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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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Chapter 2 
 

Lipid photoaffinity probes1 
 
 
 
 
 

Introduction 

Photoactivatable lipids are synthetic analogues of natural lipids that are designed to retain the 
overall structure and interactions of the parent lipid, and contain a photoactivatable moiety 
that can form an irreversible covalent bond with its protein interacting partner upon irradiation. 
This covalent bond essentially ‘freezes’ the interaction and allows for investigation of lipid-
protein interactions as they occur in their complex native environments.2  

To generate a photoaffinity probe, a number of photoreactive moieties are available with 
differing synthetic accessibility, reactivity, efficiency and structural impact. Three photoreactive 
groups are routinely used: diazirines, benzophenones and aryl azides (Table 1). The reactivity 
of the highly energetic intermediates formed upon irradiation affects their labeling properties. 
The reactive carbene formed upon irradiation of a diazirine reacts for a significant portion with 
water or intramolecularly, reducing its labeling efficiency. However, its reactivity ensures a 
short half-life, allowing less time for the probe to diffuse and react nonspecifically (that is, with 
proteins other than its natural interaction partner).3 Nonetheless, some of the excited diazirine 
isomerizes to the linear diazo form, which has a longer lifetime and is less reactive. Irradiation 
of a benzophenone results in the formation of a less reactive diradical, which has more time 
to diffuse and to react nonspecifically.4 However, it favors the insertion into C-H bonds as 
reaction with water results in a reversible hydrate, thereby yielding higher labeling efficiencies.5 
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Irradiation of an aryl azide leads to the formation of a nitrene, which has a high reactivity, but 
like the diazirine, suffers from spontaneous rearrangement reactions resulting in other reactive 
species with a longer lifetime.6 Another drawback of the aryl azide is that the wavelength 
required to activate an aryl azide is damaging to biological material. 

Table 1 | Structures and properties of most commonly used photoactivatable groups.5,7,8 

 

The choice of photoactivatable group depends on a number of factors. Since their 
conception, lipid probes have seen a shift from benzophenones to diazirines. Contributing 
factors to this trend have been increased synthesis abilities, the desire for smaller modifications 
and the application in a relatively water-free inner membrane, where the reactivity of the 
diazirine is optimal. In this chapter, lipid photoaffinity probes for glycero(phospho)lipids, fatty 
acyls, sphingolipids and sterols reported in the last decade and their main discoveries are 
discussed. 

Lipid-based photoaffinity probes  

Glycero(phospho)lipids 

One of the most well-studied lipid classes is the family of glycero(phospho)lipids. Their 
amphipathic nature is essential for the formation of lipid bilayers and they are universally 
present in cellular membranes. Glycerolipids are composed of a glycerol backbone that has 
been mono-, di- or trisubstituted with a fatty acyl group. In glycerophospholipids, the 
sn-3-position is esterified with a phosphate moiety, which in turn can be substituted with 
different head groups. The most common substituents are a choline, ethanolamine, glycerol, 
serine or inositol, thereby giving rise to various classes of glycerophospholipids, such as 
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), 
phosphatidylserine (PS) and phosphatidylinositol (PI), respectively. The length and degree of 
unsaturation of the fatty acyl groups at the sn-1 and sn-2 position determine the physical 

Structure 
Most reactive 
intermediate 

Absorption Reactivity Remarks 

 
Diazirine 

 
Carbene 

Activated at 
350-360 nm 

High,  
lifetime 21 ns 

Can isomerize to 
less reactive diazo 

form 

 
Benzophenone 

 
Diradical 

Activated at 
350-360 nm 

Slow, lifetime 
80-120 μs 

Diradical can 
collapse to reform 
the benzophenone 

 
Aryl azide 

 
Nitrene 

Activated at 
254 nm 

Medium to high 
Can rearrange to 
form less reactive 

intermediates 
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properties of the glycerophospholipid and its substitution pattern on the phosphate group 
dictates its protein interactions partners on the membrane surface.9  

The composition of the different types of lipids and their compartmentalization between 
cellular substructures does not only determine the physical properties of the biomembrane, 
but also regulates protein activity, localization and cellular signaling events via lipid-protein 
interactions. Such types of interactions can be discovered via application of lipid-based 
photoaffinity probes. Phosphatidylserine lipids, for example, are primarily found on intracellular 
membrane surfaces. When this asymmetry is disturbed during apoptosis, PS presentation is a 
trigger for phagocytosis. PS analogues 1-5 (Figure 1), containing a benzophenone and alkyne 
click handle were developed, and shown to label interacting proteins, such as prothrombin-1.10 

Phosphatidylcholine-based probes were made to study membrane-associated proteins, 
which are traditionally underrepresented in proteomic experiments.11 The goal was to detect 
proteins interacting with the phospholipid head groups of inner mitochondrial membranes. To 
this end, a photoreactive group was installed on the solvent-exposed head group of the lipid. 
Aryl azide probe 6 and benzophenone probe 7 (Figure 1) were used to isolate proteins from 
Saccharomyces cerevisiae mitochondria. The identified targets consisted of known membrane-
interacting proteins, including Gut2p and Cox2p, but also new proteins not previously known 
to be membrane-associated, such as Ald4p and Mrp7p. Of note, the authors concluded that 
aryl azide 6 is the preferred probe due to lower background labeling compared to 
benzophenone 7.11  

 

Figure 1 | Structures of photoaffinity probes based on phosphatidylserine 1-5 and phosphatidylcholine 6-7. 
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Phosphatidylinositol polyphosphates are a family of signaling lipids that act as anchors 
for protein association to the membrane. To discover interacting proteins, two probes based 
on phosphatidylinositol 3,4,5-triphosphate were synthesized.12 Probes 8 and 9 (Figure 2) were 
tested on the purified pleckstrin homology domain of protein kinase B, a known 
phosphatidylinositol phosphate binder. Probe 8 gave better signal, which was attributed to its 
shorter linker length, which positioned the benzophenone closer to the protein. Probe 8 was 
also applied to MDA-MB-435 cell extracts, which resulted in the identification of 265 
phosphatidylinositol 3,4,5-triphosphate-binding proteins.12 To study the membrane-binding 
domain of PON1, a high-density lipoprotein (HDL)-associated protein, phospholipid probe 10 
was made (Figure 2). Covalent photocrosslinking of 10, digestion and mass spectrometry 
analysis resulted in the identification of several closely localized residues on the surface of 
PON1, revealing the HDL-binding domain.13 

To study the ability of cardiolipin to form a complex with the mitochondrial protein 
cytochrome c, photoaffinity probes 11-13 were synthesized (Figure 2).14 These probes all 
induced similar or higher cytochrome c peroxidase activity compared to endogenous 
tetraoleoyl cardiolipin. This indicated that the central hydroxyl group is not necessary for 
activation. No follow-up study applying the labeling functionality has appeared yet.14 

 

 

Figure 2 | Structures of photoaffinity probes based on phosphatidylinositol 3,4,5-triphosphate 8-9, 
phospholipid 10 and cardiolipin 11-13.  
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Currently, several photoactivatable analogs of phosphatidylcholines are commercially 
available. It is argued, however, that lipids supplied to a cell are distributed differently than 
endogenously produced lipids, which are synthesized within the cell. This may distort the 
interaction profile reported by the probe.15 Moreover, palmitoyl- and myristoyl-based probes 
can be incorporated in various glycerolipids or as post-translational modifications (PTMs), 
thereby further complicating the analysis of a photoaffinity experiment. To solve these issues, 
Yao and co-workers reported on alkyne-containing choline 14 and diazirine-containing fatty 
acid 15 (Figure 3).16 When cells were incubated with these separate probe components, the 
subsequent photoaffinity experiment only captured the proteins that interact with the in situ 
synthesized phosphatidylcholine probe (14+15). This strategy yielded an interaction map of 
211 high-confidence PC-interacting proteins, mostly present in the cytosol, endoplasmic 
reticulum (ER), mitochondria and nucleus. The authors concluded that the double 
incorporation strategy offered improvement for global mapping of genuine protein-lipid 
interactions and indicated that the strategy is expandable to different lipid classes, such as 
phosphatidylinositols.16 

Monogalactosyldiacylglycerol (MGDG) is a type of anti-inflammatory signaling lipid.17 
Three photoactivatable probes (16-18) were synthesized to elucidate its mode of action 
(Figure 3). The linolenoyl groups were replaced with a similar photoaffinity-click fatty acid 
(pacFA) or a minimalist linker18 was added to the sugar moiety. When tested in an 
inflammatory assay, 16 did not show any activity, while 17 and 18 had comparable activity 
to MGDG. This indicated that an unmodified galactosyl moiety is essential for MGDG activity. 
Moreover, when incubated, UV-exposed and washed, 17 lost all anti-inflammatory activity 
whereas 18 was still active. This implied that 18 was capable of both binding and labeling 
unidentified targets without disrupting its biological function. With structure 16 as negative 
control, TLR-4 was identified as a probe target in human chondrocytes. Subsequent orthogonal 
experiments demonstrated MGDG acted as TLR-4 antagonist.19 

Figure 3 | Structures of photoaffinity probes based on phosphatidylcholine 14+15 and dilinolenoyl MGDG 16-18.  
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Recently, caged photoaffinity probes based on diacylglycerol (DAG) (19, Figure 4), 
saturated fatty acid (20, Figure 5), and sphingosine (21, Figure 6) were developed by Schultz 
and co-workers.20 These probes were used to study biologically active signaling molecules with 
temporal, spatial, and subcellular resolution. The caging groups consists of a fluorescent 
coumarin group, which prevents recognition of the lipid by the cellular machinery. This caging 
group can then be released upon irradiation with a wavelength that does not activate the 
diazirine moiety. Microscopy experiments indicated that all probes were indiscriminately 
localized to internal membranes and the cytoplasm. Uncaging, photocrosslinking and ligation 
with a fluorophore showed that each probe localized to distinct cellular components. It also 
proved feasible to use the uncaging for controlled release of DAG. Elevated DAG levels are 
known to trigger translocation of C1-domain-containing proteins to the plasma membrane.21 
When 19 was uncaged in HeLa cells, immediate translocation of C1-linked green fluorescent 
protein (GFP) was observed.20 Moreover, DAG turnover could be quantified on a population-
wide and single-cell level. The authors suggested that standard biochemical experiments to 
measure DAG metabolism are inherently flawed, since they only measure combined lipid 
transport and metabolism. Moreover, striking differences were found between DAG turnover 
on a cell-to-cell level, indicating that heterogeneity might be an underrated complication of 
lipid signaling.20 In addition, a pulldown experiment with probes 19-21 was performed using 
HeLa cell proteome affording 130 19-specifically binding proteins. As the probe contains 
arachidonic acid, the hits were compared to the targets of arachidonic acid-based probes 22 
and 23 (Figure 5). Remarkably, only 17 of the proteins identified using DAG probe 19 were 
previously identified with probes 22 and 23, showing that probe 19 has mostly genuine DAG-
specific interactions. Overall, the two activatable functionalities within the probe allowed to 
investigate different aspects of the lipids such as the protein interaction partners, metabolism 
and signaling functions.20  

 

Figure 4 | Structures of photoaffinity probes based on diacylglycerol 19 and 39, phosphatidylethanolamide 36 
and phosphatidylcholine 37.  
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Fatty acids and their derivatives 

Fatty acids are constituents of other lipid classes, such as glycerol(phospho)lipids, glycolipids 
and ceramides, but they also have their own signaling roles. In addition, they can be 
incorporated in proteins as post-translational modification (PTM), thereby anchoring the 
protein to the membrane. Furthermore, oxidative enzymes, such as lipoxygenases, 
cyclooxygenases and cytochrome P450s metabolize polyunsaturated fatty acids into bioactive 
signaling molecules. For example, endothelium-derived epoxyeicosatrienoic acids (EETs) are 
lipid signaling molecules with various biological activities.22 In search of a high-affinity 
G protein-coupled EET receptor for 14,15-epoxyeicosatrienoic acid, epoxide-containing lipid 
24 equipped with a photoactivatable aryl azide and radioactive iodide as reporter group was 
synthesized (Figure 5). The probe showed EET agonist activity and labeled a 47 kDa band 
which could be outcompeted with several EET agonists and antagonists.23 However, with no 
bioorthogonal ligation handle present, the protein could not be identified.  

 

 

Figure 5 | Structures of photoaffinity probes based on 14,15-epoxyeicosatrienoic acid 24-26, bifunctional lipid 
probes 27-28, trifunctional lipid probe 20, anandamide-based probes 22, 23 and probe 29.  

The structurally related probes 25 and 26 (Figure 5) have been used to study the binding 
mode of EETs in the soluble epoxide hydrolase (sEH) enzyme.24 Photoaffinity experiments 
combined with computational modeling indicated that the stereochemistry of the epoxide 
dictates the binding orientation of the substrate into the enzyme.  

Bifunctional probe 27 (Figure 5) was synthesized to study in vivo protein-lipid 
interactions.2 Fatty acids can be incorporated in different lipid classes and in proteins as PTM. 
Proteomic analysis using 27 resulted in the identification of a large number of lipid-interacting 
proteins in CHO and HeLa cells. Enrichment of proteins by UV irradiation indicated noncovalent 
interactions, while proteins that were enriched in the absence of UV irradiation were 
designated as putative palmitoylated proteins. This observation was supported by an increase 
in identified palmitoylated proteins when the incubation time was increased. The authors 
continued by demonstrating the usage of the probe to visualize lipid-interacting proteins in 
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nematode larvae using fluorescence microscopy. Overall, this report demonstrates the 
versatility of bifunctional probes in studying protein-lipid interactions.2 

Other groups have also exploited metabolic incorporation of lipids as PTM. For example, 
probe 28 (Figure 5) was incorporated in S-palmitoylated membrane proteins.25 The 
photoaffinity group allowed the capture of protein-protein interactions of interferon-induced 
transmembrane protein 3 (IFITM3), a protein with antiviral properties. This method was 
validated by studying VAPA‒a known interaction partner of IFITM3‒after which a pulldown 
experiment afforded 12 novel interaction partners of IFITM3.25  

Anandamide is a signaling lipid involved in neurotransmission. To map anandamide-
binding proteins, photoaffinity probes 22 and 23 were synthesized in the lab of Cravatt. More 
than a thousand interacting proteins were identified in Neuro-2a and HEK-293 cells, including 
NUCB1, NENF and VAT1. Probes 22 and 23 were subsequently employed to discover ligands 
for the lipid-binding pockets of said targets using competitive fluorescence polarization 
assays.26 In addition, lipid probes 22, 23 and oleoylethanolamide-based 29 (Figure 5) were 
utilized in another study to determine the selectivity profile of small molecules occupying 
lipid-binding pockets. This strategy was referred to as lipid-protein interaction profiling 
(LiPIP).27  

Sphingolipids 

Sphingolipids are lipids that have sphingosine or a sphingosine derivative as a scaffold. Similar 
to glycerolipids, most of the sphingolipids exist in the form of a phosphate ester and have a 
fatty acyl attached through an amide bond. Sphingomyelin, one of the most common 
sphingolipids, serves mainly a structural purpose, but its derivatives are increasingly 
recognized as important signaling molecules. 

The last decade has witnessed a continuous progression in the development of chemical 
probes to identify sphingolipid-binding proteins. For example, Haberkant et al. have 
synthesized tritium-functionalized probes 30 and 31 (Figure 6), which are rapidly incorporated 
into sphingolipids when applied to tissue cultures.28 Caveolin-1 and nicastrin were identified as 
sphingolipid-interacting proteins. In 2010, photoactivatable sphingosine 32 (Figure 6) was 
made and co-incubated with radioactive [3H]choline in fibroblasts from healthy subjects or 
patients with Niemann-Pick A disease.29 The sphingomyelin storage was found to be 
dysregulated in fibroblasts of the patients.  

In 2015, Schultz and co-workers developed photoaffinity-click sphingosine (pacSph) 33 
(Figure 6), which was used to identify 186 pacSph-interacting proteins.30 As a control, fatty 
acid probe 27 was used. Although probes 27 and 33 are based on different lipids and are 
metabolized via different pathways, substantial overlap between the interacting proteins was 
found. Four potential issues were mentioned: (i) both lipid probes could be incorporated into 
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phosphatidyl choline lipids, (ii) proteins may have two or more lipid-binding sites, (iii) a single 
lipid-binding site may be able to recognize multiple lipids, and (iv) alterations made on the 
lipids may alter their physiochemical properties.30 Nevertheless, pacSph probe 33 proved to 
be a more versatile tool to discover new sphingosine-binding proteins compared to 30 and 
31. The probe was further developed into trifunctional pacSph 21, which was used in similar 
experiments to afford 64 pacSph-specific binding proteins after uncaging,20 of which only 14 
were also found using non-caged pacSph 33. 

Since pacSph 33 has become commercially available, other groups have also employed 
it in their research of sphingolipids. PacSph 33 was used to distinguish between sphingolipid-
protein interactions resulting from ceramides synthesized through ceramide synthase 5 
(CerS5) or CerS6. This resulted in the discovery that only CerS6-derived sphingolipids bind to 
the mitochondrial fission factor (Mff).31 In another study, pacSph 33 was used to visualize the 
localization of pacSph by microscopy and its binding to the SPCA1 calcium pump in gel-based 
experiments.32 

 

 

Figure 6 | Structures of photoaffinity probes based on sphingosine 30, 31, 32, 33 and 21. 

Ceramide, a sphingosine containing a fatty acyl amide, is a signaling molecule with 
pro-apoptotic activity. In search of ceramide-binding proteins, photoaffinity probes 34-39 
(Figures 4, 7) with pacFA 27 as basis were developed by Holthuis and co-workers.33 The 
targets of ceramide probe (pacCer) 34 were compared to the interaction partners of 
glucosylceramide (pacGlcCer) 35 in cytosolic fractions of various cell lines. A protein with a 
StAR-related lipid-transfer domain, CERT, was chosen as model protein to study structure-
activity relationships of the lipid-binding pocket. This was done using probes 34-39 to 
distinguish probe-specific interactions (Figures 4, 7).33 This set of probes was used by the 
same group to study ceramide binding to VDAC2, which was found to be a direct effector of 
ceramide-mediated cell death.34 Since it has become commercially available, other groups have 
used pacCer 34 to study its binding to tubulin35 and downstream effect on VDAC1 closure in 
mitochondria.36 
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Figure 7 | Structures of photoaffinity probes based on ceramide 34, glucosylceramide 35 and sphingomyelin 38.  

Sterols 

Sterols are lipids with rigid, fused rings with one or more hydroxyl groups, which gives them 
amphiphilic properties. Cholesterol is the most abundant sterol found in mammalian cells. 
Cholesterol alters the fluidity of the membrane and is a constituent of lipid rafts, which are 
liquid-ordered regions of the plasma membrane high in cholesterol and glycosphingolipids, 
sequestering specific proteins.37 The lipid environment alters the biological properties of the 
embedded proteins. The noncovalent interaction of sterols to proteins, specifically in lipid rafts, 
has received a surge of interest in recent years. 

Various types of cholesterol-based probes have been synthesized (Figure 8). Structures 
40-42 are diastereomers which showed similar protein labeling patterns on gel with the most 
intense labeling by the trans-sterol structure 40.38 In a large-scale proteomics experiment in 
cells using probe 40, about 850 proteins were found to be UV-enriched. Nearly 700 of these 
proteins showed preference over a palmitoylethanolamide-based probe and could be 
annotated as cholesterol-interacting proteins.  

Compounds 43 and 44 were synthesized to map cholesterol binding sites in VDAC1 
(Figure 8). Purified recombinantly expressed mouse VDAC1 was used in a top-down and 
bottom-up proteomics analysis to map the binding pocket. The binding site was found to 
include Thr83 and Glu73.39 To study the transfer of cholesterol between NPC1 and NPC2, the 
linked cholesterol pair 45 has been synthesized to stabilize the protein transition state during 
the hand-off (Figure 8). Supported by previous studies, the probe was thought to stabilize 
protein dimer complexes, but no follow-up report has appeared yet.40 
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Figure 8 | Structures of photoaffinity probes based on cholesterol 40-45.  

 Bile acids are sterols that aid in digestion of dietary lipids, but may also act as signaling 
molecules regulating lipid and glucose metabolism.41 Three probes based on bile acids have 
been synthesized with the diazirine and alkyne located on different parts of the sterol.42 Probes 
46-48 (Figure 9) afforded 331 proteins that were labeled by all three structures and out-
competed with a twofold excess of competitor. Three known and three unknown bile acid 
binding proteins were validated by overexpression, labeling with or without a competitor and 
immunoblotting. Of note, 146 of these probe targets were shared by cholesterol probe 40.38,42  

The development of betulinic acid-based probes, including photoactivatable probes 49 
and 50 (Figure 9), has been reported.43 Probe 49 was armed with a 2-aryl-5-carboxytetrazole, 
a recently developed photoactivatable linker with high crosslinking efficiency.44 A pulldown 
experiment performed with both probes afforded 150 probe targets, which were subsequently 
triaged using control experiments. This afforded 9 and 13 unique proteins identified by 
structure 49 and 50, respectively. Surprisingly, there was no overlap in protein targets 
between the two probes, which was rationalized by the difference in location and reactivity of 
the photoactivatable groups.  

To explore the molecular mechanisms of oleanolic acid, two probes based on this sterol 
have been synthesized.45 To test functional similarity to the parent structure, they were tested 
in a RMGPa inhibition assay, where 51 showed a twofold and 52 (Figure 9) a fivefold reduction 
of potency compared to oleanolic acid. Probe 51 labeled two gel bands UV-dependently in 
soluble proteomes prepared from HepG2 cells which could be outcompeted with oleanolic acid, 
but the probe targets were not identified.45  
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Figure 9 | Structures of photoaffinity probes based on bile acid 46-48, betulinic acid 49-50 and on oleanolic acid 
51-52. 

 

Promiscuous lipid binding proteins 

Chemical proteomic datasets contain a large amount of data with a significant amount of noise, 
making it challenging to distinguish the specific interaction partners of a probe in a pulldown 
experiment. This necessitates careful design of the experiment with appropriate controls. Due 
to a bias toward highly abundant proteins and potential co-purification of other proteins with 
probe targets, the negative controls of a proteomics experiment often do not cover the whole 
spectrum of background proteins. To combat this problem, twelve laboratories have combined 
the datasets of >300 negative control experiments to establish a database of common 
background proteins. This contaminant repository for affinity purification (CRAPome) is a 
useful database to identify common background proteins.46 In case of affinity-based protein 
profiling, one also needs to keep in mind the specific background labeling proteins associated 
with each individual photoreactive group, which were mapped by Sieber and co-workers.47 
These datasets can be used to triage probe hits, but they are limited to background proteins 
based on the purification method46 or photoreactive group.47 When conducting chemical 
proteomics with lipid probes, one also has to account for the nonspecific interactions due to 
the inherent lipophilic character of these probes. A different set of background proteins could 
therefore be envisioned based on hydrophobic interactions with lipid probes.  
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To compile a database of promiscuous lipid-binding proteins, the reported enriched 
proteins from representative probes 8, 14, 15, 19, 21, 22, 23, 27, 29, 33, 40 and 47 were 
combined, compared and ranked. For each probe, the criteria of the authors for assigning 
probe targets were used. Where possible, the proteins identified in multiple cell lines were 
used. This resulted in a list of 1367 distinct proteins of which 176 targets were found in ≥4 
experiments (from a total of 11 experiments) (Figure 10A). Of note, only 13 of these proteins 
were identified as background proteins by the CRAPome (using ≥20% of total entries as cut-
off criteria).46 An overview of the 176 promiscuous lipid-binding proteins can be found in the 
supplementary information (Table S1). It was found that photoaffinity probes 8, 19 and 21 
were highly selective with the smallest number of common targets (Figure 10B). For probe 8, 
this was likely due its dissimilarity to the other probes with a highly negative charge at 
physiological pH. On the other hand, the caging groups of probes 19 and 21 seem to be 
effective for the reduction of non-specific labeling. All other probes had significant overlap of 
protein targets, and without diligent controls caution would be advised before calling these 
targets specific interaction partners.  

Figure 10 | Promiscuous lipid binder analysis. (A) Bar graph giving an overview of the amount of times 
proteins were identified in multiple datasets. In total 1367 proteins were identified of which 176 (13%) were found 
in at least 4 of the 11 datasets. A list is provided in Table S1. (B) Overview of the amount of probe-targets and 
promiscuous lipid binding proteins identified by each probe. The red line at 176 visualizes the maximum amount of 
promiscuous lipid binding proteins.  
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Conclusion 

In summary, the aim of this chapter was to review the lipid-based photoaffinity probes 
published in the last decade. These probes constituted mainly of glycerol(phospho)lipid-, fatty 
acid-, sphingolipid- or sterol-based structures. Since the early development of lipid probes, the 
reported compounds have gained functionality while more closely resembling the structure of 
their parent lipids. Early probes usually contained benzophenones as reactive handles and a 
fluorescent or radiolabeled detection tag, which limited their application. Usually, binding to a 
known protein interaction partner was investigated. Benzophenones and aryl azides have 
made way for the diazirine moiety, due to the higher reactivity and smaller structural impact 
of this photoreactive group. The various detection tags on lipid probes have been replaced by 
an alkyne, which is minimally intrusive while being able to react with a large range of azide 
reagents. With improved synthetic and commercial access to photoreactive tools, lipid probes 
are now being used to map global lipid-protein interactions. Increasingly complex biological 
questions are being addressed, including lipid uptake, metabolism and localization.  

There are number of caveats, however, to take into account when using lipid-based 
photoaffinity probes. For example, non-specific binding proteins, such as membrane-
associated and internal membrane-bound proteins, are overrepresented as probe targets. 
Specific interaction partners might, therefore, be hard to identify. To combat this problem, 
appropriate controls should be included in the design of the experiment. Conventional 
competition experiments with an excess of non-probe competitor may give confounding results 
due to high lipophilicity and membrane accumulation of the competitor lipids.48 It is, therefore, 
recommended to include structurally similar, but biologically inactive, probes to obtain a list of 
specific targets, which should be compared to lists of commonly found targets.1,46,47 Another 
challenge is the fast metabolism of exogenous lipids, making it difficult to identify the 
biologically active lipid species. The addition of a caging group has been a successful strategy 
to allow for indiscriminate distribution of the probe before activation.20,49 Lipid metabolism can 
also be exploited by incorporating the photoreactive and bioorthogonal handle into different 
lipid species, which results in the formation of a probe molecule in situ.16  

Overall, lipid-based photoaffinity probes are useful chemical tools to study multiple 
aspects of lipid biology, using different techniques and compatible click reagents. Further 
development of these tools and their applications will allow for a more complete understanding 
of the many roles lipids play.  
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Supplementary data 
Table S1 | List of proteins identified as promiscuous lipid binding proteins. Proteins are listed with their 
accession number, gene name and the number of datasets in which they were identified as a probe target. Proteins 
colored red are the proteins flagged by the CRAPome database.  
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Q9NRG9 AAAS  4 A0FGR8 ESYT2  4 Q9Y5Y5 PEX16 5 P43307 SSR1  8 
P28288 ABCD3  5 Q9NRY5 FAM114A2  7 O00264 PGRMC1  7 P51571 SSR4  6 
O95870 ABHD16A  4 Q96A26 FAM162A  4 O15173 PGRMC2  6 Q9NQZ5 STARD7  4 
Q8WTS1 ABHD5  4 Q8WVX9 FAR1  4 P35232 PHB 6 Q9UJZ1 STOML2  4 
Q9BV23 ABHD6 7 P37268 FDFT1 4 Q99623 PHB2  7 P46977 STT3A  4 
O95573 ACSL3  4 P22830 FECH 4 Q92643 PIGK  5 Q8TCJ2 STT3B  4 
Q9BRR6 ADPGK  5 O00461 GOLIM4  5 Q96S52 PIGS  5 Q9UH99 SUN2  4 
O95831 AIFM1  5 Q9P035 HACD3  4 Q9H490 PIGU  4 O15260 SURF4  5 
P51648 ALDH3A2  7 P40939 HADHA  6 Q10713 PMPCA  4 Q9Y4P3 TBL2  6 
P53365 ARFIP2  6 Q9NRV9 HEBP1  4 P50897 PPT1  5 Q9NZ01 TECR  4 
Q8NHH9 ATL2  4 Q8TCT9 HM13  6 Q9BZL6 PRKD2  4 P0DO92 T-ENOL  4 
Q6DD88 ATL3 4 P30519 HMOX2  6 Q9H7Z7 PTGES2  4 Q8WUY1 THEM6  4 
Q9HD20 ATP13A1  6 Q53GQ0 HSD17B12  6 P18031 PTPN1  4 O60830 TIMM17B  4 
P16615 ATP2A2  6 Q3SXM5 HSDL1  5 P61026 RAB10 5 O14925 TIMM23  5 
P25705 ATP5A1  4 P14625 HSP90B1  4 P62491 RAB11A  4 O43615 TIMM44  5 
P06576 ATP5B  4 P11021 HSPA5  4 P62820 RAB1A  4 Q3ZCQ8 TIMM50  5 
P24539 ATP5F1 5 O60725 ICMT  4 Q9H0U4 RAB1B 4 Q13445 TMED1  4 
Q93050 ATP6V0A1  4 Q8TCB0 IFI44  4 Q8TC12 RDH11  4 P49755 TMED10  5 
Q9UHQ4 BCAP29  4 Q70UQ0 IKBIP  4 P04843 RPN1 6 Q15363 TMED2  5 
P51572 BCAP31  7 Q16891 IMMT  4 P04844 RPN2 5 Q9Y3B3 TMED7  4 
Q8WY22 BRI3BP  5 Q8N5M9 JAGN1 4 O95197 RTN3  5 Q9NX00 TMEM160 5 
P35613 BSG  4 P24390 KDELR1  4 Q9NQC3 RTN4  5 Q9HC07 TMEM165  4 
P27824 CANX 6 Q06136 KDSR  5 Q9NTJ5 SACM1L  4 Q6NUQ4 TMEM214  5 
Q96A33 CCDC47  8 Q86SY8 KTN1-AS1  5 Q9Y512 SAMM50  7 Q4ZIN3 TMEM259  4 
Q96G23 CERS2  6 Q14739 LBR 4 Q9NR31 SAR1A  4 P57088 TMEM33  5 
Q9NZ45 CISD1  6 O95202 LETM1 5 Q9Y6B6 SAR1B  4 Q9BTV4 TMEM43  5 
Q07065 CKAP4 6 P20700 LMNB1  4 Q8WTV0 SCARB1  4 P42166 TMPO  6 
Q9UBD9 CLCF1  4 Q6P1A2 LPCAT3  4 Q14108 SCARB2  4 Q9H3N1 TMX1  5 
O96005 CLPTM1 6 Q96AG4 LRRC59  7 Q8NBX0 SCCPDH  5 Q9Y320 TMX2  5 
P23786 CPT2  5 Q9NZJ7 MTCH1  5 O43819 SCO2 4 Q9NS69 TOMM22  5 
P07339 CTSD  5 Q9Y6C9 MTCH2  6 P67812 SEC11A  4 O96008 TOMM40  4 
Q6UW02 CYP20A1  4 Q86UE4 MTDH  7 Q9UGP8 SEC63  4 O14656 TOR1A  5 
Q16850 CYP51A1  7 Q969V3 NCLN 5 Q9UBV2 SEL1L  7 Q9H4I3 TRABD  4 
Q8WVC6 DCAKD 5 Q9Y6Q9 NCOA3  6 Q8IWL2 SFTPA1  5 O95292 VAPB  4 
O15121 DEGS1  4 Q9BTX1 NDC1  4 O95470 SGPL1  5 P21796 VDAC1  6 
Q9BUN8 DERL1  5 Q9Y639 NPTN  4 P53007 SLC25A1  4 P45880 VDAC2 5 
Q15392 DHCR24  6 Q15738 NSDHL  5 Q9UBX3 SLC25A10  5 P08670 VIM 4 
Q96LJ7 DHRS1  5 Q02818 NUCB1  5 Q02978 SLC25A11  4 Q8N0U8 VKORC1L1 6 
Q9Y394 DHRS7  5 P80303 NUCB2  4 O75746 SLC25A12  5 Q96GC9 VMP1  4 
Q96KC8 DNAJC1  4 Q8TEM1 NUP210  4 O43772 SLC25A20  4 Q5BJH7 YIF1B  4 
Q8N766 EMC1  4 Q8NFH5 NUP35  4 Q9H2D1 SLC25A32  4 O75844 ZMPSTE24  7 
P50402 EMD  7 Q9NX40 OCIAD1  6 P05141 SLC25A5  4    

P07099 EPHX1  5 O60313 OPA1  4 Q8TAD4 SLC30A5  4    

O75477 ERLIN1  5 P07237 P4HB  4 Q15005 SPCS2  4    

Q9BSJ8 ESYT1  4 Q9UHG3 PCYOX1  6 Q14534 SQLE  4    
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Chapter 3 
 

Bioorthogonal photoaffinity probes of 
omega-3 signaling lipids reveal PTGR1 as a 

metabolic hub in human macrophages* 
 

  
 

 

 
Introduction 

Dietary omega-3 polyunsaturated fatty acids (PUFAs) are generally considered to be beneficial 
for human health.1–3 For example, the fish oil constituent docosahexaenoic acid (DHA, 
22:6 n-3, 1) is important for brain development, neuronal protection and the immune system 
(Scheme 1A).2–7 Mechanistic studies indicate that many of the favorable effects of omega-3 
fatty acids are due to their interaction with immunological processes,1,2 which has been 
reiterated by the discovery of their oxidized metabolites involved in the resolution of 
inflammation.8,9 Malfunction of this resolution phase of inflammation is hypothesized to 
contribute to many chronic inflammatory diseases, such as rheumatoid arthritis and 
asthma.10,11 A better molecular understanding of the biological role of these lipids in the 
resolution phase of inflammation is required to develop therapeutics for these diseases.  

 
____________________________ 
*The data presented in this chapter was gathered in collaboration with Joost von Hegedus, Joanneke C. 
Kwekkeboom, Marieke Heijink, Bogdan I. Florea, Hans van den Elst, Kim Wals, Herman S. Overkleeft, Martin Giera, 
René E. M. Toes, Andreea Ioan-Facsinay, Mario van der Stelt.  
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The resolution of inflammation requires the intricate orchestration of cells of the innate 
immune system via soluble mediators. Among these, oxidative metabolites of DHA play a 
central role.7,12 Biochemical studies have shown that DHA is oxidized into a central precursor, 
17-hydroxy-docosahexaenoic acid (17-HDHA, 2) via multiple pathways, including 
15-lipoxygenase and cyclooxygenase acetylated by aspirin (Scheme 1A).13 Oxidation by 
15-lipoxygenase results in the formation of 17(S)-HDHA, while acetylated COX generates 
17(R)-HDHA.14 Importantly, 17-HDHA has protective effects in various animal models of colitis, 
arthritis and renal reperfusion.15–18 In vitro, human macrophages produce less TNFα and more 
IL-10 following exposure to 17-HDHA.19,20 Treatment with 17-HDHA also reduces LTB4 
production in both isolated murine and human neutrophils.20,21 Moreover, 17-HDHA can be 
further metabolized to specialized proresolving lipid mediators (SPMs), such as D-series 
resolvins and protectins (Scheme 1A), a process involving several enzymes. Resolvins and 
protectins are bioactive lipids with potent pro-resolving activities, including halting the 
infiltration of neutrophils and enhancing the non-phlogistic clearance of apoptotic cells, cellular 
debris and microbes by macrophages, thereby stimulating the resolution of inflammation, while 
promoting tissue regeneration.8,22 On the other hand, 17-HDHA can be metabolized to 17-oxo-
docosahexaenoic acid (17-oxo-DHA, 3), which may limit the formation of SPMs. Insight into 
its protein interaction partners in human immune cells would be of great benefit in obtaining 
a better molecular understanding of the biological role and metabolism of 17-HDHA. 

 
Scheme 1 | Oxidative metabolism of DHA (1) and synthetic strategy of photoaffinity probes 4 and 5. 
(A) Metabolic pathway of DHA to 17-oxo-DHA, resolvins and protectins. (B) Structures of photoaffinity-click 
(pac-)probes based on DHA (1) and 17-HDHA (2). The synthetic strategy included the use of soybean lipoxygenase 
(sLOX) to introduce the hydroxyl and the use of Wittig reactions to join building blocks 6, 8 and 9.  
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Lipid photoaffinity probes have been successfully used to map protein-lipid interactions 
on a global scale in their native environment.23 Bioorthogonal photoaffinity lipid probes consist 
of a lipid modified with a photoreactive group and bioorthogonal ligation handle.24 The 
photoreactive group is activated by irradiation with light, generating a reactive species that 
may form a covalent and irreversible bond with the interacting protein. The ligation handle is 
used to attach a reporter group via bioorthogonal chemistry, which allows for visualization or 
isolation of the probe-bound protein in a complex biological sample. This affinity-based protein 
profiling (AfBPP) approach has been reported for multiple lipid classes including 
phospholipids,25,26 fatty acids,23,27 sphingolipids28,29 and sterols,24,30 but has not been applied 
to omega-3 PUFAs, arguably due to the synthetic challenges associated with their 
preparation.31  

  An important drawback of photoreactive lipid-based probes is their inherent high 
lipophilicity and nonspecific binding to proteins. Significant overlap between protein targets of 
lipid probes has been documented, making it difficult to assign specific interaction partners to 
a given probe and to study their biological role.32,33 Competition experiments with non-labeled 
lipids have been applied to identify specific binding partners, but were not always successful, 
possibly due to accumulation of both probe and competitor lipids in the cellular membrane.34,35  

Here, the design, synthesis and application of a pair of complementary photoaffinity 
probes is described (4 and 5) based on the structure of DHA and 17-HDHA, respectively 
(Scheme 1B). The aim was to map the specific binding partners of 17-HDHA in primary human 
macrophages by comparative AfBPP, an approach capable of uncovering genuine, specific 
probe targets (Figure 1). Probe 5 retained the anti-inflammatory properties of the parent lipid 
in human M2 macrophages. Using chemical proteomics, specific protein binding partners of 
the probes were mapped. Prostaglandin reductase 1 (PTGR1) was identified and validated as 
a probe 5-specific target. Subsequent biochemical studies revealed that PTGR1 oxidizes 
17-HDHA into the anti-inflammatory 17-oxo-DHA in human macrophages. 17-oxo-DHA 
reduced the biosynthesis of the proinflammatory lipids in primary human neutrophils. These 
results demonstrate the potential of comparative photoaffinity protein profiling for the 
discovery of metabolic enzymes of bioactive lipids and highlight the power of chemical 
proteomics to uncover new biological insights. 
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Figure 1 | Schematic overview of comparative AfBPP experiment. Two probes are used to identify all 
probe-interacting proteins. Then, probe-specific targets (green and red) can be identified after eliminating common 
(blue) probe targets. 
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Results 

Design and synthesis of photoaffinity probes 4 and 5 

In the design of photoaffinity probes 4 and 5 (Scheme 1B) and to ensure they closely resemble 
the signaling lipids DHA and 17-HDHA, respectively, the polyunsaturated fatty acid scaffold 
was kept intact and the omega carbon was substituted with a diazirine- and alkyne-containing 
minimalistic bifunctional group.36 Diazirines are small photoreactive groups with short reactive 
half-lives upon activation, thereby minimizing the interference and reducing non-specific 
labeling. The alkyne is the smallest bioorthogonal tag available and has similar physio-chemical 
properties to the alkyl chain of fatty acids.37,38  

To synthesize the probes in an efficient manner, a chemoenzymatic approach was used. 
Probe 5 was produced by soybean lipoxygenase using probe 4 as substrate (Scheme 1B). 
Probe 4 was synthesized by combining two strategic building blocks, the minimalistic 
bifunctional photoreactive linker 6 and the polyunsaturated fatty acid scaffold (7), using a 
Wittig reaction. Building block 7 was generated by combining the two dienes 8 and 9, also via 
a Wittig reaction. This synthetic strategy avoids the reduction of six skipped (non-conjugated) 
alkynes at the same time, which would lead to a complex mixture of partially hydrogenated 
products.39 Moreover, this strategy did not require the assembly of large, skipped polyalkyne 
structures, which are inherently unstable.40,41  

 The synthesis of building block 6 started with reacting commercially available ethyl 3-
oxobutanoate (10) with propargyl bromide using a protocol adapted from literature 
(Scheme 2).36 Alkyne 11 was purified by fractional vacuum distillation and subsequently 
protected as a ketal by using ethylene glycol, followed by reduction of the ester with LiAlH4. 
The resulting alcohol 12 was hydrolyzed under acidic conditions to form ketone 9. This ketone 
was transformed into a diazirine in a three-step sequence. First, an imine was formed with 
saturated ammonia in methanol, after which reaction with hydroxylamine-o-sulfonic acid 
generated the diaziridine, which was oxidized with elemental iodine in methanol to form 
diazirine 14 in a yield of 37%. Alcohol 14 was halogenated using iodine in an Appel reaction 
to obtain compound 15, after which the iodide was substituted with triphenylphosphine at 
70 °C to form 6 in 73% yield over two steps. 
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Scheme 2 | Synthesis of diazirine- and alkyne-containing building block 6. Reagents and conditions: (a) 
diisopropylamine, n-BuLi, THF, -78 °C to -40 °C, then 6, propargyl bromide, -40 °C to 0 °C, 45%; (b) ethylene 
glycol, p-TsOH, triethyl orthoformate, 80 °C; then LiAlH4, THF, 0 °C to rt, 94% over 2 steps; (c) acetone, H2O, 
p-TsOH, 50 °C, 93%; (d) NH3, hydroxylamine-o-sulfonic acid, MeOH, 0 °C to rt, then I2, Et3N, MeOH, 0 °C, 37%; 
(e) imidazole, I2, PPh3, DCM, 0 °C to rt, 73%; (f) PPh3, ACN, 70 °C, quant. 

The double bond system in building block 7 was assembled by joining fragments 8 and 9 
(Scheme 3). To this end, butynol (16) was protected with a TBS group to afford alkyne 17 in 
98% yield. This compound was deprotonated using n-butyllithium and reacted with 
paraformaldehyde to afford alcohol 18, which was tosylated to obtain 19. This intermediate 
was used without further purification for a copper(I)-mediated coupling to butynol to afford 
skipped alkyne 20 in 71% yield over three steps. The skipped alkyne was partially 
hydrogenated using a nickel boride catalyst to furnish alcohol 9 in 64% yield.   

 For fragment 8, pentynoic acid (21) was protected by esterification in methanol to 
obtain 22, which was reacted with sulfonate ester 19 in a second copper(I)-mediated coupling 
to afford skipped alkyne 23 (Scheme 2). Skipped alkyne 23 was partially hydrogenated to 
afford silylated 24. The TBS group was removed using TBAF to afford alcohol 25, which was 
halogenated to form 26. This was then substituted with triphenylphosphine to afford 
phosphonium salt 8 in 43% yield from pentynoic acid.  

Scheme 3 | Synthesis of diene fragments 8 and 9. Reagents and conditions: (a) imidazole, TBSCl, DMF, 0 °C, 
98%; (b) n-BuLi, paraformaldehyde, THF, -40 °C, 82%; (c) TsCl, KOH, Et2O, 0 °C to rt; (d) CuI, NaI, Cs2CO3, but-
3-yn-1-ol, DMF, 86%; (e) Ni(OAc)2·4H2O, NaBH4, ethylenediamine, EtOH, 64%; (f) SOCl2, MeOH, 0 °C to rt, 92%; 
(g) 19, CuI, NaI, Cs2CO3, DMF, 74%; (h) Ni(OAc)2·4H2O, NaBH4, ethylenediamine, EtOH, 89%; (i) TBAF, THF, 0 
°C to rt, 71%; (j) CBr4, PPh3, DCM, -30 °C to 0 °C, quant.; (k) PPh3, ACN, 92 °C, quant.  
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 To join intermediates 8 and 9, a Wittig reaction was performed by deprotonation of 8 
to form ylid 27 using LiHMDS at reduced temperature, and addition of freshly prepared 
aldehyde 28 at -100 °C (Scheme 4). Alcohol 9 was oxidized using DMP to generate aldehyde 
28 directly before use due to the instability of β,γ-unsaturated aldehydes.42,43 This resulted in 
isolation of 29 with the newly generated alkene in Z-configuration in 57% yield, which was 
deprotected using TBAF to obtain alcohol 7 in 87% yield.   

  Building block 6 was installed in probe 4 by generating the final double bond using 
another Wittig reaction, for which alcohol 7 was oxidized with DMP, while phosphonium salt 6 
was deprotonated with KOtBu at reduced temperature. Higher temperatures or stronger bases 
resulted in loss of the diazirine. The freshly generated aldehyde 30 was added to the ylid 
at -105 °C which afforded methyl ester 31 in 38% yield after purification. The configuration 
of the last double bond was confirmed with NMR. Saponification of the ester yielded 
photoaffinity probe 4 in 83% yield.  

 
Scheme 4 | Formation of probes 4 and 5 by assembly of building blocks 6, 8 and 9. Reagents and 
conditions: (a) LiHMDS, THF, HPMA, -60 °C; (b) DMP, DCM, 0 °C to rt; (c) THF, HMPA, -100 °C to 0 °C, 57%; (d) 
TBAF, THF, 0 °C to rt, 87%; (e) DMP, DCM, 0 °C to rt; (f) 6, t-BuOK, THF, -70 °C to -50 °C, then 30, -105 °C 
to -30 °C, 38%; (g) LiOH, H2O, THF, 0 °C to rt, 83%; (h) sLOX, borate buffer pH 12.0, 0 °C, then NaBH4, then 
AcOH, 5%. 

