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Abstract 15 

The majority of bioactive molecules act on membrane proteins or intracellular targets and therefore 16 

needs to partition into or cross biological membranes. Natural products often exhibit lipid 17 

modifications to facilitate critical molecule-membrane interactions and in many cases their 18 

bioactivity is markedly reduced upon removal of a lipid group. However, despite its importance in 19 

nature, lipid-conjugation of small molecules is not commonly used in chemical biology and 20 

medicinal chemistry, and the effect of such conjugation has not been systematically studied. To 21 

understand the composition of lipids found in natural products, we carried out a chemoinformatic 22 

characterization of the ‘natural product lipidome’. According to this analysis, lipidated natural 23 

products predominantly contain saturated linear medium-length lipids, which are significantly 24 

shorter than those found in membranes and lipidated proteins. To study the usefulness of such 25 

modifications in probe design, we systematically explored the effect of lipid conjugation on five 26 

different small molecule chemotypes and find that permeability, cellular retention, subcellular 27 

localization, and bioactivity can be significantly modulated depending on the type of lipid tail used. 28 

We demonstrate that medium-length lipid tails can render impermeable molecules cell-permeable 29 

and switch on their bioactivity. Saturated medium-length lipids (e.g. C10) are found to be ideal for 30 

the bioactivity of small molecules in mammalian cells, while saturated long-chain lipids (e.g. C18) 31 

often significantly reduce bioavailability and activity. Together, our findings suggest that 32 

conjugation of small molecules with medium-length lipids could be a powerful strategy for the 33 

design of probes and drugs.  34 
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Introduction 35 

To function within a membrane or cell, small molecules need to be actively or passively 36 

transported into or across biological membranes. The physicochemical properties allowing for 37 

both membrane permeability and aqueous solubility are thought to be tightly confined.1–3 Strikingly, 38 

nature and medicinal chemistry vary in their approaches for the synthetic design of highly bioactive 39 

molecules (Figure 1). With a few notable exceptions of amphiphilic probes and pharmacophores, 40 

including fingolimod (FTY720),4 eliglustat,5 palmostatin B,6 salmeterol,7 and orlistat,8 synthetic 41 

small molecule probes and pharmacophores rarely exhibit lipid tails. Natural products, on the other 42 

hand commonly exhibit lipid functionalizations that fine-tune their pharmacokinetic and/or 43 

pharmacodynamic properties. Well known examples include bryostatin,9,10 thapsigargin11, 44 

daptomycin,12 and phorbol ester13. In addition to membrane permeability, direct drug-membrane 45 

interactions play key roles in targeting proteins that are embedded in or associated with biological 46 

membranes.14–16 These include G protein-coupled receptors (GPCRs), receptor-linked enzymes, 47 

ion channels, transporters, pumps, and many transiently membrane localized proteins (e.g. RAS, 48 

PI3K, PKC), which together represent the majority of known drug targets.17 In the case of 49 

transmembrane proteins, lipophilic drugs can enter a target directly through lateral diffusion from 50 

the intermembrane space of the lipid bilayer, as has been recently established for a number of 51 

endogenous and synthetic GPCR and ion channel ligands.16,18,18–23 The prevalence of lipidated 52 

natural products, and some notable examples of amphiphilic endogenous ligands, synthetic 53 

probes, and pharmacophores, as well as the fundamental tenet that the vast majority of drugs 54 

interact in critical ways with biological membranes poses many pressing questions. While the lipid 55 

composition of biological membranes24,25 and the posttranslational modifications of proteins with 56 

lipid groups26,27 have been major fields of research, the systematic conjugation of lipids to small 57 

molecules and the composition of lipidated natural product are largely unexplored.28 Here, we 58 

present a systematic characterization of the lipid composition of lipidated natural products through 59 
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chemoinformatics, as well as a survey of the effects of lipid conjugation on several classes of small 60 

molecules.  61 
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 62 

Figure 1 | Lipid occurrences in nature and pharmacology. (A) Biological membrane with major 63 

lipid component distearoylphosphatidylcholine (DSPC). (B) Selection of proteins that undergo 64 

posttranslational lipidation. HRAS (PDB 5P2129) and Shh (PDB 3N1R30). (C) Selection of lipidated 65 

natural products. (D) Selection of lipidated synthetic chemical probes and approved drugs.   66 
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Results 67 

Chemoinformatic Characterization of the ‘Natural Product Lipidome’ 68 

Lipid-functionalization of small molecules occurs very commonly in nature. Many natural 69 

products are lipidated, and their bioactivity is often significantly reduced when the lipid tail is 70 

altered or removed.9,11,13 To systematically study how widespread this modification is and what 71 

type of lipids are most prevalent, we sought to characterize lipidated natural products (Figure 2A). 72 

