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SUMMARY 
 
HAMLET (Human Alpha-lactalbumin Made LEthal to Tumor cells) is a 
complex of partially unfolded human alpha-lactalbumin and oleic acid 
that kills many different types of tumor cells and shows therapeutic 
efficacy in animal models and clinical studies. This thesis aims to 

I. elucidate the structure of HAMLET and the exposure of 
biologically active domains  

II. define the contribution of lipids to the tumoricidal effect of 
HAMLET 

III. characterize the membranes response to HAMLET and the 
perturbation of membrane associated signaling cascades 

IV. use proteomic screens to identify conserved features of 
HAMLET targets in tumor cells 

 
Elucidating the structure of HAMLET is important to understand its 
tumoricidal activity. Paper I presents the first low-resolution solution 
structure of HAMLET, derived from small angle X-ray scattering data. In 

HAMLET, α-lactalbumin is partially unfolded, with an enlarged globular 
domain and an extended C-terminal conformation from L105 to L123. 
Synthetic globular or extended domain peptides triggered rapid ion fluxes 
in the presence of oleate, were internalized by tumor cells and caused 
rapid changes in cell morphology and tumor cell death with comparable 
efficiency as HAMLET. These findings demonstrate that the gain of 
tumoricidal activity in HAMLET is due to a loss of tertiary structure 

definition compared to native α-lactalbumin, which lacks such activity.  
 
The contribution of the lipid to HAMLET’s tumoricidal activity has been 
debated. Paper II investigates the contribution of lipids to the tumoricidal 
effect of HAMLET. Deprotonated oleic acid (oleate) is identified as the 
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functional cofactor in HAMLET and shown to contribute to some but not 
all of HAMLET’s cellular interactions. Partial effects on ion fluxes were 
observed in tumor cells but unlike HAMLET, oleate did not cause 
metabolic paralysis or cell death at concentrations relevant to HAMLET. 
Furthermore, oleate did not trigger cancer related gene expression. 
Cellular responses to oleic acid were weak or absent, suggesting that fatty 
acids exert some of their essential effects on host cells when in the 
deprotonated state. The results highlight the unique properties of the 
HAMLET complex compared to the lipid alone and suggest that the 
cellular effects of lipids may be modified in the context of a partially 
unfolded protein.  
 
Membrane perturbations by HAMLET initiate cellular attack and death. 
Paper III identifies three critical molecular-level features for the conserved 
tumoricidal response. I. Rapid membrane perturbations in receptor-free 
model vesicles and tumor cells suggested that HAMLET-membrane 
interactions are receptor-independent. II. Formation of HAMLET-Ras 
membrane clusters in tumor cells and Ras inhibition provided a 
mechanism to activate a conserved cell death programs. III. Membrane 
responses were absent in differentiated cells, indicating tumor selectivity. 
The membrane perturbations might thus provide a physical means for 
HAMLET to excite membrane conformations serving as surrogate 
receptors for subsequent signal transduction, leading to cell death.  
 
Paper IV examines the hypothesis that the apparent multitude of cellular 
targets reflects structural homology and that HAMLET targets epitopes 
shared by molecules critical for cell survival. By protoarray, HAMLET 
targets represent protein families critically involved in energy metabolism 
and cellular homeostasis including ATPases, kinases and small GTPases. 
In an in vitro kinase activity assay, about 70 % of kinases were inhibited by 
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HAMLET. Broad kinase inhibition in HAMLET treated cells was 
confirmed by a phosphorylation antibody microarray, which identified 
kinases involved in cancer pathways. The results identify nucleotide-
binding proteins as HAMLET targets and suggest that dysregulation of the 
ATPase/kinase/GTPase machinery contributes to cell death, following the 
initial, selective recognition of HAMLET by tumor cells.   
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The Discovery 
 
 

"All things are ready if our minds be so." 
William Shakespeare 

 
"In the fields of observation chance favours only the prepared mind." 

Louis Pasteur 
 
The serendipitous finding of HAMLET (Human Alpha-lactalbumin Made 
LEthal to Tumor cells)1 started a now nearly two decade long period of 
research2-11, leading to successful clinical trials2,12-17. The HAMLET 
discovery triggered intriguing questions about protein folding and 
structural biology, conserved mechanisms of tumor cell death, therapeutic 
and prophylactic benefits, as well as more general, philosophical scientific 
questions about the nature of molecular recognition.  
 
HAMLET consists of a partially unfolded human alpha-lactalbumin and 
multiple oleic acid molecules. The experiment in which HAMLET was 
discovered investigated the molecular mechanism of Streptococcus 
pneumoniae attachment to host cells, using fractions from human milk to 
prevent bacteria from binding to A549 lung carcinoma cell line. A casein 
fraction was shown to inhibit bacterial attachment but in addition, 
dramatic cell death was observed, suggesting that casein components were 
able to kill tumor cells1. To identify the active constituent of the casein 
fraction, ion exchange chromatography was used, first without success as 
no active fraction could be eluted from the matrix using the normal 
protocol. After it was realized that the active component might be retained 
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on the column, it was successfully eluted as ‘’Fraction VI’’ with high salt 
(1M NaCl). This fraction contained human alpha-lactalbumin, as shown by 
N-terminal amino acid sequencing7. 
 
Interestingly, purified human alpha-lactalbumin did not cause cell death, 
suggesting that a structural difference must exist between the tumoricidal 
component and the native protein but mass spectrometry ruled out post-
translational modifications6. As casein is produced by low pH precipitation 
of milk and low pH has been shown to unfold alpha-lactalbumin, we 
investigated if the 3D structure of the protein might be changed in the 
active fraction. Near-UV CD spectroscopy showed decreased intensity for 
the 270 nm minimum and 294 nm maximum, indicating increased 
flexibility of aromatic residues, while higher exposure of solvent accessible 
hydrophobic surface was shown by increased ANS fluorescence and a 
blue-shifted emission spectrum.    
 
Furthermore, the active fraction was shown to contain oleic acid, which is 
the main fatty acid of human milk and present in human casein. The 
requirement of this lipid cofactor was demonstrated by producing the 
complex from the purified constituents18.  First, alpha-lactalbumin was 
partially unfolded by removal of the calcium ion and then a protein lipid 
complex was generated on an ion exchange matrix, which had been 
preconditioned with oleic acid. The protein-lipid complex was eluted with 
a NaCl gradient, yielding a single sharp peak. Tumoricidal activity of the 
eluted complex was demonstrated and the complex was named HAMLET. 
By screening of 14 fatty acids of different chain length, degree of saturation 
and cis/trans isomerism, oleic acid (C18:1:9cis) was identified as the 
optimal cofactor in the HAMLET complex11.  
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Alpha-lactalbumin 
 
General properties 
 
The structurally conserved alpha-lactalbumins consist of 123 amino acids, 
with the exception of rat alpha-lactalbumin, which contains a C-terminal 
extension of 17 residues. Native human alpha-lactalbumin is defined by a 
large alpha domain, comprising three major alpha-helices (residues 5-11, 
23-34 and 86-98) and two 310 helices (residues 18-20 and 115-118) and the 
smaller beta domain, composed of a small triple-stranded anti-parallel 
beta-pleated sheet (41-44, 47-50 and 55-56), a series of loops and a short 310 
helix (residues 77-80)19. A deep cleft separates the two domains and four 
disulfide bridges stabilize the overall structure (6-120, 61-77, 73-91 and 28-
111). In particular, residues 73-91 
connect the two domains. Two 
hydrophobic cores of alpha-lactalbumin 
are important for protein folding.  
 
The native structure of alpha-
lactalbumin is defined by a high-affinity 
calcium-binding site, coordinated by 
three Aspartate residues (82, 87 and 88) 
and two peptide-carbonyl oxygens (79 
and 84). One or two water molecules are 
commonly found to participate in the 
coordination. This calcium-binding site 
differs from the EF-hand motif in the 
majority of calcium-binding proteins20 as 
it is defined by a 10-residue stretch of 
amino acids (residues 79-88) rather than 

Figure 1 Crystallographic structure of 
human alpha-lactalbumin (PDB id: 
1B9O) 
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a 12-residue stretch with six coordinating residues in the canonical EF-
hand motif.  
 
Molten globule states 
 
In addition to the native state (N), alpha-lactalbumin populates several 
stable intermediately folded states (25) which include Acidic (A), Partly 
denatured (P), Temperature denatured (T), Apo and Unfolded (U) forms21. 
These molten globules of alpha-lactalbumin are characterized by a native-
like secondary structure, a slowly fluctuating tertiary structure, a lack of 
a cooperative thermal unfolding transition and retained compactness. In 
these molten globules, the predominant hydrophobic core is the A/B/310 
subdomain but the hydrophobic box is poorly formed. The molten 
globules produced under different conditions often exhibit broadly similar 
overall characteristics22,23. Using pulse-labeled photochemically induced 
dynamic nuclear polarization (photo-CIDNP), different alpha-lactalbumin 
molten globules were shown to have different patterns of hydrophobic-
core surface accessibilities, likely representing different local minima of the 
folding landscape24. 
 
 

Structural characterization of HAMLET 
 
Against the ‘one gene – one protein – one function’ paradigm25,26, we 
proposed that a protein may respond to different environments by 
changing their fold and that this process allows a single polypeptide chain 
to exert vastly different and beneficial biologic functions in different tissue 
compartments18. 
. 
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HAMLET exemplifies how a loss of three-dimensional structure definition 
may allow a protein to alter its function. To form HAMLET, alpha-
lactalbumin must undergo partial unfolding and bind the fatty acid 
cofactor10,18,27. In complex with oleic acid, alpha-lactalbumin retains its 
partially unfolded characteristics even at physiological solvent conditions, 
unlike alpha-lactalbumin molten globules. In the absence of the fatty acid 
the unfolded state is unstable, and at physiological solvent conditions the 
protein binds calcium and reverts to the native state.  
 
The loss of tertiary structural packing but a retention of secondary 
structural content was demonstrated by near- and far- UV CD 
spectroscopy and the flexibility of the proteins was confirmed by 1H-
NMR18. Enhanced ANS fluorescence indicated increased exposure of 
hydrophobic domains and differences in surface topology were detected 
by limited proteolysis and amide hydrogen/deuterium exchange 
experiments coupled to mass spectrometry, compared to the native 
protein28. In addition, HAMLET differed from the apo-alpha-lactalbumin, 
suggesting that the structural characteristics of the oleic acid bound form 
differ from the molten globule. Different sites in HAMLET, such as those 
in the beta sheet domain, were less accessible for enzymatic digestion as 
compared to the apo-alpha-lactalbumin28.   
 
In addition, the formation of HAMLET also tolerated a certain extent of 
sequence variation, as alpha-lactalbumin from different species, including 
bovine, caprine, porcine and equine were shown to form tumoricidal 
complexes29. A lower conversion yield was evident for alpha-lactalbumin 
derived from other species, however. Naturally occurring, active complex 
was found only in acid-precipitated human casein, showing that HAMLET 
formation is unique to human milk. Importantly, unfolding alone is not 
sufficient to make alpha-lactalbumin cytotoxic. The high affinity calcium-
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binding site mutant (D87A)10 and the fully reduced cysteine-free mutant 
(rHLAAll-Ala)27, in which all cysteines are substituted for alanines, show no 
tumoricidal activity, but could be converted to become active when bound 
to oleic acid. 
 
These structural studies show that a loss of tertiary structure definition can 
be a mechanism for a protein to attain a new physiological function. This 
gain of function and loss of 3D structural definition may appear 
paradoxical, as the functional state has mostly been equated with the 
lowest free energy state or the native state. Using bovine pancreatic 
ribonuclease in a system, Christian Anfinsen showed that the protein 
could refold completely from its fully denatured and reduced form30. Thus, 
the folding was driven entirely by the free energy of conformation. 
 
Protein folding is a dynamic 
process, through which the 
primary sequence assembles into 
the functional three-dimensional 
configuration. The loss of 3D 
structure often is equated with 
‘’misfolding’’ and related to the 
creation of harmful protein 
species31,32, rather than gain of 
beneficial biological properties. 