 To generate photoaffinity-click (pac)-17-HDHA (5), commercially available soybean 
lipoxygenase (sLOX) was used, which catalyzes the oxidation of DHA (1) to 
17-hydroperoxy-DHA, which can be reduced to 17-HDHA (2).44,45 While DHA (1) was fully 
converted into 17-HDHA by sLOX using previously reported conditions,46 this resulted in the 
complete loss of the diazirine when using probe 4 as substrate. To this end, the reaction 
conditions with probe 4 were optimized for enzyme loading, temperature and incubation time. 
This resulted in the formation of probe 5, which could be obtained after high-performance 
liquid chromatography (HPLC) purification in sufficient quantities for cellular experiments, but 
not to determine the absolute configuration.  
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Mapping protein interaction partners of probe 4 and 5  

Probe 5 was tested in a cellular assay using primary human M2 macrophages to confirm it was 
biologically equivalent to 17-HDHA. M2 macrophages were differentiated from monocytes of 
healthy donors in the presence of macrophage colony-stimulating factor (M-CSF). Upon 
stimulation with Ca2+ ionophore, M2 macrophages rapidly synthesize the proinflammatory lipid 
5-HETE from arachidonic acid (AA) by 5-lipoxygenase (Figure 2A). A liquid chromatography-
mass spectrometry (LC-MS) method was developed to quantify 5-HETE and its precursor AA 
in these human macrophages. Upon pre-incubation with 17-HDHA lipid or probe 5, conversion 
of AA into 5-HETE was reduced to the same extent by both molecules. Moreover, in primary 
human neutrophils also no loss in anti-inflammatory signaling was observed (Figure S1). These 
results indicate that the probe retains the anti-inflammatory signaling capacity of 17-HDHA 
and can be used to investigate the binding partners of its parent lipid.  

  Next, the protein interaction landscape of probe 5 in human M2 macrophages was 
investigated using two-step AfBPP. To identify specific targets of 17-HDHA, probe 4 was also 
used to map general, promiscuous lipid binding proteins. To this end, cells were incubated 
with probe 4 or 5 in serum-free medium for 30 min. Crosslinking was effected by UV-irradiation 
(λ = 350 nm, 10 min) using a CaproBox,47 which irradiated the cells with simultaneous cooling 
at 4 °C to counteract the heat induced by the irradiation. Next, the cells were harvested, lysed 
and subjected to copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC, “click”-reaction)48 
conditions utilizing Cy5-N3 to enable the visualization of the probe-bound proteins by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis and in-gel 
fluorescence scanning (Figure 2B). This resulted in the visualization of many fluorescent bands 
for both probes, which were absent in the non-irradiated samples, demonstrating that the 
probes do not covalently interact with proteins without UV-irradiation. Although a large overlap 
in fluorescent bands was revealed after labeling by either probe 4 or 5, there were also several 
probe-specific bands observed (Figure 2B).  

To identify the probe-interacting proteins, the cell lysates were ligated to biotin-N3 and 
a chemical proteomics experiment was performed. Briefly, the probe-labeled proteins were 
enriched using avidin-coated agarose beads, digested using trypsin and the resulting tryptic 
peptides analyzed by LC-MS. This resulted in the identification of 179 proteins after deselection 
based on identified unique peptides and appearance in the CRAPome.49 Of these, 34 were 
significantly UV-enriched by probe 5 (Figure 2C/D, Table S1). To identify probe 5-specific 
interacting proteins, the UV enrichment profiles of both probes were compared (Figure 2D, 
Table 1). Proteins which were previously identified as promiscuous lipid probe binders33 are 
indicated in red. All promiscuous lipid probe binders, with the singular exception of voltage-
dependent anion channel 2 (VDAC2), were equally enriched by both probes. This 
demonstrated that comparative AfBPP is capable of discovering genuine probe-specific 
interactions. Eight and ten proteins were specifically labeled by probe 4 and 5, respectively.  
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Figure 2 | Comparative ABPP in human M2 macrophages using pac-17-HDHA and pac-DHA. (A) 
5-HETE/AA ratio (LC-MS/MS) produced by ionophore-stimulated M2 macrophages. Data represent means ± SD of 
representative donor (n = 3). ** p < 0.01 in comparison to ionophore-treated control using a one-way ANOVA with 
Dunnett’s multiple comparisons correction. n.d.; not detected. (B) Probe targets of pac-17-HDHA (5) and pac-DHA 
(4) conjugated to Cy5-N3 analyzed by SDS-PAGE and in-gel fluorescent scanning show UV-dependent and probe-
specific labeling. Coomassie (CM) served as a protein loading control. Asterisks indicate probe-specific labeling. (C) 
Waterfall plot of proteins identified using probe 5 in M2 macrophages. (D) UV enrichment by probe 4 and probe 
5 is shown and a 2-fold cutoff indicates probe-specific targets, promiscuous lipid probe binders33 are indicated in 
red. (E) Cellular component analysis of probe 5-interacting proteins by gene ontology (GO). (F) Gel-based AfBPP 
of GFP- or PTGR1-overexpressing HEK-293-T using probes 4 and 5. Expression of PTGR1 was shown by anti-FLAG 
western blot. (G) PTGR1 amino acid sequence starting at W275. One of the identified tryptic peptides is indicated.  
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Gene ontology (GO) enrichment analysis revealed that the proteins significantly UV-
enriched by probe 5 are mainly found in organelles in lipid metabolism, such as the 
endoplasmic reticulum and mitochondria. However, when the targets are narrowed down to 
probe-5-specific targets, the proteins are significantly associated with the extracellular 
exosomes gene ontology term (Figure 2E).50 The probe 5-specific targets are also 
predominantly involved in lipid metabolism (ALDH2/1A1, DECR1, DHRS4, HSD3B7, PTGR1) or 
transport (FABP5).  

Table 1 | List of probe-specifically enriched targets of probe 5.  

Uniprot 
accession 

Gene 
name 

Unique 
peptides 

Description Specific 

Q9H2F3 HSD3B7 3 3 beta-hydroxysteroid dehydrogenase type 7 

P
ro

be
 5

 

Q9NZ08 ERAP1 20 Endoplasmic reticulum aminopeptidase 1 
Q14914 PTGR1 11 Prostaglandin reductase 1 
Q9BTZ2 DHRS4 10 Dehydrogenase/reductase SDR family member 4 
Q16698 DECR1 4 2,4-dienoyl-CoA reductase, mitochondrial 
Q01469 FABP5 2 Fatty acid-binding protein, epidermal 
O75874 IDH1 8 Isocitrate dehydrogenase [NADP], cytoplasmic 
Q9Y6N5 SQOR 6 Sulfide:quinone oxidoreductase, mitochondrial 
P00352 ALDH1A1 17 Retinal dehydrogenase 1 
P05091 ALDH2 16 Aldehyde dehydrogenase, mitochondrial 
Q92928 RAB1C 2 Putative Ras-related protein Rab-1C 

P
ro

be
 4

 

Q99541 PLIN2 11 Perilipin-2 
Q9BQE5 APOL2 4 Apolipoprotein L2 
O60664 PLIN3 2 Perilipin-3 
P45880 VDAC2 7 Voltage-dependent anion-selective channel protein 2 
O15127 SCAMP2 2 Secretory carrier-associated membrane protein 2 
Q8NBQ5 HSD17B11 2 Estradiol 17-beta-dehydrogenase 11 
Q9H8H3 METTL7A 2 Methyltransferase-like protein 7A 

 

Prostaglandin reductase 1 (PTGR1) is known for its role in inflammatory lipid metabolism 
and was therefore selected for further investigation.51 PTGR1 (isoform 1, Figure 2G) expression 
is, for example, increased during inflammation and is involved in the resolution of inflammation 
through modulation of the HMGB1-miR522-3P-PTGR1 axis.52 PTGR1 functions as 15-oxo-
prostaglandin 13-reductase and acts on 15-oxo-PGE1 and 15-oxo-PGE2.51,52 Furthermore, it 
catalyzes the conversion of the proinflammatory leukotriene B4 (LTB4) into its biologically less 
active metabolite, 12-oxo-LTB4, which is an initial and key step of metabolic inactivation of 
LTB4.53 To validate PTGR1 as a specific target of probe 5, a recombinant PTGR1-FLAG-tag 
fusion construct in a pcDNA3.1 plasmid was transfected in HEK-293-T cells. These cells and 
GFP-transfected control cells were subsequently subjected to gel-based AfBPP analysis with 
probe 4 and 5 (Figure 2F). Western blotting confirmed successful expression of PTGR1. In line 
with previous experiments, PTGR1 was labeled in a UV-dependent manner by probe 5, but 
not by probe 4, thereby confirming that PTGR1 is a specific target of probe 5.  
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Biological role of PTGR1 in 17-HDHA metabolism 

Since PTGR1 is capable of oxidizing the proinflammatory lipid LTB4, thereby converting the 
12-hydroxyl group to form 12-oxo-LTB4,51,54 it was hypothesized that by analogy PTGR1 may 
oxidize 17-HDHA into 17-oxo-DHA in human M2 macrophages. To this end, a targeted 
lipidomics method was developed to quantify 17-oxo-DHA in human cells. Upon incubation of 
M2 macrophages with 17-HDHA, the formation of 17-oxo-DHA could be detected in a 
concentration-dependent manner (Figure 3A). To investigate the role of PTGR1 in 17-HDHA 
metabolism, M2 macrophages were pre-incubated with two compounds with PTGR1 inhibitory 
activity. Indomethacin, better known as a COX-2 inhibitor, has a weak (IC50 8.7 – 97.9 µM)51,55 
activity on PTGR1 (Figure 3E), whereas the anticancer compound licochalcone A is a potent, 
covalent inhibitor by covalently binding to C239.56,57 Preincubation with indomethacin resulted 
in a relatively small reduction in the cellular levels of 17-oxo-DHA, whereas licochalcone A 
abolished 17-oxo-DHA formation (Figure 3B). Furthermore, 17-HDHA levels remained high 
upon addition of licochalcone A, which indicated a direct substrate-product relationship 
(Figure 3C). Of note, stimulation of M2 macrophages using calcium ionophore resulted in 
detection of formation of endogenous 17-HDHA and 17-oxo-DHA (Figure S2). Finally, it was 
investigated whether 17-oxo-DHA is instrumental in the 17-HDHA-induced inhibition of 5-HETE 
production. Therefore, the effect of 17-oxo-DHA on the activation of human macrophages and 
neutrophils was investigated. When primary immune cells were incubated with 17-oxo-DHA, a 
dose-dependent inhibition in the inflammatory response of M2 macrophages and neutrophils 
was observed as measured by the production of 5-HETE and LTB4. (Figure 3D, F and G).  
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Figure 3 | Immune cells convert 17-HDHA into 17-oxo-DHA, which is reduced by inhibiting PTGR1. 
(A) 17-oxo-DHA produced by M2 macrophages. Cells were either pretreated for 2 h with 17-HDHA or vehicle 
control. (B) 17-oxo-DHA and (C) 17-HDHA measured in M2 macrophages show that inhibition of PTGR1 by 
indomethacin and licochalcone A reduces conversion of 17-HDHA to 17-oxo-DHA. Cells were pretreated for 30 min 
with 10 µM indomethacin, licochalcone A or vehicle before treatment with 17-HDHA (15 µM) or vehicle for 2 h. (D) 
5-HETE/AA ratio (LC-MS/MS) produced by ionophore-stimulated M2 macrophages. Cells were either pretreated for 
15 min with 17-HDHA, 17-oxo-DHA or vehicle control. (E) Structures of indomethacin and licochalcone A. (F) 
5-HETE/AA ratio and (G) LTB4 levels (LC-MS/MS) produced by ionophore-stimulated neutrophils. Cells were either 
pretreated for 10 min with 17-HDHA, 17-oxo-DHA or vehicle control. Data represent means ±SD of representative 
donor (n = 2-3). * p < 0.05, ** p < 0.01, *** p < 0.001 in comparison to vehicle control (dotted line) using a one-
way ANOVA with Dunnett’s multiple comparisons correction. n.d.; not detected.   
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Discussion & Conclusion 

Omega-3 fatty acids have well-established anti-inflammatory effects. Mechanistic studies 
indicate that the anti-inflammatory properties of omega-3 fatty acids are linked to their 
oxidative metabolism, but the molecular mode of action of the oxidative metabolites in human 
immune cells remains poorly understood.1,2 In this chapter, a comparative chemical proteomic 
approach was developed using two complementary bifunctional photoreactive probes 4 and 
5, which were based on the scaffold of the polyunsaturated fatty acid DHA and its oxidative 
metabolite 17-HDHA. This allowed the identification of PTGR1 as an enzyme catalyzing the 
conversion of 17-HDHA into 17-oxo-DHA in human M2 macrophages. This finding is important, 
as it demonstrates that like lipoxygenase enzymes, PTGR1 is simultaneously metabolizing pro- 
and anti-inflammatory lipids. Macrophages are important players in both the initiation and 
resolution phase of inflammation and the metabolic network of immunomodulatory lipids needs 
to be uncovered to understood how this process is dysregulated in chronic inflammatory 
disease.  

Previously, it was reported that 17-oxo-DHA is formed via COX-2-mediated oxidation of 
DHA, followed by a dehydrogenation step by an undetermined dehydrogenase enzyme.58 
17-oxo-DHA acts as an anti-inflammatory lipid in leukocytes of COPD patients by inhibiting the 
NLRP3 inflammasome59 and as a PPARα/γ dual agonist.60 Moreover, it was shown to induce an 
anti-oxidant response through Nrf2 in mice61 and by inhibiting ROS generation.62 Here, it was 
discovered that 17-HDHA formed by 15-LOX metabolism is also used as a substrate for the 
formation of 17-oxo-DHA in human macrophages, which can be inhibited by two distinct 
inhibitors of PTGR1. It was also found that 17-oxo-DHA reduces the formation of the 
proinflammatory lipids 5-HETE and LTB4 in macrophages and neutrophils, thereby exerting 
anti-inflammatory effect. This suggests that 17-oxo-DHA could act as an inhibitor of 
5-lipoxygenase, which is responsible for the production of 5-HETE and LTB4. Alternatively, it 
is conceivable that 17-oxo-DHA may indirectly modulate the activity of 5-lipoxygenase, for 
example, by reducing its expression or binding to 5-lipoxygenase activating protein (FLAP).63 

Altogether, this study extends previous reports suggesting that PTGR1 serves as a 
metabolic hub that inactivates proinflammatory LTB4 and produces anti-inflammatory DHA 
derivatives, thereby modulating the cellular levels of these important signaling lipids that act 
in concert to affect the human macrophage-neutrophil axis. Finally, these results highlight the 
use of complementary bifunctional, photoreactive probes to identify specific protein interaction 
partners of promiscuous, lipophilic signaling molecules and also showcase the power of 
chemical proteomics in guiding the discovery of novel biological insights in primary human 
cells. 
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Experimental procedures 

 

General  
Lipids were purchased from Cayman Chemicals and stored as ethanolic stocks under argon at -80 °C. 
Reagents and inhibitors used for biochemical experiments were purchased from Cayman Chemicals or 
Sigma Aldrich unless otherwise specified and stored at -20 °C, except Cy5-N3 (Figure S3), which was 
synthesized according to previously published procedures. Biotin-N3 (Figure S3) was purchased from 
Bio-Connect Life Sciences.  

Cloning 
DNA oligos were purchased at Sigma Aldrich or Integrated DNA Technologies. Cloning reagents were 
from Thermo Fisher. Full-length cDNA encoding human PTGR1 or GFP was obtained from Source 
Bioscience. Expression constructs were generated by PCR amplification and restriction/ligation cloning 
into a pcDNA3.1 vector, in frame with a C-terminal FLAG tag. All plasmids were isolated from 
transformed XL10-Gold or DH10B competent cells (prepared using E. coli transformation buffer set, 
Zymo Research) using plasmid isolation kits following the supplier’s protocol (Qiagen). All sequences 
were verified by Sanger sequencing (Macrogen). 

HEK-293-T culture 
HEK-293-T cells were cultured at 37 °C under 7% CO2 in DMEM (D6546, Merck) containing phenol red, 
stable glutamine, 10% (v/v) New Born Calf Serum (Thermo Fisher) and penicillin and streptomycin (200 
µg/mL each, Duchefa). Cells were passaged twice a week at 80-90% confluence by resuspension in 
fresh medium. Cell lines were purchased from ATCC and were tested regularly for mycoplasma 
contamination. Cultures were discarded after 2-3 months of use.  

Transfection of HEK-293-T cells 
GFP- or PTGR1-overexpressing HEK-293-T cells were generated by seeding HEK-293-T cells on 12-well 
plates (4.0x104 cells/cm2) 24 h before transfection. Culture medium was then aspirated and replaced 
with 400 µL fresh medium. A 3:1 (m/m) mixture of polyethylenimine (PEI) (1.875 µg/well) and plasmid 
DNA (0.625 µg/well) was prepared in serum-free culture medium (100 µL) and incubated for 15 min at 
rt. Transfection was performed by dropwise addition of the PEI/DNA mix to the cells. After 24 h, medium 
was refreshed. Cells were used 48 h post-transfection.  

Gel-based AfBPP of HEK-293-T cells 
Confluent HEK-293-T cells on 12-well plates were treated with probe as follows: Growth medium was 
aspirated, the cells were washed with PBS (0.5 mL) and a solution of pac-DHA (4) or pac-17-HDHA (5) 
(10 µM from 10 mM ethanolic stock) in serum-free DMEM supplemented with 0.1% delipidated BSA (0.5 
mL) was added. The cells were incubated for 30 min at 37 °C after which the medium was aspirated 
and the cells were irradiated (“UV”) in 1 mL ice-cold PBS using a Caprobox™ (10 min, 4 °C, 350 nm) or 
exposed to ambient light (“No UV”). The cells were harvested by pipetting and pelleted by centrifugation 
(1,000 g, 10 min, 4 °C). The supernatant was removed and the cells were lysed by resuspension in lysis 
buffer (250 mM sucrose, 20 mM HEPES pH 7.5, 1 mM MgCl2) and sonication in a bath sonicator (0 °C, 
10 s). Protein concentration was measured by Qubit™ assay (Invitrogen) and the samples were adjusted 
to 1.5 mg/mL and a volume of 100 µL, after which the samples were treated with 10.95 µL click mix 
(5.5 µL aq. 25 mM CuSO4, 3.25 µL aq. 250 mM NaAsc, 1.1 µL 25 mM THPTA in DMSO, 1.1 µL 0.9 mM 
Cy5-N3 in DMSO) and left at rt for 1 h. Samples were then quenched by addition of 4X Laemmli buffer, 
boiled (5 min, 95 °C) and resolved by SDS-PAGE (10% acrylamide gel, ±80 min, 180 V) along with 
protein marker (PageRuler™ Plus, Thermo Fisher). In-gel fluorescence was measured in the Cy3- and 
Cy5-channel (Chemidoc™ MP, Bio-Rad).  
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Proteins were then transferred to a 0.2 µm polyvinylidene difluoride membrane by Trans-Blot Turbo™ 
Transfer system (Bio-Rad). Membranes were washed with TBS (50 mM Tris pH 7.5, 150 mM NaCl) and 
blocked with 5% (w/v) milk in TBS-T (50 mM Tris pH 7.5, 150 mM NaCl, 0.05% (w/v) Tween-20) for 
1 h at rt. Membranes were then incubated with primary antibody mouse-anti-FLAG (F3156, Merck, 
1:2,000 in 5% (w/v) BSA in TBS-T, 1 h, rt), washed three times with TBS-T, incubated with secondary 
goat-anti-mouse-HRP (sc-2005, Santa Cruz Biotechnologies, 1:5,000 in 5% (w/v) BSA in TBS-T, 1 h, rt) 
and washed three times with TBS-T and once with TBS. Luminol development solution (10 mL of 1.4 
mM luminol in 100 mM Tris pH 8.8 + 100 µL of 6.7 mM p-coumaric acid in DMSO + 3 µL of 30% (v/v) 
H2O2) was added and chemiluminescence was detected on ChemiDoc™ MP (Bio-Rad) in the 
chemiluminescence channel and colorimetric channel for the protein marker.  

Macrophage and neutrophil isolation 
This study was approved by the local medical ethical committee of the LUMC (METC), and written 
informed consent was given by all donors. Neutrophils were isolated from fresh 50 mL EDTA blood 
containers via DextranT500 sedimentation (Pharmacosmos). The upper layer was collected, followed by 
Ficoll density gradient separation. The remainder of the erythrocytes was removed by hypotonic lysis. 
Purity was checked by FACS (LSRIII, BD Biosciences) by staining the cells with CD3-AF700 (clone 
UCHT1)/CD15-APC (clone HI98)/CD16-PE (clone 3G8)/CD19-FITC (clone HIB19) and was typically 
above 97%. Isolated neutrophils were resuspended in Dulbecco’s phosphate-buffered saline (DPBS) 
with MgCl2 and CaCl2 (D8662, Merck). Human peripheral blood mononuclear cells (PBMCs) were isolated 
by Ficoll density gradient from healthy donor buffy coats (Sanquin). Blood monocytes were isolated by 
positive selection from PBMCs using MACS CD14 Microbeads (Miltenyi Biotec) and purity was checked 
by FACS (LSRIII, BD Biosciences), by staining the cells with CD14-PE (clone MφP9). Purity was typical 
above >99%. Monocytes were differentiated for seven days in RPMI 1640 medium (Gibco) containing 
8% FCS, 100 U/mL penicillin and streptomycin, 2 mM Glutamax (Thermo Fisher) and 50 ng/mL M-CSF 
(R&D Systems). 1/3rd of the medium was replenished containing 150 ng/mL M-CSF on day three and 
five. Phenotype was checked before experiments by visual inspection by assessing the typical 
morphology of M-CSF-treated monocyte-derived macrophages (elongated and spindle-like). Moreover, 
phenotype was also confirmed by performing IL-12 OptEIA (BD Biosciences), IL-10 PeliPair reagent set 
(Sanquin), and TNFα OptEIA (BD Biosciences) ELISA on supernatant of cells stimulated for 24 h with 
10 ng/mL LPS (Merck). M-CSF-treated monocyte-derived macrophages secreted low IL-12 and TNFα 
and high IL-10 levels.  

M-CSF-treated monocyte-derived macrophages (M2 macrophages) were harvested using Accutase 
(Merck) and for lipidomics experiments 2.5x105 cells were seeded in 24-well plates in 250 µL medium. 
All experiments were performed in phenol red-free RPMI 1640 medium (Gibco), supplemented with 
0.1% (w/v) delipidated BSA (Merck), 100 U/mL penicillin and streptomycin, and 2 mM Glutamax. For 
lipidomics experiments, cells were pretreated with indicated amounts of 17(S)-HDHA (Cayman 
Chemicals) or vehicle, HPLC grade ethanol (Fischer Scientific), and indicated amount of inhibitor (Merck) 
or vehicle, 0.02% HPLC grade DMSO. Stimulation of both macrophages and neutrophils was done using 
4 μM calcium ionophore A23178 (Merck) for 10 min.  

Lipid isolation and LC-MS/MS 
After treatment, cells and supernatant were quenched using three volumes of MeOH (Honeywell, 
349661L) and internal standard mix containing known concentrations of three internal standards: 
5 ng/mL DHA-d5, 500 pg/mL LTB4-d4 and 500 pg/mL 15(S)-HETE-d8 (Cayman Chemicals) for 
subsequent quantification. All samples were stored at -80 °C under argon until analysis. Quenched 
samples were centrifuged (20,000 g, 5 min) and the supernatant was transferred into an autosampler 
vial containing an equal volume of H2O (Honeywell) before LC-MS/MS analysis, which was carried out 
as previously published.64 The MS method was slightly adapted: it was extended with a MRM for 17-
oxo-DHA (341 / 111). Lipid measurements were performed using a QTrap 6500 mass spectrometer in 
negative ESI mode (Sciex), coupled to a LC system employing LC-30AD pumps, a SIL-30AC auto 
sampler, and a CTO-20AC column oven (Shimadzu). A Kinetex C18 50 × 2.1 mm, 1.7 µm column 
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combined with a C8 precolumn (Phenomenex) was used and kept at 50 °C. A gradient of water and 
methanol with 0.01% acetic acid was used. The injection volume was 40 µL and a flow rate of 400 
µL/min was used. MRM transitions used to identify LM were based on previous work by the group of M. 
Giera.64 Peaks were integrated with manual supervision and retention time corrected to corresponding 
IS (RRT) with MultiQuant™ 2.1 (Sciex). Only peaks with a signal to noise (S/N) >10 were quantified. 
Calibration curves were constructed using authentic synthetic standards 17-HDHA, 17-oxo-DHA, AA, 
DHA, LTB4, 5-HETE, LTD4, LTE4, 15(S)-HETE-d8, LTB4-d4 and DHA-d5 which were purchased from 
Cayman Chemicals.  

AfBPP of M2 macrophages 
M-CSF-treated monocyte-derived macrophages were plated on 6-well plates. The following day, they 
were washed with PBS (1 mL) and probe incubation was started by adding pac-DHA or pac-17-HDHA 
(10 µM from 10 mM ethanolic stock) in serum-free RPMI supplemented with 0.1% (w/v) delipidated 
BSA (1 mL). The cells were incubated for 30 min at 37 °C after which the medium was aspirated and 
replaced with ice-cold PBS. The cells were irradiated using a Caprobox™ (10 min, 4 °C, 350 nm, “UV”) 
or exposed to ambient light (10 min, 4 °C, “No UV”). The PBS was collected in tubes and floating cells 
were spun down (1,000 g, 10 min, 4 °C) and the PBS was aspirated. The cells in the wells were lysed 
with lysis buffer (250 µL, 250 mM sucrose, 1X protease inhibitor cocktail (Roche), 20 mM HEPES pH 
7.5, 1 mM MgCl2). The material was harvested by scraping and combined with the cell pellet. This was 
sonicated (Branson Sonifier probe sonicator, 10 x 1 s pulses, 10% amplitude). Protein concentration 
was measured by Qubit™ assay (Invitrogen) and the samples were adjusted to 0.5 mg/mL and a volume 
of 440 µL, of which 40 µL was reserved for gel analysis. For gel analysis, the 40 µL lysate was treated 
with freshly prepared click mix (4.37 µL per sample: 2.19 µL aq. 25 mM CuSO4, 1.3 µL aq. 250 mM 
NaAsc, 0.44 µL 25 mM THPTA in DMSO, 0.44 µL 0.9 mM Cy5-N3 in DMSO) and left at rt for 1 h in the 
dark. Samples were then quenched by addition of 4X Laemmli buffer, boiled (5 min, 95 °C) and resolved 
by SDS-PAGE (10% acrylamide gel, ±80 min, 180 V) along with protein marker (PageRuler™ Plus, 
Thermo Fisher). In-gel fluorescence was measured in the Cy3- and Cy5-channel (Chemidoc™ MP, Bio-
Rad) and gels were stained with Coomassie after scanning.  

Mass spectrometric analysis of tryptic peptides, identification and quantification 
The pulldown experiment is performed as earlier described, with minor adjustments.65,66 The lysates 
(400 µL) were subjected to a click reaction with freshly prepared click mix (43.7 µL per sample: 21.9 µL 
aq. 25 mM CuSO4, 13 µL aq. 250 mM NaAsc, 4.4 µL 25 mM THPTA in DMSO, 4.4 µL 2.25 mM biotin-N3 
in DMSO) at rt for 1 h. Proteins were precipitated by addition of HEPES buffer (50 µL, 50 mM, pH 7.5), 
MeOH (666 µL), CHCl3 (166 µL) and MilliQ (150 µL), vortexing after each addition. After spinning down 
(1,500 g, 10 min) the upper and lower layer were aspirated and the protein pellet was resuspended in 
MeOH (600 µL) by sonication (Branson Sonifier probe sonicator, 10 x 0.5 s pulses, 10% amplitude). The 
proteins were spun down (20,000 g, 5 min) and the MeOH was aspirated. The proteins were then 
redissolved in 6 M urea (500 µL) with 25 mM NH4HCO3 for 15 min, followed by reduction (65 °C, 15 
min, 800 rpm shaking) with DTT (5 µL, 1 M). The samples were allowed to reach rt and proteins were 
alkylated (30 min) with IAA (40 µL, 0.5 M) in the dark. 140 µL SDS (10% w/v) was added and the 
samples were spun down (1,000 g, 5 min). They were transferred to 5 mL PBS containing 50 µL avidin 
agarose resin (Pierce, 100 µL of a 50% slurry, prewashed twice with 6 mL PBS + 0.5% SDS and once 
with 6 mL PBS) and incubated for 2 h while rotating. The beads were then spun down (2,000 g, 2 min) 
and washed (3 x PBS + 0.25% SDS, 2 x PBS, 1 x MilliQ). The beads were resuspended in digestion 
buffer (250 µL, 100 mM Tris pH 7.8, 100 mM NaCl, 1 mM CaCl2, 2% (v/v) acetonitrile, sequencing grade 
trypsin (Promega, 0.25 µg)) and transferred to low-binding tubes (Sarstedt) and incubated while shaking 
overnight (16 h, 37 °C, 1,000 rpm). Trypsin was quenched with 12.5 µL formic acid (LC-MS grade) and 
the beads were then filtered off over a Bio-Spin column (BioRad, 400 g, 5 min), collecting the flow-
through in a new 2 mL tube. Samples were added on C18 stagetips67 (preconditioned with 50 µL MeOH, 
then 50 µL of 0.5% (v/v) formic acid in 80% (v/v) acetonitrile/MilliQ (solution B) and then 50 µL 0.5% 
(v/v) formic acid in MilliQ (solution A) by centrifugation (600 g, 2 min)). The peptides were washed with 
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solution A (100 µL, 800 g, 3 min) and eluted into new low-binding tubes using solution B (100 µL, 800 
g, 3 min). Samples were concentrated using an Eppendorf speedvac (Eppendorf Concentrator Plus 5301) 
and redissolved in LC-MS solution (30 µL per sample: 28.5 µL MilliQ, 2.85 µL acetonitrile, 0.095 µL 
formic acid, 600 fmol yeast enolase peptide digest (Waters, 186002325)).  

Samples were measured using a NanoACQUITY UPLC System coupled to a SYNAPT G2-Si high definition 
mass spectrometer (Waters). The peptides were separated using an analytical column (HSS-T3 C18 1.8 
µm, 75 µm x 250 mm, Waters) with a concave gradient (5 to 40% acetonitrile in H2O with 0.1% formic 
acid). [Glu1]-fibrinopeptide B was used as lock mass. Mass spectra were acquired using the UDMSe 
method. The mass range was set from 50 to 2,000 Da with a scan time of 0.6 seconds in positive, 
resolution mode. The collision energy was set to 4 V in the trap cell for low-energy MS mode. For the 
elevated energy scan, the transfer cell collision energy was ramped using drift-time-specific collision 
energies. The lock mass is sampled every 30 seconds. For raw data processing, Progenesis QI for 
proteomics was used with the following parameters to search the human proteome from Uniprot (Table 
S1). Albumin was not included in the analysis of probe targets.   

Table S1 | Parameters used for Progenesis QI. 

Parameter Value 

Lock mass m/z value 785.8426 

Low energy threshold 150 counts 

Elevated energy threshold 30 counts 

Digest reagent Trypsin 

Missed cleavages Max 2 

Modifications Fixed carbamidomethyl C, variable oxidation M 

FDR less than 1% 

Minimum fragments/peptide 2 

Minimum fragments/protein 5 

Minimum peptides/protein 1 

Minimum peptide score for quantification 5.5  

Identified ion charges for quantification 2/3/4/5/6/7+ 

 
Statistical analysis 
Unless otherwise noted, all data represent means ± SD. Statistical significance was determined using 
Student’s t-tests (two-tailed, unpaired) or ANOVA with Dunnett’s or Tukey’s multiple comparisons 
correction. *** p <0.001; ** p <0.01; * p <0.05; n.s. if p >0.05. All statistical analysis was conducted 
using Graphpad Prism 8.1.1 or Microsoft Excel.  
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Synthesis 
General remarks 
Dry solvents were prepared by storage on activated 4 Å molecular sieves for at least 24 hours. The 
reactions were performed under an inert atmosphere of nitrogen gas unless stated otherwise. All 
reagents were purchased from Alfa Aesar, Sigma Aldrich/Merck or Acros and used without further 
purification. Flash column chromatography was performed using SiliCycle silica gel type SiliaFlash P60 
(230-400 mesh). TLC analysis was performed on Merck silica gel 60/Kieselguhr F254, 0.25 mm. 
Compounds were visualized using KMnO4 stain (K2CO3 (40 g), KMnO4 (6 g), and water (600 mL)). 1H 
NMR and 13C NMR spectra were recorded on a Bruker AV-400 (400 MHz) or AV-500 (500 MHz) 
spectrometer. Chemical shift values are reported in ppm relative to the tetramethylsilane signal for 1H 
NMR (δ = 0 ppm) and relative to the solvent signal of CDCl3 for 13C NMR (δ = 77.16 ppm). Data are 
reported as follows: Chemical shifts (δ), multiplicity (s = singlet, d = doublet, dd = doublet of doublets, 
ddt = doublet of doublet of triplets, td = triplet of doublets, t = triplet, q = quartet, p = pentet, bs = 
broad singlet, m = multiplet), coupling constants J (Hz), and integration. High resolution mass spectra 
(HRMS) were recorded by direct injection on a q-TOF mass spectrometer (Synapt G2-SI) equipped with 
an electrospray ion source in positive mode with Leu-enkephalin (m/z = 556.2771) as an internal lock 
mass. The instrument was calibrated prior to measurement using the MS/MS spectrum of [Glu1]-
fibrinopeptide B.  

Preparative HPLC separations were performed with an Agilent Technologies 1200 series HPLC system 
using a Gemini column (5 μm C18, pore size: 100 Å, 250 x 10.0 mm) or Nucleodur column (5 μm C18, 
pore size: 110 Å, 250 x 10.0 mm) using a specified linear gradient (Gradient of solvent B in solvent A in 
12 min, flow rate of 5 mL/min, detection at 210 - 600 nm by a diode array and Agilent 6130 series 
quadrupole mass detector, solvent A: 0.2% (v/v) TFA in H2O, solvent B: acetonitrile). Analytical LC-MS 
was performed using a C18 column (50 x 4.6 mm, 3 µm; Nucleodur Gravity, Macherey-Nagel) connected 
to a Vanquish UHPLC system (Thermo Scientific) with a Vanquish Diode Array detector (Thermo 
Scientific) coupled to a LCQ™ Fleet (Thermo Scientific) via electrospray ionization (ESI). Acetonitrile and 
water containing TFA (0.1%) were used for chromatographic separation using an indicated gradient. 

Fragmentation of pac-17-HDHA (5) was done after reduction of the double bonds, as LC-MS/MS 
fragmentation in negative mode was not successful, possibly due to activation of the diazirine during 
tandem MS. Pac-17-HDHA (5) was analyzed by complete hydrogenation of an analytical sample (50 
nmol) in EtOH (1 mL) using catalytic PtO2 and hydrogen gas, followed by the filtration of the catalyst 
by cotton, removal of the solvent under a stream of N2 gas and redissolving in 100 µL acetonitrile, 
injecting 10 µL on a C18 column (50 x 4.6 mm, 3 µm; Gemini) connected to a Agilent Technologies 
1260 Infinity system and eluting it with acetonitrile/H2O (70:30) with 10 mM NH4OAc onto a 6120 
Quadrupole LC/MS (Agilent Technologies) equipped with an electrospray ion source in positive mode 
(source voltage 4 kV, sheath gas flow 10, capillary temperature 623 K).  
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Ethyl 3-oxohept-6-ynoate (11)   
Freshly distilled diisopropylamine (20.43 mL, 143 mmol) was dissolved in 
dry THF (60 mL) and cooled to -78 °C. n-BuLi (1.4 M in hexane, 102 mL, 
143 mmol) was added dropwise and the reaction was stirred for 15 min. 
The mixture was allowed to reach -40 °C after which ethyl 3-oxobutanoate 

(8.23 mL, 65.2 mmol) in dry THF (40 mL) was added dropwise. After 30 min of stirring, propargyl 
bromide (80 wt.% in toluene, 7.02 mL, 65.2 mmol) was added dropwise after which the reaction was 
allowed to reach 0 °C. After 1.5 h of stirring, it was quenched with 0.5 M aq. HCl (200 mL) and diluted 
with Et2O (200 mL). The organic layer was collected and the aq. layer extracted with Et2O (200 mL). 
The combined organic layers were washed with brine (100 mL), dried over MgSO4, filtered and 
concentrated under reduced pressure to afford a dark brown oil, which was distilled (105-110 °C, 6.8 
mmHg) to afford the title compound as a clear oil (4.943 g, 29.4 mmol, 45%). Rf = 0.60 (EtOAc/pentane 
= 1:4); 1H NMR (400 MHz, CDCl3) δ 4.20 (q, J = 7.1 Hz, 2H), 3.48 (s, 2H), 2.82 (t, J = 7.2 Hz, 2H), 
2.48 (td, J = 7.2, 2.7 Hz, 2H), 1.98 (t, J = 2.7 Hz, 1H), 1.29 (t, J = 7.1 Hz, 3H); 13C NMR (101 MHz, 
CDCl3) δ 200.63, 166.95, 82.59, 69.05, 61.51, 49.23, 41.63, 14.13, 12.84. Spectra were consistent with 
previously reported data.68 

2-(2-(But-3-yn-1-yl)-1,3-dioxolan-2-yl)ethan-1-ol (12)   
In a microwave vial, ketone 11 (0.8619 g, 5.12 mmol), ethylene glycol 
(2.143 mL, 38.4 mmol), p-TsOH·2H2O (0.049 g, 0.256 mmol) and triethyl 
orthoformate (2.56 mL, 15.37 mmol) were added, the vial was sealed and the 
reaction was stirred at 80 °C for 1.5 h. The mixture was diluted with Et2O (5 

mL) and quenched with sat. aq. NaHCO3 (5 mL). It was then diluted with Et2O (100 mL) and sat. aq. 
NaHCO3 (100 mL). The layers were separated and the organic layer washed with brine (100 mL), dried 
over Na2SO4 and concentrated under reduced pressure to afford crude ethyl 2-(2-(but-3-yn-1-yl)-1,3-
dioxolan-2-yl)acetate. The residue was diluted with dry THF (20 mL) and added dropwise to a cold (0 
°C) mixture of LiAlH4 (0.389 g, 10.24 mmol) and dry THF (20 mL). The reaction was allowed to reach 
rt and after 0.5 h it was cooled to 0 °C and quenched with EtOAc (5 mL). After 15 min, 10% (w/v) aq. 
Rochelle's salt (40 mL) was added and the mixture was allowed to reach rt overnight. The mixture was 
then diluted with brine (40 mL) and extracted with Et2O (5 x 40 mL). The combined organic layers were 
washed with brine (100 mL), dried over Na2SO4, filtered, concentrated under reduced pressure and 
filtered over a plug of silica with EtOAc/pentane (1:1) to afford the title compound as a yellow oil (0.8204 
g, 4.82 mmol, 94%). Rf = 0.63 (EtOAc); 1H NMR (400 MHz, CDCl3) δ 4.06 – 3.93 (m, 4H), 3.76 (q, J = 
5.4 Hz, 2H), 2.72 (t, J = 5.5 Hz, 1H), 2.32 – 2.24 (m, 2H), 1.99 – 1.91 (m, 5H); 13C NMR (101 MHz, 
CDCl3) δ 111.12, 84.04, 68.36, 65.03, 58.76, 38.35, 35.99, 13.22. Spectra were consistent with 
previously reported data.36  

1-Hydroxyhept-6-yn-3-one (13)   
To a solution of ketal 12 (0.8204 g, 4.82 mmol) in acetone (19 mL) and water (1 mL) was added 

p-TsOH·2H2O (0.229 g, 1.205 mmol) and the reaction was stirred for 1 h at 
50 °C. It was quenched with sat. aq. NaHCO3 (50 mL) and diluted with EtOAc 
(50 mL). The aq. layer was separated and extracted with EtOAc (50 mL). The 

combined organic layers were washed with brine (50 mL), dried over MgSO4, filtered, concentrated 
under reduced pressure and purified by column chromatography (EtOAc/pentane = 1:2 to 1:1) to afford 
the title compound as a yellow oil (0.565 g, 4.48 mmol, 93%). Rf = 0.62 (EtOAc); 1H NMR (400 MHz, 
CDCl3) δ 3.87 (t, J = 5.5 Hz, 2H), 2.76 – 2.68 (m, 5H), 2.46 (td, J = 7.1, 2.6 Hz, 2H), 1.98 (t, J = 2.7 
Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 209.03, 82.89, 68.95, 57.62, 44.68, 41.81, 12.78. Spectra were 
consistent with previously reported data.36 
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2-(3-(But-3-yn-1-yl)-3H-diazirin-3-yl)ethan-1-ol (14)   
Ketone 13 (0.660 g, 5.23 mmol) was dried by coevaporation with toluene. It 
was dissolved in dry MeOH (15 mL) and cooled to 0 °C. NH3 gas was bubbled 
through the solution for 30 min under stirring after which the reaction was 
stirred for 5 h. Then, hydroxylamine-o-sulfonic acid (0.887 g, 7.85 mmol) in 

dry MeOH (5 mL) was added dropwise and the reaction was allowed to reach rt overnight. It was filtered 
over celite and the filtrate was concentrated under reduced pressure. The residue was redissolved in 
dry MeOH (10 mL) and Et3N (1.094 mL, 7.85 mmol) was added. The reaction was cooled to 0 °C and a 
sat. solution of I2 in dry MeOH was added dropwise until the color persisted for 20 min (8 mL). The 
reaction was diluted with EtOAc (100 mL) and quenched with 1 M aq. Na2S2O3 (100 mL). The layers 
were separated, the aq. layer was extracted with EtOAc (100 mL) and the combined organic layers were 
washed with 1 M aq. HCl (100 mL) and brine (100 mL), dried over MgSO4, filtered and concentrated 
under reduced pressure. Column chromatography of the residue (EtOAc/pentane = 1:6 to 1:3) afforded 
the title compound as a yellow oil (0.2677 g, 1.937 mmol, 37%). Rf = 0.59 (EtOAc/pentane = 1:1); 1H 
NMR (400 MHz, CDCl3) δ 3.49 (t, J = 6.2 Hz, 2H), 2.10 – 2.01 (m, 2H), 1.99 (s, 1H), 1.77 – 1.65 (m, 
4H); 13C NMR (101 MHz, CDCl3) δ 82.95, 69.34, 57.36, 35.56, 32.68, 26.72, 13.31; HRMS: Calculated 
for [C7H10N2O+H]+ 139.0866, found 139.0865. 

3-(But-3-yn-1-yl)-3-(2-iodoethyl)-3H-diazirine (15)  
To a cooled (0 °C) solution of alcohol 14 (0.6617 g, 4.79 mmol) dry DCM 
(24 mL) was added imidazole (0.978 g, 14.37 mmol), I2 (1.459 g, 5.75 mmol) 
and PPh3 (1.382 g, 5.27 mmol). The reaction was allowed to reach rt and stirred 

for 3 h. It was cooled to 0 °C and quenched with 10% aq. Na2S2O3 (50 mL) and diluted with DCM (100 
mL). The aq. layer was isolated and extracted with DCM (100 mL) and the combined organic layers 
were dried over MgSO4, filtered and concentrated under reduced pressure. Column chromatography of 
the residue (Et2O/pentane = 1:49 to 1:16) afforded the title compound as a yellow liquid (0.8609 g, 
3.47 mmol, 73%). Rf = 0.69 (EtOAc/pentane = 1:19); 1H NMR (400 MHz, CDCl3) δ 2.90 (t, J = 7.6 Hz, 
2H), 2.13 (t, J = 7.6 Hz, 2H), 2.07 – 2.00 (m, 3H), 1.72 – 1.67 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 
82.50, 69.56, 37.54, 31.84, 28.67, 13.32, -3.76. Spectra were consistent with previously reported data.69  

(2-(3-(But-3-yn-1-yl)-3H-diazirin-3-yl)ethyl)triphenylphosphonium iodide (6)   
To a solution of iodide 15 (0.2621 g, 1.057 mmol) in dry acetonitrile 
(4.2 mL) in a microwave vial was added PPh3 (1.386 g, 5.28 mmol) and the 
vial was sealed. The mixture was degassed and stirred at 70 °C overnight, 

concentrated under reduced pressure and purified by column chromatography (MeOH/DCM = 1:100 to 
1:19) to afford the title compound as a white solid (0.539 g, 1.056 mmol, quant.). Rf = 0.49 (MeOH/DCM 
= 1:9); 1H NMR (400 MHz, CDCl3) δ 7.90 – 7.75 (m, 10H), 7.74 – 7.69 (m, 5H), 3.83 – 3.70 (m, 2H), 
2.11 – 2.01 (m, 2H), 2.01 – 1.92 (m, 2H), 1.90 (t, J = 2.6 Hz, 1H), 1.85 – 1.72 (m, 2H); 13C NMR (101 
MHz, CDCl3) δ 135.52 (d, J = 2.9 Hz), 133.85 (d, J = 10.1 Hz), 130.79 (d, J = 12.7 Hz), 117.42 (d, J = 
86.6 Hz), 83.03, 69.60, 31.16, 28.42, 27.22 (d, J = 2.9 Hz), 18.71 (d, J = 51.8 Hz), 13.55; HRMS: 
Calculated for [C25H24N2P]+ 383.1672, found 383.1681.  