For our search, we turned to the COlleCtion of Open Natural prodUcTs (COCONUT)31, which is 73 

an open-source database of over 400,000 elucidated and predicted natural products. Our analysis 74 

focused only on the 67,656 COCONUT entries annotated with a taxonomical origin and a 75 

publication DOI. Of these, the majority are of plant origin (50%), followed by fungal (23%), bacterial 76 

(16%), homo sapiens (2.5%), animal (2%), and marine (1.5%) origin.32 The remaining 5% lack a 77 

superclass annotation, and it was annotated as “other”.  To define a lipidated subset among the 78 

67,656 unique natural products, we selected those with an uninterrupted hydrocarbon chain of at 79 

least eight atoms. Then, in order to exclude classical lipids (e.g. glycolipids, sphingolipids, and 80 

sterols), we further confined our search to molecules exhibiting at least one closed ring that is not 81 

a sugar and excluded molecules that have a molecular weight lower than 200 Da without the lipid 82 

tail, or exhibit a sterol substructure. Through such filters and manual curation, we identified 83 

1,308 lipidated natural products. 84 

To allow an overview of the 67,656 selected COCONUT entries and of the lipidated subset, 85 

all structures were encoded in the MAP4 (MinHashed atom pair fingerprint of diameter 4)33 feature 86 

space and visualized in an interactive manner using TMAP (TreeMap)34. The MAP4 fingerprint 87 

combines the characteristics of atom pair fingerprints, which are well suited for large molecules 88 

and peptides, and substructure fingerprints, which are instead preferred for small molecules, and 89 

it is therefore suitable for both. TMAP is a dimensionality reduction method suitable for analyzing 90 

vast high-dimensional datasets used in combination with the 3D visualization tool Faerun.35 The 91 
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obtained map is available at https://tm.gdb.tools/map4/lipidatedNP_tmap/, and it can be used to 92 

visualize the lipidated NPs subset among the 67,656 COCONUT entries (Figure 2B). Additionally, 93 

the map can be navigated using Molecular weight (MW), fraction of sp3 C (Fsp3), hydrogen bond 94 

donors (HBD) and acceptors (HBA) count, the estimated octanol:water partition coefficient 95 

(AlogP), the presence/absence of peptide and sugar moieties, compliance with Lipinski’s rules of 96 

five,36 based on origin of the NPs, and the presence or absence of glycoside and peptide 97 

substructures (Figure S1).  98 

https://tm.gdb.tools/map4/lipidatedNP_tmap/
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99 

Figure 2 | Chemoinformatic characterization of ‘Natural Product Lipidome’. (A) Graphical depiction 100 

of lipidated natural products within COCONUT database. (B) Examples of lipid chain structures 101 

with varying lengths. (C) Lipid chain length distribution in natural products with various origins 102 

(violin plot). (D) Counts of lipid chain lengths distribution in natural products with various origins 103 

(stacked histogram). (E) Correlation of lipid chain length with HAC parameters of lipidated natural 104 

products (scatter plot). (F) Examples of lipid chain structures with varying connecting functional 105 

groups. (G) Chain length distribution across the different lipid connecting functional groups in 106 

natural products with various origins (box plot). (H) Examples of lipid chain structures with varying 107 
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degrees of saturation. (I) Count of lipids in natural products with varying degrees of saturation and 108 

origin (stacked histogram). 109 

To characterize the natural product lipidome, we conducted several analyses of the 110 

identified hits. These include the distribution of lipid chain length (Figure 2B-D), correlation with 111 

hydrogen bond acceptor count (HAC) (Figure 2E), the distribution of connecting functional groups 112 

(Figure 2F-G), and the occurrence of varying degrees of saturation (Figure 2H-I). Since the 113 

lipidated NPs subset contained only 20 human NPs, 20 marine NPs, and two animal NPs, we 114 

have grouped these three classes with the 84 lipidated NPs missing a superclass annotation under 115 

the label “other”. Notably, we found that the lipid tail lengths in natural products across different 116 

origins (animal, bacteria, fungi, and plants) exhibit a similar trend in length distribution in being 117 

predominantly significantly shorter than lipid groups used in the functionalization of proteins or as 118 

constitutional components of biological membranes.37,38 Correlation with the functional group 119 

connector of the lipid tails shows that the chain length is not strongly correlated with a particular 120 

type of connecting group. Finally, our analysis shows that unsaturation is not uncommon, but most 121 

lipid chains are fully saturated. These finding suggested that medium-length lipid tails were well 122 

suited for bioactive molecules. To investigate this point closer, we set out to prepare a series of 123 

fluorophore-lipid conjugates and study their cellular uptake and distribution.   124 
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Cellular Uptake of Fluorophore-Lipid Conjugates 125 

