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Chapter 1 
 

General introduction 
 
 
 
 

Lipids and their diversity 

Lipids are defined as hydrophobic biomolecules that dissolve in organic solvents, but not in 
water. They have a wide variety of functions inside the cell, such as structural building block 
of membranes, energy storage and cell signaling. The discovery that aspirin affects 
prostaglandin synthesis demonstrated that lipids can modulate the immune system and that 
enzymes involved in their metabolism constitute interesting drug targets.1 Many different 
signaling activities have subsequently been discovered for multiple lipid classes, such as 
endocannabinoids, resolvins, steroid hormones and vitamins A and D.2–5 However, many 
signaling lipids have a low abundance, high lipophilicity and are short-lived, and as a 
consequence the mode of action and protein interaction partners of many lipids have remained 
elusive.  

In an effort to systematically classify the rapidly expanding collection of identified lipids, 
the Lipid Metabolites and Pathways Strategy (LIPID MAPS) consortium has come up with a 
more concise definition of a lipid. In this definition, a lipid comprises a small hydrophobic or 
amphipathic molecule that is formed at least partially by the condensation of ketoacyl 
thioesters and/or isoprene units.6 Based on these two building blocks, eight major lipid classes 
are defined: fatty acyls, glycerolipids, prenol lipids, sphingolipids, glycerophospholipids, sterol 
lipids, saccharolipids and polyketides (Figure 1).7  
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Figure 1 | Representative structures of the eight lipid categories as defined by the LIPID MAPS 
consortium.6,7  

The variation in chemical characteristics between lipid families makes it a challenge to 
analyze multiple lipid species in one experiment. Different methods of sample preparation and 
analytical techniques are required to detect and quantify different classes of lipids.8 Adding to 
the challenge is the wide range of metabolic modifications lipids can undergo, thereby yielding 
potential new bioactive lipid species. Since its inception, the field of lipidomics, which is defined 
as the analysis of lipids and their interacting partners within a biological system, has made 
great strides forward.9 Standardization of protocols, increased availability of isotopically 
labelled lipids and the high mass accuracy and resolution of modern mass spectrometers have 
enabled the measurement of many different lipid species in complex biological samples.10 
However, bulk analysis of lipids after sample homogenization and lipid extraction discards the 
information on spatial distribution, therefore other methods are required to investigate lipid 
localization and protein interaction partners. Spatial information is important to study the role 
of lipids as signaling molecules, as signaling events occur through localized alterations in 
membrane lipid composition and activation of specific receptors such as peroxisome 
proliferator-activated receptors (PPARs)11 and the G-protein coupled receptors GPR4012 and 
GPR120.13 In recent years, several technical advances in mass spectrometry and innovative 
chemical biology strategies have shed light on the lipid-protein interaction landscape and 
thereby facilitate studies of their biological function. 
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Polyunsaturated fatty acids 

Fatty acids are an important component of cell membranes and are integral to a wide variety 
of lipid classes. In vertebrates, fatty acid production is initiated in the cytosol by a system 
collectively referred to as fatty acid synthase.14 When this system completes the biosynthesis 
of an acyl chain 16 carbon atoms in length, it releases the formed palmitate for further 
processing by enzymes located at the endoplasmic reticulum. One of these processes is the 
introduction of one or more cis double bonds, which is performed in eukaryotes by 
desaturases. This results in the formation of mono- or polyunsaturated fatty acids (PUFAs), 
where the double bonds in the latter are separated by methylene groups. When incorporated 
into membrane lipids, cis double bonds introduce disorder and increase fluidity, which has an 
impact on membrane protein function and on the assembly of lipid rafts.15  

Fatty acids have common and systematic names, but are also referred to by a 
nomenclature that denotes the number of carbon atoms of the acyl chain, the number of 
double bonds, and the position of the first double bond relative to the terminal methyl, termed 
the omega (ω, or n) carbon. The major PUFAs found in mammals are omega-3 and omega-6 
fatty acids. As mammals lack the enzymes required for certain biosynthetic steps, these fatty 
acids are conditionally essential nutrients. In principle, only α-linolenic acid (ALA, 18:3 n-3) 
and linoleic acid (LA, 18:2 n-6) are essential for the biosynthesis of other PUFAs. However, the 
multiple chain elongation and desaturation steps to form higher order PUFAs like 
eicosapentaenoic acid (EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:6 n-3) are highly 
inefficient, and the bulk of these fatty acids are derived from the diet (Figure 2).16 Diets rich 
in omega-3 fatty acids, along with omega-3 supplements, are of great interest as they are 
linked to a number of health benefits, such as reduced risk for ischemic stroke,17 
neuroprotective and antidepressant effects,18,19 and improvements in chronic inflammatory 
conditions.20–22 Moreover, they are essential for neuronal development23 and inadequate intake 
is associated with many neurological diseases, including depression,24 anxiety disorders,25 and 
neuroinflammation.26,27 However, as often as these benefits are reported, they are also the 
subject of discussion. For example, omega-3 fatty acids are known to prevent a number of risk 
factors for cardiovascular disease, including high blood pressure,28 reduced arterial 
compliance,29 cardiac arrhythmias30 and abnormal platelet reactivity and thrombosis.31 
However, this prevention of cardiovascular risk factors does not translate to benefit to human 
health. Recent meta-analyses32,33 of clinical trials investigating omega-3 supplementation found 
no clinical benefit for fatal or nonfatal coronary heart disease or any major vascular events. 
This discrepancy highlights the limited knowledge on the molecular and cellular pathways by 
which omega-3 fatty acids confer their benefits. It has been suggested that many of the 
beneficial effects on human health derive from modulation of the immune system,21,34 which 
has been supported by the discovery of anti-inflammatory oxidized metabolites.35  
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Figure 2 | Omega-3 and omega-6 fatty acids and examples of their oxidative metabolites. COX, 
cyclooxygenase; LOX, lipoxygenase; CYP450, cytochrome P450; NPD1, neuroprotectin D1; RvE1, resolvin E1; LTB4, 
leukotriene B4.  