(But-3-yn-1-yloxy)(tert-butyl)dimethylsilane (17)   
To a cooled (0 °C) solution of but-3-yn-1-ol (5.0 mL, 66 mmol) in dry DMF (150 mL) 
was added imidazole (6.75 g, 99 mmol) and subsequently TBSCl (11.95 g, 79 mmol) 
in portions. After 2 h, the reaction was quenched with H2O (100 mL) and diluted 

with Et2O (150 mL). The layers were separated and the aqueous layer extracted with Et2O (150 mL). 
The combined organic layers were washed with brine (4 x 100 mL), dried over MgSO4, filtered and 
concentrated under reduced pressure to afford the title compound as a clear liquid (11.95 g, 64.8 mmol, 
98%). 1H NMR (400 MHz, CDCl3) δ 3.74 (t, J = 7.1 Hz, 2H), 2.40 (td, J = 7.1, 2.7 Hz, 2H), 1.96 (t, J = 
2.7 Hz, 1H), 0.89 (s, 9H), 0.07 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 81.66, 69.43, 61.87, 26.02, 22.98, 
-5.16. Spectra were consistent with previously reported data.70  
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5-((Tert-butyldimethylsilyl)oxy)pent-2-yn-1-ol (18)   
To a cooled (-40 °C) solution of alkyne 17 (26.76 g, 145 mmol) in dry THF 
(300 mL) under argon was added n-BuLi (61.0 mL, 152 mmol) dropwise over 
10 min. After addition, it was stirred at -40 °C for 15 min and subsequently 

transferred through cannula to a flask containing a cooled (-40 °C) suspension of paraformaldehyde 
(13.08 g, 435 mmol) in dry THF (150 mL). After addition, the cooling bath was removed and the mixture 
was stirred for 1 h. It was then diluted with Et2O (500 mL) and quenched by addition of brine (50 mL). 
The mixture was then washed with brine (150 mL) after which the organic layer was collected, dried 
over MgSO4, filtered and concentrated under reduced pressure. The residue was purified through 
column chromatography (EtOAc/pentane = 1:19 to 1:4) to afford the title compound as a clear oil 
(25.46 g, 119 mmol, 82%). Rf = 0.22 (EtOAc/pentane = 1:9); 1H NMR (400 MHz, CDCl3) δ 4.23 (t, J = 
2.2 Hz, 2H), 3.71 (t, J = 7.2 Hz, 2H), 2.42 (tt, J = 7.2, 2.1 Hz, 2H), 1.95 (bs, 1H), 0.89 (s, 9H), 0.06 (s, 
6H); 13C NMR (101 MHz, CDCl3) δ 83.43, 79.63, 61.95, 51.39, 26.00, 23.23, 18.47, -5.16. Spectra were 
consistent with previously reported data.71 

5-((Tert-butyldimethylsilyl)oxy)pent-2-yn-1-yl 4-methylbenzenesulfonate (19)  
To a cooled (0 °C) solution of alcohol 18 (8.220 g, 38.3 mmol) in Et2O 
(80 mL) was added TsCl (8.77 g, 46.0 mmol) followed by freshly pestled 
KOH (10.76 g, 192 mmol) in 10 portions over 5 min. The reaction was 

removed from the ice bath and after 45 min it was diluted with Et2O (120 mL), cooled to 0 °C and 
poured into ice water (200 mL). The layers were separated and the aq. layer extracted with Et2O (200 
mL). The combined organic layers were washed with brine, dried over MgSO4, filtered and concentrated 
under reduced pressure to afford the crude product (12.9622 g) as a slightly orange oil which was used 
without further purification due to its instability. Rf = 0.69 (EtOAc/pentane = 1:9); For NMR 
characterization an analytical sample was purified by column chromatography (EtOAc/pentane = 1:24); 
1H NMR (400 MHz, CDCl3) δ 7.80 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 4.67 (t, J = 2.2 Hz, 2H), 
3.59 (t, J = 7.1 Hz, 2H), 2.44 (s, 3H), 2.29 (tt, J = 7.1, 2.2 Hz, 2H), 0.87 (s, 9H), 0.03 (s, 6H); 13C NMR 
(101 MHz, CDCl3) δ 145.04, 133.37, 129.86, 128.24, 87.58, 73.03, 61.36, 58.66, 25.94, 23.17, 21.78, 
18.40, -5.21. Spectra were consistent with previously reported data.72 

9-((Tert-butyldimethylsilyl)oxy)nona-3,6-diyn-1-ol (20)   
In a roundbottom flask, CuI (7.62 g, 40.0 mmol), NaI (6.00 g, 
40.0 mmol) and Cs2CO3 (13.04 g, 40.0 mmol) were dried under 
vacuum at 90 °C for 2 h. The flask was backfilled with nitrogen 

and allowed to reach rt. Dry degassed DMF (70 mL) was added and the mixture was stirred for 10 min. 
But-3-yn-1-ol (3.22 mL, 42.6 mmol) was added to the mixture which was then stirred for 10 min. 
Sulfonate ester 19 (13.08 g, 35.5 mmol) was then added dropwise and the reaction was stirred 
overnight in the dark. The reaction was quenched with sat. aq. NH4Cl (15 mL) and diluted with Et2O 
(150 mL). After 20 min of stirring, the mixture was filtered over pad of celite and sand. The pad was 
rinsed with Et2O (800 mL) and the resulting solution was washed with sat. aq. NH4Cl (200 mL) and 
water (200 mL). The combined aq. layers were extracted with Et2O (200 mL) and the combined organic 
layers were washed with brine (400 mL), dried over MgSO4, filtered and concentrated under reduced 
pressure. Column chromatography (Et2O/pentane = 1:10 to 1:4) afforded the title compound as a yellow 
oil (8.170 g, 30.7 mmol, 86%). Rf = 0.36 (EtOAc/pentane = 1:4); 1H NMR (400 MHz, CDCl3) δ 3.72 – 
3.66 (m, 4H), 3.12 (p, J = 2.4 Hz, 2H), 2.43 (tt, J = 6.2, 2.4 Hz, 2H), 2.37 (tt, J = 7.2, 2.4 Hz, 2H), 
0.88 (s, 9H), 0.06 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 77.80, 77.07, 76.74, 75.37, 62.08, 61.22, 26.02, 
23.24, 23.22, 18.49, 9.89, -5.13; HRMS: Calculated for [C15H26O2Si+H]+ 267.1775, found 267.1775.  

(3Z,6Z)-9-((Tert-butyldimethylsilyl)oxy)nona-3,6-dien-1-ol (9)  
In a Schlenk flask, nickel acetate hydrate (0.300 g, 
1.206 mmol) was added to 96% EtOH (15.08 mL) and purged 

with nitrogen. In a vial, NaBH4 (0.046 g, 1.206 mmol) was added to a mixture of 96% EtOH (0.2 mL) 
and aq. NaOH (2 M, 11 µL) and the mixture was added dropwise to the Schlenk flask. The flask was 
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purged with H2 and stirred for 20 min. Then, freshly distilled ethylenediamine (0.244 mL, 3.62 mmol) 
and alcohol 20 (1.6071 g, 6.03 mmol) were added and the reaction was stirred under H2 atmosphere. 
After 2 h, additional catalyst was prepared in a Schlenk flask in 96% EtOH (5 mL) and added to the 
reaction via cannula. After 20 min of stirring the reaction was purged with N2, the mixture was diluted 
with Et2O (80 mL) and water (80 mL) and filtered over celite. The layers were separated, the organic 
layer was washed with water (80 mL) and the combined aq. layers were extracted with Et2O (100 mL). 
The combined organic layers were washed with water (100 mL) and brine (100 mL), dried over MgSO4, 
filtered and concentrated under reduced pressure. Column chromatography (EtOAc/pentane = 1:14.5 
to 1:10.5) afforded the title compound (1.0363 g, 3.83 mmol, 64%) as a yellow oil. Rf = 0.69 
(EtOAc/pentane = 1:2); 1H NMR (400 MHz, CDCl3) δ 5.58 – 5.49 (m, 1H), 5.47 – 5.35 (m, 3H), 3.65 (t, 
J = 6.5 Hz, 2H), 3.62 (t, J = 6.9 Hz, 2H), 2.84 (t, J = 5.7 Hz, 2H), 2.41 – 2.26 (m, 4H), 0.89 (s, 9H), 
0.05 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 131.42, 129.52, 126.55, 125.67, 62.98, 62.35, 31.25, 30.97, 
26.10, 26.02, -5.12; HRMS: Calculated for [C15H30O2Si+H]+ 271.2088, found 271.2090. 

Methyl pent-4-ynoate (22)  
To a cooled (0 °C) solution of pent-4-ynoic acid (5.14 g, 52.4 mmol) in dry MeOH 
(200 mL) was added SOCl2 (4.21 mL, 57.6 mmol) dropwise after which the 
reaction was allowed to reach rt overnight. The reaction was diluted with DCM 

(250 mL) and sat. aq. NaHCO3 (500 mL). The layers were separated and the aq. layer extracted with 
DCM (200 mL). The combined organic layers were washed with brine (200 mL), dried over MgSO4, 
filtered, concentrated under reduced pressure and coevaporated with DCM to afford the title compound 
as a clear oil (5.39 g, 48.1 mmol, 92%). Rf = 0.47 (EtOAc/pentane 1:19); 1H NMR (400 MHz, CDCl3) δ 
3.71 (s, 3H), 2.60 – 2.54 (m, 2H), 2.54 – 2.48 (m, 2H), 1.99 (t, J = 2.5 Hz, 1H); 13C NMR (101 MHz, 
CDCl3) δ 172.31, 82.55, 69.12, 51.92, 33.23, 14.44. Spectra were consistent with previously reported 
data.73  

Methyl 10-((tert-butyldimethylsilyl)oxy)deca-4,7-diynoate (23)  
In a roundbottom flask, CuI (7.29 g, 38.3 mmol), NaI 
(5.74 g, 38.3 mmol) and Cs2CO3 (12.48 g, 38.3 mmol) were 
dried under vacuum for 6 h at 95 °C. The flask was refilled 

with nitrogen and allowed to cool to rt. Under stirring, dry degassed DMF (70 mL) was added and the 
mixture was stirred for 10 min. Then, alkyne 22 (5.389 g, 48.1 mmol) was added in one portion after 
which sulfonate ester 19 (12.97 g, 35.2 mmol) was added dropwise over 15 min and the reaction was 
stirred overnight. The reaction was diluted with Et2O (320 mL) and quenched with sat. aq. NH4Cl (12 
mL) and stirred for 15 min. The mixture was filtered over celite and the filter was rinsed with Et2O (1.5 
L). The mixture was washed with sat. aq. NH4Cl (100 mL) and water (100 mL), the combined aq. layers 
were extracted with Et2O (100 mL) and the combined organic layers were washed with brine (5 x 100 
mL). The organic layer was dried over MgSO4, filtered and concentrated under reduced pressure. The 
residue was purified using neutralized silica (flushed with 0.5% Et3N in pentane, EtOAc/pentane = 1:99 
to 1:24) to afford the title compound as a clear oil (8.050 g, 26.1 mmol, 74%). Rf = 0.54 (EtOAc/pentane 
= 1:9); 1H NMR (400 MHz, CDCl3) δ 3.73 – 3.65 (m, 5H), 3.09 (t, J = 2.3 Hz, 2H), 2.55 – 2.46 (m, 4H), 
2.40 – 2.33 (m, 2H), 0.88 (s, 9H), 0.06 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 172.57, 78.55, 77.63, 
75.45, 75.27, 62.09, 51.87, 33.49, 26.01, 23.22, 18.47, 14.76, 9.83, -5.15; HRMS: Calculated for 
[C17H28O3Si+H]+ 309.1881, found 309.1882.  

Methyl (4Z,7Z)-10-((tert-butyldimethylsilyl)oxy)deca-4,7-dienoate (24)  
In a microwave vial, nickel acetate hydrate (0.169 g, 
0.681 mmol) was dissolved in MeOH (2 mL) and purged 

with three vacuum/H2 cycles. Under vigorous stirring, NaBH4 (0.026 g, 0.681 mmol) was added in dry 
MeOH (1 mL). After 15 min, freshly distilled ethylenediamine (0.184 mL, 2.72 mmol) was added and 
the mixture was purged with a cycle of vacuum/H2. After 15 min a solution of methyl ester 23 in MeOH 
(1 mL) was added and the mixture was purged with a cycle of vacuum/H2. After 3 h, the mixture was 
purged with three vacuum/N2 cycles, filtered over celite and concentrated under reduced pressure. The 
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residue was redissolved in Et2O (10 mL), washed with sat. aq. NH4Cl (5 mL) and brine (5 mL), dried 
over Na2SO4, filtered and concentrated under reduced pressure to afford the title compound as a yellow 
oil (0.0634 g, 0.203 mmol, 89%). Rf = 0.62 (EtOAc/pentane = 1:24); 1H NMR (400 MHz, CDCl3) δ 5.45 
– 5.30 (m, 4H), 3.67 (s, 3H), 3.61 (t, J = 6.9 Hz, 2H), 2.81 (t, J = 5.8 Hz, 2H), 2.42 – 2.33 (m, 4H), 
2.33 – 2.24 (m, 2H), 0.89 (s, 9H), 0.05 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 173.68, 129.63, 129.56, 
127.87, 126.44, 62.98, 51.68, 34.15, 31.24, 26.09, 25.82, 22.92, 18.50, -5.13; HRMS: Calculated for 
[C17H32O3Si-TBS+2H]+ 199.1329, found 199.1328.  

Methyl (4Z,7Z)-10-hydroxydeca-4,7-dienoate (25)  
To a cooled (0 °C) solution of methyl ester 24 (0.7420 g, 
2.374 mmol) in THF (25 mL) was added TBAF (1 M in THF, 

3.56 mL, 3.56 mmol) and the mixture was allowed to reach rt. After 2 h, additional TBAF (1 M in THF, 
0.475 mL, 0.475 mmol) was added. After 0.5 h the reaction was cooled to 0 °C, diluted with sat. aq. 
NH4Cl (100 mL) and Et2O (100 mL). The organic phase was collected and the aq. phase extracted with 
Et2O (100 mL). The combined organic layers were washed with brine (2 x 100 mL), dried over MgSO4, 
filtered and concentrated under reduced pressure. Column chromatography (EtOAc/pentane = 1:9 to 
1:1) afforded the title compound as a clear oil (0.3361 g, 1.695 mmol, 71%). Rf = 0.52 (EtOAc/pentane 
= 1:1); 1H NMR (500 MHz, CDCl3) δ 5.59 – 5.49 (m, 1H), 5.48 – 5.33 (m, 3H), 3.70 – 3.62 (m, 5H), 
2.90 – 2.80 (m, 2H), 2.46 – 2.33 (m, 6H), 1.69 (s, 1H); 13C NMR (126 MHz, CDCl3) δ 173.81, 130.99, 
129.31, 128.07, 125.93, 62.31, 51.74, 34.08, 30.98, 25.84, 22.93; HRMS: Calculated for [C11H18O3+H]+ 
199.1329, found 199.1329.  

Methyl (4Z,7Z)-10-bromodeca-4,7-dienoate (26)  
Alcohol 25 (0.4527 g, 2.283 mmol) was coevaporated three 
times with dry toluene, dissolved in dry DCM (10 mL) and 

cooled to -30 °C. CBr4 (0.984 g, 2.97 mmol) was added and then PPh3 (0.779 g, 2.97 mmol) was added 
in three portions over three min. After 30 min, the reaction was allowed to reach 0 °C and stirred for 
1.5 h. The solvent was then removed under reduced pressure and the residue purified with column 
chromatography (Et2O/pentane = 1:19 to 1:9) to afford the title compound as a clear oil (0.6031 g, 
2.309 mmol, quant.). Rf = 0.71 (EtOAc/pentane = 1:19); 1H NMR (400 MHz, CDCl3) δ 5.57 – 5.47 (m, 
1H), 5.47 – 5.32 (m, 3H), 3.68 (s, 3H), 3.38 (t, J = 7.1 Hz, 2H), 2.83 (t, J = 5.9 Hz, 2H), 2.65 (q, J = 
7.1 Hz, 2H), 2.39 (m, 4H); 13C NMR (101 MHz, CDCl3) δ 173.58, 130.84, 128.94, 128.27, 126.53, 51.68, 
34.03, 32.49, 30.86, 25.83, 22.90; HRMS: Calculated for [C11H17BrO2+H]+ 261.0485, found 261.0486.  

((3Z,6Z)-10-Methoxy-10-oxodeca-3,6-dien-1-yl)triphenylphosphonium bromide (8)   
In a microwave vial, bromide 26 (0.2803 g, 1.073 mmol) 
and dry PPh3 (0.422 g, 1.610 mmol) were dissolved in 

dry acetonitrile (7 mL) and the vial was sealed. The solvent was purged with three vacuum/N2 cycles 
and the reaction was stirred at 92 °C for 5 days in the dark. The reaction was concentrated under a 
flow of N2 and purified with column chromatography (MeOH/DCM = 1:99 to 1:5) to afford the title 
compound as a clear syrup (0.5751 g, 1.099 mmol, quant.). Rf = 0.19 (MeOH/DCM 1:9); 1H NMR (500 
MHz, CDCl3) δ 7.92 – 7.77 (m, 10H), 7.75 – 7.72 (m, 5H), 5.69 – 5.56 (m, 1H), 5.42 – 5.32 (m, 1H), 
5.32 – 5.22 (m, 2H), 3.91 – 3.81 (m, 2H), 3.63 (s, 3H), 2.58 (t, J = 7.0 Hz, 2H), 2.54 – 2.39 (m, 2H), 
2.30 (td, J = 7.2, 1.2 Hz, 2H), 2.26 – 2.18 (m, 2H); 13C NMR (126 MHz, CDCl3) δ 173.41, 135.13 (d, J 
= 3.1 Hz), 133.68 (d, J = 10.1 Hz), 130.54 (d, J = 12.6 Hz), 130.17, 128.33 (d, J = 13.3 Hz), 126.54 
(d, J = 14.7 Hz), 118.10 (d, J = 85.8 Hz) 51.53, 33.70, 25.49, 22.91 (d, J = 48.7 Hz), 22.69, 20.40 (d, 
J = 3.5 Hz). HRMS: Calculated for [C29H32O2P]+ 443.2134, found 443.2132.  

Methyl (4Z,7Z,10Z,13Z,16Z)-19-((tert-butyldimethylsilyl)oxy)nonadeca-4,7,10,13,16-
pentaenoate (29)      

To a cooled (0 °C) solution of alcohol 9 (0.2784 g, 1.029 mmol) in 
dry DCM (4 mL) was added DMP (0.655 g, 1.544 mmol) and the 
reaction was allowed to reach rt. After 30 min, the mixture was 
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cooled to 0 °C, diluted with Et2O (10 mL) and quenched with a mixture of sat. aq. NaHCO3/10% (w/v) 
aq. Na2S2O3 (1:1 (v/v), 10 mL) under vigorous stirring. The layers were separated and the organic layer 
washed with water (3 x 10 mL) and brine (10 mL), dried over Na2SO4, filtered and concentrated under 
reduced pressure at rt. The generated aldehyde 28 was used in the next reaction immediately.   
Phosphonium salt 8 (0.9028 g, 1.725 mmol) was dried by coevaporation with dry toluene four times 
and dissolved in dry THF (9 mL) and dry HMPA (1.7 mL). It was cooled to -60 °C after which LiHMDS 
(1 M in THF, 1.65 mL, 1.65 mmol) was added dropwise. The reaction was stirred for 40 min at -60 °C 
and then cooled to -100 °C. A solution of aldehyde 28 in dry THF (2 mL) was added dropwise to the 
reaction. The reaction was stirred at -100 °C for 30 min and then allowed to reach 0 °C over 3 h. It was 
cooled to -20 °C and quenched with sat. aq. NaHCO3 (10 mL). It was diluted with Et2O (50 mL) and sat. 
aq. NaHCO3 (20 mL), the aq. layer was isolated and extracted with Et2O (30 mL) and the combined 
organic layers were washed with brine (3 x 20 mL), dried over Na2SO4, filtered and concentrated under 
reduced pressure. Column chromatography (Et2O/pentane = 1:30 to 1:15) afforded the title compound 
as a clear oil (0.2529 g, 0.584 mmol, 57%). Rf = 0.57 (EtOAc/pentane = 1:20); 1H NMR (400 MHz, 
CDCl3) δ 5.50 – 5.29 (m, 10H), 3.67 (s, 3H), 3.62 (t, J = 7.0 Hz, 2H), 2.84 (dd, J = 7.0, 3.2 Hz, 8H), 
2.38 (q, J = 3.1, 2.6 Hz, 4H), 2.30 (q, J = 6.9 Hz, 2H), 0.89 (s, 9H), 0.05 (s, 6H); 13C NMR (101 MHz, 
CDCl3) δ 129.68, 129.46, 128.49, 128.38, 128.36, 128.25, 128.20, 128.18, 128.01, 126.36, 63.00, 
51.70, 34.15, 31.26, 26.10, 25.90, 25.77, 25.71, 22.93, 18.51, -5.12; HRMS: Calculated for 
[C26H44O3Si+H]+ 433.3133, found 433.3132.  

Methyl (4Z,7Z,10Z,13Z,16Z)-19-hydroxynonadeca-4,7,10,13,16-pentaenoate (7)  
To a cooled (0 °C) solution of methyl ester 29 (0.5385 g, 
1.244 mmol) in THF (12 mL) was added TBAF (1 M in THF, 
1.87 mL, 1.87 mmol) and the reaction was allowed to reach rt. 
After 2 h, the reaction was quenched with sat. aq. NH4Cl (100 mL) 

and diluted with Et2O (100 mL). The layers were separated and the aq. layer was extracted with Et2O 
(2 x 50 mL). The combined organic layers were washed with brine (100 mL), dried over MgSO4, filtered 
and concentrated under reduced pressure. The residue was purified with column chromatography 
(EtOAc/pentane = 1:9 to 1:4) to afford the title compound (0.3453 g, 1.084 mmol, 87%) as a clear oil 
which was further purified with preparative HPLC (Gemini, 63 to 66% B in A over 12 min, 5 mL/min). 
Rf = 0.70 (EtOAc/pentane = 1:1); 1H NMR (500 MHz, CDCl3) δ 5.59 – 5.50 (m, 1H), 5.47 – 5.32 (m, 
9H), 3.72 – 3.61 (m, 5H), 2.92 – 2.79 (m, 8H), 2.44 – 2.32 (m, 6H), 1.72 (bs, 1H); 13C NMR (126 MHz, 
CDCl3) δ 173.77, 131.17, 129.46, 128.41, 128.36, 128.31, 128.26, 128.21, 128.15, 128.00, 125.82, 
62.34, 51.73, 34.13, 30.97, 25.90, 25.79, 25.78, 25.71, 22.92; HRMS: Calculated for [C20H30O3+H]+ 
319.2268, found 319.2269.  

 
Methyl (4Z,7Z,10Z,13Z,16Z,19Z)-21-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)henicosa-
4,7,10,13,16,19-hexaenoate (31)  

Alcohol 7 (0.0613 g, 0.192 mmol) was dissolved in dry 
DCM (2 mL), cooled to 0 °C and DMP (0.122 g, 0.289 
mmol) was added. It was allowed to reach rt and stirred 
for 1 h, after which it was cooled to 0 °C, diluted with 

Et2O (5 mL) and quenched by addition of a mixture of sat. aq. NaHCO3/10% (w/v) aq. Na2S2O3 (1:1 
(v/v), 4 mL). It was stirred at rt until two layers appeared, after which the layers were separated, the 
aq. layer was extracted with Et2O (10 mL) and the combined organic layers washed with brine (2 x 5 
mL), dried over Na2SO4, filtered and concentrated under reduced pressure at rt. The formed aldehyde 
was dried by coevaporation with toluene at room temperature and used immediately. Phosphonium salt 
6 (0.128 g, 0.250 mmol) was dried by coevaporation with toluene three times. It was suspended in dry 
THF (3 mL) and cooled to -70 °C after which KOtBu (1.0 M in THF, 0.202 mL, 0.202 mmol) was added 
dropwise and the reaction was allowed to reach -50 °C over 1 h, then cooled to -105 °C. The aldehyde 
was dissolved in dry THF (2 mL) and added to the reaction via cannula dropwise. The reaction was 
allowed to reach -30 °C after which it was cooled to -80 °C. The reaction was diluted with dry Et2O (5 
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mL) and quenched with sat. aq. NaHCO3 (2 mL) under vigorous stirring. The reaction was further diluted 
with Et2O (25 mL) and sat. aq. NaHCO3 (25 mL), the layers were separated and the aq. layer extracted 
with Et2O (25 mL). The combined organic layers were washed with brine (50 mL), dried over MgSO4, 
filtered and concentrated under reduced pressure. Column chromatography of the residue 
(Et2O/pentane = 1:49 to 1:19) afforded the title compound as a yellow oil (0.0306 g, 0.073 mmol, 
38%). Rf = 0.68 (EtOAc/pentane = 1:9); 1H NMR (500 MHz, CDCl3) δ 5.53 (dtt, J = 10.4, 2.0, 7.2, 1H), 
5.45 – 5.30 (m, 10H), 5.24 (dtt, J = 10.4, 1.6, 7.6 Hz, 1H), 3.67 (s, 3H), 2.89 – 2.79 (m, 8H), 2.75 (t, 
J = 7.3 Hz, 2H), 2.43 – 2.35 (m, 4H), 2.17 (d, J = 7.6 Hz, 2H), 2.04 – 1.98 (m, 3H), 1.65 (t, J = 7.4 
Hz, 2H); 13C NMR (126 MHz, CDCl3) δ 173.66, 132.03, 129.43, 128.73, 128.42, 128.33, 128.25, 128.13, 
128.03, 127.53, 121.94, 82.88, 69.26, 51.70, 34.13, 32.10, 31.27, 28.27, 25.86, 25.78, 25.71, 22.92, 
13.45; HRMS: Calculated for [C27H36N2O2+H]+ 421.2850, found 421.2849.  

 
(4Z,7Z,10Z,13Z,16Z,19Z)-21-(3-(But-3-yn-1-yl)-3H-diazirin-3-yl)henicosa-
4,7,10,13,16,19-hexaenoic acid (pac-DHA, 4)  

To a cooled (0 °C) solution of methyl ester 31 (0.0198 
g, 0.047 mmol) in THF (2 mL) was added 1 M aq. LiOH 
(2 mL) and the reaction was allowed to reach rt 
overnight. It was then cooled to 0 °C, diluted with Et2O 

(5 mL) and acidified with 1 M aq. HCl to pH <2. NaCl was added until saturation and the organic layer 
was isolated. The aq. layer was extracted with Et2O (2 x 20 mL) and the combined organic layers were 
washed with brine (20 mL), dried over Na2SO4, filtered and concentrated under reduced pressure. 
Column chromatography of the residue (MeOH/DCM = 1:128 to 1:80) afforded the title compound as a 
slightly yellow oil (0.0159 g, 0.039 mmol, 83%). Rf = 0.47 (MeOH/DCM = 1:11); 1H NMR (400 MHz, 
CDCl3) δ 5.58 – 5.47 (m, 1H), 5.49 – 5.29 (m, 10H), 5.25 (dtt, J = 10.9, 7.6, 1.7 Hz, 1H), 2.84 (q, J = 
6.9, 6.1 Hz, 8H), 2.75 (t, J = 7.0 Hz, 2H), 2.49 – 2.37 (m, 4H), 2.17 (dd, J = 7.6, 1.5 Hz, 2H), 2.05 – 
1.96 (m, 3H), 1.65 (t, J = 7.3 Hz, 2H); 13C NMR (101 MHz, CDCl3) δ 178.86, 132.06, 129.72, 128.75, 
128.44, 128.42, 128.32, 128.29, 128.16, 127.70, 127.55, 121.96, 82.91, 69.29, 33.99, 32.11, 31.29, 
28.31, 25.88, 25.80, 25.74, 22.63, 13.48; HRMS: Calculated for [C26H34N2O2+H]+ 407.2693, found 
407.2693.  

 
(4Z,7Z,10Z,13Z,15E,19Z)-21-(3-(But-3-yn-1-yl)-3H-diazirin-3-yl)-17-hydroxyhenicosa-
4,7,10,13,15,19-hexaenoic acid (pac-17-HDHA, 5)   

Carboxylic acid 4 (pac-DHA, 21 mg, 0.052 mmol) was 
dissolved in EtOH (5 mL) and added to a cooled (0 °C) 
borate buffer (50 mM boric acid in MilliQ, adjusted to pH 
12 with NaOH, 500 mL). A solution of soy bean 
lipoxydase (SBLOX, L7395, Sigma, 50 mg) in borate 

buffer was added under vigorous stirring and air bubbling, and the reaction was stirred for 20 min. 
Then, aq. NaBH4 (10.33 mmol, 10.33 mL) was added and the reaction was stirred for 15 min. Then, 
acetic acid (2.63 mL, 45.9 mmol) was added dropwise and after 15 min the reaction was extracted with 
CHCl3 (4 x 200 mL). The combined organic layers were dried over Na2SO4, filtered, concentrated under 
reduced pressure and purified with column chromatography (MeOH/DCM = 1:99) and preparative HPLC 
(Nucleodur, 66 to 72% B in A over 12 min, 5 mL/min) to afford the title compound as a clear oil (1.0 
mg, 2.37 µmol, 4.6%). Aliquots were taken to analyze purity by LC-MS and NMR and regioselectivity 
was confirmed by the m/z 285 fragment ion after hydrogenation and LC-MS. 1H NMR (500 MHz, CDCl3) 
δ 6.57 (dd, J = 15.1, 11.0 Hz, 1H), 5.98 (t, J = 10.9 Hz, 1H), 5.64 (dd, J = 15.2, 6.3 Hz, 1H), 5.58 – 
5.32 (m, 9H), 4.16 – 4.09 (m, 1H), 2.97 (t, J = 7.0 Hz, 2H), 2.91 – 2.80 (m, 4H), 2.45 – 2.39 (m, 4H), 
2.07 – 1.98 (m, 5H), 1.76 – 1.68 (m, 4H), 1.62 – 1.58 (m, 1H). HRMS: Calculated for [C26H34N2O3+Na]+ 
445.2462, found 445.2459. 
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Supplementary data  

 

 

Figure S1 | Effect of 17-HDHA and pac-17-HDHA (5) on neutrophils. (A) 5-HETE/AA ratio and (B) LTB4 
(LC-MS/MS) produced by ionophore-stimulated neutrophils. Data represent means ± SD of representative donor 
(n = 3). ** p <0.01; *** p <0.001 in comparison to ionophore-treated control (dotted line) using a one-way ANOVA 
with Dunnett’s multiple comparisons correction. n.d.; not detected.  

 

 

Figure S2 | Stimulation of M2 macrophages results in detectable formation of 17-HDHA and 17-oxo-
DHA. (A) 17-oxo-DHA and (B) 17-HDHA measured in M2 macrophages shows that inhibition of PTGR1 by 
indomethacin and licochalcone A reduces conversion of 17-HDHA to 17-oxo-DHA. Cells were pretreated for 30 min 
with 10 µM indomethacin, licochalcone A or vehicle before treatment with 17-HDHA (15 µM) or vehicle for 2 h. 
Data represent means ± SD of representative donor (n = 2-3). One-way ANOVA between all conditions with Tukey’s 
multiple comparisons correction: no significant difference between stimulated and unstimulated conditions. 
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Figure S3 | Structures of Cy5-N3 (32) and biotin-N3 (33).  

 

 

Figure S4 | Fragmentation pattern of hydrogenated pac-17-HDHA (5).  
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Table S2 | Proteins significantly UV-enriched by pac-17-HDHA (5) in M2 macrophages.  

Gene  
name U

n
iq

u
e 

p
ep

ti
d

es
 

Description U
V

/n
o
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ac
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7-

H
D

H
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 (
5)
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value U
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n
o

 U
V
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(4
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E
n

ri
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en
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p

ac
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7-

H
D

H
A

/p
ac

-D
H

A
 

DHRS4 10 Dehydrogenase/reductase SDR family member 4  56.45 0.0062 8.36 6.75 

HSD3B7 3 3 beta-hydroxysteroid dehydrogenase type 7  51.86 0.0361 4.36 11.88 

VDAC1 6 Voltage-dependent anion-selective channel protein 1  41.80 0.0025 27.96 1.50 

ECH1 14 Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase 19.25 0.0062 18.43 1.04 

ERAP1 20 Endoplasmic reticulum aminopeptidase 1  13.95 0.0109 1.28 10.94 

PTGR1 11 Prostaglandin reductase 1  11.28 0.0038 1.47 7.67 

APOL2 4 Apolipoprotein L2  9.97 0.0007 37.83 0.26 

CERS2 2 Ceramide synthase 2  8.46 0.0022 6.30 1.34 

SCP2 3 Non-specific lipid-transfer protein  7.60 0.0006 5.91 1.29 

PLIN2 11 Perilipin-2  6.62 0.0052 24.32 0.27 

PLIN3 2 Perilipin-3  6.22 0.0470 24.45 0.25 

DECR1 4 2,4-dienoyl-CoA reductase, mitochondrial  6.19 0.0017 1.66 3.72 

TMEM33 4 Transmembrane protein 33  4.95 0.0022 6.98 0.71 

RAB1C 2 Putative Ras-related protein Rab-1C  4.75 0.0252 15.33 0.31 

AGPS 2 Alkyldihydroxyacetonephosphate synthase peroxisomal  4.70 0.0087 2.90 1.62 

DHRS1 5 Dehydrogenase/reductase SDR family member 1  4.64 0.0037 2.50 1.85 

SRPRB 5 Signal recognition particle receptor subunit beta  4.04 0.0231 5.66 0.71 

VDAC2 7 Voltage-dependent anion-selective channel protein 2  3.99 0.0062 16.94 0.24 

METTL7A 2 Methyltransferase-like protein 7A  3.98 0.0067 23.57 0.17 

SNX5 2 Sorting nexin-5  3.90 0.0115 2.12 1.84 

FABP5 2 Fatty acid-binding protein epidermal  3.72 0.0328 1.00 3.72 

IFI30 3 Gamma-interferon-inducible lysosomal thiol reductase  3.56 0.0057 5.16 0.69 

HSD17B4 28 Peroxisomal multifunctional enzyme type 2  3.23 0.0073 2.47 1.31 

SCAMP2 2 Secretory carrier-associated membrane protein 2  2.85 0.0065 12.45 0.23 

HSD17B1
1 

2 Estradiol 17-beta-dehydrogenase 11  2.65 0.0426 14.22 0.19 

IDH1 8 Isocitrate dehydrogenase [NADP] cytoplasmic  2.65 0.0195 0.87 3.03 

BCAP31 3 B-cell receptor-associated protein 31  2.64 0.0287 2.07 1.28 

SQOR 6 Sulfide:quinone oxidoreductase, mitochondrial  2.61 0.0036 0.95 2.75 

NCEH1 6 Neutral cholesterol ester hydrolase 1  2.59 0.0191 2.32 1.12 

TBXAS1 5 Thromboxane-A synthase  2.33 0.0099 2.61 0.89 

EPHX1 6 Epoxide hydrolase 1  2.26 0.0022 1.36 1.66 

ALDH1A1 17 Retinal dehydrogenase 1  2.24 0.0037 0.84 2.68 

ALDH2 16 Aldehyde dehydrogenase mitochondrial  2.03 0.0040 0.78 2.61 
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Chapter 4 
 

Exploring the neuroprotective role of 
DHEA in inflammation*  

 
 
 

 

 
Introduction 

Docosahexaenoic acid (DHA, 22:6 n-3, 1) is an omega-3 fatty acid which is essential for brain 
development and function (Figure 1).1–4 DHA and its metabolites are abundant in the brain, 
representing 13-14% of total fatty acids in the cerebral cortex of primates.5 One of the DHA 
metabolites is N-docosahexaenoylethanolamine (DHEA, 2). DHEA is structurally related to the 
neurotransmitter anandamide (AEA) and is sometimes referred to as ‘synaptamide’, because 
it has been identified as a signaling lipid with potent neurotrophic and neuroprotective 
effects.6,7 Inhibition of fatty acid amide hydrolase (FAAH), the main metabolic enzyme of DHEA, 
enhances some of the beneficial effects of DHA, which suggests that DHEA is involved in the 
physiological effects of DHA.8,9 Despite their structural similarity, DHEA is much less active on 
the receptors of AEA, cannabinoid receptors type 1 and 2 (CB1R, CB2R). Instead, its neuronal 
effects are reported to be due to activation of GPR110.10  

 
_____________________________ 
*The data presented in this chapter was gathered in collaboration with Andrea Martella, Eva van Rooden, Kim Wals, 
Hans den Dulk, Thomas Bakkum, Tom van der Wel, Herman S. Overkleeft, Sander van Kasteren, Mario van der 
Stelt. 
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Figure 1 | DHA (1), DHEA (2) and their probe counterparts, photoaffinity-click (pac)-DHA (3) and pac-DHEA (4).  

In addition to its role in neuronal growth, DHEA exerts neuroprotective effects by 
inhibiting the inflammatory response by immune cells in the central nervous system (CNS).6,11 
Although inflammation is a beneficial process to combat pathogens, persistent inflammation 
in the CNS is detrimental to neurons due to excessive production of pro-inflammatory cytokines 
and reactive oxygen and nitrogen species.12 Chronic neuroinflammation is associated with 
many neurodegenerative diseases, such as multiple sclerosis (MS), Alzheimer's disease (AD) 
and Parkinson's disease (PD).12–14 The inflammatory response in the CNS is regulated by 
microglia, which are a resident population of macrophage-like immune cells.15,16 Microglia also 
modulate neuronal activity by releasing neurotrophic factors and removing immature synapses 
and excess neural precursor cells.17,18 The pleiotropic effects of DHEA in the CNS indicate that 
it contributes to neuronal health through multiple pathways.  

Activation of GPR110 by DHEA provides an anti-inflammatory signal.19 Moreover, DHEA 
reduces COX-2-mediated production of pro-inflammatory eicosanoids in macrophages.20 It is 
suggested that DHEA acts as a competitive or non-competitive inhibitor of COX-2, but it was 
also found to serve as a substrate of this enzyme, yielding oxidized metabolites.21 This adds 
another level of complexity, as oxidative metabolism of DHEA introduces crosstalk between 
the epoxyeicosanoid and endocannabinoid signaling pathways.22 Epoxyeicosanoids are 
synthesized from arachidonic acid by cytochrome P450 enzymes (CYP450) and have potent 
vasodilatory and anti-inflammatory effects.23,24 DHEA can also serve as CYP450 substrate and 
the resulting metabolites act as cannabinoid receptor 2 (CB2R) agonists producing anti-
inflammatory effects.22 Another class of oxidized metabolites of DHEA, produced by 
lipoxygenase enzymes, are also potent agonists of the CB2R, which have organ-protective 
effects in an inflammatory model.25 Finally, DHEA has been found to have additional 
cannabinoid receptor-independent anti-inflammatory effects.20,26 
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To further study the anti-inflammatory effects of DHEA and its metabolites, photoaffinity-
based protein profiling (AfBPP) can be used to uncover protein interaction partners.27 This 
approach, introduced in Chapter 3, uses bifunctional probes which consist of a ligand of 
interest modified with a photoreactive group and a bioorthogonal ligation handle. This 
combination allows for the discovery of probe-interacting proteins by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) and fluorescence scanning, or alternatively, 
liquid chromatography-mass spectrometry (LC-MS, Figure 2).28 Building on the methods and 
photoaffinity-click (pac)-DHA (3) developed in Chapter 3, the synthesis and application of 
photoaffinity probe pac-DHEA (4) is described in order to investigate the role of DHEA in 
neuroinflammation (Figure 1). This probe is used to map the lipid-protein interaction partners 
of DHEA in microglia using comparative AfBPP, which resulted in the discovery of novel protein 
interaction partners of DHEA. The role of these proteins in microglia was further investigated, 
which indicated that they may contribute to the anti-inflammatory effects of DHEA. 

  

Figure 2 | Schematic overview of AfBPP experiment. Cells are incubated with a photoaffinity probe before 
UV irradiation or exposure to ambient light, followed by cell lysis and ligation of the probe-bound proteins to a 
fluorophore-azide or biotin-azide for SDS-PAGE or LC-MS/MS analysis respectively.  
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Results  

Characterization of DHEA and pac-DHEA (4) in N9 microglia 

To study the protein interaction partners of DHEA, pac-DHEA (4) was synthesized by 
condensation of pac-DHA (3) with ethanolamine (Figure 1). With both probes 3 and 4 in hand, 
it was investigated whether they showed similar anti-inflammatory properties as their parent 
lipids in lipopolysaccharide (LPS)-stimulated N9 microglia cells, which are widely used as an in 
vitro model of neuroinflammation.29 The cells were incubated with DHA, DHEA, probe 3 or 4 
at 10 µM for 4 h before addition of 25 ng/mL LPS. The effect of the lipids on a number of pro-
inflammatory gene transcripts (IL6, Ptgs2, Tlr2 and CD86) was quantified by qPCR (Figure 3). 
DHEA and pac-DHEA (4) were equipotent in their reduction of IL6, Ptgs2, Tlr2 and CD86 mRNA 
levels, which indicated that the photoaffinity probe retained the anti-inflammatory properties 
of DHEA. In line with previous reports, it was found that DHEA was more effective than DHA 
in suppressing the LPS-induced expression of pro-inflammatory genes, except of Ptgs2.11,30 
This result indicates that DHEA and DHA exert different biological activities and suggests that 
they have different interaction partners. 

 
Figure 3 | Effect of lipids on inflammatory markers of N9 microglia. N9 microglia were pretreated with 
indicated lipid (10 µM) or vehicle for 4 h before LPS stimulation (25 ng/mL) for 24 h. Values reported are mRNA 
expression of inflammation-related genes as measured by qPCR and normalized to LPS-treated vehicle control. 
Data represent means ± SEM (n = 2). * p <0.05, ** p <0.01, *** p <0.001 in comparison to LPS-treated control 
(dotted line) using a one-way ANOVA with Dunnett’s multiple comparisons correction.  
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Photoaffinity labeling reveals pac-DHEA-interacting proteins 

To discover DHEA-interacting proteins, the photoaffinity probes were used in an AfBPP 
experiment using N9 microglia. To capture the probe-interacting proteins, N9 microglia were 
treated with pac-DHA (3) or pac-DHEA (4) (10 µM) and incubated for 24 h to simulate the 
qPCR experiments. After incubation, supernatant was removed and the cells were washed with 
PBS followed by irradiation (350 nm, 10 min, “UV”) or exposure to ambient light (“no UV”). 
Cells were lysed and the probe-labeled proteins were conjugated to Cy5-N3 under copper(I)-
catalyzed azide-alkyne cycloaddition (CuAAC) conditions. Separation of the labeled proteins by 
SDS-PAGE and in-gel fluorescence scanning demonstrated UV-dependent labeling of proteins 
by probe 4 (Figure 4A).  

 
Figure 4 | Pac-DHEA (4)-interacting proteins in N9 microglia. (A) Gel-based AfBPP analysis of pac-DHEA 
(4)-interacting proteins in N9 microglia. (B) Waterfall plot of proteins identified in pulldown experiment with 10 µM 
pac-DHEA (4). UV enrichment was capped at 20-fold and proteins with a ratio >2 are highlighted in black. (C) 
Volcano plot of proteins identified in pulldown experiment with 10 µM pac-DHEA (4). UV enrichment was capped 
at 20-fold and proteins with a ratio >2 and p-value <0.05 are highlighted in black. (D) GO enrichment analysis of 
significantly UV-enriched pac-DHEA (4) targets.  
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To identify these targets, probe-bound proteins were ligated to biotin-N3, enriched using 
avidin-coated agarose beads, digested by trypsin and analyzed by LC-MS/MS.31 Proteomic 
analysis resulted in 353 identified proteins with at least 2 unique peptides (Figure 4B). Out of 
these, 105 were designated as pac-DHEA (4)-interacting targets using >2-fold UV enrichment 
and a p-value <0.05 as cutoff criteria (Figure 4C). GO enrichment analysis of the cellular 
component annotation of these targets showed that mainly membrane proteins and proteins 
associated with the endoplasmic reticulum (ER) and mitochondria were enriched 
(Figure 4D).32,33  

To distinguish between lipophilic, nonspecifically-interacting proteins and genuine probe 
targets, the probe 4-interacting proteins were compared to the proteins identified by pac-DHA 
(3). To this end, label-free quantification (LFQ) values of pac-DHEA (4) targets were plotted 
against that of pac-DHA (3), which revealed eleven targets specific for probe 4 (Figure 5A, B 
and Table S3). These targets consisted in part of known lipid-metabolizing proteins and known 
AEA interaction partners previously found by AEA-based probes.34 Of these targets, three 
proteins with unknown function or mechanism of action were chosen for further investigation, 
neudesin (NENF), adipocyte plasma membrane-associated protein (APMAP) and glutathione 
S-transferase Mu 1 (GSTM1). To confirm GSTM1 among the GSTM family, the identified 
peptides were compared to the known sequences. Of the peptides found for GSTM1, two were 
unique for GSTM1 within the family (Figure 5C).  
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Figure 5 | Specifically enriched pac-DHEA (4) targets. (A) Volcano plot of LFQ values of pac-DHEA (4) 
versus pac-DHA (3) of probe 4 UV-enriched targets. Probe 4-specific targets are in black, NENF, GSTM1 and APMAP 
are highlighted in red. (B) List of all probe 4-specific targets. (C) Amino acid sequences for the GSTM family 
starting at amino acid 91 and 201 as per the mouse UNIPROT database with two identified peptides indicated in 
bold. (D) qPCR analysis of Apmap, Gstm1 and Nenf genes in unstimulated or LPS-stimulated (25 ng/mL) N9 
microglia. Data represent means ± SEM (n = 2). Student’s t-tests were used to test for significance versus control. 
(E) Western blot of N9 microglia against APMAP and GSTM1 shows expression of both proteins and increased 
GSMT1 protein upon LPS stimulation (100 ng/mL). (F) Gel-based AfBPP with pac-DHEA (4) in APMAP-
overexpressing HEK-293-T cells after 0.5 and 24 h probe incubation. (G) Gel-based AfBPP with pac-DHEA (4) on 
mouse or human NENF-expressing HEK-293-T supernatant. Coomassie served as a protein loading control.  

  The expression of NENF, APMAP and GSTM1 in N9 cells was further investigated by 
qPCR and western blot. Apmap, Gstm1 and Nenf mRNA could be detected and APMAP and 
GSTM1 protein was detected by specific antibodies (Figure 5D/E). mRNA and protein levels of 
GSMT1 showed an increase upon LPS stimulation, which is consistent with its reported 
involvement in inflammatory signaling.35 Next, the three proteins were overexpressed in 
HEK-293-T cells to confirm that they are targets of probe 4. Gel-based AfBPP revealed that 
APMAP could be labeled by the probe after a short (0.5 h) or long (24 h) incubation time 
(Figure 5F). Probe labeling of NENF, an extracellular protein, was observed in the supernatant 
of NENF-overexpressing HEK-293-T cells (Figure 5G). GSTM1 was overexpressed in HEK-293-T 
cells, but could not be labeled at any incubation time. This indicated that APMAP and NENF, 
but not GSTM1, are direct protein targets of pac-DHEA (4).  