To study the capability of lipids to mediate cellular uptake of non-permeable small 126 

molecules, we synthesized a series of lipidated fluorescein thiourea conjugates from fluorescein 127 

isothyiocyanate (FITC) through treatment with various aminolipids (Figures 3A). Fluorescein 128 

exhibits low intrinsic cell permeability and has been used extensively to assess new mechanisms 129 

for cellular uptake, including thiol-mediated uptake39,40 or cell-penetrating peptide mediated 130 

uptake.41–43 Cellular uptake of lipidated fluorescein derivatives was assessed in HeLa cells through 131 

live cell fluorescent imaging (Figure 3B). Strikingly, large differences were found in intracellular 132 

fluorescence after a short (15 min) treatment of live cells with the respective lipid-fluorescein 133 

conjugate (Figure 3C and D). Very short tails in 1 (C2) and 2 (C6) did not mediate significant 134 

cellular uptake, while conjugates with longer saturated tails showed a >100 times increase in 135 

cellular fluorescence. 3 (C10), 4 (C14), and 5 (C18) showed strong plasma membrane localized 136 

fluorescence, but notably 3 and 4 also exhibit fluorescence localized to endomembranes indicative 137 

of cellular uptake. It is unclear if 5 was bound to the inner leaflet of the plasma membrane or 138 

associated with cells on the outer leaflet of the cell membrane. Conjugate 10 also exhibited strong 139 

plasma membrane localized fluorescence. Strikingly, all other lipid structures explored did not 140 

mediate strong association with the plasma membrane. These data suggests that the capacity to 141 

associate with the plasma membrane is correlated with the conformational flexibility and not 142 

molecular weight or overall lipophilicity. Other lipid structures also enabled significant cellular 143 

uptake (e.g. 6, 8, 9, and 12), while highly structurally confined types of lipids (7 and 11) including 144 

a sterol-derived structure appeared unable to mediate rapid plasma membrane association or 145 

cellular uptake. To provide further evidence that these effects are not primarily based on 146 

lipophilicity, but the ability of a lipid structure to mediate interactions with cellular membranes, we 147 

calculated the logP values and found that they did not correlate with uptake efficiency (Figure 3E). 148 

Noticeable differences were also found in the localization of lipid-fluorescein conjugates to 149 

different cellular membranes. While the overall fluorescence of 3 was stronger than 6, the latter 150 
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was found to exclusively localize to ER membranes, while 3 was predominantly localized to the 151 

plasma membrane (Figure 3F and G).   152 
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 153 

Figure 3 | Cellular uptake and localization of lipid-conjugated fluoresceins. (A) Synthesis of lipid-154 

conjugated fluoresceins. (B) Schematic of lipid-mediated cellular uptake of lipid-conjugated 155 

fluoresceins. (C) Confocal images of HeLa cells after 15 min incubation with lipid-conjugated 156 

#    logP

1 4.31

2 5.40

3 6.64*

4 7.70+

5 8.90

6 5.87

#    logP

7     8.40

8     5.35

9     7.31+

10   5.96

11   6.35

12   6.50*

A

C

B

60 µm
60 µm

1 2 3 4

5 6 7 8

9 10 11 12

D E

O

O

OHHO

O

NCS

NH2
n

THF, rt, 16h

O

O

OHHO

O

NH

S

NH
n

F

3/PM 3/ER 6/PM 6/ER

0.0

0.2

0.4

0.6

0.8

1.0

Colocalization

P
e
a
rs

o
n
’s

 C
o
rr

e
la

ti
o
n
 (

r)
 

G

CytoPainter ER

6

CytoPainter PM

3

60 µm

3 6

CytoPainter PMCytoPainter ER

1 2 3 4 5 6 7 8 9 10 11 12

0

50

100

150

200

F
lo

u
re

s
c
e
n
c
e
 [
a
.u

.]