The folding process is illustrated by 
the energy landscape theory33,34. The 
folding funnel, which depicts the folding landscape, assumes a 
polypeptide chain to adopt a continuum of folding states on the way down 
the folding funnel through an increasing number of intra-molecular 
contacts. Various local free energy minima exist on the folding landscape, 

Figure 2 Protein folding energy landscape 
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depicting folding intermediates. The properties of HAMLET suggest that 
the binding of oleic acids help to stabilize a kinetic trap35, a local energy 
minimum, and keep the protein from reaching the native state. 
Remarkably, in this state a new biological function is obtained.  
 

Cellular targets of HAMLET 
 
In early studies, HAMLET was shown to invade tumor cells and to interact 
with different cellular compartments.  
 
Mitochondria and apoptosis 
 
HAMLET interacts with mitochondria, causing mitochondrial swelling 
and loss of mitochondrial membrane potential36. As a consequence, 
HAMLET-treated cells show responses typical of apoptosis, including 
cytochrome c release, proapoptotic caspase activation and exposure of 
phosphatidylserine on the cell surface37. Importantly, the apoptosis 
response is not the cause of cell death, as tumor cells die in the presence of 
pan-caspase inhibitor, overexpression of anti-apoptotic BCL-2 and BCL-XL 
proteins, and in Caspase-3 knockout cells. Furthermore, death is 
independent of the cellular p53 status.  
 
Nuclear uptake and histone interactions 
 
HAMLET crosses the cytoplasmic membrane and rapidly reaches the 
nuclei of tumor cells6. By confocal microscopy, biotinylated HAMLET was 
detected in the nuclei and >70 % of radiolabeled HAMLET was recovered 
from the nuclei after 1 hour. High-affinity interactions identified histones 
H3, H4 or H2B as nuclear targets for HAMLET and in vitro experiments 
demonstrated that HAMLET perturbed the formation of nucleosomes by 
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binding to these histones9. Furthermore, HAMLET acts in synergy with 
histone deacetylase inhibitors38 by enhancing histone hyperacetylation, 
leading to cell death. We have suggested that the interactions of HAMLET 
with histones and chromatin may ‘lock’ the cell into an irreversible death 
pathway.  
  
Proteasome 
 
Proteasomes controls the levels of endogenous misfolded proteins by 
degrading them in the proteolytic core. In view of HAMLET content of 
partially unfolded alpha-lactalbumin, the interaction with proteasomes 
was investigated. HAMLET was shown to target 20S proteasomes in 
tumor cells and to bind in vitro to intact proteasomes and proteasome 
subunits39. Interestingly, HAMLET was less efficiently degraded by 
proteasomal enzymes than the partially unfolded, fatty acid-free protein.  
Using intact proteasomes, in vitro, HAMET was shown to inhibit 
proteasome activity and to perturb the proteasome structure and to act as a 
proteasome inhibitor in intact cells. Thus, the interaction of HAMLET with 
20S proteasomes leads to structural changes and inhibition of proteasome 
activity, which may contribute to the tumoricidal effects of HAMLET. 
 

Prerequisites for the HAMLET sensitivity of tumor cells 
 
Cancer represents a large group of diseases manifested by uncontrolled 
cell growth. An organizing principle for oncogenesis has been summarized 
as the ‘hallmarks of cancer’40,41. These include sustaining proliferative 
signaling, evading growth suppressors, activating invasion and metastasis, 
enabling replicative immortality, inducing angiogenesis, resisting cell 
death, reprogramming of energy metabolism and evading immune 
destruction. Underlying these hallmarks is genome instability, which 
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accounts also for issues stemming from the intervention and treatment of 
cancer. 
  
Oncogene  
 
The behavior of tumor cells is defined by complex genetic alterations. Still, 
single oncogenes may be essential and according to the oncogene addition 
concept42, tumor cells become heavily reliant on a single oncogene, whose 
inhibition results in cell death. Dependency of at least two genes is 
described by the concept of synthetic lethality43, when inhibition of the 
inter-dependent components is required for cell death. An extension of the 
two concepts is the non-oncogene addiction42, where a wild type gene is as 
essential as an oncogene. 
 
HAMLET identifies conserved features in cancer cells, as shown by the 
diversity of tumor cell types that are killed by HAMLET1. To identify 
molecular determinants of HAMLET sensitivity, we used a combination of 
small-hairpin RNA inhibition, proteomic and metabolomics approaches44. 
The c-Myc- and Ras oncogenes were identified as essential determinants of 
HAMLET sensitivity in tumor cells. Furthermore, HAMLET sensitivity 
was influenced by the glycolytic status of tumor cells, with hexokinase 1 
(HK1), 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 1 (PFKFB1) 

and hypoxia-inducible factor 1α (HIF-1α) as significant targets. Binding to 
HK1 was confirmed in vitro and HAMLET caused a rapid metabolic 
paralysis, characterized by a reduction in about 70 % of the altered 
metabolites. These studies demonstrated that the HAMLET sensitive 
phenotype is defined by classical, conserved oncogene defined features in 
cancer cells.  
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Membrane responses of tumor cells to HAMLET  
 
The effect on tumor cells is initiated at the cytoplasmic membrane, but 
distinct molecular changes to the membrane have been difficult to define. 
To address if the rapid change in cell morphology and the internalization 
of HAMLET might reflect direct effects on the cell membrane, lipid bilayer 
models were used in vitro4. HAMLET was shown to perturb the integrity 
of egg yolk and soybean membranes, causing membrane elongation and 
changes in fluidity. In addition, HAMLET caused leakage of vesicular 
contents, suggesting membrane permeabilisation. Native alpha-
lactalbumin or oleic acid had no effect, indicating that a concerted action 
by the partially unfolded protein and oleic acid for these membrane 
changes to occur.  
 
HAMLET triggers ion fluxes 
 
In early studies, HAMLET was shown to trigger calcium fluxes in tumor 
cells1. The dramatic membrane responses4 to HAMLET further suggested 
that ion fluxes across these perturbed membranes might be a general 
mechanism to alert tumor cells to the presence of HAMLET and to trigger 
the death response. Using fluorometry, real time imaging and patch-clamp 
measurement, HAMLET was shown to trigger K+, Na+ and Ca2+ fluxes in 
tumor cells45. The characteristics of HAMLET-induced current differ from 
the biophysical characteristics of widely expressed cation channels such as 
the transient receptor potential (TRP), epithelial Na+ channel (ENaC), 
cyclic-nucleotide-gated (CNG) channels as well as various K+ channels. 
Importantly, Amiloride and barium chloride (BaCl2), which inhibit Na+-
carrying channels and transporters or K+ fluxes, blocked the effects of 
HAMLET on tumor cells, including morphological changes, global 
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transcription, MAPK signaling, and cell death.  
 
Ion fluxes activate an early, p38 dependent death response  
 
Transcriptomic analysis of HAMLET-treated tumor cells showed that the 
p38 MAPK signaling pathway is activated by HAMLET after 1 hour45. The 
activated components included MKK3, a direct upstream activator of p38 
MAPK, two dual-specificity phosphatases (DUSP1 and DUSP10) and eight 
other members in the pathway. The levels of phosphorylated p38 MAPK 
were increased. In parallel, a loss of ERK1/2 phosphorylation was 
observed, indicating a shift from cell proliferation to cell death. Inhibition 

using pharmacological p38 inhibitors or siRNA specific for p38α and p38β 
delayed cell death by at least 6 hours. Importantly, the p38 activation and 
the loss of ERK1/2 were reversed by amiloride or BaCl2, suggesting an ion 
flux dependent activation of p38 MAPK pathway in response to HAMLET.   
 
Normal, differentiated cells showed a weaker ion flux response to 
HAMLET as well as a major difference in transcribed genes and signaling 
pathway activation.  
 
 
Therapeutic and prophylactic efficacies of HAMLET 
 
The mechanism of tumor cell death in response to HAMLET is complex, as 
HAMLET acts on multiple pathways and organelles concurrently. This 
complexity, however, does not reduce the importance of therapeutic and 
prophylactic efficacies of HAMLET, which have been demonstrated in two 
human studies and several animal models.  
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(1) HAMLET treatment delayed the progression of human glioblastoma 
xenografts in nude rats and increased survival, triggering apoptotic 
changes in the tumor without evidence of cell death in healthy tissue12.  
 
(2) In a placebo-controlled clinical study, topical administration of 
HAMLET removed skin papillomas, with no adverse effects13.  
 
(3) In patients with bladder cancer, local instillations of HAMLET reduced 
tumor size14. Biopsy specimens showed apoptotic response in tumor tissue 
but not in the surrounding healthy tissue. In addition, HAMLET triggered 
rapid shedding of tumor cells into the urine.  
 
(4) In mouse MB49 bladder carcinoma model, topical application of 
HAMLET reduced tumor development. Similar to the patient study, an 
accumulation of HAMLET was detected in tumor tissue but not in the 
surrounding healthy tissues2.  
 
(5) Peroral HAMLET administration reduced tumor progression and 
mortality in ApcMin/+ mice15. Moreover, in a prophylactic regimen, 
HAMLET significantly prevented tumor development.  



	
   23	
  

PRESENT INVESTIGATIONS 
 
AIMS 
 

I. To elucidate the structure of HAMLET and the exposure of 
biologically active domains  

II. To define the contribution of lipids to the tumoricidal effect of 
HAMLET 

III. To characterize the membranes response to HAMLET and the 
perturbation of membrane associated signaling cascades 

IV. To use proteomic screens to identify conserved features of 
HAMLET targets in tumor cells 
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Paper I 
Low Resolution Solution Structure of HAMLET and the Importance of 
its Alpha-Domains in Tumoricidal Activity 
 
Background 
HAMLET is the first member of a new family of protein-lipid complexes 
with broad tumoricidal activity. Differences in tertiary structural 
characteristics and solvent exposure of alpha-lactalbumin protein in 
HAMLET have been documented by CD spectroscopy, ANS spectroscopy, 
proteolysis and support for the integration of oleate into the complex has 
been obtained by NMR spectroscopy. However, the structure of HAMLET 
and the exposure of functional domains have not been determined. 
Elucidating the structure of HAMLET and the domains interacting with 
tumor cells is essential, to understand the tumoricidal activity.  
 
Results 
In this study, we used small angle X-ray scattering (SAXS) to obtain the 
low-resolution solution structure of the HAMLET complex. HAMLET 
exists as a monomer in solution and shows a two-domain conformation 
with a large globular domain and an extended part of about 2.22 nm in 
length and 1.29 nm width. HAMLET has a radius of gyration (Rg) of 
1.78±0.05 nm and a maximum dimension (Dmax) of 5.69±0.1 nm. 
Comparison of the forward scattering of HAMLET with that of a reference 
solution yielded a molecular mass of 15±2 kDa, further supporting a 
monomeric complex. The increase in higher angles in the Kratky plot 
indicates that the protein is slightly flexible.  
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Superimposition of the 
crystallographic structure of native 
human alpha-lactalbumin onto the 
SAXS model revealed that the 
major part of alpha-lactalbumin 
accommodates well in the shape of 
HAMLET, yielding a good fit with 

χ2 of 1.531. The globular domain 
showed an increase in size, 
however, consistent with a less 
defined tertiary structure. An 
extended conformation of the C-
terminal residues from L105 to 
L123 in HAMLET was not present 
in the crystal structure of the 

human alpha-lactalbumin, 
suggesting that this alteration 
might be resulted from partial unfolding and oleic acid binding.  
 
To identify molecular motifs that become exposed in HAMLET, we further 
obtained synthetic peptides covering the N- (alpha1) and C- terminal 
(alpha2), as well as the beta domain (beta) of alpha-lactalbumin. The 
alpha1 or alpha2 peptides formed complexes with oleate, triggered rapid 
ion fluxes, were internalized by tumor cells, and caused rapid and 
sustained changes in cell morphology. The alpha1- and alpha2- oleate 
complexes also triggered tumor cell death with comparable efficiency as 
HAMLET. In contrast, the beta peptide was functionally negative in these 
assays. Further detail was obtained using a library of shorter 15-residue 
peptides covering the alpha-lactalbumin sequence. The most N-terminal 

Figure 3 Superposition of the SAXS 
structure of HAMLET with human alpha-
lactalbumin (PDB id: 1B9O) 
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peptide of alpha1 and two peptides in alpha2 formed complexes with 
oleate, triggered weak ion fluxes and were taken up by tumor cells.  
 