Oxidized derivatives of PUFAs have long been established as immunomodulatory 
signaling lipids. Arachidonic acid (AA, 20:4 n-6) can be oxidized by cyclooxygenases (COX) and 
lipoxygenases (LOX) into bioactive eicosanoids such as prostaglandins and leukotrienes, 
respectively (Figure 2). Most of these metabolites are pro-inflammatory and inhibition of their 
biosynthesis by non-steroidal anti-inflammatory drugs (NSAIDs) results in alleviation of pain, 
swelling and fever. In contrast, oxidized metabolites of omega-3 fatty acids act as anti-
inflammatory lipids involved in the resolution of inflammation.3 Although many of these 
metabolites and their anti-inflammatory effects have been reported, their mechanisms and 
biosynthetic pathways remain to be characterized. Consequently, the proteins involved in their 
biosynthesis, degradation and signaling are of interest for investigation as potential drug 
targets for inflammatory diseases.22 
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Tools to study lipid signaling molecules 

The field of chemical biology has developed two main approaches to study lipids: design and 
synthesis of chemically modified lipids to track their metabolism and localization, and chemical 
tools to identify the protein interaction partners involved in their signaling functions.  

To track lipids in a biological system, they can be functionalized with a reporter tag. 
These tags traditionally consist of radioactive isotopes36 and fluorophores.37,38 However, 
radioactive isotopes require special equipment and procedures, while fluorophores are 
relatively large and rigid structures, affecting metabolism, distribution and trafficking.39,40 
A more versatile and less intrusive modification is the introduction of an alkyne (Table 1).41,42 
Using bioorthogonal ligation chemistry, such as ‘click’ chemistry, alkyne-functionalized lipids 
can be ligated to fluorescent groups for detection, or to affinity handles for isolation.43 These 
functionalized lipids have been used for the visualization of lipids in membranes, their 
metabolism and modification of proteins by lipids, for example myristoylation44 or prenylation45 
of proteins.46–49 However, these tools will only reveal covalent lipid-protein interactions. To 
study noncovalent lipid-protein interactions, the chemical tool requires additional functionality. 

Table 1 | General structures and exemplary applications of fatty-acid based chemical tools. 

 General structure Functionality 

Monofunctional 

 

Tracking metabolism49–51 
Incorporation as post-translational modification47  
Localization by Raman spectroscopy or fluorescence 
microscopy46,52  

Bifunctional 

 

All of the above, as well as:  
Mapping protein-lipid interactions53,54  
Mapping protein-protein interactions55  

 

  To detect lipid-interacting proteins, a photoactivatable group, such as a diazirine, 
benzophenone or aryl azide, can be incorporated into an alkyne-tagged lipid, providing a 
bifunctionalized lipid. Irradiation with light results in the formation of a reactive intermediate 
that can form a stable, covalent bond with an interacting protein.56 The bioorthogonal handle 
can subsequently be ligated to a fluorophore to visualize the interaction partner. Alternatively, 
ligation to an affinity handle such as biotin allows for enrichment and identification of the 
tagged protein by mass spectrometry. Bifunctional lipids have been successfully used to map 
lipid-protein interaction networks, lipid signaling functions, lipid metabolism, lipid localization 
and protein-protein interactions.53–55,57 However, currently reported lipid probes do not cover 
all lipid classes. In part, this is due to the challenges of chemically synthesizing these 
functionalized lipids.  
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Aim and outline 

The overarching aim of the research presented in this thesis was to develop and apply chemical 
tools to study lipid metabolism, transport and signaling.  

Chapter 2 reviews lipid-based photoaffinity probes published in the last decade and their 
applications. Additionally, a list of promiscuous lipid binding proteins is presented and the 
challenges inherent to lipid probes are discussed. Chapter 3 describes the synthesis of 
photoaffinity probes based on the omega-3 fatty acid DHA and an oxidized derivative, 
17-hydroxy-DHA (17-HDHA), using a combination of chemical and chemoenzymatic 
transformations. The probes are used in comparative photoaffinity-based protein profiling, 
which reveals that PTGR1 is capable of converting 17-HDHA to 17-oxo-DHA in human 
macrophages. Chapter 4 investigates the design and application of a photoaffinity probe 
based on the neuroprotective ethanolamide derivative of DHA, DHEA. This probe is used to 
study the molecular mechanism of action of this signaling lipid in a microglial cell line. 
Chapter 5 reports on an improved method for the synthesis of DHA derivatives. 
Regioselective hydrobromination of DHA enables the synthesis of DHA-alkyne, which is used 
to study DHA metabolism and intracellular exchange by flow cytometry. Chapter 6 describes 
the investigation of WOBE437, a reported inhibitor of anandamide uptake with no known 
protein target. The effects of WOBE437 on anandamide uptake and metabolism are 
investigated, and a photoaffinity probe is used to identify the protein targets of this inhibitor. 
Chapter 7 demonstrates the use of cyclopropene lipids to perform live-cell fluorescence 
microscopy using quenched fluorophores. A cyclopropene-modified version of arachidonic acid 
is synthesized for the purpose of studying anandamide transport and localization in real-time. 
Chapter 8 summarizes the work described in this thesis and provides future directions.  
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