5

-3 -2 -1 0 1 2 3 4 5

-5

-4

-3

-2

-1

log2(pac-DHEA (4) UV/pac-DHA (3) UV)

APMAP
GSTM1

NENF

p = 0.05

91–EEERIRADIVENQVMDTRMQ- 201-SRYIATPIFSKMAHWSNK       GSTM1 (26.0 kDa)
91–EEERIRVDILENQAMDTRIQ- 201-sRFLSKPIFAKMAFWNPK GSTM2 (25.7 kDa)
91–EEERIRVDTLENQVMDTRIQ- 201-SRFLPRPVFTKIAQWGTD       GSTM3 (25.7 kDa)
91–GDTEEEKIRVDIMENQIMDF- 201-LQSDRFFKMPINNKMAKWGNKCLC GSTM5 (26.6 kDa)
91–EEERIRVDILEKQVMDTRIQ- 201-SRFLPSPVYLKQATWGNE       GSTM6 (25.6 kDa)
91–EEERIRVDILENQLMDNRMV- 201-SRFLPRPMFTKMATWGSN       GSTM7 (25.7 kDa)

Unique peptides Gene name Description

5 ACP6 Lysophosphatidic acid phosphatase type 6

19 ALDH2 Aldehyde dehydrogenase, mitochondrial 

11 APMAP
Adipocyte plasma membrane-associated 
protein

4 GSTM1 Glutathione S-transferase Mu 1

11 HMOX2 Heme oxygenase 2 

12 MTAP S-methyl-5'-thioadenosine phosphorylase

6 NENF Neudesin

8 NUCB1 Nucleobindin-1

7 PMPCA Mitochondrial-processing peptidase subunit alpha 

7 PTGR2 Prostaglandin reductase 2 

11 UGT1A7C UDP-glucuronosyltransferase 1-7C 

A B

C

GSTM1 WB

CM

LPS ‒ +

D

E

APMAP WB

CM

Apm
ap

Gstm
1

Nen
f

0

25

50

75

100

125

150

175

200

qPCR

 - LPS
+ LPS

n.s.
n.s.

p=0.058

Western blot

Cy5

CM

25 kDa48 kDa

48 kDa

Cy5

FLAG WB

A
P

M
A

P

M
o

c
k

A
P

M
A

P

UV ‒ + + ‒ + +

Plasmid

0.5h 24h

M
o

ck

h
N

E
N

F

m
N

E
N

F

UV + + +

Plasmid

F G
A

P
M

A
P

M
o

c
k

A
P

M
A

P
Incubation

pac-DHEA (4) labeling

0.5hIncubation

Probe-specific enrichment

pac-DHEA (4) labeling



Chapter 4 

78 
 

Characterization of NENF, GSMT1 and APMAP in N9 microglia 

The three proteins were further investigated for their role in inflammatory response by 
measuring secreted pro-inflammatory markers interleukin-6 (IL-6) and nitric oxide (NO). NO 
is rapidly oxidized in cells to form nitrite, which can be detected and quantified through its 
reactivity towards 2,3-diaminonaphthalene (DAN).36,37 Incubation of N9 cells with LPS induced 
the formation of IL-6 as measured by ELISA and nitrite as measured using a DAN assay (Figure 
6A, B, Figure S1, S2).38 DHEA reduced both NO and IL-6 production in a dose-dependent 
manner (Figure 6A, B, Figure S2). In contrast to previously published results, which indicated 
that CYP450-derived epoxide metabolites of DHEA play a critical role in microglial inflammatory 
response,22 the broad-spectrum CYP inhibitor ketoconazole and a soluble epoxide hydrolase 
inhibitor did not affect the anti-inflammatory effects of DHEA (Figure S3).  

Next, the effect of the three proteins on LPS-induced inflammatory response by N9 cells 
was investigated. NENF acts as an extracellular signaling factor, and recombinant NENF has 
been shown to have neurotrophic effects on neuronal cells under serum-free conditions.39 
Therefore, N9 cells were incubated with or without fetal calf serum and supplemented with 
recombinant NENF protein or bovine serum albumin (BSA) as control. Under these conditions, 
NENF reduced LPS-induced NO production slightly in serum-free medium, but not in 
combination with DHEA (Figure 6C, D).  

 
Figure 6 | Effect of DHA, DHEA and NENF on inflammatory markers. N9 microglia were pretreated with 
indicated lipid or vehicle for 4 h before LPS stimulation (100 ng/mL) for 24 h. Supernatant was collected for (A, C, 
D) DAN assay or (B) IL-6 ELISA and viability was tested by MTT assay (Figure S1). For the NENF treatment, N9 
microglia were cultured in full medium or serum-free medium supplemented with 0.1% delipidated BSA for 3 h, 
after which they were treated with indicated combination of recombinant human NENF or BSA, and DHEA or vehicle 
for 4 h before LPS stimulation (100 ng/mL) in the corresponding medium. Data represent means ± SEM (n = 3-6). 
*** p <0.001 in comparison to LPS-treated control (dotted line) using a one-way ANOVA with Dunnett’s multiple 
comparisons correction. ## p <0.01 using a one-way ANOVA between all conditions with Tukey’s multiple 
comparisons correction.  
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Next, since GSTM1 and APMAP have no known function or inhibitors, the role of these 
proteins in inflammatory response was studied by overexpression in N9 cells. Since most 
traditional methods of introduction of foreign DNA in microglial cells result in cell death or 
premature activation, stable expressing N9 cells were made using lentiviral vectors.40,41 

To follow incorporation of the genetic material during the selection procedure, GFP 
fusions of GSTM1 and APMAP were used. HEK-293-T cells were transfected to obtain lentiviral 
particles carrying vectors encoding GFP, GSMT1-GFP and APMAP-GFP, which were 
subsequently used to infect N9 microglia. Selection for cells which incorporated the DNA of 
interest afforded populations with good (>90% of cells) expression of GFP and acceptable (50-
75% of cells) expression of GSTM1-GFP and APMAP-GFP based on fluorescent signal. 
Expression of GSTM1-GFP and APMAP-GFP was confirmed by western blot (Figure S4A, B) and 
localization was investigated by confocal microscopy of live cells (Figure S4C). This showed 
homogeneous localization of GFP and GSTM1-GFP throughout the cell, whereas APMAP-GFP 
showed exclusion from the nucleus, which was consistent with literature.42  

Next, IL-6 and nitrite levels in LPS-stimulated GFP-, GSTM1-GFP- and APMAP-GFP-
expressing cells were determined (Figure 7). Both GSTM1-GFP and APMAP-GFP overexpression 
did not elicit an immune response or affect cell viability (Figure S5), but upon LPS stimulation 
the NO and IL-6 response was strongly and significantly increased compared to control cells 
expressing GFP. The increased nitrite and IL-6 levels in both GSTM1-GFP- and APMAP-GFP-
expressing cells were reduced by pretreatment with DHEA. Of note, DHA only partly reduced 
levels of IL-6, but not nitrite, in GSTM1-GFP- and APMAP-GFP-expressing cells.  

Figure 7 | Effect of expression of GFP, GSTM1-GFP or APMAP-GFP on inflammatory markers. (A,B) 
GSTM1-GFP-, (C, D) APMAP-GFP- or GFP-expressing N9 microglia were pretreated with indicated lipid or vehicle 
for 4 h before LPS stimulation (100 ng/mL) for 24 h. Supernatant was collected for DAN assay or IL-6 ELISA and 
viability was tested by MTT assay (Figure S5). Data represent means ± SEM (n = 4). *** p <0.001; ** p <0.01 in 
comparison to LPS-treated GFP-expressing cells (dotted line), ### p <0.001; ## p <0.01 in comparison to LPS-
treated GSTM1-GFP- or APMAP-GFP-expressing cells (dashed line) using a one-way ANOVA between all conditions 
followed by Tukey’s multiple comparisons correction. 
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Discussion and conclusion 

DHEA is an omega-3 fatty acid derivative with pleiotropic effects in the brain. It is known to 
have a role in neurogenesis, neuritogenesis and synaptogenesis, but also to reduce the 
inflammatory response of immune cells. Although large improvements have been made to 
detect and quantify DHEA and its metabolites, this does not allow for the discovery of novel 
protein targets that bestow their anti-inflammatory properties. This is enabled by photoaffinity 
probes, which have been successfully used to characterize lipid-protein interactions of several 
lipid classes.34,43–45 In this chapter, the role of DHEA in neuroinflammation was investigated by 
characterization of its anti-inflammatory effects in a microglial cell line and the protein 
interaction landscape was investigated using a DHEA-based photoaffinity probe. DHEA dose-
dependently reduced inflammatory response to a greater extent than DHA. Inhibition of 
CYP450 and sEH enzymes did not alter this effect, indicating that epoxide metabolites of DHEA 
were not involved in LPS-stimulated N9 microglia. Photoaffinity probe 4 had the same anti-
inflammatory capacity as its parent lipid, which indicated that the introduction of the minimalist 
bifunctional photoreactive linker with an alkyne ligation tag was tolerated. Probe 4 was used 
to identify 105 pac-DHEA-interacting proteins. Of these, 11 were deemed DHEA-specific after 
deselection, of which three were further investigated.  

NENF is a 171 amino acid secreted protein expressed abundantly in the central nervous 
system and was identified as a heme-binding neurotrophic factor.46–48 It signals for neuronal 
differentiation and survival through the mitogen-activated protein kinase (MAPK) and 
phosphatidylinositol 3-kinase (PI3K) pathways.39,47 Specific receptors remain unknown.49 
Recombinant NENF did not alter NO production in complete medium upon LPS stimulation, 
however, the NO response was reduced by NENF when N9 microglia were cultured in serum-
free medium. In line with previously reported neuroprotective properties of NENF39 and 
interaction with AEA,34 NENF could act as a facilitator for the intercellular exchange of signaling 
lipids like DHEA and AEA in the brain.  

GSTM1 is part of a family of enzymes responsible for the metabolism of a broad range 
of xenobiotics and carcinogens.50 GSTM1 was found to promote pro-inflammatory signaling in 
mice and to be required in astrocytes for the activation of nuclear factor κB and stimulated the 
formation of pro-inflammatory mediators.35 Knockdown of GSMT1 in astrocytes resulted in 
attenuated activation of microglia in the prefrontal cortex of mice in response to LPS 
stimulation.35 The results presented here show that GSTM1 is also present in microglia and its 
expression is increased upon LPS stimulation. Overexpression of GSTM1-GFP in N9 microglia 
exacerbated the inflammatory response to LPS. DHEA could partially reverse this effect, while 
DHA was less effective. Since probe 4 did not directly label recombinant GSMT1 in HEK-293-
T cells, an oxidative metabolite of DHEA produced by lipoxygenases or cyclooxygenases may 
be responsible for the interaction with GSMT1. Previously, GSMT1 has been implicated in 
neuroinflammation35 and its null polymorphism is associated with increased risk of 
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inflammatory disease51 and cancer.52,53 Based on the results reported in this study, it can be 
speculated that GSTM1 inactivates not only toxic metabolites, but also anti-inflammatory lipids, 
thereby exacerbating the inflammatory response. 

APMAP was identified as an integral plasma membrane protein with a large extracellular 
C-terminal domain.54 It induces differentiation of 3T3-L1 cells into adipocytes,54 but it is also 
expressed in non-adipose tissues, like liver, central nervous system, blood vessels and on the 
cell surface of CD14+ monocytes and endothelial cells.42 It has esterase activity and its 
sequence homology with paraoxonase family members indicates that it might be involved in 
detoxification processes.42 Here, it was shown to interact with pac-DHEA and to increase the 
inflammatory response to LPS in N9 microglia, which could be partially prevented by DHEA. 
The interaction of APMAP with pac-DHEA (4) and its homology to paraoxonases suggests that 
it could be involved in metabolism of immunomodulatory lipids.  

In conclusion, lipid photoaffinity probes can be used to investigate protein-lipid 
interactions that infer the anti-inflammatory properties of omega-3 fatty acids and metabolites. 
Control probes are needed to distinguish between specific and nonspecific interactions. 
Applying DHA- and DHEA-based photoaffinity probes provided an overview of the interaction 
landscape in microglial cells and provide a basis for further investigation of the role of these 
omega-3 fatty acids in neuroinflammation.  
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Experimental procedures 

 

General 
Lipids were purchased from Cayman Chemicals and stored as 10 mM ethanolic stocks under nitrogen 
at -80 °C. Inhibitors were purchased from Cayman Chemicals or Sigma Aldrich and stored as 10 mM 
DMSO stocks at -20 °C. LPS from Escherichia coli (O111:B4, Sigma Aldrich) was dissolved in PBS and 
stored at 200 µg/mL at -20 °C. Human recombinant NENF was obtained from R&D Systems (6714-ND-
050), reconstituted to 100 µg/mL in PBS and stored at -80 °C. FP-TAMRA was purchased from Thermo 
Fisher. MB064 was synthesized in-house as previously described.55 All other reagents were purchased 
from Sigma Aldrich or Cayman Chemicals unless otherwise specified.  

Cloning 
DNA oligos were purchased at Sigma Aldrich or Integrated DNA Technologies. Cloning reagents were 
from Thermo Fisher. Full-length cDNA encoding human NENF or murine APMAP, NENF and GSTM1 was 
obtained from Source Bioscience. Expression constructs were generated by PCR amplification and 
restriction/ligation cloning into a pcDNA3.1 vector, in frame with a C-terminal FLAG tag or, in case of 
GFP fusion constructs, a C-terminal GFP-FLAG tag. Lentiviral vectors (pLenti6.3/V5-DEST, pMD2.G, 
pRSV-Rev and pMDLg/pRRE) were kind gifts from Dr. Rolf Boot (Leiden University). Lentiviral expression 
constructs were generated by PCR amplification of the GFP, APMAP-GFP-FLAG or GSTM1-GFP-FLAG 
sequence and restriction/ligation cloning into a pLenti6.3/V5-DEST vector. All plasmids were isolated 
from transformed XL10-Gold or DH10B competent cells (prepared using E. coli transformation buffer 
set, Zymo Research) using plasmid isolation kits following the supplier’s protocol (Qiagen). All sequences 
were verified by Sanger sequencing (Macrogen).  

General cell culture  
HEK-293-T cells were cultured at 37 °C under 7% CO2 in DMEM (Sigma Aldrich, D6546) containing 
phenol red, stable glutamine, 10% (v/v) New Born Calf Serum (Thermo Fisher) and penicillin and 
streptomycin (200 µg/mL each, Duchefa). Cells were passaged twice a week at 80-90% confluence by 
resuspension in fresh medium. 

N9 microglia were cultured at 37 °C under 5% CO2 in RPMI 1640 (Sigma) containing phenol red, stable 
glutamine, 10% (v/v) sterile-filtered Fetal Calf Serum (Thermo Fisher) and penicillin and streptomycin 
(200 µg/mL each, Duchefa). Cells were passaged every two days by washing with PBS and 
trypsinization, subsequently quenching the trypsin with medium and removal of the trypsin by spinning 
down the cell suspension (200 g, 5 min). The resulting pellet was resuspended in culture medium by 
vortexing and subsequently seeded on new plates. Cells were tested regularly for mycoplasma 
contamination. Cultures were discarded after 2-3 months of use.  

N9 lentivirus infection 
To produce lentiviral particles, HEK-293-T cells were seeded on 10 cm dishes 24 h prior to transfection. 
Culture medium (DMEM) was then aspirated and replaced with 5 mL fresh medium. A 3:1 (m/m) mixture 
of PEI (30 µg/dish) and plasmid DNA (10 µg/dish, 1:1:2:4 ratio (m/m) of pMD2.G, pRSV-Rev, 
pMDLg/pRRE, and pLenti6.3/V5-DEST encoding GFP, GSMT1-GFP or APMAP-GFP) was prepared in 
serum-free culture medium (1 mL) and incubated for 15 min at rt. Transfection was performed by 
dropwise addition of the PEI/DNA mix to the cells. After 24 h, medium was replaced with fresh medium 
supplemented with HEPES pH 7.4 (20 mM final). After 24 h, the supernatant was collected in a 15 mL 
tube, spun down (10,000 g, 5 min) and filtered over a 0.45 µm sterile filter and used immediately.  
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For the infection, 1.0x105 N9 cells were plated on 6-well plates 24 h prior to infection. The medium 
(RPMI) was aspirated and replaced with 1 mL fresh medium. This was supplemented with 1 mL of HEK-
293-T supernatant containing the lentiviral particles and the cells were cultured for 24 h. The medium 
was removed and replaced with 4 mL culture medium (RPMI). After 24 h, the medium was replaced 
with 4 mL medium containing 2 µg/mL blasticidin S and the cells were maintained on 2 µg/mL blasticidin 
S for two weeks, splitting cells when confluent and replacing the medium at least every two days. For 
subsequent experiments, the cells were plated in medium without blasticidin S.  

RNA extraction and cDNA synthesis 
Cells were lysed in Invitrogen TRIzol reagent (Thermo Fisher) in a total volume of 500 µL and frozen 
at -80 °C. RNA extraction was performed following the supplier’s protocol with minor modifications. In 
short, 100 µL CHCl3 was added to the lysates and the sample was thoroughly vortexed and centrifuged 
(12,000 g, 15 min). The clear lysate was transferred to a new vial and isopropanol was added (1:1 v/v). 
This was vortexed, incubated for 10 min and centrifuged (7,500 g, 10 min). The RNA pellet was then 
washed twice with 750 µL of 75% ethanol and dried by evaporation. The pellet was resuspended in 10 
µL of RNase free DEPC water (BioSphere) and the RNA concentration and purity were determined using 
a DeNovix DS-11 spectrophotometer. RNA with an A260/A280-ratio between 1.95 and 2.05 was considered 
to be of sufficient quality. The samples were brought to equal concentration by diluting with DEPC 
water. RNA was then mixed with dNTPs (0.5 mM) and oligodT (5 µM), and shortly heated up to 85 °C. 
Subsequently, RT-buffer (ThermoFisher), Reverse transcriptase (Thermo Fisher, EP0752) and RiboLock 
(2 units, Thermo Fisher, O0381) was added in a total volume of 10 µL and the cDNA was generated in 
30 min at 50 °C in a thermal cycler. 

Quantitative real-time polymerase chain reaction 
Quantitative real-time polymerase chain reaction (qPCR) was performed with 10 ng of RNA as a 
template. Forward and reverse primers for the indicated gene were added both at 0.3 µM final 
concentration, with 7.5 µL of 2*SYBR Green Master mix (BioTools, B21202) in a total volume of 15 µL. 
Amplification was performed in a BioRad CFX96 Touch Real-time PCR. 5 min at 95 °C was done to heat-
start the polymerase-activity. 40 cycles were then performed consisting of 15 seconds of denaturation 
at 95 °C, followed by 45 seconds of annealing and elongation at 60 °C. Afterwards, the melting 
temperature was measured to assess amplicon integrity by performing 60 cycles of 65 °C + 0.5 °C/cycle 
for 5 seconds/cycle. Used primers sets are listed in Table S1.  

Table S1 | Primers used in qPCR experiments.  

Gene Forward primer Reverse primer  

Hprt TTGACACTGGTAAAACAATGC GCCTGTATCCAACACTTCG 

Il6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC 

Ptgs2 TGAGCAACTATTCCAAACCAGC GCACGTAGTCTTCGATCACTATC 

Cd86 TGTTTCCGTGGAGACGCAAG TTGAGCCTTTGTAAATGGGCA 

Tlr2 AGGTGCGGACTGTTTCCTTC AGATTTGACGCTTTGTCTGAGG 

Apmap GAGGTCAAGGAGGGCAGTTC GGGTTCTTTGAAGCTGAAACTCT 

Gstm1 TAATTGGGATTGGTGCAGGGT CTGGTGCTGTGGTCTTCTCAA 

Nenf GAAGGGAGTGGTGTTCGATGT GTGTCGTGAGTGAGGTCTGC 

 

Data was analyzed with CFX Manager software (BioRad) and Ct-values were averaged and normalized 
to the expression of Hprt, as this gene was found to be among the more stable reference genes for 
LPS-stimulated microglia. Data are expressed as relative mRNA levels with standard errors of the mean 
of duplicate reactions, which was calculated with the REST 2009 software.56 
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Enzyme-linked immunosorbent assay (ELISA) 
ELISA was performed using an IL-6 Mouse uncoated ELISA KIT (Thermo Fisher, 88-7064-88) following 
the manufacturers protocol with minor modifications. In short, half-area high-binding 96 well plates 
(Greiner) were coated with 25 µL of coating antibody in PBS (1:250) overnight at 4 °C. The wells were 
blocked with 100 µL of diluent buffer for 2 h at rt. Incubation with 25 µL (diluted) supernatant and 
provided standard was done for 2 h at rt. The plates were then washed five times with PBS-T (PBS 
supplemented with 0.05% (w/v) Tween-20). 25 µL of the biotinylated detection antibody in diluent was 
incubated for 1 hour at rt, after which the plate was washed again five times with PBST. The secondary 
antibody in diluent was incubated 30 min at rt and the plate was washed seven times with PBST. 
Detection was done by reacting 25 µL of TMB solution in each well for 10-20 min before quenching with 
12.5 µL of 1M aq. HCl. Absorption was measured at 450 nm using a CLARIOstar plate reader (BMG 
Labtech) and analyzed with Graphpad Prism 8.1.1.  

DAN assay  
To 100 µL of freshly isolated supernatant in a black 96-well plate was added 10 µL of 0.05 mg/mL 2,3-
diethylaminonaphtalene (DAN) in 0.62 M aq. HCl. This was mixed and incubated for 30 min in the dark. 
The reaction was quenched with 10 µL of 1.4 M aq. NaOH. The solution was subsequently scanned for 
fluorescence at 365 nm excitation and 450 nm emission in a CLARIOstar plate reader (BMG Labtech). 
The concentration was determined using a standard curve of a freshly prepared dilution of NaNO2 in 
medium.  

Viability assay 
Cells were seeded at 2.0x104 or 3.0x104 cells per well in a 96-well plate in 0.1 mL medium per well 24 h 
before treatment. The cells were then treated with the indicated stimuli in fresh complete medium. 
Afterwards, the culture medium was collected for DAN assay or ELISA. For the MTT assay, the medium 
was replaced with 90 µL fresh medium supplemented with 10 µL PBS with 5 mg/mL 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (0.5 mg/mL final) and the plate was incubated at 37 °C 
for 3 h. The medium was removed and the formed formazan crystals were dissolved in 100 µL DMSO 
by shaking the plates at 800 rpm for 5 min. Absorbance was measured at 450 nm in a CLARIOstar plate 
reader (BMG Labtech) and data was analyzed using Graphpad Prism 8.1.1.  

AfBPP of N9 microglia 
Probe labeling and gel-based AfBPP 
N9 microglia were grown to ~70% confluency on 6-well plates. They were washed with PBS (2 mL) and 
pac-DHA (3) or pac-DHEA (4) (10 µM from 10 mM ethanolic stock) was added in serum-free medium. 
The cells were incubated for 30 min at 37 °C after which the medium was aspirated and replaced with 
fresh medium and the cells were incubated for 4 or 24 h. Medium was aspirated, the cells were washed 
with PBS (1 mL) and ice-cold PBS (1 mL) was added. The cells were irradiated using a Caprobox™ (10 
min, 4 °C, 350 nm, “UV”) or exposed to ambient light (10 min, 4 °C, “No UV”). The PBS was collected 
in tubes and floating cells were spun down (1,000 g, 10 min, 4 °C) and the PBS aspirated. The cells in 
the wells were collected by scraping into ice-cold PBS (0.5 mL) and combined with the cell pellet. The 
cells were lysed with lysis buffer (250 µL, 250 mM sucrose, 1X protease inhibitor cocktail (Roche), 20 
mM HEPES pH 7.5, 1 mM MgCl2). This was sonicated (Branson Sonifier probe sonicator, 10 x 2 s pulses, 
10% amplitude). Protein concentration was measured by Qubit™ assay (Invitrogen) and the samples 
were adjusted to 0.27 mg/mL and a volume of 440 µL, of which 40 µL was reserved for gel analysis. 
For gel analysis, 40 µL lysate was treated with freshly prepared click mix (4.37 µL per sample: 2.19 µL 
aq. 25 mM CuSO4, 1.3 µL aq. 250 mM NaAsc, 0.44 µL 25 mM THPTA in DMSO, 0.44 µL 0.9 mM Cy5-N3 
in DMSO) and left at rt for 1 h in the dark. Samples were then quenched by addition of 4X Laemmli 
buffer, boiled (5 min, 95 °C) and resolved by SDS-PAGE (10% acrylamide gel, ±80 min, 180 V) along 
with protein marker (PageRuler™ Plus, Thermo Fisher). In-gel fluorescence was measured in the Cy3- 
and Cy5-channel (Chemidoc™ MP, Bio-Rad) and gels were stained with Coomassie after scanning.  
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Mass spectrometric analysis of tryptic peptides, identification and quantification 
The pulldown experiment was performed as earlier described, with minor adjustments.31,57 The lysates 
(400 µL) were subjected to a click reaction with freshly prepared click mix (43.7 µL per sample: 21.9 µL 
aq. 25 mM CuSO4, 13 µL aq. 250 mM NaAsc, 4.4 µL 25 mM THPTA in DMSO, 4.4 µL 2.25 mM biotin-N3 
in DMSO) at rt for 1 h. Proteins were precipitated by addition of HEPES buffer (50 µL, 50 mM, pH 7.5), 
MeOH (666 µL), CHCl3 (166 µL) and MilliQ (150 µL), vortexing after each addition. After spinning down 
(1,500 g, 10 min) the upper and lower layer were aspirated and the protein pellet was resuspended in 
MeOH (600 µL) by sonication (Branson Sonifier probe sonicator, 10 x 0.5 s pulses, 10% amplitude). The 
proteins were spun down (20,000 g, 5 min) and the MeOH was aspirated. The proteins were then 
redissolved in 6 M urea (500 µL) with 25 mM NH4HCO3 for 15 min, followed by reduction (65 °C, 15 
min, 800 rpm shaking) with DTT (5 µL, 1 M). The samples were allowed to reach rt and proteins were 
alkylated (30 min) with IAA (40 µL, 0.5 M) in the dark. 140 µL SDS (10% w/v) was added and the 
samples were spun down (1,000 g, 5 min). They were transferred to 5 mL PBS containing 50 µL avidin 
agarose resin (Pierce, 100 µL of a 50% slurry, prewashed twice with 6 mL PBS + 0.5% SDS and once 
with 6 mL PBS) and incubated for 2 h while rotating. The beads were spun down (2,000 g, 2 min) and 
washed (3 x PBS + 0.5% SDS, 2 x PBS, 1 x MilliQ). The beads were resuspended in digestion buffer 
(250 µL, 100 mM Tris pH 7.8, 100 mM NaCl, 1 mM CaCl2, 2% (v/v) acetonitrile, sequencing grade trypsin 
(Promega, 0.25 µg)) and transferred to low-binding tubes (Sarstedt) and incubated while shaking 
overnight (16 h, 37 °C, 1,000 rpm). Trypsin was quenched with 12.5 µL formic acid (LC-MS grade) and 
the beads were filtered off over a Bio-Spin column (BioRad, 400 g, 5 min), collecting the flow-through 
in a new 2 mL tube. Samples were added on C18 stagetips58 (preconditioned with 50 µL MeOH, then 
50 µL of 0.5% (v/v) formic acid in 80% (v/v) acetonitrile/MilliQ (solution B) and then 50 µL 0.5% (v/v) 
formic acid in MilliQ (solution A) by centrifugation (600 g, 2 min)). The peptides were washed with 
solution A (100 µL, 800 g, 3 min) and eluted into new low-binding tubes using solution B (100 µL, 800 
g, 3 min). Samples were concentrated using an Eppendorf speedvac (Eppendorf Concentrator Plus 5301) 
and redissolved in LC-MS solution (30 µL per sample: 28.5 µL MilliQ, 2.85 µL acetonitrile, 0.095 µL 
formic acid, 600 fmol yeast enolase peptide digest (Waters, 186002325)). Samples were measured 
using a NanoACQUITY UPLC System coupled to a SYNAPT G2-Si high definition mass spectrometer 
(Waters). The peptides were separated using an analytical column (HSS-T3 C18 1.8 µm, 75 µm x 250 
mm, Waters) with a concave gradient (5 to 40% acetonitrile in H2O with 0.1% formic acid). [Glu1]-
fibrinopeptide B was used as lock mass. Mass spectra were acquired using the UDMSe method. The 
mass range was set from 50 to 2,000 Da with a scan time of 0.6 seconds in positive, resolution mode. 
The collision energy was set to 4 V in the trap cell for low-energy MS mode. For the elevated energy 
scan, the transfer cell collision energy was ramped using drift-time-specific collision energies. The lock 
mass is sampled every 30 seconds. For raw data processing, Progenesis QI for proteomics was used 
with the following parameters to search the murine proteome from Uniprot (Table S2). 

Table S2 | Parameters used for Progenesis QI.  

Parameter Value 

Lock mass m/z value 785.8426 
Low energy threshold 150 counts 
Elevated energy threshold 30 counts 
Digest reagent Trypsin 
Missed cleavages Max 2 
Modifications Fixed carbamidomethyl C, variable oxidation M 
FDR less than 1% 
Minimum fragments/peptide 2 
Minimum fragments/protein 5 
Minimum peptides/protein 1 
Minimum peptide score for quantification 5.5  
Identified ion charges for quantification 2/3/4/5/6/7+ 
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Transfection of HEK-293-T for gel-based AfBPP 
HEK-293-T cells expressing hNENF, mNENF or mAPMAP were generated by seeding HEK-293-T cells on 
12-wells plates (4.0x104 cells/cm2) 24 h before transfection. Culture medium was aspirated and replaced 
with 400 µL fresh medium. A 3:1 (m/m) mixture of polyethylenimine (PEI) (1.875 µg/well) and plasmid 
DNA (0.625 µg/well) was prepared in serum-free culture medium (100 µL) and incubated for 15 min at 
rt. Transfection was performed by dropwise addition of the PEI/DNA mix to the cells. After 24 h, medium 
was refreshed. Cells were used 48 h post-transfection. Growth medium was aspirated and a solution of 
pac-DHEA (10 µM from a 10 mM stock) in serum-free DMEM supplemented with 0.1% (w/v) delipidated 
BSA (0.5 mL) was added and the cells were incubated for indicated time at 37 °C. Medium was aspirated 
and replaced with 1 mL ice-cold DPBS and the cells were irradiated using a Caprobox™ (10 min, 4 °C, 
350 nm, “UV”) or exposed to ambient light (10 min, 4 °C, “No UV”). The cells were harvested by 
pipetting and pelleted by centrifugation (1,000 g, 10 min, 4 °C). The supernatant was removed and the 
cells were lysed by resuspension in lysis buffer (250 mM sucrose, 20 mM HEPES pH 7.5, 1 mM MgCl2 , 
1X protease inhibitor cocktail (Roche), 25 U/mL benzonase) and sonication in a bath sonicator (0 °C, 5 
min). Protein concentration was measured by Qubit™ assay (Invitrogen) and the samples were adjusted 
to 1.5 mg/mL and a volume of 100 µL. For hNENF- and mNENF-transfected cells, 24 h post-transfection 
the medium was replaced with serum-free medium and after 24 h the supernatant was collected in 
tubes, spun down (1,000 g, 5 min) and concentrated on 10 kDa Amicon MW cutoff filters (Sigma) to 
100 µL. The supernatant was then treated with pac-DHEA (10 µM from a 10 mM stock) for 30 min at rt 
and irradiated using a Caprobox™ (10 min, 4 °C, 350 nm).  

All samples were treated with 10.4 µL click mix (5.5 µL aq. 25 mM CuSO4, 3.25 µL aq. 250 mM NaAsc, 
1.1 µL 25 mM THPTA in DMSO, 0.55 µL 0.9 mM Cy5-N3 in DMSO) and left at r.t. for 1 h. Samples were 
then quenched by addition of 4X Laemmli buffer, boiled (5 min, 95 °C) and resolved by SDS-PAGE (10% 
acrylamide gel, ±80 min, 180 V) along with protein marker (PageRuler™ Plus, Thermo Fisher). In-gel 
fluorescence was measured in the Cy3- and Cy5-channel (Chemidoc™ MP, Bio-Rad) and the gels were 
subsequently stained with Coomassie and imaged as a loading control for normalization of fluorescence 
intensity. Alternatively, proteins were transferred to a 0.2 µm polyvinylidene difluoride membrane by 
Trans-Blot Turbo™ Transfer system (Bio-Rad). Membranes were washed with TBS (50 mM Tris pH 7.5, 
150 mM NaCl) and blocked with 5% (w/v) milk in TBS-T (50 mM Tris pH 7.5, 150 mM NaCl, 0.05% 
(w/v) Tween-20) for 1 h at rt. Membranes were incubated with primary antibody mouse-anti-FLAG 
(F3156, Sigma Aldrich, 1:2,000, 1 h, rt) in the blocking solution. The membranes were then washed 
three times with TBS-T (5 min) and incubated with secondary goat-anti-mouse-HRP (sc-2005, Santa 
Cruz, 1:5,000 in 5% (w/v) milk in TBS-T, 1 h, rt) and washed three times with TBS-T and once with 
TBS. Membranes were developed in luminol development solution (10 mL of 1.4 mM luminol in 100 mM 
Tris pH 8.8 + 100 µL of 6.7 mM p-coumaric acid in DMSO + 3 µL of 30% (v/v) H2O2) and 
chemiluminescence was detected on ChemiDoc™ MP (Bio-Rad) in the chemiluminescence channel and 
colorimetric channel for the protein marker. Images were processed using Image Lab 6.0.1 (BioRad). 

Western blot of N9 microglia  
Expression of GSTM1-GFP and APMAP-GFP was checked by washing WT, GFP-, GSMT1-GFP- and 
APMAP-GFP-expressing cells with PBS and harvesting the cells in ice-cold PBS by scraping. Expression 
of endogenous GSMT1 and APMAP was checked by treatment of the cells with PBS or LPS (100 ng/mL) 
for 24 h, washing with PBS and harvesting the cells in ice-cold PBS by scraping. The cells were pelleted 
by centrifugation (1,000 g, 5 min) and lysed by resuspension in lysis buffer (250 mM sucrose, 20 mM 
HEPES pH 7.5, 1 mM MgCl2, 1X protease inhibitor cocktail (Roche), 25 U/mL benzonase) and sonication 
in a bath sonicator (0 °C, 5 min). Protein concentration was measured by Qubit™ assay (Invitrogen) 
and the samples were adjusted to 1.5 mg/mL. Proteins were then denatured by adding 4X Laemmli 
buffer, boiled (5 min, 95 °C) and resolved by SDS-PAGE (10% acrylamide gel, ±80 min, 180 V) along 
with protein marker (PageRuler™ Plus, Thermo Fisher). Part of the gel was stained with Coomassie and 
imaged as a loading control. The rest of the gel was transferred to a 0.2 µm polyvinylidene difluoride 
membrane by Trans-Blot Turbo™ Transfer system (Bio-Rad). Membranes were washed with TBS (50 
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mM Tris pH 7.5, 150 mM NaCl) and blocked with 5% (w/v) milk in TBS-T (50 mM Tris pH 7.5, 150 mM 
NaCl, 0.05% (w/v) Tween-20) for 1 h at rt.  

For endogenous protein, membranes were washed three times with TBS-T, followed by incubation with 
primary antibody in 5% (w/v) BSA in TBS-T (GSTM1, 13289748, 1:1,000, o/n, 4 °C or APMAP, 15985444, 
Fisher Scientific, 1:500, o/n, 4 °C). Membranes were then washed three times with TBS-T and incubated 
with matching secondary antibody in 5% (w/v) milk in TBS-T (1:5,000, 1 h at rt), then washed three 
times with TBS-T and once with TBS before developing. 

For lentivirus-infected lysates, membranes were either directly incubated in the blocking solution with 
primary antibody (APMAP, 15985444, Fisher Scientific, 1:2,000, 1 h, rt) or washed three times with TBS-
T, followed by incubation with primary antibody in 5% (w/v) BSA in TBS-T (GSTM1, 13289748, 1:1,000, 
1 h, rt). Membranes were washed three times with TBS-T and incubated with matching secondary 
antibody in 5% (w/v) milk in TBS-T (1:4,000, 1 h at rt), then washed three times with TBS-T and once 
with TBS before developing.  

Membranes were developed in luminol development solution (10 mL of 1.4 mM luminol in 100 mM Tris 
pH 8.8 + 100 µL of 6.7 mM p-coumaric acid in DMSO + 3 µL of 30% (v/v) H2O2) and chemiluminescence 
was detected on ChemiDoc™ MP (Bio-Rad) in the chemiluminescence channel and colorimetric channel 
for the protein marker. Images were processed using Image Lab 6.0.1 (BioRad). Secondary antibodies: 
goat anti-mouse-HRP (Santa Cruz, sc-2005), goat anti-rabbit-HRP (Santa Cruz, sc-2030).  

Confocal microscopy  
Cells were grown on an ibidi 8 well µ-Slide (1.5 polymer coverslip, ibiTreat) and mounted in a Okolab 
cage incubator warmed to 37 °C, supplied with 5% CO2. For live cell microscopy, RPMI containing 2 mM 
GlutaMAX, 100 I.U./mL penicillin and 50 μg/mL streptomycin was used during image acquisition. For 
fixed samples, mounting medium of 9:1 glycerol:PBS containing 1% DABCO anti-bleaching agent was 
used. All images were collected using an Andor DragonFly 505 spinning disk confocal system, containing 
an 8-line integrated laser engine, on a Leica DMi8 inverted microscope equipped with a 63X/1.40-0.60 
HCX PL APO oil objective. Hoechst 33342 was excited with the 405 line and collected with the 450/50 
BP emission filter. GFP-fusion proteins were excited with the 488 line and collected with the 525/50 BP 
emission filter. Images were acquired with the Zyla 2048x2048 sCMOS camera and 2x2 camera binning 
controlled with the integrated Fusion software. Z-series optical sections were collected with a system-
optimized step-size of 0.13 microns and deconvolved using the integrated ClearView-GPUTM 
deconvolution software. Z-series are displayed as maximum z-projections, and gamma, brightness and 
contrast were adjusted using FIJI.59 

Statistical analysis  
Unless otherwise noted, all replicates represent biological replicates and all data represent means 
± SEM. Statistical significance between two conditions was determined using Student’s t-tests (two-
tailed, unpaired). Statistical significance between multiple conditions was tested using a one-way ANOVA 
with Dunnett’s multiple comparisons correction, or when all conditions were compared, Tukey’s multiple 
comparisons correction. *** p <0.001; ** p <0.01; * p <0.05; n.s. if p >0.05. All statistical analysis 
was conducted using Graphpad Prism 8.1.1 or Microsoft Excel. 
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Synthesis 
General remarks  
Dry DCM was prepared by storage on activated 4 Å molecular sieves for at least 24 hours. All reagents 
were purchased from Alfa Aesar, Sigma Aldrich/Merck or Acros and used without further purification. 
Flash column chromatography was performed using SiliCycle silica gel type SiliaFlash P60 (230-400 
mesh). TLC analysis was performed on Merck silica gel 60/Kieselguhr F254, 0.25 mm. Compounds were 
visualized using KMnO4 stain (K2CO3 (40 g), KMnO4 (6 g), and water (600 mL)). 1H NMR and 13C NMR 
spectra were recorded on a Bruker AV-400 (400 MHz) spectrometer. Chemical shift values are reported 
in ppm relative to the tetramethylsilane signal for 1H NMR (δ = 0 ppm) and relative to the solvent signal 
of CDCl3 for 13C NMR (δ = 77.16 ppm). Data are reported as follows: Chemical shifts (δ), multiplicity (s 
= singlet, d = doublet, dd = doublet of doublets, ddt = doublet of doublet of triplets, td = triplet of 
doublets, t = triplet, q = quartet, p = pentet, bs = broad singlet, m = multiplet), coupling constants J 
(Hz), and integration. High resolution mass spectra (HRMS) were recorded by direct injection on a q-
TOF mass spectrometer (Synapt G2-SI) equipped with an electrospray ion source in positive mode with 
Leu-enkephalin (m/z = 556.2771) as an internal lock mass. The instrument was calibrated prior to 
measurement using the MS/MS spectrum of [Glu1]-fibrinopeptide B.  

(4Z,7Z,10Z,13Z,16Z,19Z)-21-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)-N-(2-
hydroxyethyl)henicosa-4,7,10,13,16,19-

hexaenamide (pac-DHEA, 4)  
4Z,7Z,10Z,13Z,16Z,19Z)-21-(3-(but-3-yn-1-yl)-3H-

diazirin-3-yl)henicosa-4,7,10,13,16,19-hexaenoic acid 
(0.0154 g, 0.038 mmol) (3, Chapter 3) was dissolved in 
dry DCM (1 mL) after which NHS (6.54 mg, 0.057 

mmol), DIPEA (0.099 mL, 0.057 mmol) and EDC (0.0109 g, 0.057 mmol) were added and the reaction 
was stirred overnight. The reaction was poured into brine (5 mL) and the aq. layer was extracted with 
DCM (3 x 5 mL). The combined organic layers were dried over Na2SO4, filtered over a plug of silica and 
concentrated under reduced pressure. It was redissolved in dry DCM (1 mL) and DIPEA (0.033 mL, 
0.189 mmol) was added, the mixture was cooled to 0 °C and ethanolamine (1 M in DCM, 0.189 mL, 
0.189 mmol) was added dropwise. The reaction was allowed to reach rt and stirred for 1 h, after which 
it was concentrated under reduced pressure and purified by column chromatography twice 
(EtOAc/pentane = 1:1 to EtOAc, then MeOH/DCM = 1:128 to 1:65) to afford the title compound as a 
slightly yellow oil (0.0104 g, 0.023 mmol, 61%). Rf = 0.35 (EtOAc); 1H NMR (400 MHz, CDCl3) δ 5.99 
(s, 1H), 5.53 (dtt, J = 10.7, 7.3, 1.7 Hz, 1H), 5.48 – 5.29 (m, 10H), 5.29 – 5.20 (m, 1H), 3.78 – 3.68 
(m, 2H), 3.43 (q, J = 5.1 Hz, 2H), 2.84 (q, J = 6.5, 6.0 Hz, 8H), 2.75 (t, J = 7.1 Hz, 2H), 2.42 (p, J = 
7.6 Hz, 4H), 2.28 (t, J = 7.4 Hz, 2H), 2.17 (dd, J = 7.6, 1.6 Hz, 2H), 2.06 – 1.95 (m, 3H), 1.65 (t, J = 
7.3 Hz, 2H); 13C NMR (101 MHz, CDCl3) δ 173.87, 132.05, 129.66, 128.73, 128.45, 128.42, 128.32, 
128.30, 128.17, 127.55, 121.94, 82.91, 69.30, 62.68, 42.69, 36.42, 32.10, 31.27, 28.32, 25.87, 25.80, 
25.75, 23.54, 13.47; HRMS: Calculated for [C28H39N3O2+H]+ 450.3115, found 450.3114.  

   

N N

O

N
H

OH
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Supplementary data 

 
Figure S1 | Viability assay of N9 microglia corresponding to Figure 6A/B/C/D. The supernatant of treated 
N9 microglia was collected for DAN assay or IL-6 ELISA and viability was tested by MTT assay. Data represent 
means ± SEM (n = 3-6). 

 

 
Figure S2 | DHEA dose-dependently decreases NO production of N9 microglia after LPS stimulation. 
N9 microglia were pretreated with DHEA or vehicle for 4 h before LPS stimulation (100 ng/mL) for 24 h. Supernatant 
was collected for (A) DAN assay and viability was tested by (B) MTT assay. Data represent means ± SEM (n = 3). 
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Figure S3 | Ketoconazole or t-AUCB do not influence the anti-inflammatory effects of DHEA. (A, C) 
20,000 or (B, D) 30,000 N9 microglia were pretreated with indicated combination of ketoconazole, t-AUCB, 10 µM 
DHEA or vehicle for 4 h before LPS stimulation (100 ng/mL) for 24 h. Supernatant was collected for DAN assay and 
viability was tested by MTT assay. Data represent means ± SEM (n = 3). 
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Figure S4 | Expression of GFP, GSTM1-GFP and APMAP-GFP in N9 microglia. (A) GSMT1 and (B) APMAP 
western blot of N9 microglia lysate confirms expression of the GFP fusion proteins. Coomassie served as loading 
control. (C) Live-cell confocal microscopy shows GSMT1-GFP is homogeneously localized in the cell whereas APMAP-
GFP is excluded from the nucleus in N9 microglia.  
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Figure S5 | Viability assay of N9 microglia corresponding to Figure 7A/B/C/D. The supernatant of treated 
N9 microglia was collected for DAN assay or IL-6 ELISA and viability was tested by MTT assay. Data represent 
means ± SEM (n = 4). 