Conclusion 
These findings provide novel insights into the structural properties of 
HAMLET and the contribution of peptide motifs to the effects of HAMLET 
on tumor cells. The low resolution SAXS structure supports the notion of 
HAMLET as a largely monomeric molecular entity with alteration of its 
tertiary structure in the globular domain and gain of a tail domain due to 
an extended conformation of the C-terminal portion of the molecule. The 
alpha-helical domains of HAMLET are identified as functional domains, 
triggering many of the cellular responses seen in HAMLET-treated cells.  
 
 
Paper II 

Lipids as Tumoricidal Components of Human Alpha-lactalbumin Made 
Lethal to Tumor Cells (HAMLET); Unique and Shared Effects on 
Signaling and Death 
 
Background 
Long-chain fatty acids are internalized by receptor-mediated mechanisms 
or receptor-independent diffusion across cytoplasmic membranes and are 
utilized as nutrients, building blocks, and signaling intermediates. While 
fatty acids, specifically oleic acid, are integral components of the HAMLET 
complex, their structural and functional contribution has remained unclear 
and debated. Using techniques different from those defining HAMLET, 
other protein-lipid complexes have been produced and used to kill tumor 
cells, suggesting to some, that the tumoricidal response is triggered by 
oleic acid alone. Furthermore, effects of lipids on host cells depend on the 
protonation state.  



	
   27	
  

 
Results 
This study first determined the chemical shifts of the carboxyl carbons of 
oleic acid (177 ppm) and oleate (182 ppm) by natural abundance 13C NMR. 
In the HAMLET spectrum, a prominent 182 ppm oleate peak was observed. 
A second, small and broad 130 ppm peak, corresponding to the olefinic 
carbon of bound oleate, suggested that oleate was bound to the protein in 
HAMLET. The function of oleate as a cofactor in HAMLET was further 
demonstrated by producing oleate-HAMLET, with similar tumoricidal 
activity as HAMLET.  By CD spectroscopy, the oleate-HAMLET complex 
was structurally identical to HAMLET but the melting temperature, Tm of 
oleate-HAMLET was higher, suggesting more stable complex that with 
oleic acid. The lipid concentration in the complexes was determined as 1:4 
or 1:5 by acid hydrolysis and GC/MS. 
 
We next compared the tumoricidal effect of HAMLET, oleate-HAMLET, 
oleate and oleic acid. HAMLET and oleate-HAMLET showed no difference 

in dose-dependent cytotoxicity (> 80 % dead cells after 3 hour at 35 μM). 
Oleate or oleic acid did not alter cell viability at the concentration present 

in HAMLET (175 μM oleate and 35 μM protein). At higher concentrations 
(15 times), oleate was more cytotoxic than oleic acid and at 25 times, all 
cells were killed, as expected from the unspecific cytotoxic effects of high 
lipid concentrations. By real time holography imaging, HAMLET and 
oleate-HAMLET caused rounding up of cells with similar kinetics. The 
effect of oleate alone was less pronounced.  
 
HAMLET and oleate-HAMLET triggered rapid K+, Na+, and Ca2+ fluxes 
across cell membrane but oleate was a weak inducer of Na+ and K+ fluxes. 
High oleate concentrations did not reproduce the ion flux pattern of 
HAMLET.  
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HAMLET causes a metabolic paralysis in tumor cells, with > 60 % 
reduction in metabolite abundance after 1 hour. By non-targeted 
metabolite profiling by GC/MS, the effect of oleate was weaker and 
cellular responses to oleic acid were marginal, suggesting that 
deprotonation favors cellular interactions of fatty acids. To further 
characterize the metabolic response, we subjected the samples to targeted 
metabolite profiling of fatty acids, amino acids and citric acid cycle 
constituents. HAMLET caused an accumulation of fatty acid metabolites, a 
loss of early metabolites in the citric acid cycle but an accumulation of late 
metabolites, and a reduced level of metabolites feeding into the citric acid 
cycle. In comparison, oleate caused less pronounced change in the fatty 
acid metabolites, a similar loss of early and accumulation of late citric acid 
cycle metabolites and a more apparent change in amino acid metabolism 
with an additional nine showed decreased level. 
 
Furthermore, genome wide transcriptomic analysis was used to compare 

the cellular effects of HAMLET and oleate (175 μM). A pronounced effect 
of HAMLET (74 up- and 128 down- regulated) was observed compared 
with oleate (19 up- and 2 down- regulated). Increased transcription of 
genes associated with cell death and transcriptional regulation was 
detected while DNA damage and repair and cell cycle regulation genes 
were suppressed. Most cancer-related genes that were regulated by 
HAMLET were not regulated by oleate. More overlap was observed in the 
high oleate samples, but with important qualitative differences compared 
to HAMLET and equimolar oleate concentrations.  
 



	
   29	
  

 
Conclusion 
In this study, oleate is identified as a relevant HAMLET constituent but 
oleate alone did not reproduce the effects of HAMLET on tumor cells, 
arguing against oleate as the sole tumoricidal constituent of the HAMLET 
complex. The results suggest that fatty acids may exert some of their 
essential effects on host cells when in the deprotonated state and when 
presented in the context of a partially unfolded protein, like alpha-
lactalbumin. 

Figure 4 A network of cancer-related genes differentially regulated by HAMLET (left panel) 
is shown. Down-regulated genes were colored in green, and up-regulated genes are in red. 
Expression values from the oleate sample (right panel) were overlaid onto the same 
network, showing that most genes were not regulated. 
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Paper III 
HAMLET Drives Plasma Membrane Remodeling and Tumor Cell Death 
by Receptor-independent Mechanisms 
 
Background 
The dynamic membrane bilayer is more than merely a barrier, separating 
the external environment from the cell interior. Membranes play an active 
role in virtually all cellular functions, guiding molecular recognition and 
signaling, membrane trafficking and endocytosis, the generation of energy 
in the mitochondria, ribosomal localization to the endoplasmic reticulum 
and nuclear integrity.  Since the seminal work on the fluid mosaic model of 
the plasma membrane by Singer and Nicolson46, the use of simplified 
model membrane systems have advanced the understanding of physical 
properties and responses to stimuli that alter the membrane structure.  
Such properties include curvature, rigidity, tension and elastic moduli47. 
The effects of HAMLET on tumor cells and lipid vesicles suggested that 
HAMLET perturbs the membrane, per se, but mechanisms and effects have 
not been characterized.  
 
Results 
This study addressed how HAMLET modifies cell membranes and if these 
modifications may be propagated into oncogene-specific intracellular 
signals. We identify three critical effects, proposed to characterize the 
conserved tumoricidal response. I. HAMLET triggered rapid membrane 
perturbations in receptor-free artificial vesicles, converting the well-
defined structures into a dense tangle of HAMLET-integrating protrusions. 
The massive membrane remodeling was reproduced in tumor cells, where 
HAMLET induced the formation of membrane blebs. II. Clusters of 
HAMLET and Ras were formed in tumor cell membranes, leading to the 
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inactivation of Ras. The interactions of different Ras family members with 
HAMLET were supported by protein microarray. III. These responses 
were absent in differentiated cells, suggesting that HAMLET-membrane 
interactions provide a receptor-independent mechanism to activate a 
conserved cell death program in cancer cells, otherwise conditioned to 
outlive healthy cells.  
 
Conclusions 
This study suggest that membrane perturbations provide a physical means 
to excite membrane conformations, serving as surrogate receptors for 
downstream signal transduction, ultimately leading to cell death. These 
findings also propose a mechanistic basis for tumor-specific cell death. 
Physical principles underlying this mechanism might explain how 
HAMLET initiates a universal cell death program conserved in cancer cells, 
otherwise conditioned to outlive healthy cells.  

Figure 5 Membrane co-localization (yellow) of HAMLET (red) with Ras (green). R = 
Pearson coefficient for co-localization. 
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Paper IV 
Broad recognition of nucleotide-binding proteins by HAMLET  
 
Background 
HAMLET interacts with multiple organelles and molecular targets. It is not 
clear if these broad and apparently unrelated interactions may represent 
molecular motifs, which are conserved among the different HAMLET 
targets. This study examined the hypothesis that the apparent multitude of 
cellular HAMLET targets reflects some degree of structural homology 
among these targets.  
 
Results 
Using a proteomic screening approach, nucleotide-binding proteins were 
identified as HAMLET targets, including ATPases, kinases and GTPases. 
Remarkably, nucleotide-binding proteins accounted for about 50 % of all 
HAMLET targets in a protoarray 
comprising 8000 human proteins. 
The interaction with HAMLET was 
verified using purified ATPase/ATP 
synthase and protein kinases. As 
mentioned in Paper III, GTPases 
have previously been shown to 
interact with HAMLET.  
 
HAMLET was shown to bind in vitro 
to the ATPase/ATP synthase and by 
confocal microscopy, colocalization 
with HAMLET was detected 
throughout the cells. Furthermore, 

Figure 6 Kinases targeted by HAMLET are 
mapped onto the human Kinome (blue dots). 
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HAMLET inhibited ATPase/ATP synthase activity, in vitro, and in tumor 
cells, a reduction in cellular ATP was observed, consistent with an 
inhibitory effect. 
 
HAMLET targets were present in all branches of the Kinome map, 
including Tyrosine kinases, Tyrosine kinase-like and Casein kinase. By 
cellular functions, 24 belonged to the MAPK signaling pathway, 17 were 
receptors and 22 were kinases involved in the regulation of mitosis. 
Inhibition of protein kinases from all branches of the Kinome tree was 
observed in vitro. Phosphorylation array and examination of 
phosphorylated targets in HAMLET-treated cells confirmed inhibition for 
a small number of targets. A pathways in cancer analysis demonstrated 
that the majority of cancer-related kinases are inhibited. 
 
Conclusions 
Protein kinases are crucial for signal transduction and over-activity of 
kinase-dependent cellular functions in tumor cells contributes to increased 
proliferation and other ‘’Hallmarks’’ of cancer. According to the 
‘’oncogene addiction’’ concept, the interference with individual oncogene-
driven functions can cause tumor cell death. This study suggests that 
HAMLET reverses this phenotype by broadly inhibiting nucleotide-
binding proteins.  
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GENERAL DISCUSSION 
 
This thesis addresses the structure-function relationship of HAMLET and 
the molecules that it perturbs. Specific areas of study include (1) the 
structure of HAMLET and the function of individual domains in HAMLET, 
(2) how the lipid influences HAMLET’s structure and effects on tumor 
cells (3) HAMLET’s membrane perturbation mechanisms (4) conserved 
molecular targets of HAMLET in tumor cells.  
 
The structure of HAMLET  
 
To form HAMLET, alpha-lactalbumin undergoes a loss of tertiary 
structural packing, resulting in increased surface hydrophobicity, as well 
as differences in surface topology compared to native alpha-lactalbumin. 
Biophysical characterizations have suggested that HAMLET represents a 
kinetically trapped intermediate in the folding pathway of alpha-
lactalbumin35.  
 
Paper I provided the first 3D structural model of HAMLET. Based on the 
resolved two-domain structure and the retained structural similarity to the 
compact precursor protein alpha-lactalbumin, we demonstrated that 
alpha-lactalbumin in HAMLET is non-native with an expanded volume of 
the globular domain and an extended conformation of the C-terminal end 
of the protein. This structural alteration is predicted to allow the binding of 
multiple oleic acids, leading to the formation of the functional non-native 
complex, which is stable at physiological conditions.  
 
Two alpha domain peptides functionally reproduced the effects of 
HAMLET. This was expected for the alpha2 domain, which corresponded 
to the C-terminal extension in HAMLET. The SAXS structure did not 
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resolve the changes in the alpha1 domain structure, but the activity of the 
alpha1 peptide suggested that N-terminal modifications also help to create 
the properties of tumoricidal complex. The findings also enabled us to 
formulate a step-wise unfolding sequence from native alpha-lactalbumin, 
to a kinetically trapped intermediate, stabilized by binding to oleate. Initial 
unfolding of the alpha2 domain is proposed to lead to the exposure of a 
hydrophobic core, which might serve as a primary oleate-binding site. By 
destabilizing intra-molecular interactions, these events may initiate the 
unfolding of the alpha1 domain and the resulting exposure of the 
hydrophobic core in alpha1 would provide a secondary oleate-binding site. 
     
