ecules per an HLA molecule) (20, 43–45), and the stoichiome-
tries in HAMLET and GAMLET prepared by the present
method were 8 and 7, respectively.
The expression of similar anti-tumor cell activities by the

complexes formed between OA and a variety of proteins in the
MG state strongly suggests that the protein portion of these
complexes may not be the origin of their cytotoxicity to tumor
cells. Furthermore, there is nowample evidence thatOA itself is
cytotoxic and promotes apoptosis in various tumor cells (46–
51), and the mitochondrion-related apoptotic behaviors, such
as reduction in mitochondrial membrane potential and cyto-
chrome c release, observed after treatment with OA were also
observed in the HAMLET-induced apoptosis in tumor cells
(52–54). Recently, Brinkmann et al. (55) also reported that the
cell killing mechanisms of the BAMLET complex and of OA
alone examined by flow cytometry were very similar to each
other. It is thus strongly suggested that the protein portion of
HAMLET, GAMLET, and the other HAMLET-like pro-
tein-OA complexes probably works as a delivery carrier of the
cytotoxicOA to tumor cells (30, 38). It is becoming increasingly
evident that not only the rigid native structures but also the
flexible MG structures are biologically functional, and many of
the functional MG states are related to translocations of pro-
teins or hydrophobic ligands across membrane bilayers (56–
61), and the interaction of HAMLET with artificial and natural
membranes has been reported (62–64).We thus conclude that
the MG-like state in HAMLET, GAMLET, and the other
related complexes plays a role in transferring the hydrophobic
OA molecules into tumor cells across the cell membranes.
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Haertlé, T., andCalvo,M. (2006) Interaction of bovine�-lactalbuminwith
fatty acids as determined by partition equilibrium and fluorescence spec-
troscopy. Int. Dairy J. 16, 18–25

45. Knyazeva, E. L., Grishchenko, V. M., Fadeev, R. S., Akatov, V. S., Permya-
kov, S. E., and Permyakov, E. A. (2008)Who isMr. HAMLET? Interaction
of human �-lactalbumin with monomeric oleic acid. Biochemistry 47,

13127–13137
46. Mizotani, K., and Inoue, I. (2002) The mechanism of apotosis by the oleic

acid in HeLa cells. Caspase-independent pathway by induction of I�B�. J.
Saitama Med. School 29, 117–123

47. Dymkowska, D., Szczepanowska, J., and Wojtczak, L. (2004) Fatty-acid-
induced apoptosis in ehrlich ascites tumor cells. Toxicol. Mech. Methods
14, 73–77

48. Zhu, Y., Schwarz, S., Ahlemeyer, B., Grzeschik, S., Klumpp, S., and Kriegl-
stein, J. (2005) Oleic acid causes apoptosis and dephosphorylates Bad.
Neurochem. Int. 46, 127–135

49. Dymkowska, D., Szczepanowska, J., Wieckowski, M. R., and Wojtczak, L.
(2006) Short-term and long-term effects of fatty acids in rat hepatoma
AS-30D cells. The way to apoptosis. Biochim. Biophys. Acta 1763,
152–163

50. FernandaCury-Boaventura,M., CristineKanunfre, C., Gorjão, R.,Martins
de Lima, T., and Curi, R. (2006) Mechanisms involved in Jurkat cell death
induced by oleic and linoleic acids. Clin. Nutr. 25, 1004–1014

51. Yu, F., Lu, S., Yu, F., Shi, J., McGuire, P.M., andWang, R. (2008) Cytotoxic
activity of an octadecenoic acid extract from Euphorbia kansui (Euphor-
biaceae) on human tumour cell strains. J. Pharm. Pharmacol. 60, 253–259

52. Köhler, C., Håkansson, A., Svanborg, C., Orrenius, S., and Zhivotovsky, B.
(1999) Protease activation in apoptosis induced by MAL. Exp. Cell Res.
249, 260–268
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