 

Table S3 | Proteins significantly and specifically UV-enriched by pac-DHEA (4) in N9 microglia.  
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NUCB1 8 Nucleobindin-1 5.57 0.0064 6.48 0.0040 5.17 

NENF 6 Neudesin 69.34 0.0094 6.43 0.0128 2.69 

GSTM1 4 Glutathione S-transferase Mu 1 5.88 0.0216 3.70 0.0321 2.83 

PTGR2 7 Prostaglandin reductase 2 22.54 0.0132 3.19 0.0248 2.83 

ACP6 5 Lysophosphatidic acid phosphatase type 6 5.35 0.0022 3.07 0.0100 1.82 

HMOX2 11 Heme oxygenase 2 2.53 0.0069 2.68 0.0014 2.17 

MTAP 12 S-methyl-5'-thioadenosine phosphorylase 6.70 0.0214 2.45 0.0260 10.20 

ALDH2 19 Aldehyde dehydrogenase 2 4.48 0.0077 2.33 0.0372 1.40 

UGT1A7C 11 UDP-glucuronosyltransferase 1-7C 3.43 0.0017 2.30 0.0008 0.87 
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Chapter 5 
 

An expeditious synthesis of 
DHA-alkyne* 

 
 
 

 

 
 

Introduction 

Docosahexaenoic acid (DHA, 22:6 n-3, 1) is a polyunsaturated fatty acid (PUFA) which is found 
to be particularly enriched in the brain (Figure 1).1 In mammals, DHA can be synthesized from 
α-linolenic acid (ALA, 18:3 n-3) via sequential desaturation and elongation steps. However, as 
this process is quite inefficient, most mammalian DHA is obtained from dietary sources.2–4 DHA 
has a beneficial role in neuronal development5 and neuroprotection,6 as well as in chronic 
inflammatory conditions like rheumatoid arthritis.7,8 Recent advances in mass spectrometry 
have allowed the accurate detection and quantification of PUFAs and their metabolites.9 This 
led to the discovery of anti-inflammatory metabolites of DHA produced via oxidative pathways. 
Several oxygenated metabolites of DHA are involved in the resolution of inflammation and are 
called specialized pro-resolving mediators (SPMs).10–12   
 
_____________________________ 
*The data presented in this chapter was gathered in collaboration with Hugo Minnee, Joost von Hegedus, Joanneke 
C. Kwekkeboom, Hans van den Elst, Remco Peter, Herman S. Overkleeft, René E. M. Toes, Andreea Ioan-Facsinay, 
Mario van der Stelt.   
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To date, investigation of PUFA metabolites, their cellular localization and role in inter-
cellular signaling remains a difficult process. To aid this process, the labeling of fatty acids 
using (radioactive) isotopes13 and fluorophores14,15 has proven an invaluable tool. Isotopically 
labeled lipids have been used primarily in the investigation of the metabolism of many lipid 
species,16,17 while fluorescently labeled lipids have been used extensively to visualize lipid 
localization and trafficking.15,18 However, these tools have several drawbacks. Radioactive 
isotopes require special equipment and procedures, while non-radioactive isotopes do not 
allow for investigation of the localization of the lipids. Fluorescent tags can be introduced to 
study localization of lipids, but they are relatively large and rigid compared to the labeled 
molecules, affecting their metabolism and distribution.19,20 Thus, to trace metabolism and 
localization of PUFAs, new tools are required.  

The discovery of the copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) has led to 
the development of a large toolbox of ‘click’ chemistry reagents.21 Alkyne moieties are 
synthetically accessible and minimally intrusive when placed on the terminal alkyl chain of a 
lipid. Terminal alkyne analogues for lipid families such as fatty acids,22,23 sterols24,25 and 
sphingolipids, have already been developed.26,27 Alkyne lipids have several benefits over radio-
labeled lipids. For example, no special equipment or permissions are needed to handle alkyne 
lipids. After conjugation to a reporter group, alkyne lipids can be used to identify metabolites 
by liquid chromatography-mass spectrometry (LC-MS) analysis or thin-layer chromatography 
(TLC).28 Importantly, alkyne-tagged lipids have outperformed established radiolabeled lipids 
tracers in sensitivity and linearity of detection.22 Moreover, alkyne lipids can also be used to 
study localization by in situ click ligation to a fluorophore, followed by fluorescence 
microscopy.25,29 

A wide range of fluorophore azides are available for the detection of alkyne-modified 
lipids.29,30 With these tools, an alkyne-tagged lipid can be used in different types of 
experiments, allowing parallel investigation on metabolism and distribution of the same 
molecule.29 However, the availability of chemical tools based on PUFAs is limited due to their 
synthetic difficulty. PUFAs and modified derivatives can be synthesized through a number of 
strategies. The synthetic challenge lies in the double bonds, which for most natural PUFAs are 
in cis configuration. The two main strategies for the synthesis of PUFAs are linking together 
skipped alkynes followed by partial hydrogenation,31 or sequential Wittig reactions.32 However, 
skipped alkynes are prone to isomerization to reactive allenes and their partial hydrogenation 
often affords inseparable mixtures of under- and overreduced products.33 Total synthesis by 
Wittig reactions suffers from the severe instability of the multiple β,γ-unsaturated aldehyde 
intermediates whose purity is essential for a successful reaction.34,35  



   An expeditious synthesis of DHA-alkyne 

99 
 

 

 

Figure 1 | Structures of DHA (1) and alkyne-modified derivative, cDHA (2) 

In Chapter 3, the synthesis of a diazirine- and alkyne-modified DHA derivative was 
achieved by a combination of Wittig reactions and partial hydrogenation of skipped alkynes. 
However, this was a strenuous process that required HPLC purification of a late-stage 
intermediate. Here, a concise synthesis of click-DHA (cDHA, 2) is described which starts from 
commercially available DHA (Figure 1). Regioselective hydrobromination allowed chemical 
derivatization of the terminal double bond after which the alkyne was installed using a Wittig 
reaction. This strategy greatly reduces the number of steps and avoids the use of unstable 
skipped alkynes, which makes it attractive for the synthesis of other DHA derivatives. As an 
application cDHA 2 was used to visualize its incorporation into cells using a fluorogenic 
azidocoumarin and to follow its exchange between primary human cells using flow cytometry.  
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Results 

Synthesis of cDHA (2) from DHA  

For the introduction of an alkyne moiety to the tail of the molecule, the use of commercially 
available DHA as a starting point was investigated. The terminal double bond of DHA has a 
different reactivity compared to the other alkenes in aqueous medium, which makes it available 
for chemical derivatization. This difference is hypothesized to be due to a coiled conformation 
of DHA in solution.36 The design of click lipid 2 was chosen to keep al double bonds intact and 
to have the minimal space required between the last double bond and alkyne to afford a stable 
click lipid.37   
  Starting from commercially available DHA (1), the carboxylate was protected by 
methylation to afford ester 3, which was used in a hydrobromination reaction (Scheme 1).36 
Following a reported procedure, 1.3 eq. N-bromosuccinimide (NBS) was added in portions over 
8 h to a cooled (0 °C) solution of 3 in dimethoxyethane (DME)/H2O (4:1), which afforded a 
mixture of brominated and hydrobrominated products. The hydrobrominated products 
accounted for a low yield of 16%, of which 70% consisted of the desired regioisomers 4a/b 
as judged by 1H-NMR. To obtain a higher yield and improve the reproducibility, a syringe pump 
was used to add a solution of recrystallized NBS in DME/H2O (4:1) over 24 h. After complete 
addition the reaction was stirred for another 2 h and quenched by adding Na2S2O3 This resulted 
in a mixture of monohydrobromins 4a/b with a 27% yield, as well as recovery of 34% starting 
material 3, which could be reused. The selectivity for the desired hydrobrominated alkene 
remained 70%, but formation of brominated DHA and other unwanted products was greatly 
reduced.  

Scheme 1 | Synthesis of dihydroxide 6 and phosphonium salt 10. Reagents and conditions: (a) DHA, oxalyl 
chloride, DCM, 0 °C to rt, 5 h, then NaOMe, MeOH, 1 h, 98%; (b) NBS, DME/H2O (3:1), 0 °C, 26 h, 27% (41% 
based on recovered starting material); (c) NaOMe, MeOH, rt, 45 min; (d) HClO4, THF/H2O (4:3), rt, 7 h, 69% over 
2 steps; (e) n-BuLi, TMSCl, THF, -78 °C to rt, 16 h, 82%; (f) I2, PPh3, imidazole, THF, rt, 1 h, 93%; (g) PPh3, 
acetonitrile, reflux, 3 d, 88%. 
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The mixture of bromohydrins 4a/b was treated with anhydrous sodium methoxide in 
methanol to afford epoxide 5 without hydrolysis of the methyl ester. Epoxide 5 was hydrolyzed 
with perchloric acid to obtain 6 in 69% yield over two steps. To introduce the terminal alkyne, 
butynol (7) was protected as the trimethylsilyl alkyne to form alcohol 8 in 82% yield. 
Compound 8 was converted into iodide 9 using an Appel reaction in 93% yield. Subsequently, 
phosphonium salt 10 was obtained in 88% yield by reacting 9 with PPh3 in refluxing ACN for 
72 h. Phosphonium salt 10 was used in a Wittig reaction to install the terminal double bond 
of the DHA scaffold. To this end, 6 was oxidatively cleaved by sodium periodate at 0 °C to 
afford unstable the β,γ-unsaturated aldehyde (11) (Scheme 2).35,38 After a workup, it was 
immediately added to a cooled (-110 °C) solution of phosphonium salt 10 pretreated with 
potassium tert-butoxide. The reaction temperature was raised to -90 °C over 1 h and 
subsequently to 0 °C in 2 h after which the mixture was quenched at -78 °C by addition of a 
suspension of silica in Et2O. This resulted in the formation of 12 in 19% yield from the 
dihydroxylated 6. At this stage, shorter side products resulting from regioisomers in the 
hydrobromination reaction could be removed by silica gel purification.  

 
Scheme 2 | Synthesis of cDHA (2). Reagents and conditions: (a) NaIO4, MeOH/H2O (10:3), 0 °C, 4 h; (b) 10, 
KOtBu, THF, -78 °C, 1 h, then 11, -110 °C to 0 °C, 3 h, 19% over two steps; (c) TBAF, THF, rt, 30 min, 95%; (d) 
LiOH, H2O/THF (1:1), rt, 16 h, 82%. 

Next, the silyl group of 12 was deprotected with TBAF providing terminal alkyne 13 in 
95% yield. Final product 2 was obtained by hydrolysis of the methyl ester in aqueous LiOH in 
a total of 4.2% yield over 6 steps from DHA.  
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Investigation of metabolism of cDHA (2) on HPTLC 

To investigate the incorporation of clickable lipids into cells, cDHA (2) was compared to a 
saturated palmitic acid-alkyne (cPA, 14),39 which was previously used for this application.22 
The lipids (20 µM, 40 nmol) were incubated with mouse neuroblastoma Neuro-2a cells for 2 h. 
Cellular lipids were extracted and conjugated to fluorogenic hydroxycoumarin azide (15) under 
CuAAC conditions.27 As a reference, 1 nmol of the free fatty acids were also reacted with 15. 
All lipids were then separated on high-performance thin layer chromatography (HPTLC) and 
visualized by capturing the fluorescent signal (Figure 2B). This showed that cDHA (2) could 
be incorporated in a similar manner to cPA (14) into higher-running hydrophobic species, as 
well as lower-running, hydrophilic species. Interestingly, the labeling pattern indicated that 
cDHA (2), as well as cPA (14) were also incorporated in non-overlapping, lipid-specific 
metabolites.  

 

Figure 2 | cDHA (2) and cPA (14) can be used to follow lipid metabolism. (A) Structures of clickable lipids 
2 and 14 and hydroxycoumarin azide (15). (B) Fluorescent signal of hydroxycoumarin-labeled lipids. Neuro-2a 
cells were incubated for 2 h with 20 µM cPA (14), cDHA (2) or vehicle (EtOH) and the total lipid extracts or 1 nmol 
of indicated click lipid were subjected to a click reaction with hydroxycoumarin azide, separated on HPTLC and the 
fluorescent signal was imaged. The arrow indicates the elution height of the coumarin-conjugated free acids. 
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Uptake and exchange of cDHA (2) by macrophages and fibroblasts   

Next, the cellular uptake and exchange of clickable lipids was studied using flow cytometry. 
First, fibroblasts isolated from synovial membrane of osteoarthritis patients and expanded in 
vitro, as well as GM-CSF-stimulated macrophages differentiated from healthy donor peripheral 
blood monocytes were separately incubated with clickable lipid 2 (10 nM, 0.5 pmol) or 
unlabeled DHA for 24 h. The cells were fixed and subjected to click chemistry with AlexaFluor-
647-N3 (AF647) and analyzed by flow cytometry.40 Over 90% of macrophages (Figure 3A) and 
fibroblasts (Figure 3B) were successfully be labeled using cDHA (2).   
  To study if cDHA (2) can be used to visualize lipid exchange between macrophages 
and fibroblasts, macrophages were treated with cDHA (2) (10 nM, 0.5 pmol) or DHA for 4 h, 
washed thoroughly and subsequently cocultured with unlabeled fibroblasts for an additional 
24 h. Detection of the alkyne handle using AF647 showed that 97% of the fibroblasts were 
fluorescently labeled by AF647, indicating that these cells have incorporated cDHA (2) or cDHA 
derivatives transferred from the macrophages (Figure 3C). 
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Figure 3 | cDHA (2) exchange is detectable between macrophages and fibroblast. Cells were incubated 
with indicated lipid, harvested and treated with AlexaFluor-647-N3 under CuAAC conditions and analyzed using flow 
cytometry. (A) Treatment of fibroblasts with clickable lipid 2 results in labeling of 97.8% of cells compared to 
control. (B) Treatment of macrophages with clickable lipid 2 results in labeling of 94.2% of cells compared to 
control. (C) Coculturing fibroblasts with macrophages that had been pretreated with cDHA (2) results in detectable 
exchange of the clickable lipid between the different cell types. Gating strategy included the exclusion of debris and 
doublets based on FSC/SSC and separation of macrophages and fibroblasts in the coculture was based on the 
autofluorescence observed in both the PE and FITC channel (Figure S1).  
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Conclusion 

Alkyne-modified lipids such as clickable fatty acids, sphingolipids and cholesterol are versatile 
tools to study localization, metabolism and exchange of these diverse biomolecules. In recent 
years, innovative methods to use these tools have been developed, many of which from the 
lab of Dr. Thiele.22,27–29 Importantly, these methods to study alkyne lipids require no specialized 
equipment and use commercially available reagents. However, alkyne-modified PUFAs are 
scarcely available, due to their synthetic difficulty. This difficulty arises from many inseparable 
side products, as well as the instability of many intermediates.33 In this work, a concise 
synthetic route for an alkyne-modified DHA derivative is reported starting from commercially 
available DHA. Regioselective hydrobromination allowed chemical derivatization of the terminal 
double bond after which the alkyne was installed using a Wittig reaction. cDHA was obtained 
in 6 steps from DHA without making use of unstable skipped alkynes. It is envisioned that this 
new synthetic route enables the synthesis of other DHA derivatives through Wittig reactions 
with synthetically accessible phosphonium salts.  

As an application, cDHA (2) was used to visualize of its incorporation into cells using a 
fluorogenic azidocoumarin, as well as its exchange between primary human cells using flow 
cytometry. As little as 0.5 picomoles of cDHA (2) was demonstrated to efficiently label cells 
and to allow for visualization of lipid exchange between human macrophages and fibroblasts 
using flow cytometry. Quantification and identification of the exchanged lipids under pro-
inflammatory or pro-resolution conditions could provide information on the role of PUFA 
metabolites as lipid signaling molecules.41  
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Experimental procedures  

 

General  
Solvents were dried over activated 4 Å molecular sieves for at least 24 hours. Reactions were monitored 
by TLC using silica gel 60 F254 coated aluminum sheets from Merck. DHA was obtained from Cayman 
chemicals (90310). 3-Azido-7-hydroxycoumarin azide (15) and cPA (14) were prepared as previously 
reported in literature.39,42 The hydroxycoumarin azide was unstable, therefore small aliquots (44.5 mM 
in DMSO) were stored under nitrogen at -20 °C and discarded after a single use. NBS was recrystallized 
from H2O at 90 °C and dried under reduced pressure. Phosphate buffer A was prepared by dissolving 
KH2PO4 (0.5 M) in Milli-Q and adjusting the pH value to 7.0 with aq. NaOH. All other reagents were 
purchased from Alfa Aesar, Sigma Aldrich/Merck or Acros and used without further purification.  

Cell culture  
Neuro-2a culture 
Neuro-2a cells were cultured at 37 °C under 7% CO2 in DMEM (Sigma Aldrich, D1145) containing stable 
glutamine, 10% (v/v) New Born Calf Serum (Thermo Fisher) and penicillin and streptomycin (200 µg/mL 
each, Duchefa). Cells were passaged twice a week at 80-90% confluence by resuspension in fresh 
medium. Cell lines were purchased from ATCC and were tested regularly for mycoplasma contamination. 
Cultures were discarded after 2-3 months of use.  

Primary cell culture  
This study was approved by the local medical ethical committee of the LUMC (METC), and written 
informed consent was given by all donors. Human peripheral blood mononuclear cells (PBMCs) were 
isolated by Ficoll density gradient from healthy donor buffy coats (Sanquin). Blood monocytes were 
isolated by positive selection from PBMCs using MACS CD14 Microbeads (Miltenyi Biotec) and purity was 
checked by FACS (LSRIII, BD Biosciences), by staining the cells with CD14-PE (clone MφP9). Monocytes 
were differentiated for seven days in RPMI 1640 medium (Gibco) containing 8% FCS, 100 U/mL penicillin 
and streptomycin, 2 mM Glutamax (Thermo Fisher) and 5 ng/mL GM-CSF (Miltenyi Biotec). Medium was 
replenished on day three and five. Phenotype was checked before experiments by visual inspection by 
assessing the typical morphology of GM-CSF cultured macrophages (‘egg sunny-side up-like’). 
Phenotype was also confirmed by preforming IL-12 OptEIA (BD Biosciences), IL-10 PeliPair reagent set 
(Sanquin), and TNFα OptEIA (BD Biosciences) ELISA on supernatant of cells stimulated for 24 hours 
with 10 ng/mL LPS (Merck). GM-CSF monocyte-derived macrophages (MDM) secreted high IL-12 and 
TNFα and low IL-10. Cells were harvested using Accutase (Merck) and 2.5x105 cells were seeded in 24-
well plates in 250 µL medium. Lipids were added in phenol red-free RPMI 1640 medium (Gibco), 
supplemented with 0.1% (w/v) fatty acid free BSA (A7030, Sigma). For isolation of fibroblasts, left-over 
synovial tissue was collected anonymously from patients undergoing total knee replacement surgery in 
the context of standard clinical care at the Departments of Orthopedic Surgery in the LUMC or Alrijne 
Hospital in Leiderdorp. Preparation of synovial tissue cells was performed less than 6 hours after the 
surgical procedure. The tissue was kept in PBS at room temperature. All tissue material was obtained 
with permission from the ethical committee and with patient approval. Whole synovial tissue was cut 
into small pieces and digested for 1.5 - 3 h at 37 °C under constant roller movement with 6.47 mg (245 
U/mg) collagenase type 2 (Worthington Biochemical Corporation) in 5 mL serum-free IMDM medium 
(Lonza). To remove remaining undigested tissue and collect synovial tissue cells, the cell suspension 
was filtered and mashed using a 70 µm cell strainer (Falcon, Corning Incorporated). The cell suspension 
was washed 3 times with 10 mL warm serum-free IMDM medium (Lonza) through centrifugation at 
195 g for 10 minutes. Cells were cultured at a density of 2.5x104 cells/cm2 at 37 °C with 5% CO2 in 
appropriate culture dishes in DMEM-F12 complete medium. Synovium cells were harvested with 2 mL 
0.25% trypsin for a T75 flask (Thermo Fisher) for 4-5 min at 37 °C for further passaging to obtain 
fibroblast-like cells. 
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HPTLC  
HPTLC experiments were performed according to published procedure22 with adjustments. Neuro-2a 
cells were plated on a 6-well plate and grown to confluency. They were washed with PBS (1 mL) and 
subsequently DMEM (2 mL) supplemented with 0.1% (w/v) fatty acid free BSA (A7030, Sigma) was 
added containing indicated click lipid (from 10 mM ethanolic stock, 20 µM final) or vehicle. After 2 h 
incubation, the medium was aspirated and the cells were washed with PBS with 0.1% (w/v) fatty acid 
free BSA, then PBS, after which they were harvested by pipetting in PBS (0.3 mL). Cells were transferred 
to 2 mL tubes and methanol (600 µL) and CHCl3 (150 µL) were added, after which the tubes are vortexed 
(10 s) and centrifuged (14,000 g, 2 min). The supernatant was transferred to new 2 mL tubes and CHCl3 
(300 µL) and 0.1% (v/v) aq. acetic acid (600 µL) were added, followed by vortexing (10 s) and 
centrifugation (14,000 g, 5 min). The lower organic layer was transferred to 1.5 mL eppendorfs and 
concentrated in a speed-vac. The lipid pellet was redissolved in 7 µL CHCl3 and 30 µL click mix was 
added (click mix: 5 µL of 44.5 mM 3-azido-7-hydroxycoumarin in DMSO, 500 µL of 10 mM 
[acetonitrile]4CuBF4 in acetonitrile, 2 mL ethanol) after which the tube was left in a heating block at 42 
°C for 3 h until all solvent condensed under the cap. The tubes were briefly centrifuged and vortexed 
and 3 µL was applied to a HPTLC silica gel 60 plate (Merck). The plate was developed with a solvent 
system consisting of CHCl3/MeOH/H2O/AcOH = 65:25:4:1 until 50% of the length of the plate, which 
was then dried under a stream of nitrogen in the dark and developed again in hexane/EtOAc = 1:1 for 
90% of the length of the plate. The plate was dried under a stream of nitrogen in the dark and then 
dipped in a solution of 4% (v/v) DIPEA in hexane. After allowing most solvent to evaporate in the dark 
it was then imaged by placing it over a UV-lamp and capturing the fluorescent signal through a Perspex 
plate. Images were processed using FIJI.43  

Flow cytometry  
Upon differentiation/expansion, fibroblasts and macrophages were washed with PBS, enzymatically 
harvested (fibroblasts using trypsin, macrophages using accutase) and resuspended in PBS. They were 
spun down and resuspended in DMEM/F12 (Sigma) supplemented with 0.5% (w/v) fatty acid free BSA 
(A7030, Sigma), 2 mM Glutamax (Thermo Fisher), and penicillin and streptomycin (200 µg/mL each). 
The cells were counted and 2.5x104 cells were plated on a 96-well plate in 50 µL medium. After 24 h, 
DHA or cDHA was added (5 µL of a 11X concentrated solution in medium, 10 nM final) and the cells 
were incubated for 4 h. For the monocultures (Figure 3A/B), cells were then washed twice with 
DMEM/F12 and cultured for 24 h before FACS analysis. For the coculture (Figure 3C), the macrophages 
were washed twice with DMEM/F12 and then 2.5x104 fibroblasts were added and then incubated for 24 
h. Flow cytometry analysis of macrophages and fibroblasts was performed following previously reported 
procedure with minor modifications.40 In brief, the cells were washed with PBS (100 µL) and accutase 
(30 µL) was added and incubated at 37 °C for 10 min. The cell suspension was then placed in V-bottom 
plates and the wells washed with PBS (100 µL). The plate containing the harvested cells was centrifuged 
(2,000 g, 3 min) and the supernatant was removed. The cells were fixed in 100 µL 4% (w/v) 
paraformaldehyde (PFA) in PBS (10 min, rt). The cells were spun down (2,000 g, 3 min) and washed 
with PBS (100 µL) and nonspecific binding sites were blocked by incubation with 1% (w/v) BSA in PBS 
(100 µL) for 30 min. Cells were then washed with PBS and resuspended in 50 µL click mix (2.5 µL 100 
mM CuSO4, 1.5 µL 1 M NaAsc, 0.5 µL 100 mM THPTA and 1 µL 2 mM AF647-N3 (Invitrogen), 44.5 µL 
100 mM HEPES). After incubation for 1 h at rt, the cells were pelleted (2,000 g, 3 min) and washed with 
PBS and 1% (w/v) BSA in PBS. The cells were resuspended in 1% (w/v) BSA in PBS with 400 nM DAPI 
(Molecular Probes, D1306) and analyzed with a LSRIII (BD Biosciences, with lasers: 405 nm, 488 nm 
and 633 nm). Gating strategy included the exclusion of dead cells and doublets based on FSC/SSC 
(Figure S1). Separation of macrophages and fibroblasts in the co-culture was based on the 
autofluorescence observed in both the PE and FITC channel. Analysis was preformed using BD 
FACSDivaTM software.   
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Chemistry  
A NE-1000G Future Chemistry syringe pump was used in combination with BD Discardit II plastic 
syringes. For a 10 mm syringe, the diameter setting was 15.6 mm. The reactions were performed under 
an inert atmosphere of nitrogen gas unless stated otherwise. 1H NMR and 13C NMR spectra were 
recorded on a Bruker AV-400 (400 MHz) or AV-500 (500 MHz) spectrometer. Chemical shift values are 
reported in ppm relative to the tetramethylsilane signal for 1H NMR (δ = 0 ppm) and relative to the 
solvent signal of CDCl3 for 13C NMR (δ = 77.16 ppm). Data are reported as follows: Chemical shifts (δ), 
multiplicity (s = singlet, d = doublet, dd = doublet of doublets, ddt = doublet of doublet of triplets, td 
= triplet of doublets, t = triplet, q = quartet, p = pentet, bs = broad singlet, m = multiplet), coupling 
constants J (Hz), and integration. Flash column chromatography was performed using SiliCycle silica gel 
type SiliaFlash P60 (230-400 mesh). TLC analysis was performed on Merck silica gel 60/Kieselguhr F254, 
0.25 mm. Compounds were visualized using KMnO4 stain (K2CO3 (40 g), KMnO4 (6 g), and water (600 
mL)). High resolution mass spectra (HRMS) were recorded by direct injection on a q-TOF mass 
spectrometer (Synapt G2-SI) equipped with an electrospray ion source in positive mode with Leu-
enkephalin (m/z = 556.2771) as an internal lock mass. The instrument was calibrated prior to 
measurement using the MS/MS spectrum of [Glu1]-fibrinopeptide B.  

Methyl (4Z,7Z,10Z,13Z,16Z,19Z)-docosa-4,7,10,13,16,19-hexaenoate (3).  
DHA (0.888 g, 2.70 mmol) was coevaporated with toluene 
thrice and dissolved in DCM (44 mL). Oxalyl chloride 
(0.75 mL, 8.75 mmol) was added dropwise to the reaction 
mixture at 0 °C. The reaction was allowed to reach room 

temperature over 5 h. Then, a methanolic solution of NaOMe (1.3 M, 4.5 mL, 2.70 mmol) was added 
and the reaction was stirred for 5 min. The reaction mixture was diluted with Et2O (450 mL) and washed 
with H2O (2 x 200 mL) and brine (200 mL). The combined aq. layers were extracted with Et2O (2 x 150 
mL) and the combined organic fractions were dried over MgSO4, filtered and concentrated under 
reduced pressure to afford the title compound as a yellow oil (0.904 g, 2.64 mmol, 98%). Rf = 0.5 
(pentane/Et2O = 96:4). 1H NMR (400 MHz, CDCl3): δ 5.47 – 5.26 (m, 12H), 3.67 (s, 3H), 2.92 – 2.75 
(m, 10H), 2.46 – 2.32 (m, 4H), 2.08 (m, 2H), 0.97 (t, J = 7.5 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 
173.6, 132.1, 129.4, 128.7, 128.4, 128.4, 128.3, 128.2, 128.2, 128.0, 127.1, 51.7, 34.1, 25.8, 25.7, 
25.7, 22.9, 20.7, 14.4. Spectra were consistent with previously reported data.44 

Methyl (4Z,7Z,10Z,13Z,16Z)-19-bromo-20-hydroxydocosa-4,7,10,13,16-pentaenoate (4a) 
& Methyl (4Z,7Z,10Z,13Z,16Z)-20-bromo-19-hydroxydocosa-4,7,10,13,16-pentaenoate 

(4b).   
 
 
 
 

Methyl ester 3 (0.534 g, 1.56 mmol) was dissolved in dimethoxyethane/H2O (22.9 mL, 4:1 (v/v)) and 
cooled to 0 °C. A solution of freshly recrystallized NBS (0.399 g, 2.42 mmol) in dimethoxyethane/H2O 
(5.5 mL, 4:1 (v/v)) was added over 24 hours with the use of a syringe pump. After an additional 2 h of 
stirring, aq. Na2S2O3 (6.0 mL, 10 wt%) was added dropwise and the reaction mixture was allowed to 
reach room temperature. The mixture was diluted with Et2O (250 mL), washed with H2O (3 x 125 mL) 
and brine (100 mL), dried over MgSO4, filtered and concentrated under reduced pressure. The residue 
was purified by silica gel column chromatography (pentane/Et2O = 96:4 to 74:26) to afford the starting 
material 3 as a colorless oil (0.183 g, 0.53 mmol, 34%) and a mixture of monobromohydrins including 
4a and 4b as a colorless oil (0.183 g, 0.42 mmol, 27%). Rf = 0.3 (pentane/Et2O = 4:1). 1H NMR (400 
MHz, CDCl3): δ 5.62 – 5.28 (m, 10H), 4.13 – 3.99 (m, 1H), 3.68 (s, 3H), 3.60 – 3.38 (m, 1H), 2.91 – 
2.71 (m, 10H), 2.45 – 2.33 (m, 4H), 1.68 – 1.54 (m, 2H), 0.98 (t, J = 7.4 Hz, 3H).13C NMR (100 MHz, 
CDCl3): δ 173.7, 132.2, 131.4, 131.2, 129.4, 128.7, 128.6, 128.6, 128.3, 128.2, 128.1, 128.0, 128.0, 
127.8, 127.1, 126.2, 125.9, 124.8, 74.4, 73.4, 72.3, 66.1, 63.1, 51.7, 34.1, 34.0, 33.8, 29.3, 29.1, 26.1, 
26.0, 25.8, 25.7, 22.9, 12.7, 10.1. HRMS: Calculated for [C23H35BrO3+H]+ 439.1842, found 439.1842. 
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Methyl (4Z,7Z,10Z,13Z,16Z)-18-(3-ethyloxiran-2-yl)octadeca-4,7,10,13,16-pentaenoate 
(5).  

The mixture of 4a and 4b (0.116 g, 0.26 mmol) was 
coevaporated thrice with toluene and dissolved in a 
methanolic solution of NaOMe (0.2 M, 6.6 mL, 1.3 mmol). 
After stirring for 45 min at room temperature, the reaction 
mixture was diluted with Et2O (100 mL) and 0.2 M HCl (7 mL) 

was added dropwise. The organic layer was washed with H2O (2 x 50 mL) and brine (50 mL), dried over 
MgSO4, filtered and concentrated under reduced pressure. The crude 5 was used in the next reaction 
without further purification. Rf = 0.5 (pentane/Et2O = 4:1). 1H NMR (400 MHz, CDCl3): δ 5.52 – 5.34 
(m, 10H), 3.68 (s, 3H), 2.98 – 2.85 (m, 10H), 2.43 – 2.35 (m, 4H), 2.30 – 2.20 (m, 2H), 1.61 – 1.53 
(m, 2H), 1.04 (t, J = 7.5 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 173.69, 130.53, 129.43, 128.53, 128.36, 
128.32, 128.26, 128.22, 128.04, 127.98, 124.65, 58.48, 56.66, 51.73, 34.15, 26.32, 25.95, 25.79, 
25.72, 22.94, 21.22, 10.79. HRMS: Calculated for [C23H34O3+H]+ 359.2581, found 359.2583.  

Methyl (4Z,7Z,10Z,13Z,16Z)-19,20-dihydroxydocosa-4,7,10,13,16-pentaenoate (6).  
To a cooled (0 °C) solution of crude 5 in THF (4.3 mL) was 
added dropwise aq. HClO4 (0.4 M, 3.3 mL) and the resulting 
suspension was stirred for 4 h at rt. Phosphate buffer A (8 
mL) was added and the reaction mixture was diluted with 
H2O (80 mL). The aq. layer was extracted with EtOAc (3 x 50 

mL) and the combined organic layers were washed with brine (50 mL), dried over MgSO4, filtered and 
concentrated under reduced pressure. The residue was purified by silica gel column chromatography 
(pentane/EtOAc = 4:1) to afford the title compound as a colorless oil (0.068 g, 0.181 mmol, 69% over 
2 steps). Rf = 0.4 (pentane/EtOAc = 3:2). 1H NMR (400 MHz, CDCl3): δ 5.63 – 5.30 (m, 10H), 3.68 (s, 
3H), 3.50 (dd, J = 12.0, 8.0 Hz, 1H), 3.39 (dt, J = 8.0, 4.0 Hz, 1H), 2.90 – 2.79 (m, 8H), 2.42 – 2.30 
(m, 6H), 1.65 – 1.45 (m, 2H), 1.00 (t, J = 7.5 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 173.81, 131.39, 
129.46, 128.53, 128.36, 128.23, 128.01, 125.51, 75.31, 73.53, 51.77, 34.14, 31.93, 29.86, 26.68, 
25.93, 25.80, 25.73, 22.94, 10.20. HRMS: Calculated for [C23H36O4+Na]+ 399.2506, found 399.2508.  

5-(Trimethylsilyl)pent-4-yn-1-ol (8).  
To a cooled (-78 °C) solution of pent-4-yn-1-ol (1.1 mL, 12 mmol) in THF (45 
mL) was added dropwise n-BuLi (1.6 M solution in hexanes, 16.3 mL, 26.1 
mmol) over a period of 20 min affording a light yellow suspension. After 

stirring for 50 min at rt, the solution was cooled to -78 °C and TMSCl (3.3 mL, 28 mmol) was added 
dropwise. The reaction mixture was allowed to reach room temperature overnight. 3 M HCl (16.7 mL) 
was added and after 40 min the solution was diluted with H2O (60 mL) and extracted with Et2O (2 x 30 
mL). The combined organic fractions were washed with brine (30 mL), dried over MgSO4, filtered and 
concentrated under reduced pressure. Purification of the residue by silica gel column chromatography 
(pentane/EtOAc = 9:1) afforded the title compound as a colorless oil (1.52 g, 9.75 mmol, 82%). Spectra 
were consistent with previously reported data.45 

5-(Trimethylsilyl)pent-4-ynyl-1-iodide (9).  
To a cooled (0 °C) solution of 8 (0.179 g, 1.15 mmol) in THF (7.8 mL) was 
added PPh3 (0.45 g, 1.72 mmol), imidazole (0.12 g, 1.72 mmol) and I2 (0.44 
g, 1.72 mmol). The reaction mixture was stirred for 1 h at room temperature 
and diluted with Et2O (20 mL) and an aq. Na2S2O3 solution (10 wt%, 30 mL). 

The aq. layer was extracted with Et2O (20 mL) and the combined organic fractions were washed with 
brine (20 mL), dried over MgSO4, filtered and concentrated under reduced pressure. The residue was 
triturated in pentane (4 mL) overnight and the resulting suspension was filtered over a glass frit. The 
filtrate was concentrated under reduced pressure and the residue was purified by silica gel column 
chromatography (pentane) to afford the title compound as a yellow oil (0.283 g, 1.06 mmol, 93%). 
Spectra were consistent with previously reported data.45 
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5-Trimethylsilylpent-4-ynyltriphenylphosphineiodide (10).  
To a solution of 9 (2.45 g, 9.19 mmol) in acetonitrile (46 mL) was added 
PPh3 (3.62 g, 13.8 mmol) and the suspension heated to reflux for 72 h. 
After cooling to room temperature, the reaction mixture was 

concentrated under reduced pressure and the residue was purified by silica gel column chromatography 
(DCM/MeOH = 95:5) to afford the title compound as a white foam (4.27 g, 8.07 mmol, 88%). Rf = 0.3 
(DCM/MeOH = 95:5). 1H NMR (400 MHz, CDCl3): δ 7.76 – 7.65 (m, 9H), 7.65 – 7.57 (m, 6H), 3.73 – 
3.61 (m, 2H), 2.54 (td, J = 6.6, 1.3 Hz, 2H), 1.82 – 1.70 (m, 2H), 0.00 (s, 9H). 13C NMR (100 MHz, 
CDCl3): δ 135.03 (d, J = 3 Hz), 133.32 (d, J = 10 Hz), 130.37 (d, J = 13 Hz) 117.48 (d, J = 87 Hz), 
104.83, 86.46, 21.70 (d, J = 5 Hz), 21.42 (d, J = 44 Hz), 20.33 (d, J = 18 Hz), -0.14. HRMS: Calculated 
for [C26H30PSi]+ 401.1849, found 401.1855.  

Methyl (4Z,7Z,10Z,13Z,16Z,19Z)-24-(trimethylsilyl)tetracosa-4,7,10,13,16,19-hexaen-23-
ynoate (12).  

To a cooled (0 °C) solution of 6 (0.085 g, 0.226 mmol) in 
MeOH (4.4 mL) was added a solution of NaIO4 (0.072 g, 
0.339 mmol) in H2O (1.3 mL). After 3.5 h, the mixture was 
diluted with Et2O (50 mL), washed with H2O (3 x 25 mL) 
and brine (20 mL), dried over Na2SO4, filtered and 

concentrated under reduced pressure. Phosphonium salt 10 (0.300 g, 0.564 mmol) was coevaporated 
with benzene/CHCl3 (1:1 (v/v)) and twice with benzene, and subsequently suspended in THF (5 mL). 
The suspension was cooled to -78 °C and KOtBu (1.0 M in THF, 0.56 mL, 0.56 mmol) was added 
dropwise. The solution was stirred for 1 h and then cooled down to -110 °C. Then, the aldehyde was 
coevaporated with benzene twice and added to the reaction via cannula in THF (1 mL). The reaction 
mixture was stirred at -90 °C for 1 h, warmed to 0 °C over 2 h and then cooled to -78 °C. It was diluted 
with Et2O (7 mL) and quenched with a suspension of silica (5 mL) in Et2O (7 mL). The reaction was 
allowed to reach room temperature and filtered. The silica plug was rinsed with Et2O (20 mL) and the 
solvents were concentrated under reduced pressure. The residue was purified by silica gel column 
chromatography (pentane/Et2O = pentane to 49:1) to afford the title compound as a clear oil (0.0184 
g, 0.042 mmol, 19%). Rf = 0.6 (pentane/Et2O = 96:4). 1H NMR (400 MHz, CDCl3): δ 5.50 – 5.31 (m, 
12H), 3.68 (s, 3H), 2.85 (m, 10H), 2.48 – 2.34 (m, 4H), 2.27 (m, 4H), 0.15 (s, 9H). 13C NMR (100 MHz, 
CDCl3): δ 173.68, 129.45, 129.25, 128.41, 128.36, 128.31, 128.24, 128.22, 128.02, 107.00, 84.77, 
51.73, 34.15, 26.75, 25.84, 25.78, 25.72, 22.93, 20.30, 0.28. HRMS: Calculated for [C28H42O2Si+H]+ 
439.3027, found 439.3024.  

Methyl (4Z,7Z,10Z,13Z,16Z,19Z)-tetracosa-4,7,10,13,16,19-hexaen-23-ynoate (13).  
To a cooled (0 °C) solution of 12 (0.0232 g, 0.052 mmol) in 
THF (3 mL) was added dropwise TBAF (1 M in THF, 0.079 mL, 
0.079 mmol) and the reaction was stirred at rt for 30 min. 
Then, aq. sat. NH4Cl (1 mL) and Et2O (30 mL) were added 

and the layers were separated. The organic layer was washed with H2O (3 x 15 mL) and brine (10 mL), 
dried over MgSO4, filtered and concentrated under reduced pressure. The residue was purified by silica 
gel column chromatography (pentane/Et2O = 49:1) to afford the title compound as a clear oil (0.0183 
g, 0.050 mmol, 95%). Rf = 0.6 (pentane/EtOAc = 19:1). 1H NMR (400 MHz, CDCl3): δ 5.50 – 5.32 (m, 
12H), 3.68 (s, 3H), 2.86 (dd, J = 11.1, 6.6 Hz, 3H), 2.44 – 2.35 (m, 1H), 2.35 – 2.27 (m, 1H), 2.28 – 
2.20 (m, 1H), 1.96 (t, J = 2.5 Hz, 1H). 13C NMR (100 MHz, CDCl3): δ 173.63, 129.50, 129.44, 128.36, 
128.31, 128.28, 128.22, 128.09, 128.02, 84.09, 68.60, 51.72, 34.14, 26.52, 25.84, 25.78, 25.71, 22.93, 
18.88. HRMS: Calculated for [C25H34O2+H]+ 367.2632, found 367.2632. 
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(4Z,7Z,10Z,13Z,16Z,19Z)-Tetracosa-4,7,10,13,16,19-hexaen-23-ynoic acid (cDHA, 2).  
To a cooled (0 °C) solution of 13 (0.0183 g, 0.050 mmol) in 
THF (1.6 mL) was added 1 M aq. LiOH (1.6 mL, 1.6 mmol) and 
the solution was allowed to reach rt overnight. After cooling 
the reaction mixture to 0 °C, 1 M aq. HCl (1.6 mL) was added 
and the solution was diluted with H2O (15 mL). The aq. layer 

was extracted with EtOAc (3 x 6 mL) and the combined organic fractions were dried over MgSO4, filtered 
and concentrated under reduced pressure. Purification of the residue by silica gel column 
chromatography (DCM/MeOH =199:1) afforded the title compound as a clear oil (0.0145 g, 0.041 mmol, 
82%). Rf = 0.6 (DCM/MeOH = 19:1). 1H NMR (500 MHz, CDCl3): δ 5.51 – 5.30 (m, 12H), 2.81 (d, J = 
38.1 Hz, 10H), 2.46 – 2.36 (m, 4H), 2.32 (dt, J = 11.3, 7.4 Hz, 2H), 2.28 – 2.21 (m, 2H), 1.96 (t, J = 
2.6 Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 177.77, 152.67, 129.88, 129.71, 129.52, 128.44, 128.34, 
128.30, 128.15, 128.11, 127.71, 84.21, 68.61, 33.89, 26.53, 25.86, 25.80, 25.75, 22.67, 18.90. HRMS: 
Calculated for [C24H32O2+Na]+ 375.2295, found 375.2302.  

 

Supplementary data  

 

Figure S1 | Gating strategy and example of coculture of fibroblasts with macrophages pretreated 
with cDHA. Gating strategy included the exclusion of debris and doublets based on FSC/SSC. Separation of 
macrophages and fibroblasts in the coculture was based on the autofluorescence observed in both the PE and FITC 
channel.  
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Introduction 

Anandamide (AEA) is a lipid signaling molecule that belongs to the endocannabinoid system 
(ECS). It modulates neurotransmitter release via activation of the cannabinoid CB1 receptor 
(CB1R).1 AEA is produced by hydrolysis of phospholipids, mainly by 
N-acylphosphatidylethanolamine phospholipase D (NAPE-PLD), after which it is released to 
activate the CB1R. AEA-induced CB1R signaling is terminated by a two-step process, i.e. 
cellular uptake and hydrolysis of the amide bond by fatty acid amide hydrolase (FAAH).  The 
ECS is responsible for regulation of a large number of physiological processes, including energy 
balance, pain, inflammation and neurotransmission.2 Consequently, modulation of ECS 
signaling may have therapeutic benefits for a number of diseases, including 
neurodegenerative,3,4 inflammatory5 and cardiovascular diseases,6–8 pain,9,10 psychiatric 
disorders,2,11 obesity,12 and others.13 Activation of CB1R signaling has been achieved by direct 
and indirect methods, through the application of CB1R agonists and through altering 
endocannabinoid metabolism, respectively.13 The latter strategy may lead to fewer side effects 
that are usually associated with direct CB1R activation.14  
____________________________ 
*The data presented in this chapter was gathered in collaboration with Floor Stevens, Domenico Fazio, Bogdan I. 
Florea, Alexander Bakker, Hans den Dulk, Kim Wals, Aron Smids, Herman S. Overkleeft, Mauro Maccarrone, Mario 
van der Stelt.  
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Elevation of AEA levels can be achieved by inhibiting its cellular reuptake, or by inhibiting 
FAAH. While inhibition of FAAH is well-characterized and selective inhibitors are currently 
tested in phase 2 clinical trials, the mechanism of AEA reuptake remains unclear. Small 
lipophilic molecules may diffuse freely through the lipid bilayer, but AEA reuptake can be 
saturated.15 This indicates that a protein facilitator for transport across the membrane may 
exist. Numerous candidates for a purported endocannabinoid membrane transporter and their 
inhibitors (AM404,16 VDM11,17 UCM707,18 OMDM-1/219) have been reported, but the existence 
of such a transporter remains subject of intense scientific debate.20–25 One of the difficulties 
encountered in the field is the technical challenge of reliably measuring AEA uptake in short 
timeframes.24 Moreover, FAAH inhibition results in an intracellular accumulation of AEA, which 
disrupts the concentration gradient across the cellular membrane that normally drives AEA 
uptake.25 Consequently, many AEA uptake inhibitors have been revealed to act through 
inhibition of FAAH.25,26 Another confounding factor is inhibition of intracellular transport of AEA, 
which can also reduce AEA reuptake. For example, inhibition of FABP5, which is an intracellular 
binding protein that transports AEA to FAAH at the endoplasmic reticulum,27 blocks AEA 
uptake.28 Other intracellular AEA binding proteins are Hsp70,29 albumin and potentially FLAT, 
a catalytically inactive version of FAAH.30   

Recently, WOBE437 (1, Figure 1) has been reported by Dr. Gertsch and co-workers as 
a novel, natural product-based AEA uptake inhibitor, which is selective over FAAH, FABP5, 
Hsp70, and FLAT.31 WOBE437 reduced AEA uptake in mouse neuroblastoma Neuro-2a cells 
and in primary neurons in a concentration-dependent manner. In BALB/c mice, WOBE437 was 
orally bioavailable and induced CB1R-dependent anxiolytic, anti-inflammatory and analgesic 
effects.32 Absence of FAAH inhibition was demonstrated in different assay systems, including 
recombinant FAAH, cell lysates and brain homogenates. Moreover, WOBE437 retained activity 
in FAAH-deficient HMC-1 human mast cells.33 Although its pharmacological properties have 
been well-studied, the identity of its primary target remains unknown.   