Proposing that unfolding can generate functional diversity challenges the 
dogma that a rigid three-dimensional structure is needed for a protein to 
perform its proper function. Since this was suggested by the HAMLET 
studies1,18, it has been reported that more than 50 % of total eukaryotic 
proteins and 75 % of signaling proteins in mammals contain at least one 
disordered region48,49. Even though functionality of these regions has not 
been confirmed, this immense structural complexity suggests an 
alternative paradigm of structure-function relationship of proteins in 
general50,51 and HAMLET in particular. These effects are not to be confused 
with ‘’Moonlighting’’ proteins52-54, used as a term to describe proteins with 
one main function but able to adopt several additional functions without 
loosing native structure. Intrinsically unstructured proteins lack a native 
state and can alternate between different folded states with different 
functions. A classical example is p53, which can interact with a large 
number of targets55,56. Distinct from this group of proteins, native alpha-
lactalbumin unfolds to form HAMLET and remains as such when binding 
to oleic acid and executing the new biological function.  
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Paper I shows that the tumoricidal activity of HAMLET is reproduced by 
alpha-domain peptides bound to oleate, demonstrating that certain amino 
acid sequences are favorable for host cell interactions. Furthermore, 
support for independent membrane associations of specific alpha-
lactalbumin peptides has been obtained with higher membrane affinity for 
lipid vesicles57. The functional differences between the alpha1- and alpha2-
oleate complexes and native alpha-lactalbumin mixed with oleate confirm 
the importance of de novo exposure of these peptide epitopes, which are 
protected in the native protein structure. These include ion flux induction, 
membrane remodeling, active transcriptional regulation and tumoricidal 
activity. Further functional and structural studies are under way, using 
shorter peptides from the exposed domains. Interestingly, antibodies 
raised, against these epitopes inhibited HAMLET-induced cell death, 
confirming that these epitopes are exposed and involved in the cell death 
response.  
 
Contribution of oleic acid/oleate to HAMLET’s tumoricidal activity  
 
In early studies, we demonstrated that both oleic acid alone and partially 
unfolded alpha-lactalbumin alone lacks tumoricidal activity and that oleic 
acid alone does not reproduce HAMLET’s effects, suggesting that the 
complex possesses unique novel properties not found in its constituents. 
The extent to which the lipid contributes to the tumor cell death in 
response to HAMLET has been extensively debated, however. A number 
of investigators have emphatically claimed that the effects of HAMLET are 
nothing but lipid toxicity58-65. As a consequence, the HAMLET literature is 
becoming increasingly fragmented, with inconsistencies and contradictory 
views. These contradictions reflect the use of production methods to 
generate protein-lipid complexes that are different from HAMLET and less 
well characterized, structurally and functionally.  
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The chromatographic method used to produce HAMLET yields 
reproducible and stable complexes with a defined lipid stoichiometry and 
the effects summarized in Paper II exemplify the detailed understanding 
of their cellular effects. Other protein-lipid complexes have been made, by 
heating at neutral pH, under acidic66 or alkaline64 conditions, or in the 
presence of EDTA, using bovine alpha-lactalbumin61,64,65,67, lysozyme68, 
beta-lactoglobulin69, pike parvalbumin65 or alpha-lactalbumin fragments60. 
The more characterized cytotoxic complexes are ELOA (a complex 
between equine lysozyme and oleic acid)68  and BAMLET (Bovine Alpha-
lactalbumin Made LEthal to Tumor cells)70-72.   
 
These complexes carry a large number of oleic acid molecules. For example, 
ELOA exists as an oligomer with up to 48 oleic acid molecules68 while 
BAMLET may contain about twice the amount of oleic acid in ELOA, due 
to oligomer formation59,67. The high lipid content changes the mechanism 
of cellular attack and the high lipid complexes trigger a different mode of 
cell death, compared to HAMLET. ELOA causes membrane rupture, 
which lead to cell death. Cytotoxic effects for different cancer cell lines 
have been reported but detailed mechanistic characterization of the 
pathways leading to death have not been studied, making comparisons 
with HAMLET difficult.  
 
In Paper II structural studies and extensive functional studies were used to 
define the protonation state of the lipid in HAMLET and the cellular 
responses to the lipid alone, as compared to HAMLET. The production 
method for HAMLET has been assumed to favor the deprotonated state of 
oleic acid, but this has not been documented previously.  HAMLET is 
produced at pH 8.5, at which the protonated as well as the deprotonated 
state exist in equilibrium shifted towards the deprotonated state with 
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increasing pH. In Paper II, we demonstrated by NMR that the 
deprotonated form of oleic acid is the functional cofactor in HAMLET as 
oleate-HAMLET was structurally and functionally identical to HAMLET. 
Furthermore, we detected protein-bound oleate in HAMLET, reflected by 
the broad olefinic carbon peak, suggesting that oleate binds to specific sites 
in human alpha-lactalbumin, and not just by weak, non-specific 
attachments to hydrophobic surfaces. The functional comparison of oleate 
to HAMLET also suggested that tumor cells respond differently to a 
deprotonated versus a protonated lipid and that the recognition of the 
lipid is modified when presented in the context of a partially unfolded 
protein, such as human alpha-lactalbumin.  
 
In contrast to HAMLET, a recently obtained SAXS structure of BAMLET73 
showed a coiled and elongated globular conformation. Further, in an NMR 
study comparing lipid binding sites of human- or goat- alpha-lactalbumin 
the lipid was shown to bind to several protein sites, which differed 
between the proteins74, suggesting that the formation of the protein-lipid 
complexes may reflect sequence specificity. As a consequence, these 
protein-lipid complexes may have different cellular effects, confirming the 
notion that the lipid function varies with the protein to which it binds. This 
argues against the view that the lipid is the sole cytotoxic component of 
HAMLET and HAMLET-like complexes.   
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Membrane perturbations by HAMLET initiate tumor cell death 
 
Membranes act as fluid matrices for lateral- and axial- signal propagation 
along or across the membrane. Equally important is the membrane 
association of transmembrane and cytosolic proteins, often in their active 
state. For lateral propagation, the membrane involves in domain 
partitioning to facilitate oligomerization-induced trapping75-77, cellular 
polarisation for transcytosolic vectorial transport78 and reaction-diffusion 
to generate a high local concentration of substrates79,80. Immediate axial 
signaling often involves a cascade of coupled reaction cycles, which bridge 
multiple local phosphorylation gradients, to ensure global signal 
propagation, exemplified by Ras pathway. Extended axial signaling 
involves endocytic receptor recycling and signaling endosomes, which 
impact on gene expression81-83. Given that many of the proteins involved in 
oncogenesis are membrane associated, it is not surprising that membrane 
alterations may perturb cellular homeostasis84.  
 
HAMLET alters the shape of tumor cells, crosses the plasma membrane 
and trigger ion fluxes45, suggesting that the membrane is an essential first 
point of the attack that leads to tumor cell death. In Paper III, we identify 
three critical molecular-level features, which characterize the conserved 
tumoricidal response. I. Membrane perturbations in receptor-free model 
vesicles and in tumor cells, forming HAMLET-integrating protrusions. II. 
Formation of HAMLET-Ras membrane foci in tumor cells, also detected in 
vivo in intestinal tumors. III. The absence of these responses in 
differentiated cells. 
 
There are multiple ways, by which these membrane shape changes could 
be generated by HAMLET, including asymmetric insertion of amphipathic 
molecules like oleate, adsorption of the protein through a crescent-shaped 
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domain85, self-assembly of the complex into specialized domains86 and 
protein-protein crowding87,88. Membrane perturbation was found to be a 
unique property of the HAMLET, not reproduced by native human alpha-
lactalbumin or oleate.  Native human alpha-lactalbumin retains 
membrane-binding capacity, suggesting that the protein crowding and 
adsorption is not sufficient to cause tubulation. Similarly, as insertion of 
oleate did not induce similar tubulation, the amphifile mechanism should 
not be responsible for the observed membrane perturbations.  We suggest 
that the membrane-perturbing event may involve a new mechanism 
defined jointly by the lipid and partially unfolded protein.  
 
The translation of membrane perturbations into cellular responses involve 
ion fluxes, which are specifically activated by the HAMLET complex, but 
not the native protein or oleic acid. Inhibition of potassium fluxes even 
blocked membrane blebbing in response to HAMLET in tumor cells. Based 
on these observations, we propose that HAMLET interacts with and 
perturbs the tumor cell membrane by an ion flux-dependent mechanism 
that requires the insertion of both the partially unfolded protein and oleic 
acid. Furthermore, the membrane insertion of HAMLET from the 
extracellular space also distinguishes it from endogenous scaffolding 
proteins such as COPII and BAR domain proteins89,90. 
 
HAMLET perturbs membrane-associated GTPases 
 
The membrane acts as a fluid matrix for transmembrane and also cytosolic 
proteins that become membrane associated, often in their active states. A 
key mediator in this form of signal propagation is the anchorage of 
proteins on the membrane via lipidation, which is exemplified by the small 
GTP-binding proteins of the RAS family. The GTP/GDP binding states of 
RAS dependent on the GEFs and GAPs are facilitated by a reduction in 



	
   41	
  

dimensionality when GEFs and GAPs are located at proximity to the 
plasma membrane. In the active state, RAS proteins become lipidated and 
associate with the cytoplasmic leaflet of the plasma membrane91. 
Irreversible post-translational farnesylation of a cysteine residue at the 
CAAX motif followed by the cleavage of AAX sequence and 
carboxymethylation of the terminal cysteine establishes membrane affinity 
for RAS. Subsequent reversible palmitoylation on cysteine residues, 
immediately upstream of the CAAX motif92,93 or at a series of upstream 
positively charged Lysine residues (K-RAS-4B), confer specificity and 
higher affinity for different membrane compartments. Computational 
simulations revealed that a dynamic acylation cycle of RAS is needed for 
maintaining an asymmetric spatial organization of RAS between the 
plasma membrane and Golgi84. In fact, fully palmitoylated RAS has been 
shown to redistribute equally between membrane compartments leading 
to lower oncogenic signaling94.  
 
Ras95,96 is a classical oncogene implicated in 20-30 % of all cancers. Ras 
protein family has shown direct influence on oncogenesis, as Ras acts as 
master regulator of cell proliferation. When constitutively active, Ras 
enhances the survival and proliferation of tumor cells. We identified 
membrane-anchored GTPases as HAMLET targets in a protein microarray 
screen. HAMLET modified the cellular distribution of Ras as drastic 
relocalization and accumulation to the membrane blebs was observed, 
resulting in Ras colocalized with HAMLET. The specificity of the Ras 
response to HAMLET in tumor cells was also extended to additional Ras 
family members, suggesting the HAMLET targets GTPases, likely leading 
to a functional perturbation of these proteins.  
 
The effect of HAMLET on Ras activity is biphasic, with an early activation 
phase followed by inactivation. Direct binding of HAMLET to membrane 
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associated Ras probably results in inactivation of Ras as shown by co-
immunoprecipitation, suggesting that HAMLET acts as a Ras inhibitor. 
Structural studies in Paper IV further suggested that HAMLET may bind 
to Ras via a novel mechanism, involving a larger binding surface on Ras 
than the GTP binding site, which has been so inaccessible for small 
molecule inhibitors, due to the picomolar affinity of Ras for GTP97. To 
enhance the effect of this inhibition, HAMLET also interacts with targets 
downstream of Ras. Direct binding of HAMLET to BRAF in vitro and 
cellular colocalization of HAMLET with Braf support that HAMLET 
causes a global inhibition of this pathway, which commonly shows 
enhanced activation in cancer cells.  
 