  To identify targets of WOBE437, photoaffinity-based protein profiling (AfBPP) may be 
of use.34 AfBPP makes use of bifunctional photoaffinity probes, which consist of a ligand of 
interest functionalized with a photoreactive group and a bioorthogonal ligation handle. After 
administration of the probe to intact cells, the photoreactive group is activated by UV light. 
This results in the formation of a reactive intermediate that may form a covalent bond with 
amino acids that interact with the probe. An alkyne group in the probe serves as a ligation 
handle to introduce reporter groups by copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) 
chemistry. A fluorophore-azide can be conjugated to visualize interacting proteins by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and fluorescence scanning, or 
alternatively, a biotin-azide can be ligated for protein isolation and identification using liquid 
chromatography-mass spectrometry (LC-MS).35 Previously, a photoactivatable WOBE437 
derivative was reported.31 This derivative, RX-055 (2, Figure 1), showed similar activity to 
WOBE437 and retained activity after UV-irradiation in washout experiments, whereas 
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WOBE437 did not. This indicated that WOBE437 binds reversibly to a protein target, which can 
be irreversibly blocked by RX-055. However, as this probe only contains a photoreactive group, 
it cannot be used in AfBPP experiments to identify the targeted proteins. Therefore, the aim 
of the current study was to develop an alternative photoaffinity-based probe (pac)-WOBE (3) 
to map the protein interaction landscape of WOBE437 (Figure 1).  

 

Figure 1 | Structures of WOBE437 and its probe derivatives.  
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Results  

WOBE437 increases anandamide uptake by disrupting NAE levels  

First, WOBE437 was synthesized according to previously reported procedure (Figure 2A).31 A 
Horner–Wadsworth–Emmons reaction with (E)-dec-2-enal (4) and ethyl 2-
(diethoxyphosphoryl)acetate resulted in ester 5, which was saponified to afford carboxylic acid 
6. A subsequent peptide coupling with 2-(3,4-dimethoxyphenyl)ethan-1-amine gave WOBE437 
in 49% yield over three steps. The compound was characterized in a [3H]-AEA uptake assay 
in Neuro-2a cells following a previously published method.36 In brief, Neuro-2a cells were 
treated with vehicle, WOBE437 or positive control OMDM-1 for 10 min in serum-free medium, 
which was replaced with PBS containing AEA (400 nM) spiked with [3H]AEA. After 15 min, the 
cells were thoroughly washed and resuspended in aq. NaOH for measurement in a scintillation 
counter. Passive uptake at 4 °C was subtracted and uptake of OMDM-1-treated cells was set 
as baseline. In contrast to previous reports,31 WOBE437 resulted in a concentration-dependent 
increase in uptake of anandamide when compared to the positive control OMDM-1 (Figure 2B).  

 
Figure 2 | Synthesis and characterization of WOBE437. (A) Reagents and conditions: (a) Ethyl 
2-(diethoxyphosphoryl)acetate, NaH, 0 °C, then (E)-dec-2-enal, -78 °C to rt, 63%; (b) NaOH, 60 °C, quant.; (c) 
2-(3,4-dimethoxyphenyl)ethan-1-amine, HOAt, EDC, rt, 78%. (B) Endocannabinoid uptake was assayed in 
Neuro-2a cells, which were preincubated with OMDM-1 (40 µM) as a positive control or different concentrations of 
WOBE437 for 10 min. [3H]-AEA was added and cells were incubated for an additional 15 min, washed and harvested 
to measure radioactivity. Control experiments were also carried out under the same conditions at 4 °C in order to 
subtract passive diffusion from active uptake. Data are expressed as means ± SEM of three independent 
experiments, each performed in triplicate. * p <0.05; *** p <0.001 in comparison to vehicle-treated control (Dotted 
line) using a one-way ANOVA with Dunnett’s multiple comparisons correction.  

To investigate the cellular effects of WOBE437 in more detail, N-acylethanolamines 
(NAEs), free fatty acids and monoacylglycerides were measured using a LC-MS-based assay 
(Table S2). Neuro-2a cells were incubated for different time periods with either WOBE437 or 
vehicle, washed and lipids were extracted. Compared to vehicle-treated Neuro-2a cells, 
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WOBE437 induced a time-dependent decrease in all NAE levels, except SEA, PDEA and DHEA 
(Figure 3, Figure S1). The largest decrease was observed after 30 min. No effect on free fatty 
acids or monoacylglycerols was found (Figure S2C). Previously, the inhibition of AEA uptake 
by WOBE437 was shown to be dependent on the passage number of Neuro-2a cells, but no 
effect of passage number was found in the current study (Figure S2A, B).  

The decrease in NAE levels is consisted with increased AEA uptake, as the transport is 
driven by the concentration gradient across the plasma membrane.21 To investigate whether 
the reduction of NAEs was due to inhibition of NAPE-PLD, WOBE437 was tested in a surrogate 
substrate-based fluorescence assay using purified enzyme (Figure S3A). WOBE437 did not 
inhibit NAPE-PLD activity, nor was any serine hydrolase inhibited as indicated by activity-based 
protein profiling (Figure S3B).37 

 
Figure 3 | WOBE437 disrupts NAEs within 10 minutes of treatment. Neuro-2a cells were treated with 
10 µM WOBE437 or vehicle and harvested at the indicated time points to be analyzed by MS-based lipidomics. 
(A, B, C) Lipidomic data are presented as a volcano plot and lipids with a fold-change threshold of ≥1.50 or ≤0.67 
and a Benjamini-Hochberg false-discovery rate (FDR) ≤10% following a Student’s t-test are represented by colored 
circles indicating lipid class. (D) Fold-change of altered NAEs are represented as a function of time. The complete 
list of ratios at 30 min are depicted in Figure S1. 
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Synthesis and characterization of pac-WOBE (3) 

To profile the protein interaction landscape of WOBE437, a photoaffinity probe (3) was 
designed, guided by the reported structure-activity relationship.31 A minimalist diazirine and 
alkyne-containing moiety38 was introduced on the phenyl ring of WOBE437 by peptide coupling 
5-(2-aminoethyl)-2-methoxyphenol with 6 after which an SN2 substitution on 3-(but-3-yn-1-
yl)-3-(2-iodoethyl)-3H-diazirine afforded pac-WOBE (3) in 12% yield over 2 steps (Figure 4A).  

  To visualize the protein targets of WOBE437 by gel-based AfBPP, Neuro-2a cells were 
incubated with 3 and irradiated with UV light (350 nm, 10 min, “UV”) or exposed to ambient 
light (“no UV”). The cells were harvested, lysed and the probe-bound proteins were conjugated 
to Cy5-N3 under CuAAC conditions. The protein samples were resolved by SDS-PAGE and 
visualized by in-gel fluorescence scanning (Figure 4B). This showed that 3 could UV-
dependently label several proteins. Pretreatment of the cells with WOBE437 resulted in a 
reduced labeling intensity of two bands around 50 kDa, which suggested that these proteins 
specifically interact with WOBE437.  

Figure 4 | Synthesis and characterization of pac-WOBE (3). (A) Reagents and conditions: (a) 5-(2-
aminoethyl)-2-methoxyphenol, HOBt, EDC, 0 °C to rt, 43%; (b) 3-(but-3-yn-1-yl)-3-(2-iodoethyl)-3H-diazirine, 
K2CO3, 60 °C, 29%. (B) Neuro-2a cells were treated with 10 µM WOBE437 or vehicle and subsequently with 0.1 µM 
pac-WOBE (3) or vehicle, irradiated, lysed and proteomes were conjugated to Cy5-N3 using CuAAC chemistry and 
analyzed by SDS-PAGE and in-gel fluorescence scanning. Coomassie served as a protein loading control. Arrows 
indicate WOBE437-competed targets.  
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Identification and characterization of WOBE437 targets  

Next, a label-free chemical proteomics experiment was performed to identify the WOBE437-
interacting proteins.39 Neuro-2a cells were pretreated with WOBE437 (10 µM) or vehicle, after 
which they were incubated with 1.0 or 0.1 µM pac-WOBE (3) with or without UV exposure. 
Cells were lysed and treated with biotin-N3 under CuAAC conditions. Probe-bound proteins 
were enriched using avidin-coated agarose beads, digested by trypsin and analyzed by 
LC-MS/MS. Proteins displaying >2-fold UV enrichment with a p-value <0.05 were designated 
as pac-WOBE-interacting targets. This afforded 39 and 8 significantly UV-enriched targets for 
the two probe concentrations, respectively (Figure 5A, S4A, Table S4). Three of these probe 
targets (i.e. Saccharopine dehydrogenase-like oxidoreductase (SCCPDH), Vesicle Amine 
Transport 1 (VAT1) and Ferrochelatase (FECH)) could be outcompeted by preincubation with 
WOBE437 (Figure 5B, S4A, Table S4).  

 Mouse and human orthologues of these three targets were recombinantly expressed 
in HEK-293-T cells and target engagement with AEA was investigated using gel-based AfBPP 
(Figure 5C, D). AEA engaged in a dose-dependent manner with SCCPDH and VAT1. Of note, 
AEA binding was most potent on the mouse orthologue of SCCPDH (Figure 5D, E). AEA did 
not compete with pac-WOBE (3) labeling of FECH, a mitochondrial enzyme extensively studied 
for its role in heme biosynthesis, and a common off-target of kinase inhibitors40 and lipid 
probes.41   

  In view of these results, further experiments were conducted with mouse SCCPDH and 
mouse VAT1. VAT1 has previously been shown to be involved in lipid binding and transport.42,43 
To investigate whether SCCPDH and VAT1 were selective for WOBE437 and AEA, competitive 
AfBPP was performed with a selection of other closely related lipids, such as 
2-arachidonoylglycerol (2-AG), palmitoylethanolamide (PEA), arachidonic acid (AA), and the 
FAAH inhibitor URB597 (Figure 5F-I). WOBE437 was the most potent competitor of mSCCPDH 
labeling followed by AEA > URB597 > AA> 2-AG > PEA. Mouse VAT1 was much more selective 
since its labeling was only significantly inhibited by WOBE437, AEA and PEA (Figure 5G-I).
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Figure 5 | Identification and characterization of WOBE437 targets using pac-WOBE (3). Volcano plot 
depicting (A) UV enrichment and (B) WOBE437 competition of proteins labeled by in situ AfBPP in Neuro-2a cells 
using 1 µM pac-WOBE (3). UV enrichment is capped at 20-fold, p-value at 0.00001. A complete list of targets are 
listed in Table S4. (C) Gel-based AfBPP profiling of overexpressing HEK-293-T cells using 0.1 µM pac-WOBE (3). 
(D) Representative gels of AEA competition of 0.1 µM pac-WOBE (3) labeling of overexpressing HEK-293-T cells. 
(E) Quantified residual labeling of indicated protein by 0.1 µM pac-WOBE (3) after AEA preincubation. Fluorescent 
signal was quantified, corrected by Coomassie and expressed as remaining labeling compared to vehicle. Data 
represent means ± SD of three separate experiments and pIC50 ± SD. (F, G) Representative gels of competition 
of 0.1 µM pac-WOBE (3) labeling of overexpressing HEK-293-T cells. (H, I) Quantified residual labeling of indicated 
protein by 0.1 µM pac-WOBE (3) after preincubation with indicated compound. Data represent means ± SD of 
three biological replicates. * p <0.05, *** p <0.001 in comparison to vehicle-treated control (dotted line) using a 
one-way ANOVA with Dunnett’s multiple comparisons correction. 
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  Next, a genetic approach was used to investigate whether SCCPDH or VAT1 is 
responsible for WOBE437-induced decrease in NAE levels in Neuro-2a cells, since no selective 
SCCPDH or VAT1 inhibitors are available. Of note, single cell heterogeneity in NAE production 
prevented the unequivocal analysis of single cell clone knockouts.44 Therefore, disruption of 
SCCPDH and VAT1 genes was performed by three sequential rounds of transfection of Cas9 
and single guide RNAs (sgRNA) in Neuro-2a cell populations. SCCPDH and VAT1 expression in 
these cell populations was significantly, albeit not completely, decreased as determined by gel-
based AfBPP and western blot for VAT1 (Figure 6A, C). The residual expression of SCCPDH 
and VAT1 can be explained by a transfection efficiency below 100% and by insertion or 
deletion of a full codon upon Cas9-mediated DNA modification, thus preventing the frameshift 
that generally results in an early STOP-codon. Next, the cellular NAE levels of these genetically 
modified Neuro-2a populations were determined using LC-MS and serine hydrolase activity by 
ABPP. No change in NAE levels or serine hydrolase activity was observed for these knockdown 
populations compared to wild type cells (Figure 6B, D and Figure S5, S6). Notably, WOBE437 
was still able to significantly reduce NAE levels in these genetically modified cells (Figure 6E). 
This indicated that other targets than SCCPDH or VAT1 are responsible for the WOBE437-
mediated reduction in NAE levels.   

 
Figure 6 | Partial SCCPDH and VAT1 knockouts were generated by CRISPR-Cas9. (A) SCCPDH and (C) 
VAT1 KO Neuro-2a lines were generated and checked by gel-based AfBPP using 0.1 µM pac-WOBE (3) for residual 
expression. VAT1 protein was tested by VAT1 western blot. Coomassie served as a protein loading control. Lipid 
levels were tested by lipidomics on (B) SCCPDH KO and (D) VAT1 KO cells and compared to WT cells. Further 
characterization and the complete list of ratios are depicted in Figure S5 and S6. (E) Neuro-2a cells were treated 
with 10 µM WOBE437 or vehicle for 30 min and harvested to be analyzed by MS-based lipidomics. Lipid levels are 
displayed as ratio against the same type of cells treated with vehicle. Data represent means ± SEM (n = 4). One-
way ANOVA with Dunnett’s multiple comparisons correction: not significant when compared to WT.  
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Conclusion 

WOBE437 has been reported as an AEA-uptake inhibitor that shows various in vivo effects that 
are consistent with indirect cannabinoid CB1 receptor activation by elevated AEA levels. 
However, the molecular target of WOBE437 is unknown. In this chapter, a photoaffinity-based 
approach was employed to identify the protein targets of WOBE437 in Neuro-2a cells. 
Surprisingly, WOBE437 increased AEA uptake and decreased endogenous NAE levels in 
Neuro-2a cells. Although the WOBE437-induced time-dependent decrease in endogenous AEA 
levels appears in keeping with the increased AEA uptake in Neuro-2a cells, it is unclear why 
the current results are in contrast to the previous findings of the laboratory of Dr. Gertsch.31 
Differences in the experimental protocol of AEA-uptake experiments or heterogeneity of 
Neuro-2a cells may be contributing factors. It should be noted that the positive control OMDM-
1 did reduce AEA uptake in Neuro-2a cells under the same conditions. At the very least, this 
suggests that OMDM-1 and WOBE437 have different molecular modes of action, although both 
compounds are reported as AEA uptake inhibitors. 

AfBPP using a WOBE437-based photoaffinity probe identified SCCPHD, VAT1 and FECH 
as WOBE437-interacting proteins in Neuro-2a cells. Competitive gel-based AfBPP 
demonstrated that SCCPHD and VAT1, but not FECH, could bind AEA preferentially over related 
lipids. Further genetic studies indicated, however, that SCCPDH and VAT1 were not responsible 
for the WOBE437-induced reduction in endogenous NAE levels in Neuro-2a cells. It remains to 
be investigated whether FECH is involved in this process. Regardless of the exact mechanism 
of action of WOBE437, the current study identified SCCPDH, VAT1 and FECH as off-targets of 
WOBE437, which may confound the interpretation of the biological effects obtained with this 
compound.  
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Experimental procedures 

 

General  
Lipids were purchased from Cayman Chemicals and stored as 10 mM ethanolic stocks under nitrogen 
at -80 °C, except glycerides, which were dissolved in acetonitrile. Inhibitors were purchased from 
Cayman Chemicals or Sigma Aldrich and stored as 10 mM DMSO stocks at -20 °C. FP-TAMRA was 
purchased from Thermo Fisher. MB06437 and 3-(but-3-yn-1-yl)-3-(2-iodoethyl)-3H-diazirine38 were 
prepared as previously reported in literature. All other reagents were purchased from Sigma Aldrich or 
Cayman Chemicals unless otherwise specified.  

Cloning 
DNA oligos were purchased at Sigma Aldrich or Integrated DNA Technologies. Cloning reagents were 
from Thermo Fisher. Full-length cDNA encoding human and murine SCCPDH and VAT1, as well as 
human FECH was obtained from Source Bioscience. Expression constructs were generated by PCR 
amplification and restriction/ligation cloning into a pcDNA3.1 vector, in frame with a C-terminal FLAG 
tag. All plasmids were isolated from transformed XL10-Gold or DH10B competent cells (prepared using 
E. coli transformation buffer set, Zymo Research) using plasmid isolation kits following the supplier’s 
protocol (Qiagen). All sequences were verified by Sanger sequencing (Macrogen).  

Cell culture 
General cell culture 
Neuro-2a and HEK-293-T cells were cultured at 37 °C under 7% CO2 in DMEM (Sigma Aldrich, HEK-293-
T: D6546, Neuro-2a: D1145) containing stable glutamine, 10% (v/v) New Born Calf Serum (Thermo 
Fisher) and penicillin and streptomycin (200 µg/mL each, Duchefa). Cells were passaged twice a week 
at 80-90% confluence by resuspension in fresh medium. Cell lines were purchased from ATCC and were 
tested regularly for mycoplasma contamination. Cultures were discarded after 2-3 months of use.  

Transfection 
SCCPDH/VAT1/FECH-overexpressing Neuro-2a or HEK-293-T cells were generated by seeding cells on 
12-well plates (4.0x104 cells/cm2) 24 h prior to transfection. Culture medium was aspirated and replaced 
with 400 µL fresh medium. A mixture of polyethylenimine (PEI, Neuro-2a: 5:1 (m/m), HEK-293-T: 3:1 
(m/m)) and plasmid DNA (0.625 µg/well) was prepared in serum-free culture medium (100 µL) and 
incubated for 15 min at rt. Transfection was performed by dropwise addition of the PEI/DNA mix to the 
cells. After 24 h, medium was refreshed. Cells were used 48 h post-transfection.  

Viability assay  
2.0x105 Neuro-2a cells were seeded in 500 µL medium on a 24-well plate 24 h prior. Then, 55 µL PBS 
supplemented with 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide was added 
for 0.5 mg/mL final and the plate was incubated at 37 °C for 3 h. The medium was aspirated and the 
formed formazan crystals were dissolved in 200 µL DMSO by shaking the plates at 800 rpm for 5 min. 
Absorbance was measured at 450 nm in a CLARIOstar plate reader (BMG Labtech) and data was 
analyzed using Graphpad Prism 8.1.1.  

AEA uptake assay 
The uptake of AEA was measured in Neuro-2a cells (seeded in triplicate in 12-well plates) according to 
literature protocol with minor modifications.36 Neuro-2a cells were pre-incubated in serum-free medium 
with OMDM-1 (40 µM) for 15 min or different concentrations of WOBE437 (0.1, 1, and 10 µM) or vehicle 
for 10 min by adding the substance directly to the incubation medium. Medium was aspirated and the 
cells were incubated with PBS at 37 °C containing AEA (400 nM) supplemented with [3H]AEA (30,000 
cpm, ARC, St. Louis, MO, USA) for 15 min. PBS was then aspirated and the cells were washed three 
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times with PBS supplemented with 1% (w/v) BSA (1 mL) and resuspended in aq. NaOH (0.5 M, 0.5 mL) 
and measured in a scintillation counter. Control experiments were also carried out at 4 °C in order to 
subtract passive diffusion from active uptake.  

Photoaffinity-based protein profiling 
Gel-based AfBPP 
For gel-based profiling, transfected HEK-293-T or Neuro-2a (WT or KO) on 12-well plates were treated 
with probe as follows:  

Growth medium was aspirated and a solution of indicated competitor (2X, 10 µM final) or vehicle in 
serum-free DMEM supplemented with 0.1% (w/v) delipidated BSA (0.5 mL) was added and the cells 
were incubated for 30 min at 37 °C. Then, a solution of pac-WOBE (3, 2X, 100 nM final) in serum-free 
DMEM supplemented with 0.1% (w/v) delipidated BSA (0.5 mL) was added and the cells were incubated 
for 30 min at 37 °C. Medium was aspirated and replaced with 1 mL ice-cold DPBS and the cells were 
irradiated using a Caprobox™ (10 min, 4 °C, 350 nm, “UV”) or exposed to ambient light (10 min, 4 °C, 
“No UV”).  

The cells were harvested by pipetting and pelleted by centrifugation (1,000 g, 10 min, 4 °C). The 
supernatant was removed and the cells were lysed by resuspension in lysis buffer (250 mM sucrose, 20 
mM HEPES pH 7.5, 1 mM MgCl2 , 1X protease inhibitor cocktail (Roche), 25 U/mL benzonase) and 
sonication in a bath sonicator (0 °C, 5 min). Protein concentration was measured by Qubit™ assay 
(Invitrogen) and the samples were adjusted to 1.5 mg/mL and a volume of 100 µL, after which the 
samples were treated with 10.4 µL click mix (5.5 µL aq. 25 mM CuSO4, 3.25 µL aq. 250 mM NaAsc, 1.1 
µL 25 mM THPTA in DMSO, 0.55 µL 0.9 mM Cy5-N3 in DMSO) and left at rt for 1 h. Samples were then 
quenched by addition of 4X Laemmli buffer, boiled (5 min, 95 °C) and resolved by SDS-PAGE (10% 
acrylamide gel, ±80 min, 180 V) along with protein marker (PageRuler™ Plus, Thermo Fisher). In-gel 
fluorescence was measured in the Cy3- and Cy5-channel (Chemidoc™ MP, Bio-Rad) and the gels were 
subsequently stained with Coomassie and imaged as a loading control for normalization of fluorescence 
intensity. Band intensities were quantified using Image Lab 6.0.1 (BioRad). 

For VAT-1 western blot, part of the gel was stained with Coomassie and imaged for loading control. The 
rest of the gel was transferred to a 0.2 µm polyvinylidene difluoride membrane by Trans-Blot Turbo™ 
Transfer system (Bio-Rad). Membranes were washed with TBS (50 mM Tris pH 7.5, 150 mM NaCl) and 
blocked with 5% (w/v) milk in TBS-T (50 mM Tris pH 7.5, 150 mM NaCl, 0.05% (w/v) Tween-20) for 
1 h at rt. Membranes were then washed three times with TBS-T, followed by incubation with primary 
antibody in 5% (w/v) BSA in TBS-T (VAT1, PA5-43777, Thermo Fisher, 1:1,000, 1 h, rt). Membranes 
were then washed three times with TBS-T and incubated with secondary goat-anti-rabbit-HRP (sc-2030, 
Santa Cruz, 1:5,000 in 5% (w/v) milk in TBS-T, 1 h, rt), then washed three times with TBS-T and once 
with TBS before developing. Membranes were developed in luminol development solution (10 mL of 1.4 
mM luminol in 100 mM Tris pH 8.8 + 100 µL of 6.7 mM p-coumaric acid in DMSO + 3 µL of 30% (v/v) 
H2O2) and chemiluminescence was detected on ChemiDoc™ MP (Bio-Rad) in the chemiluminescence 
channel and colorimetric channel for the protein marker. Images were processed using Image Lab 6.0.1 
(BioRad). 

Chemical proteomics-based AfBPP 
Neuro-2a cells were plated on 6-well plates and grown to near confluency (90%). The supernatant was 
aspirated and serum-free DMEM supplemented with 0.1% (w/v) delipidated BSA (1 mL) and WOBE-437 
or vehicle was added and the cells were incubated for 30 min at 37 °C. After this period, pac-WOBE (3) 
was added and the cells were incubated for 30 min at 37 °C. Subsequently, medium was aspirated and 
replaced with 1 mL ice-cold DPBS and the cells were irradiated using a Caprobox™ (10 min, 4 °C, 350 
nm, “UV”) or exposed to ambient light (10 min, 4 °C, “No UV”). The cells were harvested by pipetting 
and pelleted by centrifugation (1,000 g, 10 min, 4 °C). The supernatant was removed and the cells 
were lysed by resuspension in lysis buffer (250 µL, 250 mM sucrose, 20 mM HEPES pH 7.5, 1 mM MgCl2, 
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1X protease inhibitor cocktail (Roche)) and sonication (Branson Sonifier probe sonicator, 10 x 2 s pulses, 
10% amplitude). Protein concentration was measured by Qubit™ assay (Invitrogen) and the samples 
were adjusted using 50 mM HEPES pH 7.5 to a protein concentration of 1.0 mg/mL and a volume of 
400 µL. The pulldown experiment was performed as earlier described, with minor adjustments.39,45 The 
lysates (400 µL) were subjected to a click reaction with freshly prepared click mix (43.7 µL per sample: 
21.9 µL aq. 25 mM CuSO4, 13 µL aq. 250 mM NaAsc, 4.4 µL 25 mM THPTA in DMSO, 4.4 µL 2.25 mM 
biotin-N3 in DMSO) at rt for 1 h. Proteins were precipitated by addition of HEPES buffer (50 µL, 50 mM, 
pH 7.5), MeOH (666 µL), CHCl3 (166 µL) and MilliQ (150 µL), vortexing after each addition. After spinning 
down (1,500 g, 10 min) the upper and lower layer were aspirated and the protein pellet was 
resuspended in MeOH (600 µL) by sonication (Branson Sonifier probe sonicator, 10 x 0.5 s pulses, 10% 
amplitude). The proteins were spun down (20,000 g, 5 min) and the MeOH was aspirated. The proteins 
were redissolved in 6 M urea (500 µL) with 25 mM NH4HCO3 for 15 min, followed by reduction (65 °C, 
15 min, 800 rpm shaking) with DTT (5 µL, 1 M). The samples were allowed to reach rt and proteins 
were alkylated (30 min) with IAA (40 µL, 0.5 M) in the dark. 140 µL SDS (10% w/v) was added and the 
samples were spun down (1,000 g, 5 min). They were transferred to 5 mL PBS containing 50 µL avidin 
agarose resin (Pierce, 100 µL of a 50% slurry, prewashed twice with 6 mL PBS + 0.5% SDS and once 
with 6 mL PBS) and incubated for 2 h while rotating. The beads were spun down (2,000 g, 2 min) and 
washed (3 x PBS + 0.5% SDS, 2 x PBS, 1 x MilliQ). The beads were resuspended in digestion buffer 
(250 µL, 100 mM Tris pH 7.8, 100 mM NaCl, 1 mM CaCl2, 2% (v/v) acetonitrile, sequencing grade trypsin 
(Promega, 0.25 µg)) and transferred to low-binding tubes (Sarstedt) and incubated while shaking 
overnight (16 h, 37 °C, 1,000 rpm). Trypsin was quenched with 12.5 µL formic acid (LC-MS grade) and 
the beads were filtered off over a Bio-Spin column (BioRad, 400 g, 5 min), collecting the flow-through 
in a new 2 mL tube. Samples were added on C18 stagetips46 (preconditioned with 50 µL MeOH, then 
50 µL of 0.5% (v/v) formic acid in 80% (v/v) acetonitrile/MilliQ (solution B) and then 50 µL 0.5% (v/v) 
formic acid in MilliQ (solution A) by centrifugation (600 g, 2 min)). The peptides were washed with 
solution A (100 µL, 800 g, 3 min) and eluted into new low-binding tubes using solution B (100 µL, 800 
g, 3 min). Samples were concentrated using an Eppendorf speedvac (Eppendorf Concentrator Plus 5301) 
and redissolved in LC-MS solution (30 µL per sample: 28.5 µL MilliQ, 2.85 µL acetonitrile, 0.095 µL 
formic acid, 600 fmol yeast enolase peptide digest (Waters, 186002325)).  

Samples were measured using a NanoACQUITY UPLC System coupled to a SYNAPT G2-Si high definition 
mass spectrometer (Waters). The peptides were separated using an analytical column (HSS-T3 C18 1.8 
µm, 75 µm x 250 mm, Waters) with a concave gradient (5 to 40% acetonitrile in H2O with 0.1% formic 
acid). [Glu1]-fibrinopeptide B was used as lock mass. Mass spectra were acquired using the UDMSe 
method. The mass range was set from 50 to 2,000 Da with a scan time of 0.6 seconds in positive, 
resolution mode. The collision energy was set to 4 V in the trap cell for low-energy MS mode. For the 
elevated energy scan, the transfer cell collision energy was ramped using drift-time-specific collision 
energies. The lock mass is sampled every 30 seconds. For raw data processing, Progenesis QI for 
proteomics was used with the following parameters to search the murine proteome from Uniprot (Table 
S1).   
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Table S1 | Parameters used for Progenesis QI.  

Parameter Value 

Lock mass m/z value 785.8426 
Low energy threshold 150 counts 
Elevated energy threshold 30 counts 
Digest reagent Trypsin 
Missed cleavages Max 2 
Modifications Fixed carbamidomethyl C, variable oxidation M 
FDR less than 1% 
Minimum fragments/peptide 2 
Minimum fragments/protein 5 
Minimum peptides/protein 1 
Minimum peptide score for quantification 5.5  
Identified ion charges for quantification 2/3/4/5/6/7+ 

 

Activity-based protein profiling 
To perform comparative ABPP, 39 µL of lysate (39 µg protein) was mixed with 1 µL of indicated 
compound (40X stock in DMSO) before probe addition. Final concentration of probes were 500 nM for 
FP-TAMRA and 2 µM for MB064. The probes were incubated for 30 min at rt before quenching the 
reaction with 4X Laemmli buffer for 30 min at rt. Labelled proteins were resolved by SDS-PAGE (10% 
acrylamide gel, ±80 min, 180 V) along with protein marker (PageRuler™ Plus, Thermo Fisher). In-gel 
fluorescence was measured in the Cy3- and Cy5-channel (Chemidoc™ MP, Bio-Rad) and the gels were 
subsequently stained with Coomassie and imaged as a loading control for normalization of fluorescence 
intensity. Band intensities were quantified using Image Lab 6.0.1 (BioRad). 

Lipidomics  
A targeted analysis of 23 compounds, including endocannabinoids and related N-acylethanolamines 
(NAEs) and free fatty acids (Table S2), was measured using an Acquity UPLC I class binary solvent 
manager pump in conjugation with a tandem quadrupole mass spectrometer as mass analyzer (Waters 
Corporation). The separation was performed with an Acquity HSS T3 column (2.1 × 100 mm, 1.8 μm) 
maintained at 45 °C. The aqueous mobile phase A consisted of 2 mM ammonium formate and 10 mM 
formic acid, and the organic mobile phase B was acetonitrile. The flow rate was set to 0.55 mL/min; 
initial gradient conditions were 55% B held for 2 min and linearly ramped to 100% B over 6 min and 
held for 2 min; after 10 s the system returned to initial conditions and held 2 min before next injection. 
Electrospray ionization-MS and a selective Multiple Reaction Mode (sMRM) was used for lipid 
quantification. Individually optimized MRM transitions using their synthetic standards for target 
compounds and internal standards are described in Table S2. Peak area integration was performed with 
MassLynx 4.1 software (Waters Corporation). The obtained peak areas of targets were corrected by 
appropriate internal standards. Calculated response ratios, determined as the peak area ratios of the 
target analyte to the peak area of the respective internal standard, were used to obtain absolute 
concentrations from their respective calibration curves. Concentrations were normalized to the amount 
of protein in the sample as determined by Bradford assay.  
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Table S2 | LC-MS standards and internal standards for lipidomics analysis. The target list includes fatty 
acids, endocannabinoids, N-acylethanolamines (NAEs) and deuterated labeled internal standards. The compound 
ID is the abbreviation of metabolite name along with number of carbon atoms and number of double bonds in the 
fatty acid chain of the molecule, respectively. All compounds are analyzed in positive mode except fatty acids in 
negative mode. Q1 and Q3 are optimized precursor ion and product ion respectively, expressed as m/z. DP and CE 
are declustering potential (V) and collision energy (V). 

Standards 

Abbreviation Metabolite Q1 Q3 DP, CE Polarity 

1 & 2-AG (20:4) 1-Arachidonoyl Glycerol 379.21 287.20 45, 10 + 
2-LG (18:2) 2-Linoleoyl Glycerol 357.34 247.50 48, 10 + 
2-OG (18:1) 2-Oleoyl Glycerol  357.34 247.50 40, 12 + 
AEA (20:4) Arachidonoyl Ethanolamide 348.40 62.02 35, 16 + 
DEA (22:4) Docosatetraenoyl Ethanolamide 376.38 61.92 55, 18 + 
DGLEA (18:3) Dihomo-γ-Linolenoyl Ethanolamide 350.38 61.98 40, 14 + 
DHEA (22:6) Docosahexaenoyl Ethanolamide 372.38 62.01 50, 14 + 
EPEA (20:5) Eicosapentaenoyl Ethanolamide 346.34 61.98 36.16 + 
LEA (18:2) Linoleoyl Ethanolamide 324.34 61.98 35, 14 + 
OEA (18:1) Oleoyl Ethanolamide 326.4 62.01 45, 16 + 
PDEA (15:0) Pentadecanoyl Ethanolamide 286.34 62.01 45, 12 + 
PEA (16:0) Palmitoyl Ethanolamide 300.34 61.98 42, 14 + 
POEA (16:1) Palmitoleoyl Ethanolamide 298.34 62.01 45, 14 + 
SEA (18:0) Stearoyl Ethanolamide 328.38 61.98 45, 16 + 
AA (20:4) Arachidonic Acid 302.28 259.30 -40, -12 - 
PA (FA 16:0) Palmitic Acid  255.33 237.24 -50, -20 - 
OA (FA 18:1) Oleic Acid 281.34 263.31 -50, -20 - 
LA (FA 18:2) Linoleic Acid 279.34 261.25 -64, -16 - 
GLA (FA 18:3) y-Linolenic Acid 277.30 58.00 -60, -20 - 
ETA (FA 20:3, (ω−3) Eicosatrienoic Acid 305.28 306.09 -60, -18 - 
DGLA (FA 20:3, (ω−6) Dihomo-γ-Linolenic Acid (20:3) 305.28 306.03 -66, -18 - 
EPA (FA 20:5,(ω−3) Eicosapentaenoic Acid 301.34 257.30 -60, -10 - 
DHA (FA 22:6, (ω−3) Docosahexaenoic Acid 327.28 283.31 -60, -10 - 

Internal standards 
Abbreviation Metabolite Q1 Q3 DP, CE Polarity 
2-AG-d8 (20:4) 2-Arachidonoyl Glycerol-d8 387.38 294.20 45, 10 + 
AEA-d8 (20:4) Arachidonoyl Ethanolamide-d8 356.38 62.79 35, 16 + 
DHEA-d4 (22:6) Docosahexaenoyl Ethanolamide-d4 376.38 66.01 50, 14 + 
LEA-d4 (18:2) Linoleoyl Ethanolamide-d4 328.34 66.01 35, 16 + 
OEA-d4 (18:1) Oleoyl Ethanolamide-d4 330.38 66.01 45, 16 + 
PEA-d5 (16:0) Palmitoyl Ethanolamide-d5 305.34 61.98 42, 16 + 
SEA-d3 (18:0) Stearoyl Ethanolamide-d3 331.38 61.91 45, 16 + 
EPEA-d4 (20:5) Eicosapentaenoyl Ethanolamide-d4 350.34 66.08 36, 18 + 
AA-d8 (20:4) Arachidonic Acid-d8 311.34 267.30 -40, -12 - 
PA (16:0)-d31 Palmitic Acid-d31 286.50 266.37 -40, -22 - 
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CRISPR/Cas9 KO generation 
Guide design & constructs 
Two sgRNAs, in early exons of the Vat1 and Sccpdh genes, with high efficiency and specificity as 
predicted by CHOPCHOP v2 online web tool were selected.47 Guides were cloned into the BbsI restriction 
site of plasmid px330-U6-Chimeric_BB-CBh-hSpCas9 (a kind gift from Feng Zhang, Addgene plasmid 
#42230) as previously described.48,49 Primers are annotated in Table S3. 

CRISPR/Cas9-mediated knockout population generation 
Note: Neuro-2a cells display high level of heterogeneity upon clonal isolation.44 To circumvent this issue, 
sequential transfections were used to generate a high efficiency knockout cell population. 

Neuro-2a cells were transfected sequentially (3 times within the course of 10 days) to yield populations 
with a high knockout efficiency. Cells were seeded at day 1, 4, and 7 and transfected at day 2, 5, and 
8. Samples for T7E1 assays were harvested at day 4, 7, and 10 and after several weeks of culturing the 
cells. One day prior to the first transfection, Neuro-2a cells were seeded to a 6-well plate to reach 80% 
confluence at the time of transfection. Prior to transfection, culture medium was aspirated and 2 mL of 
fresh medium was added. A 5:1 (m/m) mixture of PEI (17.5 μg per well) and plasmid DNA (total 3.5 μg 
per well) was prepared in serum-free culture medium (250 μL each) and incubated (15 min, rt). 
Transfection was performed by dropwise addition of the PEI/DNA mixture to the cells. 24 h post-
transfection the culture medium was refreshed. 48 h post-transfection a small amount of cells was 
harvested for analysis by T7E1 assay and ABPP, while the remainder was kept in culture under standard 
conditions for following transfections. After three transfection rounds, the cells were cultured according 
to standard protocol. Ampoules of knockdown populations were prepared (complete DMEM, 10% DMSO) 
and stored at -150 °C. Efficiency of knockdown was checked over time. Cells were discarded after 
3 months of culture.  

T7E1 assay 
Genomic DNA was obtained by mixing 50 μL QuickExtract™ (Epicentre) with cell pellet (~10% of a well 
from a 6-well plate). The samples were incubated at 65 °C for 6 min, mixed by vortexing and incubated 
at 98 °C for 2 min. Genomic DNA extracts were diluted in sterile water and directly used in PCR reactions. 
Genomic PCR reactions were performed on 5 μL isolated genomic DNA extract using Phusion High-
Fidelity DNA Polymerase (Thermo Fisher) in Phusion GC buffer Green (Thermo Fisher) in a final volume 
of 45 μL, primers are annotated in Table S3.  

For the T7E1 assay, genomic PCR products (20 μL) were denatured and reannealed in a thermocycler 
using the following program: 5 min at 95 °C, 95 to 85 °C using a ramp rate of -2 °C/s, 85 °C to 25 °C 
using a ramp rate of -0.2 °C/s. Annealed PCR product (8.5 μL) was mixed with NEB2 buffer (1 μL) and 
T7 endonuclease I (5 U, 0.5 μL; New England Biolabs), followed by a 30 min incubation at 37 °C. 
Digested PCR products were analyzed using agarose gel electrophoresis with ethidium bromide staining. 
A sample without T7 endonuclease I was taken along as control. Agarose gels were analyzed using 
Image Lab 6.0.1 (BioRad). 
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Table S3 | sgRNA targets, sgRNA oligos (top, bottom) and T7E1 primers (forward, reverse). 

sgRNA Target Construct Primer Sequences 

Vat1 – Exon 1 1162 

Top: CACCGTTCGCAGCCCCCGACAGTCG 
Bottom: AAACCGACTGTCGGGGGCTGCGAAC 
Forward: TCAGGGTACCTATCAGTCACACGCACGTACAC 
Reverse: CCATGGGCCCGTAGTCGGTCGTACAGCCCTT 

– Exon 2 1163 

Top: CACCGAGACCGGGCCATAGCGTCT 
Bottom: AAACAGACGCTATGGCCCGGTCTC 
Forward: TCAGGGTACCGCTGTGAGGACTGACTGAACAC 
Reverse: CCATGGGCCCGTGTCTAAATGTTACCACGGCA 

Sccdph – Exon 1 1164 

Top: CACCGAGGCGCCGAACACCACCAGG 
Bottom: AAACCCTGGTGGTGTTCGGCGCCTC 
Forward: TCAGGGTACCGCTTCAGGGGAACCAAGAG 
Reverse: CCATGGGCCCGCCGTGTTACCCAGTTTCTG 

– Exon 2 1165 

Top: CACCGTTACCGGTCCTACGCAGTTG 
Bottom: AAACCAACTGCGTAGGACCGGTAAC 
Forward: TCAGGGTACCCCATCACTGACCACTATAGGCA 
Reverse: CCATGGGCCCACTGAACAAAACTTGTCGGGTT 

 
NAPE-PLD surrogate substrate-based fluorescence assay 
The NAPE-PLD activity assay was performed according to a previously reported method with minor 
adjustments.50,51 Purified recombinant MBP-tagged (N-terminal) and His6-tagged (C-terminal) human 
Δ47-NAPE-PLD from Escherichia coli, a kind gift from Dr. Piomelli, was diluted to 25 nM in assay buffer 
(50 mM Tris pH 7.5, 150 mM NaCl, 0.02% Triton X-100).52 The substrate PED6 (Invitrogen, D23739, 1 
mM stock in DMSO) was consecutively diluted in DMSO (5X) and in assay buffer (10X), to make a 20 
μM working solution. Inhibitor solutions (50X) were prepared in DMSO. The assay was performed in a 
dark 96-well plate (flat bottom, Greiner), in a final volume of 50 μL. Inhibitor or DMSO was incubated 
with enzyme (2.5 nM final) for 30 min at 37 °C. Then, PED6 was added (2 μM final) and the 
measurement was started immediately on a CLARIOstar plate reader (BMG Labtech) at 37 °C (excitation 
474-490 nm, emission 510-550 nm), scanning every 2 min for 1 hour. Negative control wells containing 
no enzyme were used for background subtraction. The measurements were performed in n = 4.  

Statistical analysis  
Unless otherwise noted, all replicates represent biological replicates and all data represent means 
± SEM. Statistical significance was determined using Student’s t-tests (two-tailed, unpaired) or one-way 
ANOVA with Dunnett multiple comparisons correction. *** p <0.001; ** p <0.01; * p <0.05; n.s. if p 
>0.05. All statistical analysis were conducted using Graphpad Prism 8.1.1 or Microsoft Excel. 
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Synthesis 
General remarks  
Dry solvents were prepared by storage on activated 4 Å molecular sieves for at least 24 hours. The 
reactions were performed under an inert atmosphere of nitrogen gas unless stated otherwise. All 
reagents were purchased from Alfa Aesar, Sigma Aldrich/Merck or Acros and used without further 
purification. Flash column chromatography was performed using SiliCycle silica gel type SiliaFlash P60 
(230-400 mesh). TLC analysis was performed on Merck silica gel 60/Kieselguhr F254, 0.25 mm. 
Compounds were visualized using KMnO4 stain (K2CO3 (40 g), KMnO4 (6 g), and water (600 mL)).  

1H NMR and 13C NMR spectra were recorded on a Bruker AV-400 (400 MHz) or AV-500 (500 MHz) 
spectrometer. Chemical shift values are reported in ppm relative to the tetramethylsilane signal for 1H 
NMR (δ = 0 ppm) and relative to the solvent signal of CDCl3 for 13C NMR (δ = 77.16 ppm). Data are 
reported as follows: Chemical shifts (δ), multiplicity (s = singlet, d = doublet, dd = doublet of doublets, 
ddt = doublet of doublet of triplets, td = triplet of doublets, t = triplet, q = quartet, p = pentet, bs = 
broad singlet, m = multiplet), coupling constants J (Hz), and integration. High resolution mass spectra 
(HRMS) were recorded by direct injection on a q-TOF mass spectrometer (Synapt G2-SI) equipped with 
an electrospray ion source in positive mode with Leu-enkephalin (m/z = 556.2771) as an internal lock 
mass. The instrument was calibrated prior to measurement using the MS/MS spectrum of [Glu1]-
fibrinopeptide B.  