In contrast, membranes of normal cells were refractory to HAMLET, 
exemplified by intact cell morphology, weak ion fluxes, an absence of Ras 
redistribution and HAMLET-Ras membrane foci. Furthermore, tissue 

sections from APCMin/- mice with intestinal tumors, showed colocalization 

of HAMLET with Ras exclusively in individual tumor cells and not in 
surrounding healthy tissue. These contrasting responses may be a 
consequence of differences in tumor cell membrane composition, including 
increased fluidity due to decreased cholesterol content. In addition, tumor 
cells have more short-chain, unsaturated fatty acids as compared to long-
chain, unsaturated fatty acid, as well as a more disordered asymmetrical 
distribution of phospholipids, in comparison to those in normal cells.  
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Figure 7. A model depicting how physical remodeling of the membrane 
by HAMLET drives the activation of transmembrane signaling in the 

absence of cell-surface receptors. The interaction of tumor cells with 

HAMLET (1) induces major changes in membrane curvature and integrity; (2) 

triggers ion fluxes, which activate RAS family proteins; (3) translocates activated 

RAS family members to the membrane of tumor cells and into membrane blebs; 

and (4) produces colocalized clusters within the plasma membrane that include 

HAMLET and several activated RAS family members. This mechanism might 
explain how HAMLET initiates a universal cell death program conserved 
in cancer cells, otherwise conditioned to outlive healthy cells.   
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Nucleotide binding proteins as conserved molecular targets of HAMLET 
in tumor cells.  
 

Ships that pass in the night and speak  
 Each other in passing 
Only a signal shown and distant voice 
 in the darkness 

- Henry Wadsworth Longfellow, 
“The Theologian’s Tale” (1863) 

 
Protein phosphorylation is the most common post-translational 
modification and protein kinases are key regulators and catalysts of signal 
transduction and cellular homeostasis98. To date, 538 human protein 
kinases have been described99,100, making up almost 2 % of the human 
genome. The majority of kinases phosphorylate serine/threonine residues 
but 90 kinases phosphorylate tyrosine residue, first observed by Hunter 
and colleagues101. More than half of the known tyrosine kinases have a 
causal relationship with disease, and mutated or overexpressed kinases are 
common in cancer 102. Kinase inhibitors are important novel therapeutics, 
the most notable example being Imatinib, which inhibits BCR-Abl in the 
targeted therapy for chronic myelogenous leukemia (CML) and other 
tumors103.   
 
In Paper IV, we showed that HAMLET binds to a large number of 
ATP/GTP-binding proteins, of which the majority belongs to the kinase 
family. All subfamilies in the kinome were included, suggesting that 
HAMLET targets molecular motifs shared by the different kinase families. 
The direct binding of HAMLET to kinases causes a loss of kinase activity 
and as a result, HAMLET acts as a broad-spectrum kinase inhibitor for 
about 50 % of the kinases in vitro. Interestingly, a small group of kinases 
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show enhanced activity in the presence of HAMLET but no specific 
structural characteristics were detected.  
 
Kinases are identified by the conserved sequence in the catalytic domain. 
The typical kinase structure consists of an N-terminal lobe, composed of a 
beta-sheet and a single C helix as well as a large globular C-terminal lobe 
domain connected by a hinge. The activation segment in the inactive 
conformation is often partially disordered for substrate recognition104, in 
contrast to the structured, active conformation105,106. Preliminary results 
show weak binding of HAMLET to synthetic activation segment peptides, 
defined by the conserved DFG motif and a less conserved APE motif, 
supporting the binding of HAMLET to this region. In view of the 
difference in binding to wild type or mutant kinases and the flexible 
conformation of alpha-lactalbumin in HAMLET, we propose that 
HAMLET interacts with the activation segment of wild-type kinases and 
restricts the flexibility of this domain, leading to a reduction in kinase 
activity. 
 
Broad-spectrum kinase inhibitors such as staurosporine, induce non-
selective cell death in a wide range of cells, including tumor cells, 
lymphocytes, neurons, primary- and transformed cells107-110. HAMLET, in 
contrast, showed higher selectivity for tumor cells and acted as a broad-
spectrum kinase inhibitor. HAMLET thus appears to act differently as 
compared to other kinase inhibitors. Unlike peptide inhibitors111, however, 
HAMLET is not a structural derivative of a substrate protein, engineered 
to target specific kinases with high affinity. The inhibitory micromolar IC50 
values of HAMLET, based on seven kinases from different families, were 
similar to other peptide inhibitors. On the other hand, the inhibitory effect 
of HAMLET is also distinct as compared to small molecule inhibitors such 
as staurosporine, which targets specifically the ATP-binding pocket with 
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nanomolar IC50 values. In HAMLET-treated tumor cells, multiple signaling 
cascades involved in cancer were inhibited, including the 
PI3K/Ras/Raf/MEK/ERK- and p38 MAPK- signaling cascades.  This set 
of changes compatible with a cell death phenotype, is consistent with the 
response of tumor cells treated with HAMLET, suggesting that the 
functional perturbation of the large number of nucleotide-binding proteins 
contributes, in part, to the tumor cell death response.  
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Appendix 
 
Tracing the History of Alpha-lactalbumin 
 
(i) The biosynthesis of lactose 
 
The biosynthesis of lactose has been dubbed one of the most exciting 
natural transformations in carbohydrate metabolism112. The observation 
that led to the eventual proof of the monosaccharide constituents of lactose 
could be traced back to as early as 1880s.  Physiological evidence in the 
early days suggested a link between blood glucose level and the formation 
of lactose. In animals with the mammary gland removed followed by 
pregnancy, hyperglycaemia was observed and glucose was found in the 
urine113,114. Glucose in blood was found to be the source of lactose 
formation in the mammary gland115. Moreover, observation showed that 
the degree of hypoglycaemia corresponded to the amount of milk 
produced116.  
 
Direct in vitro evidence of the biosynthesis of lactose was first shown 
approaching the 1920s117 in an extract of the mammary gland upon added 
sucrose. In 1935, Grant demonstrated quantitatively, using sliced 
mammary gland tissue from guinea pig, that glucose allowed complete 
conversion into lactose, but not other hexoses tested, including fructose, 
mannose and galactose112.  
 
The ‘chase’ for elucidating the lactose synthesis pathway intensified in the 
1950s. With the knowledge that various enzymatic activities, which 
included hexokinase, phosphoglucomutase, uridyl transferase and UDP-
D-galatose 4-epimerase, were present in mammary tissue, as well as the 
evidence for a galactosyl transferase, which transfers D-galactose from 
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UDP-D-galactose to alpha-D-glucose 1-phosphate118,119, a 5-step synthesis 
process was proposed. However, several contradictory results mainly 
concerning the unclear identity of lactose 1-phosphate, an intermediate in 
the proposed synthesis process, prompted a reinvestigation. Eventually, it 
led to a confirmation by Watkins and Hassid that the final stage in the 
formation of lactose involves the following reaction120.  
     

 
 
Using homogenized mammary tissue from guinea pigs and cows, lactose 
formation was shown chromatographically when incubated with 14C-
labeled UDP-galactose and glucose. Fractionation experiment isolating 
nuclear, mitochondrial and microsomal fractions revealed that only the 
latter two fractions were active. Importantly, critical concentration of D-
glucose permissive for lactose synthesis was demonstrated.  Babad and 
Hassid, in 1964, successfully obtained a soluble form of the lactose-
synthesizing enzyme from bovine milk121.  
 
 (ii) The origin of alpha-lactalbumin 
 
Milk proteins were once thought to be identical with the corresponding 
serum proteins, with parallels shown between different components, such 
as colostrum globulin with serum globulin. Hence, in the early 1910s, 
physiologists assumed a simple transfer of proteins from the blood stream 
to mammary gland secretion122-124. In the following years, chemical 
methods were used to demonstrate the difference between milk and blood 
serum proteins. By using electrometric titration method, it was confirmed 
that lactalbumin was indeed different from serum albumin122. 
 

UDP-D-galactose + D-glucose  galactosyl 
transferase 

Lactose + UDP 
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The lactalbumin fraction was 
considered a homogenous 
fraction until Palmer125 isolated 
and crystalized a protein that 
shared albumin- and globulin- 
like properties. It was called 
beta-lactalbumin (which was 
later renamed beta-lactoglobulin), 
following its identity as the beta-
peak in free-boundary 
electrophoretograms of milk 
proteins. Identification of alpha-
lactalbumin originally derived from what was called a “crystalline 
insoluble substance” (CIS) from the mother liquor of beta-lactoglobulin 
crystallization126,127. Subsequent works on the preparation of CIS128,129 
showed that the electrophoretic mobility and sedimentation coefficient of 
CIS were identical to those of the alpha-peak in the electrophoretogram. 
CIS was then renamed alpha-lactalbumin.  
 
(iii) Alpha-lactalbumin as Protein B of lactose synthase and acts as a ‘glucose 
specifier’ 
 
Following the successful isolation of the solution form of lactose-
synthesizing enzyme, Brodbeck and Ebner identified two components of 
lactose synthase from bovine milk130. Gel filtration of ammonium sulphate-
precipitated bovine skim milk revealed a two unsymmetrical protein peaks 
– fraction A, of higher molecular weight, and fraction B. Individually, they 
appeared as inactive protein. When they were combined, however, lactose 
synthase activity was obtained. The possibility of a dissociation of the 
lactose synthase complex by the purification procedure was ruled out as 

Figure 8 Crystalline insoluble substance 
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the two fractions were readily obtained when acid and ammonium 
sulphate precipitation was replaced with centrifugation. Similar 
observations were obtained from sheep, goat and human milk.  
 
The biological function of alpha-lactalbumin had been known solely for its 
nutritional value in milk131. Based on several similar properties, namely 
their molecular weight, gel filtration profiles, heat stability, the response to 
10% trichloroacetic acid precipitation and the ultraviolet spectra, it was 
tested if alpha-lactalbumin could replace the B protein. Using 
spectrophotometric and incorporation rate assays, for the first time, alpha-
lactalbumin was recognized for its function as one of the two subunits of 
lactose synthetase132.  

 
The A protein was identified as UDP-
galactose:N-acetylglucosamine [NAG] 

β1-4 galactosyltransferase (N-
acetyllactosamine [NAL] synthase)133,134, 
which transfers the galactosyl moiety 
from UDP-galactose to NAG, the 
acceptor oligosaccharide in the absence 
of alpha-lactalbumin. Alpha-lactalbumin 
alone lacks any enzymatic activity. The 
acceptor specificity of the 
galactosyltransferase was modified from 
NAG to glucose in the presence of alpha-
lactalbumin. As such, the biological 
function as a “specifier” protein was 
ascribed to alpha-lactalbumin.  
 

 

Figure 9 Lactose synthase consists of 
alpha-lactalbumin (red) and 
galactosyltransferase (blue). PDB id: 
1NF5. 
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Molten globule states of alpha-lactalbumin 
 
One of the most pronounced properties of alpha-lactalbumin is the ability 
to exist as stable intermediate folding states. Dolgikh and colleagues21 
compared the different states, including the Native (N), Acidic (A), Partly 
denatured (P), Temperature denatured (T), Apo and Unfolded (U) forms, 
in terms of native-like characteristics by far- and near- UV spectroscopy for 
secondary and tertiary structural content, intrinsic viscosities for 
compactness of molecule, Tryptophan fluorescence for symmetrical 
environment of aromatic residues, microcalorimetry for cooperative 
temperature-transition and deuterium exchange for measuring 
unfoldedness of the molecules. These comparisons resulted in the 
definitive description of the intermediate state model as a “compact globule 
with native-like secondary structure and with slowly fluctuating tertiary 
structure.” The lack of a cooperative thermal unfolding transition and the 
retained compactness, form the four characteristics defining a molten 
globule. 
 
The protein dissection approach has been used to study protein folding 
intermediates, whereby one removes regions thought to be unnecessary 
for the structural properties of interest135. For instance, by removing the 

beta domain, the isolated alpha helical domain of alpha-lactalbumin (α-
Domain) was shown to exhibit characteristics of a molten globule, lacking 
native near-UV CD signal, chemical shift dispersion in 1H NMR and is less 
compact than the native alpha-lactalbumin, though the overall tertiary fold 
was similar to the intact alpha-lactalbumin.  
 

The α-Domain behaves as an autonomous folding unit136 and resembles 
early kinetic folding intermediates, emphasizing that the formation of 
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kinetic intermediates reduce the subsequent conformational space search. 
Further studies elucidated that alpha-lactalbumin molten globules behave 
as a bipartiate structure, with a native-like helical alpha domain and an 
unstructured beta sheet domain. This folding mechanism for specific 
domains in a protein supports the resemblance of molten globules to 
expanded native-like proteins, rather than nonspecific collapse of 
polypeptides137,138.   
 
Molten globules produced under different conditions often exhibit broadly 
similar overall characteristics22,23. Using pulse-labeled photochemically 
induced dynamic nuclear polarization (photo-CIDNP), different alpha-
lactalbumin molten globules were shown to have different patterns of 
hydrophobic-core surface accessibilities, likely demonstrating different 
local minima on the folding landscape24. This relates well also to proteins 
at the native states having side-chain conformation variations139. 
 
The hydrophobic cores in alpha-lactalbumin molten globules 
 
Are the hydrophobic cores in alpha-lactalbumin molten globules properly 
formed? The effects of point mutations on the stability of human alpha-
lactalbumin molten globules were studied140. As known from previous 
study that 28-111 disulfide bond plays an important stabilizing role (while 
the 6-120 disulfide bond the weakest), the equilibrium constant for the 
formation of the 28-111 disulfide bond was used to monitor the effect of 
the mutations141.  
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The subdomain surrounded by 
A/B/310 helices, was found to form 
a stabilizing hydrophobic core in 
alpha-lactalbumin molten globule, 

reflected by the destabilizing 
effects of amino acid substitution 
on L8, I27, M30 or W118 (blue 
spheres) in contrast to I95 and 
W104 (red spheres), which show 
minimal effect on the stability. 
Taken together the alanine 
scanning mutagenesis experiment 
on hydrophobic residues in the 
helical domain142 and residue-
specific NMR study of the 
denaturation of wild-type alpha-

lactalbumin molten globule143,144, the predominant hydrophobic core in the 
molten globule was the A/B/310 subdomain (blue spheres). In contrast, the 
hydrophobic box (red spheres) was poorly formed.  
 
 
Protein folding 
 
The number of possible conformations for a polypeptide is astronomically 
large (10300), suggesting that a folding mechanism must exist for efficient 
folding of the polypeptide chain145,146. Anfinsen addressed the protein 
folding problem with the ‘thermodynamics hypothesis’, which describes 
that a polypeptide has the lowest Gibbs free energy when it reaches the 
native conformation, at a defined solvent condition. Using bovine 
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pancreatic ribonuclease, he showed that the protein could refold 
completely from its fully denatured and reduced form.  
 
Evolving from the energy 
landscape theory33,34, the present 
folding funnel hypothesis for 
protein folding assumes that the 
native state of a protein 
corresponds to its free energy 
minimum under the conditions in 
the cells. The driving force for a 
protein to reach the free energy 
minimum is the sequestration of 
hydrophobic side chains from the 
aqueous environment to minimize the entropy of the water solvent, 
described by the hydrophobic collapse hypothesis. To assume the global 
minimum, further lowering of the free energy of the polypeptide chain is 
facilitated by the positioning of electrostatically charged side chains on the 
solvent accessible surface, neutralization of salt bridges within the protein 
core and the formation of close native contacts. 
 
Other hypotheses have been raised to explain how a protein searches 
through its vast conformational space so quickly. For example, in the 
Zipping and Assembly hypothesis (ZA)147,148, small local fragments of the 
protein first form local metastable structures and grow into larger, more 
stable structures, which then assemble into the native structure. Other 
similar models include the diffusion-collision149, hierarchical150 and the 
foldon model151. 
 
 

Figure 10 Protein folding energy landscape. 



	
   58	
  

REFERENCE 
 
1 Hakansson, A., Zhivotovsky, B., Orrenius, S., Sabharwal, H. & Svanborg, 

C. Apoptosis induced by a human milk protein. Proc Natl Acad Sci U S A 
92, 8064-8068 (1995). 

2 Mossberg, A. K., Hou, Y., Svensson, M., Holmqvist, B. & Svanborg, C. 
HAMLET treatment delays bladder cancer development. J Urol 183, 1590-
1597 (2010). 

3 Mossberg, A. K., Hun Mok, K., Morozova-Roche, L. A. & Svanborg, C. 
Structure and function of human alpha-lactalbumin made lethal to tumor 
cells (HAMLET)-type complexes. 

4 Mossberg, A. K. et al. HAMLET interacts with lipid membranes and 
perturbs their structure and integrity. PLoS One 5, e9384. 

5 Petter Storm et al. A unifying mechanism for cancer cell death through ion 
channel activation by HAMLET. Under review. 

6 Hakansson, A. et al. Multimeric alpha-lactalbumin from human milk 
induces apoptosis through a direct effect on cell nuclei. Exp Cell Res 246, 
451-460 (1999). 

7 Svensson, M. et al. Molecular characterization of alpha-lactalbumin 
folding variants that induce apoptosis in tumor cells. J Biol Chem 274, 
6388-6396 (1999). 

8 Svensson, M. et al. Hamlet--a complex from human milk that induces 
apoptosis in tumor cells but spares healthy cells. Adv Exp Med Biol 503, 
125-132 (2002). 

9 Duringer, C., Hamiche, A., Gustafsson, L., Kimura, H. & Svanborg, C. 
HAMLET interacts with histones and chromatin in tumor cell nuclei. J Biol 
Chem 278, 42131-42135 Epub 42003 Jul 42129 (2003). 

10 Svensson, M. et al. Alpha-lactalbumin unfolding is not sufficient to cause 
apoptosis, but is required for the conversion to HAMLET (human alpha-
lactalbumin made lethal to tumor cells). Protein Sci 12, 2794-2804 (2003). 

11 Svensson, M., Mossberg, A. K., Pettersson, J., Linse, S. & Svanborg, C. 
Lipids as cofactors in protein folding: stereo-specific lipid-protein 
interactions are required to form HAMLET (human alpha-lactalbumin 
made lethal to tumor cells). Protein Sci 12, 2805-2814 (2003). 

12 Fischer W Fau - Gustafsson, L. et al. - Human alpha-lactalbumin made 
lethal to tumor cells (HAMLET) kills human glioblastoma cells in brain 
xenografts by an apoptosis-like mechanism and prolongs survival. Cancer 
Res 64, 2105-2112 (2004). 

13 Gustafsson, L., Leijonhufvud, I., Aronsson, A., Mossberg, A. K. & 
Svanborg, C. Treatment of skin papillomas with topical alpha-
lactalbumin-oleic acid. N Engl J Med 350, 2663-2672 (2004). 

14 Mossberg, A. K. et al. Bladder cancers respond to intravesical instillation 
of HAMLET (human alpha-lactalbumin made lethal to tumor cells). Int J 
Cancer 121, 1352-1359 (2007). 

15 Puthia, M., Storm, P., Nadeem, A., Hsiung, S. & Svanborg, C. Prevention 
and treatment of colon cancer by peroral administration of HAMLET 
(human alpha-lactalbumin made lethal to tumour cells). Gut, 
doi:10.1136/gutjnl-2012-303715 (2013). 



	
   59	
  

16 Min, S. et al. Alternatively folded proteins with unexpected beneficial 
functions. Biochem Soc Trans 40, 746-751, doi:10.1042/bst20120029 (2012). 

17 Ho, J. C. et al. Lipids as tumoricidal components of human alpha-
lactalbumin made lethal to tumor cells (HAMLET): unique and shared 
effects on signaling and death. J Biol Chem 288, 17460-17471, 
doi:10.1074/jbc.M113.468405 (2013). 

18 Svensson, M., Hakansson, A., Mossberg, A. K., Linse, S. & Svanborg, C. 
Conversion of alpha-lactalbumin to a protein inducing apoptosis. Proc 
Natl Acad Sci U S A 97, 4221-4226 (2000). 

19 Acharya, K. R., Ren, J. S., Stuart, D. I., Phillips, D. C. & Fenna, R. E. Crystal 
structure of human alpha-lactalbumin at 1.7 A resolution. J Mol Biol 221, 
571-581 (1991). 

20 Kretsinger, R. H. & Nockolds, C. E. Carp muscle calcium-binding protein. 
II. Structure determination and general description. J Biol Chem 248, 3313-
3326 (1973). 

21 Dolgikh, D. A. et al. Alpha-Lactalbumin: compact state with fluctuating 
tertiary structure? FEBS Lett 136, 311-315 (1981). 

22 Arai, M. & Kuwajima, K. Role of the molten globule state in protein 
folding. Advances in protein chemistry 53, 209-282 (2000). 

23 Ptitsyn, O. B. Molten globule and protein folding. Advances in protein 
chemistry 47, 83-229 (1995). 

24 Mok, K. H., Nagashima, T., Day, I. J., Hore, P. J. & Dobson, C. M. Multiple 
subsets of side-chain packing in partially folded states of alpha-
lactalbumins. Proc Natl Acad Sci U S A 102, 8899-8904 Epub 2005 Jun 8813 
(2005). 

25 Beadle, G. W. & Tatum, E. L. Genetic Control of Biochemical Reactions in 
Neurospora. Proc Natl Acad Sci U S A 27, 499-506 (1941). 

26 Tatum, E. L. & Beadle, G. W. Genetic Control of Biochemical Reactions in 
Neurospora: An "Aminobenzoicless" Mutant. Proc Natl Acad Sci U S A 28, 
234-243 (1942). 

27 Pettersson-Kastberg, J. et al. alpha-Lactalbumin, engineered to be 
nonnative and inactive, kills tumor cells when in complex with oleic acid: 
a new biological function resulting from partial unfolding. J Mol Biol 394, 
994-1010 (2009). 

28 Casbarra, A. et al. Conformational analysis of HAMLET, the folding 
variant of human alpha-lactalbumin associated with apoptosis. Protein Sci 
13, 1322-1330 Epub 2004 Apr 1329 (2004). 

29 Pettersson, J., Mossberg, A. K. & Svanborg, C. alpha-Lactalbumin species 
variation, HAMLET formation, and tumor cell death. Biochem Biophys Res 
Commun 345, 260-270 Epub 2006 Apr 2027 (2006). 

30 Anfinsen, C. B. Principles that govern the folding of protein chains. Science 
181, 223-230 (1973). 

31 Kaufman, R. J. Orchestrating the unfolded protein response in health and 
disease. The Journal of clinical investigation 110, 1389-1398, 
doi:10.1172/jci16886 (2002). 

32 Chiti, F. & Dobson, C. M. Protein misfolding, functional amyloid, and 
human disease. Annual review of biochemistry 75, 333-366, 
doi:10.1146/annurev.biochem.75.101304.123901 (2006). 



	
   60	
  

33 Frauenfelder, H., Sligar, S. G. & Wolynes, P. G. The energy landscapes and 
motions of proteins. Science 254, 1598-1603 (1991). 

34 Straub, J. E. & Thirumalai, D. Exploring the energy landscape in proteins. 
Proc Natl Acad Sci U S A 90, 809-813 (1993). 

35 Fast, J., Mossberg, A. K., Svanborg, C. & Linse, S. Stability of HAMLET--a 
kinetically trapped alpha-lactalbumin oleic acid complex. Protein Sci 14, 
329-340 (2005). 

36 Kohler, C. et al. A folding variant of human alpha-lactalbumin induces 
mitochondrial permeability transition in isolated mitochondria. European 
journal of biochemistry / FEBS 268, 186-191 (2001). 

37 Hallgren, O. et al. HAMLET triggers apoptosis but tumor cell death is 
independent of caspases, Bcl-2 and p53. Apoptosis 11, 221-233 (2006). 

38 Brest, P. et al. Histone deacetylase inhibitors promote the tumoricidal 
effect of HAMLET. Cancer Res 67, 11327-11334 (2007). 

39 Gustafsson, L. et al. Changes in proteasome structure and function caused 
by HAMLET in tumor cells. PLoS One 4, e5229 (2009). 