Ethyl (2E,4E)-dodeca-2,4-dienoate (5)   
To a cooled (0 °C) suspension of sodium hydride (0.518 g, 
12.94 mmol) in dry THF (30 mL) was added a solution of 
ethyl 2-(diethoxyphosphoryl)acetate (2.90 g, 12.94 mmol in 

dry THF (10 mL)) dropwise and the reaction was stirred for 10 min. It was then cooled to -78 °C and a 
solution of (E)-dec-2-enal (1.98 mL, 10.8 mmol) in dry THF (10 mL) was added dropwise and the 
reaction was allowed to reach rt overnight. The reaction was quenched with water (150 mL) and the 
mixture was extracted with EtOAc (2 x 150 mL). The combined organic layers were washed with brine 
(100 mL), dried over MgSO4, filtered and concentrated under reduced pressure. Purification of the 
residue by column chromatography (pentane/Et2O = pentane to 9:1) afforded the title compound as a 
clear oil (1.5281 g, 6.81 mmol, 63%). Rf = 0.4 (pentane/Et2O = 19:1); 1H NMR (400 MHz, CDCl3) δ 7.35 
– 7.19 (m, 1H), 6.23 – 6.06 (m, 2H), 5.78 (d, J = 15.4 Hz, 1H), 4.20 (q, J = 7.1 Hz, 2H), 2.16 (q, J = 
7.1 Hz, 2H), 1.48 – 1.38 (m, 2H), 1.38 – 1.19 (m, 11H), 0.88 (t, J = 6.7 Hz, 3H); 13C NMR (101 MHz, 
CDCl3) δ 167.48, 145.27, 144.96, 128.44, 119.25, 60.30, 33.14, 31.91, 29.28, 29.24, 28.85, 22.78, 
14.46, 14.23. Spectra were consistent with previously reported data.31 

(2E,4E)-dodeca-2,4-dienoic acid (6)   
To a solution of ester 5 (1.514 g, 6.75 mmol) in MeOH (17 mL) 
was added 2 M aq. NaOH (6.75 mL, 13.50 mmol) and the 
reaction was stirred at 60 °C for 30 min. Solvent was removed 
under reduced pressure and the reaction was diluted with water 

(10 mL), washed with Et2O (20 mL), acidified with 1 M aq. HCl to pH <4 and extracted with EtOAc (2 x 
20 mL). The combined organic layers were washed with brine (20 mL), dried over MgSO4, filtered and 
concentrated under reduced pressure to afford the title compound as an off-white solid (1.324 g, 6.75 
mmol, quant.). Rf = 0.6 (pentane/EtOAc = 1:1 + 0.5% AcOH); 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.30 
(m, 1H), 6.23 – 6.16 (m, 2H), 5.78 (d, J = 15.3 Hz, 1H), 2.23 – 2.13 (m, 2H), 1.48 – 1.39 (m, 2H), 1.37 
– 1.19 (m, 8H), 0.87 (t, J = 6.7 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 172.81, 147.77, 146.56, 128.33, 
118.27, 33.22, 31.91, 29.29, 29.24, 28.76, 22.78, 14.24. Spectra were consistent with previously 
reported data.31 
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(2E,4E)-N-(3,4-dimethoxyphenethyl)dodeca-2,4-dienamide (WOBE437, 1)  
To a solution of carboxylic acid 6 (0.2500 g, 
1.274 mmol) and 2-(3,4-
dimethoxyphenyl)ethan-1-amine (0.254 g, 
1.401 mmol) in DCM (2.5 mL) was added 
HOAt (0.087 g, 0.637 mmol) and EDC (0.293 

g, 1.528 mmol) and the reaction was stirred for 45 min. Then, it was diluted with DCM (100 mL) and 
sat. aq. NaHCO3 (100 mL). The layers were separated and the aq. layer was extracted with DCM (2 x 
100 mL). The combined organic layers were dried over MgSO4, filtered and concentrated under reduced 
pressure. Purification of the residue by column chromatography (pentane/EtOAc = 1:4 to 1:1) afforded 
the title compound (WOBE437, 1) as a white solid (0.3585 g, 0.997 mmol, 78%). Rf = 0.5 
(pentane/EtOAc = 1:1 + 0.5% AcOH); 1H NMR (400 MHz, DMSO-d6) δ 8.00 (t, J = 5.7 Hz, 1H), 6.97 
(dd, J = 15.1, 10.6 Hz, 1H), 6.85 (d, J = 8.2 Hz, 1H), 6.79 (d, J = 2.0 Hz, 1H), 6.70 (dd, J = 8.2, 2.0 
Hz, 1H), 6.17 (dd, J = 15.2, 10.7 Hz, 1H), 6.06 (dt, J = 15.1, 6.7 Hz, 1H), 5.89 (d, J = 15.1 Hz, 1H), 
3.72 (s, 3H), 3.70 (s, 3H), 3.33 – 3.28 (m, 2H), 2.66 (t, J = 7.3 Hz, 2H), 2.11 (q, J = 7.1 Hz, 2H), 1.43 
– 1.32 (m, 2H), 1.32 – 1.17 (m, 8H), 0.89 – 0.82 (t, J = 6.7 Hz, 3H); 13C NMR (101 MHz, DMSO) δ 
165.21, 148.57, 147.20, 141.69, 139.12, 131.93, 128.60, 123.29, 120.42, 112.47, 111.83, 55.49, 55.34, 
40.42, 34.72, 32.26, 31.25, 28.59, 28.53, 28.38, 22.10, 13.97. Spectra were consistent with previously 
reported data.31 

(2E,4E)-N-(3-hydroxy-4-methoxyphenethyl)dodeca-2,4-dienamide (7)  
To a cooled (0 °C) solution of 5-(2-
aminoethyl)-2-methoxyphenol hydrochloride 
(0.0836 g, 0.408 mmol) in dry DMF (1.5 mL) 
was added carboxylic acid 6 (0.088 g, 0.449 

mmol), EDC (0.094 g, 0.490 mmol), HOBt (0.066 g, 0.490 mmol) and Et3N (0.114 mL, 0.817 mmol) 
after which the reaction was allowed to reach rt. After 3 hours, the reaction was diluted with water (25 
mL) and the mixture was extracted with Et2O (2 x 30 mL). The combined organic layers were washed 
with brine (4 x 10 mL), dried over Na2SO4, filtered and concentrated under reduced pressure. Purification 
of the residue by column chromatography (pentane/EtOAc/CHCl3 = 4/1/2 + 0.5% AcOH to 2/1/1 + 
0.5% AcOH) afforded the title compound as an off-white solid (0.0611 g, 0.177 mmol, 43%). Rf = 0.5 
(pentane/EtOAc/CHCl3 = 2/2/1 + 0.5% AcOH); 1H NMR (400 MHz, CDCl3) δ 7.19 (dd, J = 15.0, 10.0 
Hz, 1H), 6.82 – 6.75 (m, 2H), 6.67 (dd, J = 8.1, 2.2 Hz, 1H), 6.12 – 6.03 (m, 2H), 5.68 (d, J = 15.0 Hz, 
1H), 5.56 (bs, 1H), 3.87 (s, 3H), 3.56 (q, J = 6.6 Hz, 2H), 2.75 (t, J = 6.8 Hz, 2H), 2.17 – 2.12 (m, 2H), 
1.47 – 1.35 (m, 2H), 1.35 – 1.21 (m, 8H), 0.88 (t, J = 6.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 166.72, 
145.82, 145.43, 143.74, 141.83, 132.19, 128.26, 121.47, 120.32, 115.01, 110.99, 56.12, 40.85, 35.09, 
33.10, 31.90, 29.26, 29.23, 28.90, 22.77, 14.22. Spectra were consistent with previously reported 
data.31 

(2E,4E)-N-(3-(2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethoxy)-4-
methoxyphenethyl)dodeca-2,4-dienamide (pac-WOBE, 3)  

A solution of phenol 7 (16.8 
mg, 0.049 mmol), 3-(but-3-
yn-1-yl)-3-(2-iodoethyl)-3H-

diazirine 8 (19.3 mg, 0.078 
mmol) and K2CO3 (13.4 mg, 0.097 mmol) in dry DMF (0.5 mL) was purged with N2 and stirred at 60 °C 
overnight. The mixture was quenched with water (4 mL), extracted with Et2O (3 x 5 mL), dried over 
Na2SO4, filtered and concentrated under reduced pressure. Phenol 7 and the title compound were 
separated by column chromatography (MeOH/DCM = 1:1,000 to 1:100) and the recovered phenol 7 
was dissolved in dry DMF (0.5 mL) with 3-(but-3-yn-1-yl)-3-(2-iodoethyl)-3H-diazirine 8 (19.3 mg, 0.078 
mmol) and K2CO3 (13.4 mg, 0.097 mmol), purged with N2 and stirred at 60 °C overnight. The mixture 
was quenched with water (4 mL), extracted with Et2O (3 x 5 mL), dried over Na2SO4 and concentrated 
under reduced pressure. It was combined with previously isolated title compound and purified with 
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column chromatography twice (pentane/EtOAc = 9:1 to 2:1 followed by MeOH/DCM = 1:1,000 to 1:100) 
to afford the title compound (pac-WOBE, 3) as a white solid (0.0065 g, 0.014 mmol, 29%). Rf = 0.7 
(pentane/EtOAc = 1:1 + 0.5% AcOH); 1H NMR (500 MHz, CDCl3) δ 7.18 (dd, J = 15.0, 9.7 Hz, 1H), 
6.82 (d, J = 8.2 Hz, 1H), 6.76 (dd, J = 8.1, 2.0 Hz, 1H), 6.71 (d, J = 2.0 Hz, 1H), 6.17 – 6.02 (m, 2H), 
5.68 (d, J = 15.0 Hz, 1H), 5.43 (bs, 1H), 3.89 – 3.84 (m, 5H), 3.57 (q, J = 6.7 Hz, 2H), 2.78 (t, J = 6.9 
Hz, 2H), 2.14 (q, J = 6.9 Hz, 2H), 2.09 (td, J = 7.6, 2.6 Hz, 2H), 1.98 (t, J = 2.7 Hz, 1H), 1.89 (t, J = 
6.4 Hz, 2H), 1.76 (t, J = 7.6 Hz, 2H), 1.44 – 1.37 (m, 2H), 1.28 (m, 8H), 0.88 (t, J = 6.9 Hz, 3H); 13C 
NMR (126 MHz, CDCl3) δ 166.45, 148.51, 148.22, 143.63, 141.67, 131.67, 128.30, 121.70, 121.63, 
114.55, 112.36, 83.06, 69.20, 63.96, 56.26, 40.90, 35.31, 33.28, 33.11, 32.85, 31.92, 29.29, 29.25, 
28.95, 26.86, 22.78, 14.23, 13.45. HRMS: Calculated for [C28H39N3O3+H]+ 466.3064, found 466.3073.  
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Supplementary data  
 

 
Figure S1 | Lipid levels of Neuro-2a cells after 30 min of WOBE437 treatment corresponding to Figure 
3. Neuro-2a cells were treated with 10 µM WOBE437 or vehicle and harvested after 30 min to be analyzed by MS-
based lipidomics. Lipid levels are relative to vehicle-treated control. Data represent means ± SEM (n = 4), t-test 
with Benjamini-Hochberg correction: * q <0.05, ** q <0.01, *** q <0.001.  

  
Figure S2 | NAE disruption of WOBE437 on different passage of Neuro-2a. Neuro-2a cells kept in culture 
for over 2.5 months were treated with 10 µM WOBE437 or vehicle and harvested at the indicated time points to be 
analyzed by MS-based lipidomics. (A) Lipidomic data are presented as a volcano plot and lipids with a fold-change 
threshold of ≥1.50 or ≤0.67 and a Benjamini-Hochberg false-discovery rate (FDR) ≤10% are represented by 
colored circles indicating lipid class (n = 4). (B) All ratios of measured lipids after 30 min of WOBE437 treatment. 
Lipid levels are relative to vehicle-treated control. Data represent means ± SEM (n = 4), t-test with Benjamini-
Hochberg correction: * q <0.05. (C) Selected NAE ratios over time after WOBE437 incubation.  
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Figure S3 | NAPE-PLD activity assay and serine hydrolase ABPP. (A) Activity of recombinant human NAPE-
PLD as tested in a PED6 surrogate substrate assay using LEI-401 as positive control.51 Data represent means ± SD 
(n = 4), one-way ANOVA with Dunnett’s multiple comparisons correction: *** p <0.001 in comparison to vehicle-
treated control (Dotted line). (B) Neuro-2a lysate was preincubated with 10 µM of indicated compound or vehicle 
followed by FP-TAMRA or MB064 after which the labeled proteins were resolved by SDS-PAGE and in-gel 
fluorescence was detected. Coomassie served as a protein loading control. 

 

 
Figure S4 | Pulldown and overexpression of pac-WOBE (3) targets in Neuro-2a. (A) Volcano plots of 
pulldown experiment using 0.1 µM pac-WOBE (3) and 10 µM WOBE437 corresponding to Figure 5, Table S4. (B) 
Neuro-2a cells were transfected with indicated plasmid and treated with 10 µM WOBE437 or vehicle and 
subsequently with 0.1 µM pac-WOBE (3), irradiated, lysed and proteomes were conjugated to Cy5-N3 using CuAAC 
chemistry and analyzed by SDS-PAGE and in-gel fluorescence scanning. Coomassie served as a protein loading 
control. Arrows indicate endogenous WOBE437 targets.  
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Figure S5 | Characterization of CRISPR/Cas9-mediated knockouts in Neuro-2a. (A) Knockout 
populations were generated by three sequential transfections (T1-T3) with Cas9 and two different separate guides 
for each target. Knockdown efficiency was determined by a T7E1 assay on genomic DNA, which was analyzed after 
each round of transfection for Vat1 and Sccdph knockouts. (B) 2.0x105 Neuro-2a cells were plated and after 24 h 
checked for mitochondrial activity by MTT assay. Values shown are mean mitochondrial activity relative to WT 
Neuro-2a ± SEM (n = 6), one-way ANOVA with Dunnett’s multiple comparisons correction: *** p <0.001 in 
comparison to WT. (C) SCCPDH KO and (D) VAT1 KO lipid ratios corresponding to Figure 6. Lipid levels relative to 
WT Neuro-2a. Data represent means ± SEM (n = 4), t-test with Benjamini-Hochberg correction: not significant.  

 

Figure S6 | SCCPDH (SKO) or VAT1 (VKO) knockdown does not affect serine hydrolases labeled by 
FP-TAMRA or MB064. Neuro-2a serine hydrolases were labeled with (A) FP-TAMRA or (B) MB064 in triplicate 
and the labeled proteins were resolved by SDS-PAGE and in-gel fluorescence was detected. Coomassie served as 
a protein loading control.  
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Table S4 | All proteins significantly UV-enriched by 1 µM pac-WOBE (3).  
   1 µM pac-WOBE (3) 0.1 µM pac-WOBE (3) 
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TOMM22 3 
Mitochondrial import receptor subunit 
TOM22 homolog  

∞ 0.0108 1.02 0.9209 995 0.0176 1.62 0.4054 

SRPRB 5 
Signal recognition particle receptor subunit 
beta  

83.6 0.0354 0.56 0.2953 3.26 0.0832 1.00 0.9937 

TIMM17B 3 
Mitochondrial import inner membrane 
translocase subunit Tim17-B  

72.3 0.0165 0.75 0.3197 5.18 0.0119 0.85 0.4630 

FECH 20 Ferrochelatase mitochondrial  68.9 0.0000 8.62 0.0000 7.71 0.0293 7.37 0.0310 

VAT1 12 
Synaptic vesicle membrane protein 
VAT-1 homolog  

53.8 0.0272 5.44 0.0379 3.80 0.0191 7.48 0.0112 

HSD17B12 16 Very-long-chain 3-oxoacyl-CoA reductase  47.6 0.0084 1.01 0.9378 7.96 0.0794 1.42 0.3886 
LSS 14 Lanosterol synthase  44.6 0.0210 1.13 0.5565 3.53 0.1759 1.40 0.5063 

CYB5B 2 Cytochrome b5 type B 36.2 0.0246 0.79 0.6025 ∞ 0.3910 
176.

1 
0.3932 

SCCPDH 10 
Saccharopine dehydrogenase-like 
oxidoreductase  

30.5 0.0208 2.91 0.0308 12.5 0.0175 4.87 0.0230 

EMB 2 Embigin  21.1 0.0042 0.67 0.2760 2.25 0.1379 1.20 0.5608 
TMEM199 2 Transmembrane protein 199  20.5 0.0008 0.69 0.2993 2.16 0.3167 1.80 0.3856 
PHB2 2 Prohibitin-2  18.6 0.0073 1.10 0.6037 4.83 0.3220 1.46 0.6590 
PCYOX1 5 Prenylcysteine oxidase  17.5 0.0091 0.99 0.9770 2.46 0.0016 1.16 0.2582 
TMEM33 7 Transmembrane protein 33  16.2 0.0082 0.83 0.3693 3.39 0.0015 0.92 0.6712 
SGPL1 3 Sphingosine-1-phosphate lyase 1  15.8 0.0005 1.01 0.9108 1.41 0.4232 1.23 0.4534 
EPHX1 3 Epoxide hydrolase 1  8.61 0.0178 0.74 0.4935 1.57 0.0084 0.94 0.6247 
BSG 6 Basigin  8.08 0.0186 0.57 0.3377 1.81 0.0456 0.96 0.7915 
IAP 17 IgE-binding protein  7.51 0.0018 0.59 0.2785 1.53 0.0647 0.75 0.1173 
LRRC59 4 Leucine-rich repeat-containing protein 59  7.17 0.0081 0.80 0.5381 2.75 0.0655 1.19 0.4612 
LBR 2 Lamin-B receptor  6.94 0.0045 0.66 0.3621 1.81 0.0792 0.94 0.6368 

SEC61A1 2 
Protein transport protein Sec61 subunit 
alpha isoform 1  

6.88 0.0082 0.64 0.3321 2.04 0.1468 0.85 0.1786 

TMX1 3 
Thioredoxin-related transmembrane 
protein 1  

6.69 0.0032 0.80 0.3149 3.17 0.0614 1.18 0.5139 

RPN1 14 
Dolichyl-diphosphooligosaccharide-protein 
glycosyltransferase subunit 1  

6.31 0.0423 0.70 0.3664 1.75 0.0351 0.93 0.4492 

VDAC1 12 
Voltage-dependent anion-selective 
channel protein 1  

6.00 0.0018 0.77 0.4955 1.53 0.2356 1.33 0.0992 

ATP2A2 12 
Sarcoplasmic/endoplasmic reticulum 
calcium ATPase 2  

4.79 0.0115 0.71 0.2963 1.27 0.1740 0.96 0.7365 

VDAC2 5 
Voltage-dependent anion-selective 
channel protein 2  

4.78 0.0086 0.73 0.4201 2.25 0.0170 0.95 0.7329 

DHRS1 2 
Dehydrogenase/reductase SDR family 
member 1  

4.76 0.0059 1.46 0.1048 1.24 0.6531 2.06 0.2849 

STT3A 5 
Dolichyl-diphosphooligosaccharide-protein 
glycosyltransferase subunit STT3A  

4.54 0.0049 0.79 0.3747 1.50 0.1787 0.77 0.0488 

PDIA3 2 Protein disulfide-isomerase A3  4.54 0.0003 1.23 0.4045 3.01 0.3298 2.59 0.3620 
RTN4 2 Reticulon-4  4.34 0.0439 0.88 0.4041 3.90 0.2232 1.51 0.5317 
SLC25A3 8 Phosphate carrier protein mitochondrial  3.86 0.0224 0.81 0.5785 1.91 0.0187 0.96 0.6610 
HSPA9 3 Stress-70 protein mitochondrial  3.63 0.0403 1.84 0.2066 4.36 0.2304 4.85 0.2252 

VDAC3 5 
Voltage-dependent anion-selective 
channel protein 3  

3.39 0.0251 0.96 0.8860 1.39 0.0945 0.99 0.9584 

RAB1A 2 Ras-related protein Rab-1A  3.14 0.0403 0.84 0.6040 1.29 0.3577 1.02 0.9054 
ATP5F1B 6 ATP synthase subunit beta mitochondrial  2.81 0.0072 0.94 0.7622 2.76 0.3547 2.42 0.3870 

HNRNPA1 2 
Heterogeneous nuclear ribonucleoprotein 
A1  

2.17 0.0329 1.71 0.2078 2.78 0.2948 1.98 0.3933 

HSPD1 2 60 kDa heat shock protein mitochondrial  2.17 0.0465 0.90 0.7459 1.55 0.3124 1.01 0.9522 
PRPH 5 Peripherin  2.10 0.0129 1.19 0.1558 1.75 0.2736 1.49 0.3740 
UBA52 6 Ubiquitin-60S ribosomal protein L40  2.09 0.0108 0.72 0.2937 1.12 0.7069 0.96 0.7858 
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Chapter 7 
 

Cyclopropene probes for  
live-cell imaging of signaling lipids* 

 
 
 

 

 

 
Introduction 

Lipidomics is a relatively new discipline that studies cellular lipids on a large scale, which uses 
analytical chemistry principles and technological tools, particularly mass spectrometry.1 Recent 
advances in mass spectrometry techniques have made it possible to detect and quantify many 
different lipid species in complex biological samples.1,2 However, this approach generally 
requires sample homogenization followed by lipid extraction, and while bulk analysis gives 
valuable information on lipid biology, it does not allow for investigation of cellular localization. 
This spatial information is especially important in the case of lipid signaling molecules, which 
can be short-lived and have very localized functions.3 Currently, detailed investigation of lipid 
signaling molecules is restricted by the availability of tools.  

 
 

______________________________ 
*The data presented in this chapter was gathered in collaboration with Iakovia Ttofi, Dennis Strobbe, Alexi Sarris, 
Herman S. Overkleeft, Sander van Kasteren, Mario van der Stelt.  
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Some of the most well-studied lipid signaling molecules are the endocannabinoids 
anandamide (AEA) and 2-arachidonoyl glycerol (2-AG), which are derivatives of the 
polyunsaturated arachidonic acid (AA, 20:4 n-6, 1) (Figure 1).4 These endocannabinoids act 
as lipid messengers on the cannabinoid receptors to modulate various signal transduction 
pathways in the brain and immune system.5 However, even for these well-investigated lipid 
signaling molecules, the mechanism of their biosynthesis, intercellular transport and cellular 
uptake is still unclear. The most widely accepted model states that AEA and 2-AG are not pre-
synthesized and stored in vesicles, but produced “on demand” and excreted through an 
unknown mechanism.6 The following step, cellular reuptake of endocannabinoids, is a highly 
debated topic,7–11 and different models have been proposed.10 Research on endocannabinoid 
signaling would benefit from tools to visualize localization and transport of these signaling 
lipids in vivo in real-time. 

  A common approach for the visualization of lipids is to append a fluorescent group like 
nitrobenzoxadiazole.12 However, the fluorophore affects the properties of the lipid, which may 
alter its localization and signaling functions.13–15 Therefore, recent efforts have focused on 
introduction of small bioorthogonal tags to allow the introduction of a visualization element 
when required. Azide and alkyne groups have been widely used for this purpose, as they can 
undergo copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC),16 strain-promoted azide-
alkyne cycloaddition (SPAAC)17 and Staudinger ligation18 for functionalization. However, the 
copper catalyst required for CuAAC is incompatible with live cells,19 SPAAC requires large 
strained alkynes and the Staudinger ligation has slow reaction kinetics.20 Therefore, these 
approaches are less suitable to follow fast lipid signaling events in living cells.  

 There is an increased interest in the inverse electron-demand Diels-Alder (IEDDA) 
reaction, which uses electron-rich olefins like trans-cyclooctene (TCO) and tetrazine reagents, 
as an alternative bioorthogonal reaction to visualize rapid cellular processes.21,22 IEDDA 
chemistry has fast reaction kinetics without the need for a catalyst, as well as the ability to 
use fluorogenic tetrazines. The fluorophore is unquenched upon conjugation of the tetrazine 
with a dienophile, which allows for real-time imaging of tagged molecules (Figure 1A).23 To 
avoid using the moderately large TCO group as the dienophile, cyclopropenes have been 
investigated as an alternative olefin.24 The reactive, strained nature of cyclopropenes provides 
the ability to participate in IEDDA reactions.25,26 A number of differently substituted 
cyclopropenes, such as 1,3-substituted and 3,3-substituted variants, have been characterized 
for use in IEDDA chemistry, but not 1,2-substituted cyclopropenes.27,28 In this chapter, the use 
of 1,2-substituted cyclopropene-tagged lipids for live-cell imaging is investigated, as well as 
the synthesis of a cyclopropene-tagged arachidonic acid for the investigation of AEA 
(Figure 1B).  
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Figure 1 | Cyclopropene lipids for live-cell imaging. (A) Schematic representation of bioorthogonal labeling 
of cyclopropenes using tetrazine-quenched fluorophores. (B) Structure of arachidonic acid (1) and its cyclopropene 
analogue 2. 

 

Results and discussion 

To investigate 1,2-substituted cyclopropene lipids in live-cell imaging using IEDDA, 
commercially available sterculic acid (SA, 3) was used in tandem with oleic acid (OA, 4) as 
control (Figure 2). Sterculic acid is a cyclopropene lipid naturally found in plants such as 
Sterculia foetida and was first characterized in 195229 and synthesized in 1960.30 Its suitability 
as dienophile in IEDDA reaction with tetrazine-quenched fluorophore 5 was tested in live cells.  

 

 

Figure 2 | Structures of oleic acid (OA, 3), sterculic acid (SA, 4) and BODIPY-tetrazine 5.  

   

B

A
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U2OS cells were treated with OA (4) or SA (3) (50 µM) for 1 h, washed and subsequently 
incubated with different concentrations of BODIPY-tetrazine 5 for 2 h. The cells were then 
washed extensively and analyzed by fluorescence microscopy (Figure 3). This resulted in dose-
dependent labeling of sterculic acid with the BODIPY-tetrazine, indicating successful IEDDA 
reaction and unquenching. Little to no fluorescence was detected in oleic acid-treated cells. 
The fluorescent signal seemed to be focused on the endoplasmic reticulum (ER) as opposed 
to the cytoplasmic membrane, which can be explained by incorporation of the free fatty acids 
into phospholipids through Lands’ cycle and the Kennedy pathway, which occurs mainly at the 
ER.31  

 

Figure 3 | Sterculic acid is dose-dependently labeled by ligation to BODIPY-tetrazine 5 in live cells. 
Live-cell image of U2OS cells incubated with indicated fatty acid (50 μM) for 1 h, washed and incubated with 
indicated concentration of BODIPY-tetrazine for 2 h, then washed and imaged.  

  Next, the influence of incubation time with BODIPY-tetrazine 5 was investigated to 
survey the progression of the reaction. U2OS cells were treated with the lipids as before, 
incubated for indicated time with 5, then washed and imaged (Figure 4). This revealed that 
after one hour, sufficient BODIPY-tetrazine had reacted to visualize sterculic acid in the cells. 
However, the reaction was not complete as indicated by increased fluorescence intensity after 
a longer incubation time. Whether the rate-limiting step in this process is the uptake of 
BODIPY-tetrazine 5 or the IEDDA reaction cannot be determined with this experiment, but the 
reaction between 3 and 5 seems to be facilitated by accumulation of both molecules in the 
membrane. These results indicated that 1,2-substituted cyclopropene lipids are suitable tools 
to visualize uptake and localization using IEDDA chemistry.  
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Figure 4 | Sterculic acid reacts over time with BODIPY-tetrazine in live cells. Live-cell image of U2OS 
cells incubated with indicated fatty acid (50 μM) for 1 h, washed and incubated with of BODIPY-tetrazine (10 µM) 
for indicated time, then washed and imaged.  

Synthesis of cyclopropene-arachidonic acid 2 

In order to expand this approach to study the derivatives of arachidonic acid, cyclopropene-
arachidonic acid was synthesized. To obtain the desired cyclopropene-arachidonic acid (2), 
two fragments were assembled and joined. For the first fragment, the three unmodified double 
bonds were generated by partial hydrogenation of skipped alkynes. The second fragment 
contained the cyclopropene which was introduced in the final step. The synthesis commenced 
with esterification of hex-5-ynoic acid (6) using acidic MeOH which afforded compound 7 in 
quantitative yield (Scheme 1). Then, but-2-yne-1,4-diol (8) was tosylated and purified by 
crystallization of disubstituted byproduct to obtain compound 9 in a yield of 56%. A copper-
mediated cross-coupling between compounds 7 and 9 led to skipped alkyne 10 in a yield of 
77%. Compound 10 was activated for further elongation via tosylation leading to unstable 11. 
Subsequent cross-coupling of this sulfonate ester with prop-2-yn-1-ol afforded skipped alkyne 
12 in a moderate yield of 32% over two steps. This was immediately partially hydrogenated 
using P-2 nickel boride catalyst32,33 to obtain the more stable triene 13 in 46% yield, which 
was then saponified to obtain carboxylic acid 14 in 87% yield.  
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Scheme 1 | Synthesis of (5Z,8Z,11Z)-13-hydroxytrideca-5,8,11-trienoic acid 14. Reagents and 
conditions: (a) SOCl2, MeOH, 0 °C to rt, 16 h, quant.; (b) tosyl chloride, pyridine, DCM, 0 °C to 10 °C, 2 h, 62%; 
(c) CuI, NaI, K2CO3, DMF, rt, 16 h, 77%; (d) tosyl chloride, pyridine, CHCl3, 0 °C to rt, 2 h; (e) prop-2-yn-1-ol, CuI, 
NaI, K2CO3, DMF, rt, 16 h, 32% over two steps; (f) H2, Ni(OAc)2·4H2O, NaBH4, ethylenediamine, EtOH, rt, 4 h, 
46%; (g) 1 M aq. LiOH, THF, rt, 16 h, 87%. 

To obtain the cyclopropene fragment, 2,3-dibromopro-1-ene (15) was substituted by 
butylmagnesium bromide to obtain 2-bromohept-1-ene 16 in 69% yield after purification by 
distillation (Scheme 2). Cyclopropanation of 16 with dibromocarbene formed by deprotonation 
of bromoform was achieved under phase transfer conditions to afford the cyclopropane 17 in 
36% yield.  

 

 
Scheme 2 | Synthesis of 1,1,2-tribromo-2-pentylcyclopropane 17. Reagents and conditions: (a) Mg, 1,2-
dibromoethane, 1-bromobutane, Et2O, reflux, 15 min; then 2,3-dibromoprop-1-ene, CuCl, Et2O, reflux, 4 h, 79%; 
(b) CHBr3, cetyltrimethylammonium bromide, aq. NaOH (50% w/v), rt, 16 h, 36%.  

 To complete the synthesis of the desired cyclopropene fatty acid 2, two unstable 
intermediates were generated and conjoined (Scheme 3). Lithiocyclopropene 18 was formed 
by a 1,2-dihaloelimination followed by a metal-halogen exchange reaction using 2 equivalents 
of n-BuLi at -78 °C in dry Et2O, leading to the intermediate nucleophile.34 The electrophilic allyl 
bromide 19 was generated using N-bromosuccinimide (NBS) and dimethyl sulfide under mild 
conditions, but cyclized over time and had to be used immediately.  
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 However, attempts to substitute allyl bromide 19 resulted mainly in intramolecular 
cyclization, due to high dilution of the reactants and poor nucleophilicity of lithiocyclopropene 
18.35 As hexamethylphosphoramide (HMPA) is known to affect organolithium aggregates and 
increase their nucleophilicity when used as an additive,36 the freshly formed solution of 
lithiocyclopropene 18 was concentrated to a reduced volume under a flow of nitrogen gas, 
and the electrophilic allyl bromide 19 was added as solution in HMPA. This resulted in 
conversion to the desired cyclopropene-arachidonic acid 2 which was obtained in a yield of 
28% after purification as judged by mass. The purity was between 80-90% as estimated by 
1H NMR, but attempts at further purifications were unsuccessful and resulted in major loss of 
the product.  

 

 

Scheme 3 | Synthesis of cyclopropene-arachidonic acid (2). Reagents and conditions: (a) n-BuLi, 
Et2O, -80 °C to rt, 25 min; (b) NBS, dimethyl sulfide, DCM, -25 °C to rt, 1 h; (c) HMPA, Et2O, 0 °C to rt, 15 min, 
28%.  
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Conclusion 

In this chapter, the first use of 1,2-substituted cyclopropenes for live-cell imaging is reported. 
Plant-derived sterculic acid was compared to oleic acid and showed excellent fluorescent signal 
after reaction with tetrazine-quenched BODIPY 5, whereas cells treated with oleic acid showed 
minimal background fluorescence. This demonstrates the possibility of substituting a fatty acid 
alkene for a cyclopropene to track lipid localization in live cells. Furthermore, the synthesis of 
a cyclopropene-tagged arachidonic acid is described which can be used to study arachidonic 
acid and its derivatives. However, the resulting cyclopropene proved to be unstable. 
Cyclopropenes are known to undergo ene reactions with alkenes, which could explain the 
tendency for degradation under solvent- and oxygen-free conditions observed for 
cyclopropene 2.37,38 It is recommended that further research on cyclopropene 2 minimizes the 
number of synthetic steps to obtain its derivatives. Nevertheless, as degradation products of 
the cyclopropene do not participate in the IEDDA reaction, cyclopropene-modified versions of 
arachidonic acid derivatives are in principle suitable for investigation of arachidonic acid and 
metabolites by microscopy.  
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Experimental procedures 

 

General  
Oleic acid (3, Cayman Chemicals) and sterculic acid (4, Matreya, SKU 1236) were stored as 10 mM 
DMSO solutions under nitrogen at -80 °C. BODIPY-tetrazine 5 was a kind gift from Alexi Sarris (Leiden 
University) and stored as 10 mM DMSO solution at -20 °C. All cell culture disposables were from Sarstedt.  

Cell culture and imaging  
U2OS cells were cultured at 37 °C under 7% CO2 in DMEM (Sigma Aldrich, D1145) containing stable 
glutamine, 10% (v/v) New Born Calf Serum (Thermo Fisher) and penicillin and streptomycin (200 µg/mL 
each, Duchefa). Cells were passaged twice a week at 80-90% confluence by trypsinization and 
resuspension in fresh medium. Cell lines were purchased from ATCC and were tested regularly for 
mycoplasma contamination. Cultures were discarded after 2-3 months of use.  

2.0x104 U2OS cells were plated in 12-well plates 24 h prior to microscopy experiments. Cells were 
treated with 600 μL of 50 µM oleic acid (3) or sterculic acid (4) in phenol red free DMEM with serum 
for 1 h at 37 °C under 7% CO2. The medium was aspirated, cells were washed twice with PBS and 
treated with tetrazine-BODIPY (5) in phenol red free DMEM with serum for the indicated incubation 
time at 37 °C under 7% CO2. Medium was aspirated, cells were washed three times with PBS and 600 
μL of PBS was added for imaging, which was done using a EVOS M7000 Imaging System (Thermo 
Fisher).  

Synthesis 
Dry solvents were prepared by storage on activated 4 Å molecular sieves for at least 24 h. The reactions 
were performed under an inert atmosphere of nitrogen gas unless stated otherwise. All reagents were 
purchased from Alfa Aesar, Sigma Aldrich/Merck or Acros and used without further purification. Flash 
column chromatography was performed using SiliCycle silica gel type SiliaFlash P60 (230-400 mesh). 
TLC analysis was performed on Merck silica gel 60/Kieselguhr F254, 0.25 mm. Compounds were 
visualized using KMnO4 stain (K2CO3 (40g), KMnO4 (6 g), and water (600 mL)). 1H NMR and 13C NMR 
spectra were recorded on a Bruker AV-400 (400 MHz) or AV-500 (500 MHz) spectrometer. Chemical 
shift values are reported in ppm relative to the tetramethylsilane signal for 1H NMR (δ = 0 ppm) and 
relative to the solvent signal of CDCl3 for 13C NMR (δ = 77.16 ppm). Data are reported as follows: 
Chemical shifts (δ), multiplicity (s = singlet, d = doublet, dd = doublet of doublets, ddt = doublet of 
doublet of triplets, td = triplet of doublets, t = triplet, q = quartet, p = pentet, bs = broad singlet, m = 
multiplet), coupling constants J (Hz), and integration. High-resolution mass spectra (HRMS) were 
recorded on a Thermo Scientific Q Exactive HF Orbitrap Mass Spectrometer equipped with an 
electrospray ion source in positive mode (source voltage 3.5 kV, sheath gas low 10, capillary 
temperature 275 °C) with resolution R = 60,000 at m/z = 400 (mass range = 150-1,500). 
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Methyl hex-5-ynoate (7)  
 To a cooled (0 °C) solution of hex-5-ynoic acid (5.19 g, 46.3 mmol) in dry MeOH 
(160 mL) was added thionyl chloride (3.70 mL, 50.9 mmol) dropwise over 10 
min under vigorous stirring and the reaction was allowed to reach rt overnight. 

The reaction was diluted with DCM (250 mL) and quenched with sat. aq. NaHCO3 (300 mL). The layers 
were separated and the aq. layer was extracted with DCM (2 x 250 mL). The combined organic layers 
were dried over MgSO4, filtered and concentrated under reduced pressure to afford the title compound 
as a pale yellow oil (5.82 g, 46.3 mmol, quant.). Rf = 0.7 (Et2O/pentane = 1:3). 1H NMR (400 MHz, 
CDCl3) δ 3.68 (s, 3H), 2.46 (t, J = 7.4 Hz, 2H), 2.26 (td, J = 6.9, 2.6 Hz, 2H), 1.97 (t, J = 2.6 Hz, 1H), 
1.91 – 1.79 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 173.67, 83.38, 69.25, 51.74, 32.78, 23.72, 17.98. 
HRMS: Calculated for [C7H10O2+H]+ 127.0754, found 127.0755. 

4-Hydroxybut-2-yn-1-yl 4-methylbenzenesulfonate (9)  
To a cooled (0 °C) solution of 2-butyne-1,4-diol (10.0 g, 116 mmol) in dry DCM 
(210 mL) was added pyridine (18.9 mL, 232 mmol) and tosyl chloride (20.0 g, 
105 mmol) in small portions over a period of 10 min. The reaction was stirred 

for 1 h and then at 10 °C for 1 h. The mixture was diluted with H2O (100 mL) and 3 M aq. HCl was 
added until acidic (pH <2). The layers were separated and the organic layer was washed with 1 M aq. 
HCl (120 mL) and brine (60 mL). The organic layer was dried over MgSO4, filtered and concentrated 
under reduced pressure. The mixture was dissolved in hot MeOH (50 mL) and cooled to -30 °C 
overnight. The mixture was filtered and rinsed with ice-cold MeOH (30 mL). The filtrate was 
concentrated under reduced pressure to afford the title compound as a yellow oil (15.7 g, 65.3 mmol 
62%). Rf = 0.6 (pentane/EtOAc = 1:1). 1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 8.3 Hz, 2H), 7.39 – 
7.32 (d, J = 7.8 Hz, 2H), 4.73 (t, J = 1.8 Hz, 2H), 4.16 (t, J = 1.9 Hz, 2H), 2.45 (s, 3H), 1.92 (bs, 1H). 
13C NMR (101 MHz, CDCl3) δ 129.98, 129.97, 128.30, 128.29, 57.99, 50.86, 21.81. HRMS: Calculated 
for [C11H12O4S+NH4]+ 258.0795, found 258.0791. 

Methyl 10-hydroxydeca-5,8-diynoate (10)  
To a mixture of CuI (1.095 g, 10.00 mmol), NaI (1.499 g, 
10.00 mmol) and K2CO3 (1.383 g, 10.00 mmol) was added 
nitrogen-purged DMF (20 mL) and the mixture was stirred for 

15 min. Then, methyl hex-5-ynoate 7 (1.262 g, 10 mmol) dissolved in nitrogen-purged DMF (5 mL) was 
added to the reaction mixture. Sulfonate ester 9 (2.64 g, 11.0 mmol) dissolved in nitrogen-purged DMF 
(5 mL) was added dropwise to the reaction over 10 min and the reaction was stirred overnight in the 
dark. The reaction was diluted in Et2O (50 mL), cooled to 0 °C and quenched with sat. aq. NH4Cl (2.0 
mL). It was stirred at room temperature for 30 min, followed by gravity filtration over a celite/sand pad. 
The pad was rinsed with Et2O (1 L) and the filtrate was concentrated under reduced pressure to a 
reduced volume (100 mL). The organic layer was washed with sat. aq. NH4Cl (10 mL) and H2O (50 mL). 
The aqueous layer was extracted with Et2O (3 x 100 mL) and the combined organic layers were washed 
with brine (5 x 200 mL), dried over MgSO4, filtered and concentrated under reduced pressure. 
Purification of the residue by column chromatography (Et2O/pentane = 1:9 to Et2O) afforded the title 
compound as a yellow oil (1.50 g, 7.74 mmol, 77%). Rf = 0.3 (Et2O/pentane = 1:1). 1H NMR (400 MHz, 
CDCl3) δ 4.25 (t, J = 2.1 Hz, 2H), 3.67 (s, 3H), 3.22 - 3.13 (m, 2H), 2.43 (t, J = 7.5, 2H), 2.23 (tt, J = 
6.9, 2.3 Hz, 2H), 1.90 – 1.74 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 173.84, 80.64, 79.89, 78.66, 74.57, 
51.77, 51.34, 32.99, 23.90, 18.27, 9.95. HRMS: Calculated for [C11H14O3+H]+ 195.1016, found 
195.1019. 

Methyl 13-hydroxytrideca-5,8,11-triynoate (12)  
To a cooled (0 °C) solution of alcohol 10 (4.822 g, 
24.83 mmol) in CHCl3 (50 mL) was added pyridine 
(6.02 mL, 74.5 mmol) and subsequently tosyl chloride 

(9.47 g, 49.7 mmol) in portions over 15 min. The reaction was stirred at rt for 2 h. The reaction mixture 
was then cooled to 0 °C and diluted with Et2O (150 mL) and H2O (80 mL). The layers were separated 
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and the organic layer was washed with 1 M aq. HCl (80 mL), sat. aq. NaHCO3 (80 mL) and brine (2 x 
80 mL), dried over MgSO4, filtered and concentrated under reduced pressure. Column chromatography 
of the residue (Et2O/pentane = 1:9 to Et2O) afforded sulfonate ester 11, which was used immediately 
due to its instability. To a mixture of CuI (4.73 g, 24.8 mmol), NaI (3.72 g, 24.8 mmol) and K2CO3 (3.43 
g, 24.8 mmol) was added nitrogen-purged DMF (25 mL) and the mixture was stirred for 15 min. Prop-
2-yn-1-ol (1.67 g, 29.8 mmol) dissolved in nitrogen-purged DMF (20 mL) was added and the mixture 
was stirred for 30 min. A solution of sulfonate ester 11 in nitrogen-purged DMF (30 mL) was added to 
the reaction dropwise over 10 min and the reaction was stirred overnight in the dark. It was then diluted 
with Et2O (80 mL), quenched with sat. aq. NH4Cl (6 mL) and stirred for 30 min at rt. The mixture was 
filtered over celite and the filter was rinsed with Et2O (1 L). The filtrate was concentrated under reduced 
pressure to a reduced volume (100 mL). The organic layer was washed with sat. aq. NH4Cl (30 mL) and 
H2O (100 mL). The combined aqueous layers were extracted with Et2O (3 x 150 mL) and the combined 
organic layers were washed with brine (5 x 100 mL), dried over MgSO4, filtered and concentrated under 
reduced pressure. Purification of the residue by column chromatography (Et2O/pentane = 1:4 to 2:1) 
afforded the title compound as an orange oil (1.85 g, 7.97 mmol, 32%). Rf = 0.5 (Et2O/pentane = 1:1). 
1H NMR (400 MHz, CDCl3) δ 4.26 (t, J = 2.1 Hz, 2H), 3.68 (s, 3H), 3.20 (p, J = 2.3 Hz, 2H), 3.12 (p, J 
= 2.4 Hz, 2H), 2.44 (t, J = 7.5 Hz, 2H), 2.23 (tt, J = 6.9, 2.4 Hz, 2H), 1.87 – 1.76 (p, J = 7.6 Hz, 2H), 
1.68 (bs, 1H). 13C NMR (101 MHz, CDCl3) δ 173.87, 79.73, 78.88, 75.78, 75.45, 74.81, 73.97, 51.76, 
51.38, 33.01, 23.95, 18.31, 10.03, 9.88. HRMS: Calculated for [C14H16O3+H]+ 233.1172, found 
233.1176. 

Methyl (5Z,8Z,11Z)-13-hydroxytrideca-5,8,11-trienoate (13)  
In a Schlenk flask, nickel acetate hydrate (0.214 g, 
0.861 mmol) and 96% EtOH (7 mL) were placed 

under H2 atmosphere. Sodium borohydride (0.033 g, 0.861 mmol) in 96% EtOH (2 mL) was added over 
40 s and stirred at room temperature for 20 min. Freshly distilled ethylenediamine (0.174 mL, 2.58 
mmol) was added and the reaction was stirred for 10 min. Compound 12 (0.50 g, 2.15 mmol) in 96% 
EtOH (3 mL) was added and the reaction was stirred under H2 atmosphere for 5 h. The reaction was 
then quenched with NH4Cl (2 g) and was stirred for 15 min under N2 atmosphere. The mixture was 
filtered over celite and the pad was rinsed with EtOH (500 mL). The filtrate was concentrated under 
reduced pressure. The residue was dissolved in Et2O (100 mL) and washed with sat. aq. NH4Cl (100 
mL). The aq. layer was extracted with Et2O (2 x 100 mL) and the combined organic layers were washed 
with brine (2 x 100 mL), dried over MgSO4, filtered and concentrated under reduced pressure. 
Purification of the residue by column chromatography (Et2O/pentane = 1:4 to 1:2) afforded the title 
compound as a colorless oil (0.234 g, 0.98 mmol, 46%). Rf = 0.7 (Et2O/pentane = 3:1). 1H NMR (500 
MHz, CDCl3) δ 5.67 – 5.49 (m, 2H), 5.43 – 5.33 (m, 4H), 4.25 – 4.21 (m, 2H), 3.67 (s, 3H), 2.86 (t, J 
= 6.6 Hz, 2H), 2.79 (t, J = 6.0 Hz, 2H), 2.33 (td, J = 7.5, 1.2 Hz, 2H), 2.14 – 2.07 (m, 2H), 1.70 (m, 
2H), 1.47 (bs, 1H). 13C NMR (126 MHz, CDCl3) δ 130.98, 129.19, 128.97, 128.83, 128.80, 127.67, 58.70, 
51.68, 33.57, 26.71, 25.97, 25.75, 24.88. HRMS: Calculated for [C14H22O3+Na]+ 261.1461, found 
261.1470. 

(5Z,8Z,11Z)-13-Hydroxytrideca-5,8,11-trienoic acid (14)  
To a solution of triene 13 (0.423 g, 1.776 mmol) in 
THF (16 mL) was added 1 M aq. LiOH (16 mL) and 

the reaction was stirred overnight. The reaction mixture was cooled to 0 °C and diluted with Et2O (50 
mL). 1 M aq. HCl was added until acidic (pH <2) and NaCl was added to saturation. The aq. layer was 
extracted with Et2O (3 x 50 mL). The combined organic layers were dried over Na2SO4, filtered and 
concentrated under reduced pressure. Purification of the residue by column chromatography 
(MeOH/DCM = DCM to 1:49) afforded the title compound 7 (0.346 g, 1.54 mmol, 87%) as a colorless 
oil. Rf = 0.2 (MeOH/DCM = 5:95). 1H NMR (400 MHz, CDCl3) δ 6.67 (bs, 2H), 5.70 – 5.50 (m, 2H), 5.48 
– 5.28 (m, 4H), 4.24 (d, J = 6.8 Hz, 2H), 2.87 (d, J = 6.9 Hz, 2H), 2.81 (t, J = 6.1 Hz, 2H), 2.36 (t, J = 
7.0 Hz, 2H), 2.14 (q, J = 7.5 Hz, 2H), 1.70 (p, J = 7.0 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 131.65, 
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129.01, 129.00, 128.91, 128.26, 127.48, 58.49, 33.16, 26.52, 25.95, 25.80, 24.61. HRMS: Calculated 
for [C13H20O3+Na]+ 247.1305, found 247.1310.  