40 Hanahan, D. & Weinberg, R. A. The hallmarks of cancer. Cell 100, 57-70 
(2000). 

41 Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. 
Cell 144, 646-674, doi:10.1016/j.cell.2011.02.013 (2011). 

42 Luo, J., Solimini, N. L. & Elledge, S. J. Principles of cancer therapy: 
oncogene and non-oncogene addiction. Cell 136, 823-837, 
doi:10.1016/j.cell.2009.02.024 (2009). 

43 Ashworth, A., Lord, C. J. & Reis-Filho, J. S. Genetic interactions in cancer 
progression and treatment. Cell 145, 30-38, doi:10.1016/j.cell.2011.03.020 
(2011). 

44 Storm P. et al. Conserved features of cancer cells define their sensitivity to 
HAMLET-induced death; c-Myc and glycolysis. Oncogene 30, 4765-4779 
(2011). 

45 Storm, P. et al. A unifying mechanism for cancer cell death through ion 
channel activation by HAMLET. PLoS One 8, e58578, 
doi:10.1371/journal.pone.0058578 (2013). 

46 Singer S. J. & Nicolson, G. L. The fluid mosaic model of the structure of 
cell membranes. Science 175 720-731 (1972). 

47 Janmey, P. A. & Kinnunen, P. K. Biophysical properties of lipids and 
dynamic membranes. 

48 Dunker, A. K. et al. The unfoldomics decade: an update on intrinsically 
disordered proteins %U http://www.biomedcentral.com/1471-
2164/9/S2/S1. BMC Genomics 9 %@ 1471-2164, S1 (2008). 

49 Xie, H. et al. Functional anthology of intrinsic disorder. 1. Biological 
processes and functions of proteins with long disordered regions. J 
Proteome Res 6, 1882-1898, doi:10.1021/pr060392u (2007). 

50 Wright, P. E. & Dyson, H. J. Intrinsically unstructured proteins: re-
assessing the protein structure-function paradigm. J Mol Biol 293, 321-331, 
doi:10.1006/jmbi.1999.3110 (1999). 

51 Tompa, P. The interplay between structure and function in intrinsically 
unstructured proteins. FEBS Lett 579, 3346-3354, 
doi:10.1016/j.febslet.2005.03.072 (2005). 



	
   61	
  

52 Jeffery, C. J. Moonlighting proteins. Trends in biochemical sciences 24, 8-11 
(1999). 

53 Jeffery, C. J. Moonlighting proteins: old proteins learning new tricks. 
Trends in genetics : TIG 19, 415-417, doi:10.1016/s0168-9525(03)00167-7 
(2003). 

54 Tompa, P., Szasz, C. & Buday, L. Structural disorder throws new light on 
moonlighting. Trends in biochemical sciences 30, 484-489, 
doi:10.1016/j.tibs.2005.07.008 (2005). 

55 Joerger, A. C. & Fersht, A. R. Structure-function-rescue: the diverse nature 
of common p53 cancer mutants. Oncogene 26, 2226-2242, 
doi:10.1038/sj.onc.1210291 (2007). 

56 Iakoucheva, L. M., Brown, C. J., Lawson, J. D., Obradovic, Z. & Dunker, A. 
K. Intrinsic disorder in cell-signaling and cancer-associated proteins. J Mol 
Biol 323, 573-584 (2002). 

57 Halskau, Ø., Frøystein, N. Å., Muga, A. & Martı ́nez, A. The Membrane-
bound Conformation of α-Lactalbumin Studied by NMR-monitored 1H 
Exchange. Journal of Molecular Biology 321, 99-110, 
doi:http://dx.doi.org/10.1016/S0022-2836(02)00565-X (2002). 

58 Spolaore, B. et al. alpha-Lactalbumin forms with oleic acid a high 
molecular weight complex displaying cytotoxic activity. Biochemistry 49, 
8658-8667, doi:10.1021/bi1012832 (2010). 

59 Fontana, A., Spolaore, B. & Polverino de Laureto, P. The biological 
activities of protein/oleic acid complexes reside in the fatty acid. Biochim 
Biophys Acta 1834, 1125-1143, doi:10.1016/j.bbapap.2013.02.041 (2013). 

60 Tolin, S. et al. The oleic acid complexes of proteolytic fragments of alpha-
lactalbumin display apoptotic activity. Febs J 277, 163-173 (2010). 

61 Brinkmann, C. R., Heegaard, C. W., Petersen, T. E., Jensenius, J. C. & Thiel, 
S. The toxicity of bovine alpha-lactalbumin made lethal to tumor cells is 
highly dependent on oleic acid and induces killing in cancer cell lines and 
noncancer-derived primary cells. Febs j 278, 1955-1967, doi:10.1111/j.1742-
4658.2011.08112.x (2011). 

62 Brinkmann, C. R., Thiel, S. & Otzen, D. E. Protein-fatty acid complexes: 
biochemistry, biophysics and function. Febs j 280, 1733-1749, 
doi:10.1111/febs.12204 (2013). 

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

64 Permyakov, S. E. et al. A novel method for preparation of HAMLET-like 
protein complexes. Biochimie 93, 1495-1501, 
doi:10.1016/j.biochi.2011.05.002 (2011). 

65 Permyakov, S. E. et al. Oleic acid is a key cytotoxic component of 
HAMLET-like complexes. Biological chemistry 393, 85-92, doi:10.1515/bc-
2011-230 (2012). 

66 Zhang, M. et al. Cytotoxic aggregates of alpha-lactalbumin induced by 
unsaturated fatty acid induce apoptosis in tumor cells. Chem Biol Interact 
180, 131-142 (2009). 

67 Spolaore, B. et al. a-Lactalbumin Forms with Oleic Acid a High Molecular 
Weight Complex Displaying Cytotoxic Activity. Biochemistry 49, 8658-8667, 
doi:10.1021/bi1012832 (2010). 



	
   62	
  

68 Wilhelm, K. et al. Protein oligomerization induced by oleic acid at the 
solid-liquid interface--equine lysozyme cytotoxic complexes. Febs J 276, 
3975-3989 (2009). 

69 Lišková, K. et al. Cytotoxic complexes of sodium oleate with β-
lactoglobulin. European Journal of Lipid Science and Technology 113, 1207-
1218 (2011). 

70 Hoque, M., Dave, S., Gupta, P. & Saleemuddin, M. Oleic acid may be the 
key contributor in the BAMLET-induced erythrocyte hemolysis and 
tumoricidal action. PLoS One 8, e68390, doi:10.1371/journal.pone.0068390 
(2013). 

71 Wen, H., Glomm, W. R. & Halskau, O. Cytotoxicity of bovine alpha-
lactalbumin: oleic acid complexes correlates with the disruption of lipid 
membranes. Biochim Biophys Acta 1828, 2691-2699, 
doi:10.1016/j.bbamem.2013.07.026 (2013). 

72 Rammer, P. et al. BAMLET activates a lysosomal cell death program in 
cancer cells. Mol Cancer Ther 9, 24-32, doi:10.1158/1535-7163.mct-09-0559 
(2010). 

73 Rath, E. M., Duff, A. P., Hakansson, A. P., Knott, R. B. & Church, W. B. 
Small-angle X-ray scattering of BAMLET at pH 12: a complex of alpha-
lactalbumin and oleic acid. Proteins 82, 1400-1408, doi:10.1002/prot.24508 
(2014). 

74 Nakamura, T. et al. Molecular Mechanisms of the Cytotoxicity of 
Human ?-Lactalbumin Made Lethal to Tumor Cells (HAMLET) and Other 
Protein-Oleic Acid Complexes*. J Biol Chem 288, 14408-14416, 
doi:10.1074/jbc.M112.437889 (2013). 

75 Kusumi, A. & Sako, Y. Cell surface organization by the membrane 
skeleton. Current opinion in cell biology 8, 566-574 (1996). 

76 Kusumi, A. et al. Paradigm shift of the plasma membrane concept from 
the two-dimensional continuum fluid to the partitioned fluid: high-speed 
single-molecule tracking of membrane molecules. Annu Rev Biophys Biomol 
Struct 34, 351-378, doi:10.1146/annurev.biophys.34.040204.144637 (2005). 

77 Clayton, A. H. et al. Ligand-induced dimer-tetramer transition during the 
activation of the cell surface epidermal growth factor receptor-A 
multidimensional microscopy analysis. J Biol Chem 280, 30392-30399, 
doi:10.1074/jbc.M504770200 (2005). 

78 Suzuki, A. & Ohno, S. The PAR-aPKC system: lessons in polarity. Journal 
of cell science 119, 979-987, doi:10.1242/jcs.02898 (2006). 

79 Rhee, S. G. Cell signaling. H2O2, a necessary evil for cell signaling. Science 
312, 1882-1883, doi:10.1126/science.1130481 (2006). 

80 Reynolds, A. R., Tischer, C., Verveer, P. J., Rocks, O. & Bastiaens, P. I. 
EGFR activation coupled to inhibition of tyrosine phosphatases causes 
lateral signal propagation. Nature cell biology 5, 447-453, 
doi:10.1038/ncb981 (2003). 

81 Goentoro, L., Shoval, O., Kirschner, M. W. & Alon, U. The incoherent 
feedforward loop can provide fold-change detection in gene regulation. 
Molecular cell 36, 894-899, doi:10.1016/j.molcel.2009.11.018 (2009). 

82 Kholodenko, B. N. & Kolch, W. Giving space to cell signaling. Cell 133, 
566-567, doi:10.1016/j.cell.2008.04.033 (2008). 



	
   63	
  

83 Murphy, L. O., MacKeigan, J. P. & Blenis, J. A network of immediate early 
gene products propagates subtle differences in mitogen-activated protein 
kinase signal amplitude and duration. Molecular and cellular biology 24, 
144-153 (2004). 

84 Grecco, H. E., Schmick, M. & Bastiaens, P. I. Signaling from the living 
plasma membrane. Cell 144, 897-909, doi:10.1016/j.cell.2011.01.029 (2011). 

85 Shibata, Y., Hu, J., Kozlov, M. M. & Rapoport, T. A. Mechanisms shaping 
the membranes of cellular organelles. Annual review of cell and 
developmental biology 25, 329-354, 
doi:10.1146/annurev.cellbio.042308.113324 (2009). 

86 Sens, P., Johannes, L. & Bassereau, P. Biophysical approaches to protein-
induced membrane deformations in trafficking. Current opinion in cell 
biology 20, 476-482, doi:10.1016/j.ceb.2008.04.004 (2008). 

87 Stachowiak, J. C., Hayden, C. C. & Sasaki, D. Y. Steric confinement of 
proteins on lipid membranes can drive curvature and tubulation. Proc Natl 
Acad Sci U S A 107, 7781-7786, doi:10.1073/pnas.0913306107 (2010). 

88 Stachowiak, J. C. et al. Membrane bending by protein-protein crowding. 
Nature cell biology 14, 944-949, doi:10.1038/ncb2561 (2012). 

89 Stagg, S. M. et al. Structural basis for cargo regulation of COPII coat 
assembly. Cell 134, 474-484, doi:10.1016/j.cell.2008.06.024 (2008). 

90 Mim, C. & Unger, V. M. Membrane curvature and its generation by BAR 
proteins. Trends in biochemical sciences 37, 526-533, 
doi:10.1016/j.tibs.2012.09.001 (2012). 

91 Fehrenbacher, N., Bar-Sagi, D. & Philips, M. Ras/MAPK signaling from 
endomembranes. Molecular oncology 3, 297-307, 
doi:10.1016/j.molonc.2009.06.004 (2009). 

92 Hancock, J. F., Paterson, H. & Marshall, C. J. A polybasic domain or 
palmitoylation is required in addition to the CAAX motif to localize 
p21ras to the plasma membrane. Cell 63, 133-139 (1990). 

93 Mor, A. & Philips, M. R. Compartmentalized Ras/MAPK signaling. 
Annual review of immunology 24, 771-800, 
doi:10.1146/annurev.immunol.24.021605.090723 (2006). 

94 Dekker, F. J. et al. Small-molecule inhibition of APT1 affects Ras 
localization and signaling. Nature chemical biology 6, 449-456, 
doi:10.1038/nchembio.362 (2010). 

95 Chang, E. H., Gonda, M. A., Ellis, R. W., Scolnick, E. M. & Lowy, D. R. 
Human genome contains four genes homologous to transforming genes of 
Harvey and Kirsten murine sarcoma viruses. Proc Natl Acad Sci U S A 79, 
4848-4852 (1982). 

96 Stephen, A. G., Esposito, D., Bagni, R. K. & McCormick, F. Dragging ras 
back in the ring. Cancer cell 25, 272-281, doi:10.1016/j.ccr.2014.02.017 (2014). 

97 Gysin, S., Salt, M., Young, A. & McCormick, F. Therapeutic Strategies for 
Targeting Ras Proteins. Genes & cancer 2, 359-372, 
doi:10.1177/1947601911412376 (2011). 

98 Hunter, T. Tyrosine phosphorylation: thirty years and counting. Current 
opinion in cell biology 21, 140-146, doi:10.1016/j.ceb.2009.01.028 (2009). 

99 Manning, G., Whyte, D. B., Martinez, R., Hunter, T. & Sudarsanam, S. The 
protein kinase complement of the human genome. Science 298, 1912-1934, 
doi:10.1126/science.1075762 (2002). 



	
   64	
  

100 Schwartz, P. A. & Murray, B. W. Protein kinase biochemistry and drug 
discovery. Bioorganic chemistry 39, 192-210, 
doi:10.1016/j.bioorg.2011.07.004 (2011). 

101 Eckhart, W., Hutchinson, M. A. & Hunter, T. An activity phosphorylating 
tyrosine in polyoma T antigen immunoprecipitates. Cell 18, 925-933 (1979). 

102 Blume-Jensen, P. & Hunter, T. Oncogenic kinase signalling. Nature 411, 
355-365, doi:10.1038/35077225 (2001). 

103 Druker, B. J. Translation of the Philadelphia chromosome into therapy for 
CML. Blood 112, 4808-4817, doi:10.1182/blood-2008-07-077958 (2008). 

104 Lowe, E. D. et al. The crystal structure of a phosphorylase kinase peptide 
substrate complex: kinase substrate recognition. The EMBO journal 16, 
6646-6658, doi:10.1093/emboj/16.22.6646 (1997). 

105 Johnson, L. N., Noble, M. E. & Owen, D. J. Active and inactive protein 
kinases: structural basis for regulation. Cell 85, 149-158 (1996). 

106 Nolen, B., Taylor, S. & Ghosh, G. Regulation of protein kinases; 
controlling activity through activation segment conformation. Molecular 
cell 15, 661-675, doi:10.1016/j.molcel.2004.08.024 (2004). 

107 Bertrand, R., Solary E Fau - O'Connor, P., O'Connor P Fau - Kohn, K. W., 
Kohn Kw Fau - Pommier, Y. & Pommier, Y. Induction of a common 
pathway of apoptosis by staurosporine. 

108 Han, Z., Pantazis P Fau - Lange, T. S., Lange Ts Fau - Wyche, J. H., Wyche 
Jh Fau - Hendrickson, E. A. & Hendrickson, E. A. The staurosporine 
analog, Ro-31-8220, induces apoptosis independently of its ability to 
inhibit protein kinase C. 

109 Jacobsen, M. D., Weil M Fau - Raff, M. C. & Raff, M. C. Role of Ced-3/ICE-
family proteases in staurosporine-induced programmed cell death. doi:D - 
NLM: PMC2120856 EDAT- 1996/06/01 MHDA- 1996/06/01 00:01 CRDT- 
1996/06/01 00:00 PST - ppublish. 

110 Krohn, A. J., Preis E Fau - Prehn, J. H. & Prehn, J. H. Staurosporine-
induced apoptosis of cultured rat hippocampal neurons involves caspase-
1-like proteases as upstream initiators and increased production of 
superoxide as a main downstream effector. 

111 Eldar-Finkelman, H. & Eisenstein, M. Peptide inhibitors targeting protein 
kinases. 

112 Grant, G. A. The metabolism of galactose: The synthesis of lactose by 
slices of active mammary gland in vitro. Biochem J 29, 1905-1909 (1935). 

113 Bert, M. P. Sur l’origine du sucre de lait. Compt. Rend. Acad. Sci. 98, 775–
777 (1884). 

114 Porcher, C. Hyg. viande et lair, 1909, 3, 409; Arch. Int. Physiol., 1909, 8, 356.  
(1909). 

115 Paton, D. N. & Cathcart, E. P. On the mode of production of lactose in the 
mammary gland. The Journal of physiology 42, 179-188 (1911). 

116 Widmark, E. M. a. C., O. . Durch Luftinblasen in das Euter milchgebender 
Tiere hervorgerufene Hyperglykämie. Biochem. Z. 158, 3–10 (1925). 

117 Rohmann (1919). Biochem. Z. 93. Biochem. Z. 93, 237 (1919). 
118 Gander, J. E., Petersen, W. E. & Boyer, P. D. On the mechanism of the 

enzymatic synthesis of lactose. Archives of biochemistry and biophysics 60, 
259-261 (1956). 



	
   65	
  

119 Gander, J. E., Petersen, W. E. & Boyer, P. D. On the enzymic synthesis of 
lactose-1-PO4. Archives of biochemistry and biophysics 69, 85-99 (1957). 

120 Watkins, W. M. & Hassid, W. Z. Synthesis of Lactose by Particulate 
Enzyme Preparations from Guinea Pig and Bovine Mammary Glands. 
Science 136, 329, doi:10.1126/science.136.3513.329-c (1962). 

121 Babad, H. a. H., W.Z. . A soluble lactose-synthesizing enzyme from bovine 
milk. .; 239: PC 946. J. Biol. Chem 239, PC 946 (1964). 

122 Woods, D. E. The combination curves, hydrogen ion regulating powers 
and equivalents of lactalbumin, and its non-identity with serum-albumin. 
Biochem J 28, 2034-2038 (1934). 

123 Woodman, H. E. A Comparative Investigation of the Corresponding 
Proteins of Cow and Ox Serum, Cow's Colostrum and Cow's Milk by the 
Method of Protein Racemisation. Biochem J 15, 187-201 (1921). 

124 Crowther, C. & Raistrick, H. A Comparative Study of the Proteins of the 
Colostrum and Milk of the Cow and their Relations to Serum Proteins. 
Biochem J 10, 434-452 (1916). 

125 Palmer, A. H. THE PREPARATION OF A CRYSTALLINE GLOBULIN 
FROM THE ALBUMIN FRACTION OF COW'S MILK. Journal of Biological 
Chemistry 104, 359-372 (1934). 

126 Sorensen, M., and Sorensen, S.P.L. . Compt. Rend. Trav. Lab. Carlsberg 23 
(1939). 

127 Gordon, W. G. & Semmett, W. F. Isolation of Crystalline α-Lactalbumin 
from Milk. Journal of the American Chemical Society 75, 328-330, 
doi:10.1021/ja01098a022 (1953). 

128 Gordon, W. G., Semmett, W. F. & Ziegler, J. Crystalline α-Lactalbumin: An 
Improved Method for Its Isolation. Sulfur Distribution. Journal of the 
American Chemical Society 76, 287-287, doi:10.1021/ja01630a082 (1954). 

129 Gordon, W. G. & Ziegler, J. α-Lactalbumin. Biochem. Prep. 4, 16 (1955). 
130 Brodbeck, U. & Ebner, K. E. The subcellular distribution of the A and B 

proteins of lactose synthetase in bovine and rat mammary tissue. J Biol 
Chem 241, 5526-5532 (1966). 

131 Ebner, K. E., Denton, W. L. & Brodbeck, U. The substitution of alpha-
lactalbumin for the B protein of lactose synthetase. Biochem Biophys Res 
Commun 24, 232-236 (1966). 

132 Brodbeck, U., Denton, W. L., Tanahashi, N. & Ebner, K. E. The isolation 
and identification of the B protein of lactose synthetase as alpha-
lactalbumin. J Biol Chem 242, 1391-1397 (1967). 

133 Brew, K., Vanaman, T. C. & Hill, R. L. The role of alpha-lactalbumin and 
the A protein in lactose synthetase: a unique mechanism for the control of 
a biological reaction. Proc Natl Acad Sci U S A 59, 491-497 (1968). 

134 Qasba, P. K., Ramakrishnan, B. & Boeggeman, E. Structure and function of 
beta -1,4-galactosyltransferase. Curr Drug Targets 9, 292-309 (2008). 

135 Peng, Z. Y. & Kim, P. S. A protein dissection study of a molten globule. 
Biochemistry 33, 2136-2141 (1994). 

136 Wetlaufer, D. B. Nucleation, rapid folding, and globular intrachain 
regions in proteins. Proc Natl Acad Sci U S A 70, 697-701 (1973). 

137 Ewbank, J. J. & Creighton, T. E. The molten globule protein conformation 
probed by disulphide bonds. Nature 350, 518-520, doi:10.1038/350518a0 
(1991). 



	
   66	
  

138 Creighton, T. E. & Ewbank, J. J. Disulfide-rearranged molten globule state 
of alpha-lactalbumin. Biochemistry 33, 1534-1538 (1994). 

139 Lindorff-Larsen, K., Best, R. B., Depristo, M. A., Dobson, C. M. & 
Vendruscolo, M. Simultaneous determination of protein structure and 
dynamics. Nature 433, 128-132, doi:10.1038/nature03199 (2005). 

140 Wu, L. C. & Kim, P. S. A specific hydrophobic core in the alpha-
lactalbumin molten globule. J Mol Biol 280, 175-182 (1998). 

141 Peng, Z. Y., Wu, L. C. & Kim, P. S. Local structural preferences in the 
alpha-lactalbumin molten globule. Biochemistry 34, 3248-3252 (1995). 

142 Song, J., Bai, P., Luo, L. & Peng, Z. Y. Contribution of individual residues 
to formation of the native-like tertiary topology in the alpha-lactalbumin 
molten globule. J Mol Biol 280, 167-174, doi:10.1006/jmbi.1998.1826 (1998). 

143 Schulman, B. A., Redfield, C., Peng, Z. Y., Dobson, C. M. & Kim, P. S. 
Different subdomains are most protected from hydrogen exchange in the 
molten globule and native states of human alpha-lactalbumin. J Mol Biol 
253, 651-657, doi:10.1006/jmbi.1995.0579 (1995). 

144 Schulman, B. A., Kim, P. S., Dobson, C. M. & Redfield, C. A residue-
specific NMR view of the non-cooperative unfolding of a molten globule. 
Nat Struct Biol 4, 630-634 (1997). 

145 Levinthal, C. How to Fold Graciously. Mossbauer Spectroscopy in Biological 
Systems: Proceedings of a meeting held at Allerton House, Monticello, Illinois, 
22–24 (1969). 

146 Levinthal, C. Are there pathways for protein folding? Journal de Chimie 
Physique et de Physico-Chimie Biologique 65, 44–45 (1968). 

147 Fiebig, K. M. & Dill, K. A. Protein core assembly processes. The Journal of 
Chemical Physics 98, 3475-3487, 
doi:doi:http://dx.doi.org/10.1063/1.464068 (1993). 

148 Dill, K. A., Fiebig, K. M. & Chan, H. S. Cooperativity in protein-folding 
kinetics. Proceedings of the National Academy of Sciences 90, 1942-1946, 
doi:10.1073/pnas.90.5.1942 (1993). 

149 Karplus, M. & Weaver, D. L. Protein folding dynamics: the diffusion-
collision model and experimental data. Protein Sci 3, 650-668, 
doi:10.1002/pro.5560030413 (1994). 

150 Lesk, A. M. & Rose, G. D. Folding units in globular proteins. Proc Natl 
Acad Sci U S A 78, 4304-4308 (1981). 

151 Maity, H., Maity, M., Krishna, M. M. G., Mayne, L. & Englander, S. W. 
Protein folding: The stepwise assembly of foldon units. Proceedings of the 
National Academy of Sciences of the United States of America 102, 4741-4746, 
doi:10.1073/pnas.0501043102 (2005). 

 