2-Bromohept-1-ene (16)  
Magnesium (24.31 g, 1.00 mol) was placed in dry Et2O (133 mL) and 1,2-
dibromoethane (17 μL, 0.20 mmol) was added. The mixture was heated to reflux 
and 1-bromobutane (27.4 g, 21.5 mL, 200 mmol) was added while maintaining a 

gentle reflux over 15 min to form butylmagnesium bromide, which was titrated.39 In a different flask, 
CuCl (0.621 g, 6.28 mmol) was suspended in dry Et2O (120 mL) and 2,3-dibromoprop-1-ene (25.1 g, 
126 mmol) was added. Butylmagnesium bromide (83 mL, 109 mmol) was then added dropwise using a 
cannula to maintain a gentle reflux. The reaction was stirred for 4 h, cooled to 0 °C and quenched using 
sat. aq. NH4Cl (100 mL). The aq. layer was extracted using Et2O (2 x 200 mL) and the combined organic 
layers were dried over Na2SO4, filtered and concentrated under reduced pressure. Vacuum distillation 
(72-79 °C, 86 mmHg) afforded the title compound as an orange liquid (15.25 g, 86 mmol, 79%). 1H 
NMR (500 MHz, CDCl3) δ 5.55 (d, J = 1.4 Hz, 1H), 5.38 (d, J = 1.6 Hz, 1H), 2.41 (d, J = 7.6 Hz, 2H), 
1.55 (p, J = 7.4 Hz, 2H), 1.37 – 1.23 (m, 4H), 0.90 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 
135.10, 116.36, 41.52, 30.72, 27.71, 22.51, 14.13. The spectra were in full accordance with literature 
experimental data.40 

1,1,2-Tribromo-2-pentylcyclopropane (17)  
To a vigorously stirred mixture of compound 16 (3.238 g, 18.28 mmol), 
cetrimonium bromide (600 mg, 1.65 mmol) and bromoform (3.20 mL, 
36.6 mmol) was added dropwise aq. NaOH (7.31 g, 50% (w/v)) over 10 
min and the reaction was stirred overnight. The reaction was diluted with 

H2O (100 mL) and extracted with DCM (3 x 150 mL). The combined organic layers were washed with 
brine (3 x 150 mL), dried over MgSO4, filtered and concentrated under reduced pressure. Purification 
of the residue by column chromatography (pentane) and high vacuum afforded the title compound as 
a brown oil (2.30 g, 6.59 mmol, 36%). 1H NMR (400 MHz, CDCl3) δ 2.11 – 1.95 (m, 2H), 1.95 (d, J = 
9.2 Hz, 1H), 1.83 (d, J = 9.2 Hz, 1H), 1.80 – 1.61 (m, 2H), 1.42 – 1.27 (m, 4H), 0.92 (t, J = 6.9 Hz, 
3H). 13C NMR (101 MHz, CDCl3) δ 46.01, 41.85, 38.22, 33.34, 31.27, 27.53, 22.68, 14.15. The spectra 
were in full accordance with literature experimental data.40 

(5Z,8Z,11Z)-13-Bromotrideca-5,8,11-trienoic acid (19)  
To a cooled (0 °C) mixture of NBS (0.089 g, 0.50 mmol) 
and dry DCM (2 mL) was added dimethyl sulfide (45 

μL, 0.60 mmol) over 5 min. The reaction was stirred for 15 min and then cooled to -25 °C. A solution 
of compound 14 (0.075 g, 0.33 mmol) in dry DCM (2 mL) was added dropwise to the mixture over 10 
min. The reaction was allowed to reach rt and was stirred for an hour. It was then diluted with DCM 
(20 mL) and H2O (10 mL). The aq. layer was separated and extracted with DCM (2 x 20 mL). The 
combined organic layers were washed with brine (2 x 20 mL), dried over MgSO4, filtered and 
concentrated under reduced pressure at rt to afford title compound as a colorless oil, which was used 
immediately in the next reaction due to its instability. Purification of an aliquot by column 
chromatography (MeOH/DCM = DCM to 1:99) allowed characterization by NMR. Rf = 0.6 
(EtOAc/pentane = 1:1). 1H NMR (500 MHz, CDCl3) δ 5.81 – 5.70 (m, 1H), 5.64 – 5.52 (m, 1H), 5.48 – 
5.30 (m, 4H), 4.02 (d, J = 8.4 Hz, 2H), 2.95 – 2.89 (m, 2H), 2.86 – 2.79 (m, 2H), 2.41 – 2.34 (m, 2H), 
2.19 – 2.10 (m, 2H), 1.72 (p, J = 7.6 Hz, 2H).  
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(5Z,8Z,11Z)-13-(2-pentylcycloprop-1-en-1-yl)trideca-5,8,11-trienoic acid (cyclopropene-
arachidonic acid, 2)   

To a cooled (-80 °C) solution of 1,1,2-
tribromo-2-pentylcyclopropane 17 

(233 mg, 0.668 mmol) in dry Et2O (1 mL) was added n-BuLi (1.6 M in hexanes, 836 µL, 1.34 mmol). 
The reaction was allowed to reach rt and stirred for 25 min, after which a stream of N2 gas was passed 
over to reduce the volume of solvent by half. The mixture was cooled to 0 °C and a solution of bromide 
19 (53.3 mg, 0.186 mmol) in dry HMPA (1 mL) was added, after which the reaction was stirred for 15 
min. The reaction was quenched with aq. citric acid (10% (w/v), 2 mL) and diluted with Et2O (10 mL). 
The layers were separated and the aq. layer was extracted with Et2O (10 mL). The combined organic 
layers were washed with sat. aq. LiCl (10 mL), dried over MgSO4, filtered and concentrated under 
reduced pressure. Purification of the residue by column chromatography (Et2O/pentane = 1:39 + 0.1% 
AcOH to 1:11 + 0.1% AcOH) afforded the title compound with minor impurities as a clear oil (16.2 mg, 
0.051 mmol, 28%). Attempts at further purification resulted in near complete degradation. Rf = 0.5 
(EtOAc/pentane = 1:3). 1H NMR (400 MHz, CDCl3) δ 5.60 – 5.51 (m, 1H), 5.51 – 5.32 (m, 5H), 3.17 (d, 
J = 6.091 Hz, 2H), 2.85 (t, J = 6.553 Hz, 2H), 2.80 (t, J = 5.850 Hz, 2H), 2.42 – 2.33 (m, 5H), 2.18 – 
2.09 (m, 2H), 1.77 – 1.67 (m, 2H), 1.59 – 1.50 (m, 2H), 1.34 – 1.29 (m, 3H), 0.89 (t, J = 6.726 Hz, 
5H), 0.83 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 180.14, 129.16, 128.88, 128.35, 128.18, 125.82, 111.69, 
107.83, 33.53, 31.74, 27.24, 26.58, 26.04, 25.80, 25.74, 24.79, 24.61, 22.61, 14.21, 7.84. LC-MS: 
Calculated for [C21H32O2+H]+ 317.3, found 317.1.  
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Chapter 8 
 

Summary and future prospects 
 
 
 

 
 

 

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 1 provided an overview of the diversity of lipids and highlighted bioorthogonal 
chemistry as a method for their investigation. Lipids are structurally and functionally diverse 
biomolecules that are difficult to study, particularly their localization and protein interaction 
partners. This is due to their small size, lipophilicity, and high rate of metabolism. Most 
analytical methods for lipids rely on sample homogenization and lipid extraction, which allows 
for sensitive detection of lipids, but discards spatial information.   

Bioorthogonal chemistry has enabled the investigation on lipids in a more versatile 
manner. A small bioorthogonal ligation handle, such as an alkyne, can be introduced and 
conjugated to a reporter group through ‘click’ chemistry such as the copper(I)-catalyzed azide-
alkyne cycloaddition (CuAAC).1 This has allowed the investigation of localization, metabolism, 
uptake and incorporation of the lipid as post-translational modification. Moreover, to capture 
noncovalent lipid-protein interactions, a photoactivatable group can be added. 
Photoactivatable groups can be irradiated to generate a reactive intermediate, which can form 
a covalent and irreversible bond with a lipid-interacting protein. The combination of a 
photoactivatable group and bioorthogonal ligation handles has propelled the investigation of 
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lipid-protein interactions. This approach holds promise for the investigation of polyunsaturated 
fatty acids (PUFAs) and their metabolites, which have become increasingly appreciated for 
their role as signaling molecules, especially in the immune system. However, the availability 
of chemical tools based on these lipids is limited, in part due to their synthetic difficulty. 

Chapter 2 provided an overview of lipid-based photoaffinity probes developed in the 
last decade and their main discoveries. The first implementations of photoactivatable lipid 
probes contained radioisotopes or bulky fluorophores and were only capable of investigating 
interactions with a predetermined protein. In recent years, lipid probes have shifted to 
diazirine- and alkyne-containing structures, partly due to increased synthetic methodologies 
and commercial availability of compatible click reagents. The scope of projects involving lipid 
probes has also moved towards large-scale profiling of lipid-interacting proteins and using 
probes to tackle challenging biological questions. However, challenges in using lipid probes 
remain their lipophilicity and fast cellular metabolism. Due to this lipophilicity, many probe 
targets can be non-specific binding partners, which makes it difficult to identify specific 
interacting proteins. As a resource for future research, a list of promiscuous lipid-binding 
proteins is compiled in Chapter 2. Looking forward, improved synthetic accessibility—usually 
followed by commercial availability—of probes and expanding on their functionality will lead 
to improved understanding of the complex and multifaceted roles of lipids. 

Chapter 3 described the synthesis and use of photoaffinity-click (pac)-probes based on 
the omega-3 fatty acid docosahexaenoic acid (DHA, 22:6 n-3, 1) and its oxidized metabolite, 
17-hydroxy-DHA (17-HDHA) in comparative photoaffinity-based protein profiling (AfBPP). DHA 
is oxidized through different pathways into biologically active metabolites that lower 
inflammatory response and signal for the resolution of inflammation.2 17-HDHA is an important 
intermediate in this process. Two photoaffinity probes, pac-DHA and pac-17-HDHA, were 
synthesized to investigate the specific interaction partners of 17-HDHA in human immune cells. 
Synthesis of pac-DHA was achieved by generation of the six cis double bonds inherent to DHA 
through a combination of partial hydrogenation of alkynes and Wittig reactions. To obtain pac-
17-HDHA, the hydroxyl was introduced by enzymatic oxidation using soy bean lipoxygenase. 

Using the two probes in comparative AfBPP in primary macrophages (Figure 1), 
prostaglandin reductase 1 (PTGR1) was identified and validated as a specific pac-17-HDHA 
binding target capable of converting 17-HDHA into 17-oxo-DHA. PTGR1 was shown to act as 
a metabolic hub in oxidative metabolism of PUFAs, simultaneously inactivating pro-
inflammatory lipids and producing anti-inflammatory oxidative metabolites. Moreover, 
comparative AfBPP was shown to be an effective method to distinguish genuine probe targets.  
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Figure 1 | Schematic representation of comparative AfBPP for lipid photoaffinity probes.  

Neutrophils are key players in the acute inflammatory response and perpetuate the 
response via an autocrine loop that is regulated through the secretion of LTB4.3 Murine 
neutrophils produce less 5-HETE and LTB4 after being exposed to 17-HDHA in vivo,4 and 
previously similar results were found in isolated human neutrophils.5 However, neutrophils 
have not been well-studied in the context of chronic inflammation despite their importance in 
the immune system.6 The DHA- and 17-HDHA-based probes described in Chapter 3 were used 
to discover protein interaction partners in primary neutrophils in a similar approach to the M2 
macrophages. Comparative AfBPP on neutrophils resulted in 29 UV-enriched targets of pac-
17-HDHA (Figure 2, Table S1). The pac-17-HDHA probe was found to UV-enrich the LTB4 
receptor and 5-lipoxygenase-activating protein (ALOX5AP), although ALOX5AP was equally 
enriched by both probes. These protein interaction partners are involved in the metabolism 
and function of LTB4, and constitute interesting targets for further investigation of the anti-
inflammatory properties of DHA and 17-HDHA.  

Irradiation, 
cell lysis

Click chemistry 

Irradiation, 
cell lysis

Click chemistry 

Purification 
and/or analysis

Cellular 
incubation

Cellular 
incubation

SDS-PAGE

LC-MS/MS

Photoaffinity probes ProteinsReporter group Specific probe targets



Chapter 8 

162 
 

 

Figure 2 | Comparative AfBPP using pac-DHA and pac-17-HDHA in human neutrophils.  

Chapter 4 described the use of a photoaffinity-click probe based on the neuroprotective 
and anti-inflammatory N-docosahexaenoylethanolamine (DHEA). pac-DHEA was synthesized 
and used to identify its protein binding partners in a microglial cell line. Eleven specific binding 
partners were identified using the comparative AfBPP approach. Three targets were 
investigated in further detail. NENF, an excreted neurotrophic factor, reduced inflammatory 
response, although not in combination with DHEA. Stable overexpression of APMAP and 
GSTM1 in microglial cells exacerbated LPS-induced inflammation as measured by NO and IL-
6 production. These effects were reversed by pretreatment of the cells with DHEA, while DHA 
was less effective. These results indicate that DHEA confers anti-inflammatory effects through 
binding to these proteins, although their exact function remains to be established. 

Although DHEA has been shown to have direct signaling functions,7 anti-inflammatory 
oxidative metabolites have also been reported.8,9 Oxidative metabolites of PUFAs are mainly 
detected in cells with high oxidative activity, such as macrophages. Since the binding of pac-
DHEA to GSTM1 in microglia could not be recapitulated in an overexpression system, this may 
suggest that an oxidative metabolite may be responsible for the anti-inflammatory effects of 
DHEA via GSTM1. 

Chapter 5 described an improved, facile method for synthesis of an alkyne-
functionalized DHA analog, cDHA (2, Figure 3). Synthesis of PUFA derivatives by partial 
hydrogenation of skipped alkynes suffers from formation of undesired E-alkenes, poor 
reproducibility and overhydrogenated products.10 In this chapter, an alternative synthetic route 
for cDHA (2) starting from DHA is developed. This clickable lipid was used to visualize DHA 
metabolism and cellular exchange using thin-layer chromatography and flow cytometry.  
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This synthetic methodology can be expanded to other PUFA derivatives. For example, 
conjugation of aldehydes 3 and 4 to isotopically labelled phosphonium salts would afford 
internal standards 5, 6 and 7 for mass spectrometry analysis (Figure 3). Moreover, alkyne-
functionalized derivatives of arachidonic (AA, 20:4 n-6, 8) or eicosapentaenoic acid (EPA, 22:5 
n-3) would be readily accessible using this synthetic approach, affording cAA (9) and cEPA 
(10) respectively.  

 

Figure 3 | Synthetic routes towards alkyne- or isotope-modified PUFAs. AA, arachidonic acid, DHA, 
docosahexaenoic acid; EPA, eicosapentaenoic acid; a11,12 

Another application of cDHA (2) is the investigation of protein modification by 
electrophilic lipids.13 PUFA oxidation results in the formation of many reactive products, such 
as aldehydes, α,β-unsaturated ketones and epoxides, which can react with nucleophilic 
residues of proteins, such as cysteines.13 Reaction with a catalytic cysteine of an enzyme is 
often responsible for loss of activity, but a few proteins are actually activated by covalent 
modification, leading to downstream signaling.14 Reactive lipids, such as epoxyeicosanoids or 
17-oxo-DHA described in Chapter 3, have therapeutic potential in cardiovascular and 
inflammatory diseases.15,16 Moreover, electrophilic lipids have a central role in a newly 
discovered form of cell death, ferroptosis.17–19 Mapping of lipid electrophile-modified proteins 
has recently been demonstrated using alkyne-linoleic acid20 and alkyne-arachidonic acid.21 This 
can also be done using cDHA (2), which is demonstrated by the visualization of specific protein 
adducts in N9 microglia and RAW264.7 cells when compared to DHA (1) and click-palmitic acid 
(cPA, 11) (Figure 4). The cDHA (2) reported in this thesis enables the investigation of the 
proteins modified by electrophilic DHA derivatives. 
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Figure 4 | Mapping of lipid-modified proteins. (A) Structures of DHA (1), cDHA (2) and cPA (11). (B) 
Labeling pattern of proteins derived from N9 microglia and RAW264.7 cells treated with 10 µM indicated lipid for 
1, 24 or 48 h. Cells were lysed, reversible conjugates were reduced using NaBH413,20 and lipid-bound proteins were 
conjugated to Cy5-N3 using CuAAC chemistry and analyzed by SDS-PAGE and in-gel fluorescence scanning. 
Coomassie served as a protein loading control.  

Chapter 6 describes the characterization of an anandamide (AEA) reuptake inhibitor. 
Anandamide, or N-arachidonoylethanolamine, is a lipid signaling molecule in the 
endocannabinoid system (ECS) and modulates neurotransmitter release via activation of the 
cannabinoid receptor type 1 (CB1R).22 Although it is interesting to target the ECS for 
therapeutic purposes, an AEA transport protein has not been identified.23–27 Recently, 
WOBE437 has been reported as a novel, natural product-based AEA reuptake inhibitor.28 In 
this thesis, WOBE437 was found to surprisingly increase AEA uptake in Neuro-2a cells, which 
was accompanied by reduced cellular levels of AEA and related N-acylethanolamines (NAEs). 
A photoaffinity-click probe based on WOBE437 identified SCCPHD, VAT1 and FECH as 
WOBE437-interacting proteins. However, further genetic studies indicated that SCCPDH and 
VAT1 were not responsible for the WOBE437-induced reduction in NAE levels. Further 
exploration of the mechanism of action of WOBE437 should investigate the drop in cellular 
NAE levels found in this thesis. This observation conflicts with the hypothesis of inhibition of 
an endocannabinoid membrane transporter, and indicates more complicated processes could 
be involved.  

Another path to explore would be the use of chemical biology tools to gain more 
information on the process of AEA uptake. The current method to measure uptake, using 
radiolabeled AEA, does not take into account metabolism or excretion, measuring only a single 
endpoint. Moreover, the use of radiolabeled AEA is costly and requires special equipment. A 
more versatile tool would be alkyne-tagged AEA, which could be used to measure uptake and 
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exchange30 as well as metabolism31,32 and localization.33 This approach would result in a better 
understanding of the process of AEA uptake. A facile synthetic route would be the selective 
epoxidation of the terminal alkene of arachidonic acid11,12 followed by the steps outlined in 
Chapter 5 (Figure 3). 

Notwithstanding the versatility of alkyne-tagged lipids, the required copper catalyst 
excludes their use in living cells. This problem is addressed in Chapter 7, which describes the 
synthesis of cyclopropene-modified arachidonic acid and use of 1,2-substituted cyclopropene 
lipids for live-cell imaging. Cyclopropenes act as dieneophiles in an inverse-electron demand 
Diels–Alder (IEDDA) reaction with tetrazine.34,35 A cyclopropene lipid found in nature, sterculic 
acid, was tested in U2OS cells using a tetrazine-quenched BODIPY fluorophore. This resulted 
in successful IEDDA reaction in the cells as indicated by an intense fluorescent signal with a 
good signal-to-noise ratio, which was due to the fluorogenic property of the tetrazine-
quenched BODIPY. Motivated by these results, cyclopropene-tagged arachidonic acid was 
synthesized through partial hydrogenation of three skipped alkynes and addition of the 
cyclopropene through nucleophilic substitution. 

Although it was possible to synthesize and isolate cyclopropene-tagged arachidonic acid, 
it proved to be unstable. This instability is likely due to ene chemistry which would explain the 
observed tendency for degradation under solvent- and oxygen-free conditions.36,37 Future use 
of cyclopropene-tagged arachidonic acid and its derivatives should take these properties in 
consideration and minimize handling steps. 

Another possibility would be to use 3,3-substituted cyclopropenes, as they are more 
stable yet more reactive towards tetrazines in IEDDA reactions (Scheme 1).38 Elongation39 of 
reported spirohexene 1238 followed by Wittig reaction to aldehyde 4 would afford spirohexene-
arachidonic acid 16 with all four alkenes intact, although it remains to be seen if this 
modification is tolerated for the investigation of arachidonic acid and derivatives in live cells.  
 

 
Scheme 1 | Synthetic route towards spirohexene-tagged arachidonic acid 16. Reagents and conditions: 
(a) DMP, DCM, then added to MeOCH2PPh3Cl, KOtBu, THF; (b) aq. HCl, then NaHCO3, NaBH4; (c) CBr4, PPh3, DCM, 
then PPh3, ACN; (d) KOtBu, THF, then aq. LiOH.  
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Challenges and opportunities for lipid probes  

Lipids are a diverse class of biomolecules that serve a multitude of roles in the cell, from energy 
storage and membrane architecture to serving as signaling molecules in numerous cellular 
processes. The cellular distribution of lipids and their role in signaling events is regulated by a 
complex network of transport proteins and metabolic enzymes. Although technical advances 
in analytical chemistry have allowed for the detection and quantification of many lipid 
metabolites, unraveling the network of proteins and cellular processes involved is still a difficult 
task. This is especially true for polyunsaturated fatty acids and their metabolites, many of 
which have been found to have immunomodulatory signaling functions through unknown 
targets, while being processed through interweaving metabolic pathways. For concurrent 
investigation of localization, metabolism, intercellular exchange and signaling functions, 
innovative approaches are required. 

Chemical biology offers a solution to this problem, as multiple aspects of lipid biology 
can be studied using the same chemical tool. Alkyne-modified lipids, for example, are versatile 
tools to study lipid localization and transport using fluorescence microscopy33 and flow 
cytometry,30 metabolism by LCMS40 or thin-layer chromatography,40 as well as incorporation as 
post-translational modification41 and reaction with proteins by reactive oxidative 
metabolites.20,21 Since protein modification by these reactive species is an important aspect in 
ferroptosis, chemical tools will be valuable to study this newly discovered form of cell death.14,18 
These tools would benefit from increased synthetic and commercial availability, along with 
approachable procedures to employ them. This will enable their use in labs with different areas 
of expertise‒as has happened with tools to profile serine hydrolases‒to tackle questions in 
lipid biology in a multidisciplinary fashion.42,43  

Photoaffinity probes have proven to be powerful tools to study lipid-protein interactions, 
which is highlighted by the diversity of reported probes discussed in Chapter 2. However, lipid 
photoaffinity probes have a ‘blind spot’ for high-affinity interactions with low-abundant 
proteins, such as G-protein coupled receptors.44 Although appropriate control experiments can 
distinguish specific interactions, abundant lipid-interacting proteins will quickly saturate the 
analytical capacity of gel- or mass spectrometry-based approaches. Technological advances in 
mass spectrometry analysis will mitigate this problem, as identification coverage of probe-
bound proteins will increase. Moreover, optimization of experimental conditions can be guided 
by prior biological knowledge to improve analysis of relevant probe targets. For example, when 
investigating cytosolic, the proteome can be prefractionated by centrifugation and removal of 
membrane proteins.45  

The next step for lipid probes is the study of signaling events in living cells, but more 
challenges need to be overcome. As the CuAAC reaction requires a cytotoxic metal catalyst, 
other bioorthogonal chemistry is required. However, selectivity and reaction speed are crucial 
in order to visualize dynamic processes.46 Inverse-electron demand Diels-Alder (IEDDA) is a 
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bioorthogonal reaction that possesses sufficient selectivity and a high reaction speed, and is 
possible with strained cyclopropenes as the dienophile.47 The use of cyclopropenes as a 
bioorthogonal handle shows potential for the investigation of signaling lipids, as it is a 
minimally intrusive modification. The use of IEDDA for real-time imaging of lipid metabolism 
has been demonstrated using a method developed by Dr. Baskin and coworkers, termed 
IMPACT.48,49 This thesis provides evidence that 1,2-substituted cyclopropenes are capable of 
visualizing lipids in live cells and are deserving of further examination.  

Another challenge is the metabolic fate of exogenous lipids, which may not mimic the 
subcellular distribution of lipids synthesized by the cellular machinery.50 A promising approach 
is the addition of a caging group, which can be released upon irradiation.51–53 This allows for 
unbiased distribution and spatiotemporally controlled release of a signaling lipid,52 and this 
approach has been applied to photoactivatable lipids to afford trifunctional probes.54 As these 
probes are extremely versatile tools, extension of this approach to other lipids will be of great 
value for the investigation of lipids as signaling molecules.  

 

Conclusion 

In this thesis, a number of chemical tools are reported which enable the study of different 
aspects of lipid biology. The focus was the study of polyunsaturated fatty acids, which are 
underrepresented in the field of chemical biology due to the synthetic challenge posed by their 
derivatives. The photoaffinity probes reported in Chapters 3 and 4 as well as the comparative 
AfBPP approach were used to discover new lipid-protein interactions and to provide more 
background for the anti-inflammatory properties of DHA and its metabolites. The synthetic 
method developed in Chapter 5 allows for improved accessibility of DHA derivatives and 
demonstrated the versatility of clickable lipids. The photoaffinity probe reported in Chapter 6 
allowed for target discovery of an inhibitor of anandamide reuptake, although outstanding 
questions remain about this process. The first use of 1,2-substituted cyclopropenes for live-
cell imaging of lipids is reported in Chapter 7, as well as the synthesis of cyclopropene-tagged 
arachidonic acid for future investigation of anandamide in real-time. 

Overall, the use of chemical tools is a versatile approach for the investigation of lipid biology 
and the increasing repertoire of tools and techniques in chemical biology will lead to a greater 
understanding of lipids as signaling molecules. 
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Experimental procedures 

 

General  
Lipids were purchased from Cayman Chemicals and stored as 10 mM ethanolic stocks under nitrogen 
at -80 °C. Cy5-N3 and cPA (11) were prepared as previously reported in literature.55,56 All cell culture 
disposables were from Sarstedt. All other reagents were purchased from Sigma Aldrich or Cayman 
Chemicals unless otherwise specified.  

Cell culture 
RAW264.7 cells were cultured at 37 °C under 7% CO2 in DMEM (Sigma Aldrich, D1145) containing 
phenol red, stable glutamine, 10% (v/v) New Born Calf Serum (Thermo Fisher) and penicillin and 
streptomycin (200 µg/mL each, Duchefa). Cells were passaged twice a week at 80-90% confluence by 
scraping and resuspension in fresh medium. N9 microglia were cultured at 37 °C under 5% CO2 in RPMI 
1640 (Sigma) containing phenol red, stable glutamine, 10% (v/v) sterile-filtered Fetal Calf Serum 
(Thermo Fisher) and penicillin and streptomycin (200 µg/mL each, Duchefa). Cells were passaged every 
two days by washing with PBS and trypsinization, subsequently quenching the trypsin with medium and 
removal of the trypsin by spinning down the cell suspension (200 g, 5 min). The resulting pellet was 
resuspended in culture medium by vortexing and subsequently seeded on new plates. Cells were tested 
regularly for mycoplasma contamination. Cultures were discarded after 2-3 months of use.  

SDS-PAGE analysis of protein lipidation 
For gel-based profiling, cells were plated on 6-well plates and treated with 10 µM of indicated lipid for 
the indicated time. Then, cells were washed with PBS (1 mL) and harvested by pipetting and scraping 
into ice-cold PBS (1 mL), then pelleted by centrifugation (1,000 g, 10 min, 4 °C). The supernatant was 
removed and the cells were lysed by resuspension in lysis buffer (250 mM sucrose, 20 mM HEPES pH 
7.5, 1 mM MgCl2) and sonication in a bath sonicator (10 s, 0 °C). Protein concentration was measured 
by Qubit™ assay (Invitrogen) and the samples were adjusted to 1.5 mg/mL and a volume of 100 µL, 
after which reversible adducts were reduced13,20 using NaBH4 (5 mM, 45 min, 4 °C) which was quenched 
with acetone (1 µL, 15 min, 4 °C). Then, the samples were treated with 10.95 µL click mix (5.5 µL aq. 
25 mM CuSO4, 3.25 µL aq. 250 mM NaAsc, 1.1 µL 25 mM THPTA in DMSO, 1.1 µL 0.9 mM Cy5-N3 in 
DMSO) at rt for 1 h. Then, samples were quenched with 4X Laemmli buffer, boiled (5 min, 95 °C) and 
resolved by SDS-PAGE (10% acrylamide gel, ±80 min, 180 V) along with protein marker (PageRuler™ 
Plus, Thermo Fisher). In-gel fluorescence was measured in the Cy3- and Cy5-channel (Chemidoc™ MP, 
Bio-Rad) and the gels were subsequently stained with Coomassie and imaged as a loading control. 

AfBPP analysis of neutrophils 
Neutrophils, harvested as described in Chapter 3, were isolated in DPBS with MgCl2 and CaCl2 (D8662, 
Merck) and divided over two 50 mL falcon tubes, centrifuged (800 g, 5 min, no brakes) and resuspended 
in DPBS supplemented with 0.1% (w/v) delipidated BSA (15 mL) with pac-DHA or pac-17-HDHA (10 µM 
from 10 mM ethanolic stock) by careful vortexing. Next, neutrophils were incubated at 37 °C for 25 min. 
The cells were pelleted by centrifugation (800 g, 5 min, no brakes), the supernatant was aspirated and 
the cells were resuspended in ice-cold PBS (6.3 mL) by careful vortexing. The cells were distributed 
over 12-well plates (1 mL portions) and were irradiated at using a Caprobox™ (10 min, 4 °C, 350 nm, 
“UV”) or exposed to ambient light (10 min, 4 °C, “No UV”). The cells were then transferred to 1.5 mL 
tubes, spun down (10 min, 1,000 g) and the supernatant was aspirated. The cells were then lysed with 
lysis buffer (250 µL, 250 mM sucrose, 2X protease inhibitor cocktail (Roche), 20 mM HEPES pH 7.5, 1 
mM MgCl2). This was sonicated (Branson Sonifier probe sonicator, 10 x 1 s pulses, 10% amplitude). 
Protein concentration was measured by Qubit™ assay (Invitrogen) and the samples were adjusted to 
0.6 mg/mL and a volume of 400 µL. This lysate is subjected to proteomic analysis as described in 
Chapter 3 under ‘Mass spectrometric analysis of tryptic peptides, identification and quantification’. 
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Table S1 | Proteins significantly UV-enriched by pac-17-HDHA in neutrophils. 
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ACOX1 7 Peroxisomal acyl-coenzyme A oxidase 1  163.14 0.0437 43.95 3.71 

SRPRB 7 Signal recognition particle receptor subunit beta  37.36 0.0156 66.43 0.56 

TMEM33 4 Transmembrane protein 33  21.62 0.0227 21.60 1.00 

HSD17B1
1 

6 Estradiol 17-beta-dehydrogenase 11  16.32 0.0053 13.71 1.19 

BRI3BP 2 BRI3-binding protein  15.57 0.0367 29.58 0.53 

ECH1 5 
Delta(3,5)-Delta(2,4)-dienoyl-CoA isomerase, 
mitochondrial  

14.53 0.0283 8.79 1.65 

DHRS4 2 
Dehydrogenase/reductase SDR family member 
4  

13.75 0.0275 114.23 0.12 

DECR1 2 2,4-dienoyl-CoA reductase, mitochondrial  11.12 0.0010 5.31 2.09 

ACOX3 4 Peroxisomal acyl-coenzyme A oxidase 3  10.83 0.0008 9.48 1.14 

ORM1 4 Alpha-1-acid glycoprotein 1  8.04 0.0160 6.82 1.18 

LTB4R 4 Leukotriene B4 receptor 1  5.73 0.0129 3.33 1.72 

ALOX5AP 6 Arachidonate 5-lipoxygenase-activating protein  5.60 0.0208 6.76 0.83 

MFSD10 3 
Major facilitator superfamily domain-containing 
protein 10  

4.44 0.0010 7.27 0.61 

SCP2 6 Non-specific lipid-transfer protein  4.23 0.0153 2.47 1.71 

LPCAT3 2 Lysophospholipid acyltransferase 5  4.19 0.0077 7.40 0.57 

SURF4 4 Surfeit locus protein 4  4.12 0.0340 5.00 0.82 

REEP5 3 Receptor expression-enhancing protein 5  3.35 0.0051 4.28 0.78 

METTL7A 2 Methyltransferase-like protein 7A  3.16 0.0191 5.87 0.54 

IFITM1 2 Interferon-induced transmembrane protein 1  3.00 0.0408 3.04 0.99 

RPN1 7 
Dolichyl-diphosphooligosaccharide--protein 
glycosyltransferase subunit 1  

2.90 0.0015 3.78 0.77 

CAMP 7 Cathelicidin antimicrobial peptide  2.83 0.0260 5.06 0.56 

DAD1 2 
Dolichyl-diphosphooligosaccharide--protein 
glycosyltransferase subunit DAD1  

2.71 0.0030 3.72 0.73 

RTN3 3 Reticulon-3  2.63 0.0081 3.56 0.74 

ARL6IP5 2 PRA1 family protein 3  2.28 0.0241 5.30 0.43 

MMP9 9 Matrix metalloproteinase-9  2.24 0.0229 1.36 1.65 

FAM49B 2 Protein FAM49B  2.20 0.0002 2.37 0.93 

HSD17B1
2 

5 Very-long-chain 3-oxoacyl-CoA reductase  2.15 0.0317 4.76 0.45 
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Het doel van het in dit proefschrift beschreven onderzoek was het ontwikkelen en toepassen 
van chemisch gereedschap (tools) waarmee metabolisme, transport en signaleringsfuncties 
van lipiden onderzocht kunnen worden.  

Hoofdstuk 1 besprak de diversiteit van lipiden en het gebruik van bioorthogonale chemie om 
ze te bestuderen. Lipiden zijn structureel en functioneel diverse biomoleculen die moeilijk te 
onderzoeken zijn, met name de lokalisatie en eiwitinteractiepartners. Dit komt door de geringe 
grootte, vettigheid en snelle metabolisme. De meeste methodes om lipiden te onderzoeken 
vereisen de extractie van de lipiden uit gehomogeniseerd biologisch materiaal, wat 
nauwkeurige detectie mogelijk maakt, maar waarbij alle ruimtelijke informatie verloren gaat. 

Bioorthogonale chemie heeft het mogelijk gemaakt om lipiden op een veelzijdigere 
manier te onderzoeken. Een klein bioorthogonaal handvat, zoals een alkyn, kan worden 
toegevoegd aan een lipide. Daarmee wordt het mogelijk om het te koppelen aan een 
detectiemolecuul via bioorthogonale chemie, zoals de koper(I)-gekatalyseerde azide-alkyn 
cycloadditie (CuAAC). Dit stelt de tool ertoe in staat om verschillende eigenschappen van het 
lipide te bestuderen, zoals de lokalisatie, het metabolisme, het transport en de incorporatie in 
eiwitten als posttranslationele modificatie. Daarbij kan een fotoreactieve groep worden 
toegevoegd aan de tool om niet-covalente interacties tussen lipiden en eiwitten te bestuderen. 
Het bestralen van een fotoreactieve groep resulteert in de vorming van een reactief 
intermediair, wat een covalente binding kan maken met een lipide-bindend eiwit. De 
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combinatie van een bioorthogonaal handvat en fotoreactieve groep resulteert in chemische 
sensoren (probes) die een grote bijdrage hebben geleverd aan onderzoek naar lipide-eiwit 
interacties. Voor het onderzoeken van meervoudig onverzadigde vetzuren is deze aanpak 
veelbelovend, aangezien deze lipiden in steeds grotere mate worden gewaardeerd als 
signaalmoleculen met belangrijke functies, met name in het immuunsysteem. De 
beschikbaarheid van chemische tools gebaseerd op dit soort vetzuren is echter ontoereikend, 
onder andere dankzij de synthetische uitdaging die deze moleculen vormen.  

Hoofdstuk 2 gaf een samenvatting van de op lipiden gebaseerde fotoreactieve probes 
van het afgelopen decennium. De eerste voorbeelden van fotoreactieve probes bevatten 
radioactieve isotopen of omvangrijke fluoroforen en waren vaak alleen in staat om interacties 
met vooraf bepaalde eiwitten te bestuderen. De laatste jaren hebben probes een verschuiving 
laten zien naar diazirine- en alkyngroepen, deels door verbeteringen in synthetische 
mogelijkheden en deels door de grotere beschikbaarheid van compatibele reagentia. 

De ambitie van projecten met fotoreactieve probes is ook verschoven naar het 
grootschalig in kaart brengen van lipidebindende eiwitten en het aanpakken van uitdagende 
biologische kwesties. Er blijven echter grote uitdagingen bestaan in het gebruik van dit soort 
probes. Een grote aanwezigheid van aspecifiek bindende eiwitten maakt het bijvoorbeeld 
moeilijk om bonafide interactiepartners te onderscheiden. Een overzicht van promiscue 
eiwitten is beschikbaar in hoofdstuk 2 ter referentie. In de toekomst zal verbeterde 
synthetische beschikbaarheid‒doorgaans gevolgd door commerciële beschikbaarheid‒evenals 
uitgebreidere functionaliteit van chemische tools zorgen voor een completer begrip van de 
eigenschappen en functies van lipiden.  

Hoofdstuk 3 omschreef de synthese en het gebruik van chemische tools gebaseerd op 
een omega-3 vetzuur, docosahexaeenzuur (DHA, 1, Figuur 1) en een oxidatief metaboliet, 
17-HDHA. DHA ondergaat verschillende oxidatieve transformaties die resulteren in 
signaalmoleculen met anti-inflammatoire en pro-resolutie eigenschappen. 17-HDHA is een 
belangrijk intermediair in dit proces. De rol van 17-HDHA in het immuunsysteem werd 
onderzocht door middel van comparatieve fotoaffiniteit-gebaseerde eiwitprofilering (Affinity-
based protein profiling, AfBPP) (Figuur 2). Voor dit doeleinde werden twee probes, pac-DHA 
(2) en pac-17-HDHA, gesynthetiseerd om de eiwitinteractiepartners te onderzoeken in 
menselijke immuuncellen.  
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Figuur 1 | Structuren van de vetzuren, chemische tools en probes centraal in deze thesis.  

 

Comparatieve AfBPP in menselijke macrofagen resulteerde in de identificatie van PTGR1 
als pac-17-HDHA-specifiek bindend eiwit wat in staat is om 17-HDHA te converteren naar 17-
oxo-DHA. Dit gaf aan dat PTGR1 een centrale rol heeft in oxidatief metabolisme van 
meervoudig onverzadigde vetzuren, aangezien het pro-inflammatoire signaallipiden kan 
inactiveren en anti-inflammatoire signaallipiden kan produceren. Dit liet ook zien dat 
comparatieve AfBPP een effectieve methode is om bonafide interactiepartners van probes te 
onderscheiden.  

 

 

Figuur 2 | Schematische weergave van comparatieve AfBPP met fotoreactieve probes.  
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Hoofdstuk 4 beschreef de synthese en de toepassing van een probe gebaseerd op een 
neurobeschermend en anti-inflammatoir derivaat van DHA, docosahexaeenzuur ethanolamide 
(DHEA). De eiwitinteractiepartners van deze probe werd onderzocht in microglia, een 
neuronale immuuncel. Elf specifieke interactiepartners van de DHEA probe werden 
geïdentificeerd door middel van comparatieve AfBPP. Drie van deze eiwitten werden verder 
onderzocht. NENF, een neurotrofe factor, verlaagde de immuunrespons van microglia, zij het 
niet in combinatie met DHEA. Stabiele overexpressie van APMAP en GSTM1, de twee andere 
targets, versterkte de immuunrespons. Dit was meetbaar door een verhoogde NO en IL-6 
productie. Dit effect kon deels worden teruggedraaid door behandeling met DHEA, wat 
aangeeft dat interacties met deze eiwitten deels verantwoordelijk zijn voor de anti-
inflammatoire eigenschappen van DHEA in de hersenen. Omdat er weinig bekend is over 
GSTM1 en APMAP, is meer onderzoek nodig naar de functie van deze eiwitten en het effect 
hierop van DHEA. 

Hoofdstuk 5 beschreef de ontwikkeling van een vereenvoudigde en geoptimaliseerde 
methode voor de synthese van een alkyngelabeld derivaat van DHA, cDHA (3, Figuur 2). 
Synthese van derivaten van meervoudig onverzadigde vetzuren, zoals beschreven in 
Hoofdstuk 3, is een moeizaam proces dat wordt vergezeld door de vorming van verscheidene 
ongewenste bijproducten. Een alternatieve syntheseroute voor cDHA (3) werd ontwikkeld 
beginnende vanuit DHA zelf. Het gebruik van cDHA (3) voor onderzoek naar metabolisme en 
cellulaire uitwisseling werd gedemonstreerd. Deze betere synthetische strategie kan worden 
toegepast voor het maken van andere vetzuurderivaten die voorheen lastig te verkrijgen 
waren. Omdat alkyn- of isotoopgelabelde vetzuren breed inzetbaar zijn voor het onderzoeken 
van deze biomoleculen is deze synthetische route waardevol voor verder onderzoek. 

Hoofdstuk 6 richtte zich op een ander vetzuur dat een belangrijke rol speelt in de 
hersenen, anandamide (AEA). AEA is afgeleid uit arachidonzuur (4, Figuur 1) en is een 
signaalmolecuul in het endocannabinoïde systeem (ECS), waar het neurotransmissie reguleert. 
Farmacologische interventie in dit proces zou interessant zijn voor verschillende toepassingen, 
maar het transportproces van AEA en de identiteit van een eventueel transporteiwit is nog 
onduidelijk. Recentelijk werd een remmer van AEA transport gerapporteerd, WOBE437. Het is 
aangetoond dat dit molecuul concentratieafhankelijk de opname van AEA remt in de Neuro-2a 
cellijn en in primaire neuronen. In muizen was WOBE437 oraal beschikbaar en resulteerde in 
CB1R-afhankelijke anti-inflammatoire en verdovende effecten. Echter werd in dit proefschrift 
gevonden dat WOBE437 de opname van AEA verhoogt en een verlaging van cellulair AEA en 
gerelateerde N-acylethanolamines veroorzaakt. Een probe gebaseerd op de structuur van 
WOBE437 resulteerde in de identificatie van drie WOBE437-interacterende eiwitten, SCCPDH, 
VAT1 en FECH. Manipulatie van SCCPDH en VAT1 op genetisch niveau toonde echter aan dat 
deze eiwitten niet verantwoordelijk zijn voor de cellulaire verlaging van AEA. Verder onderzoek 
is nodig naar de verlaging van N-acylethanolamines, aangezien dit conflicteert met de 
theoretische inhibitie van een transporteiwit.  
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Om transport van AEA in levende cellen te kunnen bestuderen, werd in Hoofdstuk 7 
onderzocht of bioorthogonale handvaten beschikbaar zijn die dit mogelijk maken. De 
katalysator die nodig is in het gebruik van alkyngelabelde lipiden is toxisch, wat onderzoek in 
levende cellen uitsluit. In plaats daarvan wordt het gebruik van een cyclopropeengroep 
onderzocht, die een inverse electron demand Diels–Alder (IEDDA) reactie kan ondergaan met 
gesubstitueerde tetrazines. Een plantaardig vetzuur met een 1,2-gesubstitueerde 
cyclopropeengroep werd onderzocht in U2OS cellen in combinatie met een tetrazinegebonden 
fluorofoor. Dit resulteerde in succesvolle cellulaire IEDDA reactie en uitstekend fluorescent 
signaal, wat aangeeft dat cyclopropeengroepen gebruikt kunnen worden om lipiden te 
visualiseren. Gedreven door deze resultaten werd arachidonzuur met een cyclopropeengroep 
(5, Figuur 1) succesvol gesynthetiseerd en geïsoleerd. Het gevormde molecuul bleek echter 
instabiel te zijn, zelfs in de afwezigheid van zuurstof en licht. Bij toekomstig gebruik van deze 
tool zullen deze eigenschappen in acht genomen moeten worden.  
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Tot slot  

Lipiden zijn een diverse klasse biomoleculen die verschillende rollen spelen in de cel, van 
energieopslag en membraanorganisatie tot signalering in verscheidene cellulaire processen. 
De distributie van lipiden en hun rol in signalering wordt gereguleerd door een complex 
netwerk van transporteiwitten en metabole enzymen. Alhoewel technologische vooruitgang er 
voor heeft gezorgd dat een steeds groter repertoire van lipiden kan worden gedetecteerd en 
gekwantificeerd, is het nog altijd lastig om de bijbehorende eiwitten in kaart te brengen. Dit 
aspect is juist interessant voor meervoudig onverzadigde vetzuren, waarvan vele een rol spelen 
in het immuunsysteem, maar waarvan het mechanisme onduidelijk is. Voor het gelijktijdig 
onderzoeken van lokalisatie, metabolisme, cellulaire uitwisseling en signaleringsfuncties is een 
innovatieve aanpak benodigd. 

Chemische biologie is een aanpak die de benodigde flexibiliteit aanbiedt. Met dezelfde 
chemische tool kunnen verschillende aspecten worden onderzocht. Met bijvoorbeeld alkyn-
gemodificeerde vetzuren kan lokalisatie worden onderzocht met fluorescentiemicroscopie of 
flowcytometrie, metabolisme door massaspectrometrie of dunnelaagchromatografie evenals 
binding van de tool aan eiwitten als posttranslationele modificatie of als elektrofiel metaboliet. 
Deze tools zouden baat hebben bij verbeterde synthetische of commerciële beschikbaarheid 
en een breder scala aan procedures om ze toe te passen. Deze toegankelijkheid zal zorgen 
voor een bredere inzet in verschillende disciplines, wat essentieel is om lipiden beter te kunnen 
bestuderen. 

In dit proefschrift wordt de synthese en toepassing van verschillende chemische tools 
gerapporteerd voor het onderzoeken van verschillende biologische aspecten van lipiden. De 
focus was meervoudig onverzadigde vetzuren, die ondervertegenwoordigd zijn in het veld van 
chemische biologie door hun synthetische uitdaging. De fotoactiveerbare probes en de 
comparatieve AfBPP aanpak in Hoofdstuk 3 en 4 werden gebruikt om nieuwe lipide-
eiwitinteracties te ontdekken en uitleg te geven voor de anti-inflammatoire eigenschappen van 
DHA en metabolieten. De ontwikkelde synthetische methode gerapporteerd in Hoofdstuk 5 
maakt synthetische derivaten van DHA toegankelijker en toonde de veelzijdigheid van 
alkyngelabelde lipiden aan. De fotoactiveerbare probe gerapporteerd in Hoofdstuk 6 maakte 
het mogelijk om doelwitten te ontdekken van een remmer van AEA transport, al blijft dit proces 
open ter discussie. Het gebruik van 1,2-gesubstitueerde cyclopropeenvetzuren voor het in 
beeld brengen van lipiden in levende cellen werd beschreven in Hoofdstuk 7, samen met de 
synthese van een cyclopropeengelabeld derivaat van arachidonzuur voor het onderzoeken van 
anandamide. 
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