NH NH NH NH

NH NH

NH NH

Ph

NH

NH

NH

H
H

H

NH

R



13 
 

fluoresceins. All images were acquired under the same experimental conditions. (D) Quantification 157 

of fluorescence intensity of cells in (C). (E) Calculations of logP values of lipid-conjugated 158 

fluoresceins. Two pairs of logP values are highlighted to illustrate that similar values can lead to 159 

very different outcomes for cellular uptake. (F) Colocalization experiment with lipid-conjugated 160 

fluoresceins 3 and 6 using plasma membrane and ER localized dyes. (G) Analysis of Pearson’s 161 

Correlation (r) for the colocalization experiment. Error bars represent SEM.  162 
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We next studied the effect of lipid conjugation on molecules that exhibit good cellular 163 

permeability to assess if lipid-conjugation could also be detrimental to cellular uptake. Rhodamine-164 

derivatives are thought to exhibit good cellular permeability and rapid cellular accumulation.44,45 165 

Lipid-rhodamine conjugates were prepared from rhodamine B isothiocyanate (RITC) and 166 

aminolipids (Figure 4A). We decided to test a medium-length lipid tail (C10-Rhodamine) and a 167 

long lipid tail (C18-Rhodamine) and a derivative without lipid tail for comparison (C2-168 

Rhodamine). Both the non-lipidated analog C2-Rhodamine and C10-Rhodamine exhibited 169 

comparable cellular uptake (Figure 4B and C) indicating that a medium-length lipid tail does not 170 

interfere notably with the cellular uptake. Interestingly, C18-Rhodamine exhibited markedly 171 

reduced cellular uptake suggesting that long lipid tails inhibit the bioavailability of this small 172 

molecule scaffold. To test if the rapid uptake within 15 min is following an active or a passive 173 

transport mechanism, we used a series of inhibitors of active transport in combination with C10-174 

Rhodamine (Figure 4D). Wortmannin is a non-specific PI3K inhibitor that inhibits clathrin-175 

mediated endocytosis,46 cytochalasin D (CytoD) inhibits actin polymerization affecting many 176 

different types of active transport,47 and chlorpromazine inhibits clathrin-mediated endocytosis 177 

through inhibiting the adapter complex AP2.48 None of these drugs reduced the amount of C10-178 

Rhodamine taken up suggesting that uptake may be mediated either through solute carriers 179 

(SLCs) or passive diffusion. Unlike the corresponding FITC-conjugate, C18-Rhodamine does not 180 

associate strongly with the plasma membrane and overall cellular fluorescence is decreased. This 181 

points to a separate mechanism that reduces bioavailability and we reasoned that this could be 182 

due to a higher propensity to form aggregates. A dynamic light scattering measurement confirmed 183 

a lower critical aggregation concentration for C18-Rhodamine compared to the other analogs 184 

(Figure 4E). This could also potentially contribute to reduced bioactivity of longer lipid-small 185 

molecule conjugates.  186 

To expand on the number of small molecule scaffolds, we turned to another fluorophore, 187 

which is widely used in live cell imaging, nitrobenzoxadiazole (NBD).49 NBDs are commonly used 188 
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for the development of fluorescent lipids and considered membrane-permeable.50 Lipidation of 189 

NBD was achieved through nucleophilic aromatic substitution (SNAr) of 4-chloro-7-nitrobenzo-2-190 

oxa-1,3-diazole with aminolipids (Figure 4F). Analogously to the lipid-rhodamine series, we 191 

decided to conjugate NBD with C2 (C2-NBD), C10 (C10-NBD), and C18 (C18-NBD) saturated 192 

lipid tails. Notably, only the medium-length lipid conjugate C10-NBD resulted in accumulation in 193 

HeLa cells (Figure 4G and H). Both C2-NBD and C18-NBD were not found to show significant 194 

cellular uptake. While the increased uptake of C10-NBD compared to C18-NBD is consistent with 195 

our previous findings, it was surprising that C2-NBD was not found to accumulate in cells. To 196 

assess the capacity of these conjugates to permeate passively through a phospholipid bilayer, we 197 

conducted a parallel artificial membrane permeability assay (PAMPA) experiment (Figure 4I). 198 

Interestingly, C2-NBD was found to permeate an artificial membrane much more rapidly than both 199 

C10-NBD and C18-NBD, indicating that poor retention could be the primary reason why C2-NBD 200 

does not accumulate in cells. This highlights another potential advantage of medium-chain lipid 201 

tail conjugation, namely the increased cellular retention due to the capacity of lipids to interact with 202 

proteins and membranes. Consistent with our previous findings, we found that none of the 203 

inhibitors of active cellular transport inhibited the uptake of C10-NBD (Figure 4J).  204 
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 205 

Figure 4 | Cellular uptake of lipid-conjugated rhodamines and NBDs. (A) Synthesis of lipid-206 

conjugated rhodamines and structures of C2-Rhodamine, C10-Rhodamine, and C18-207 

Rhodamine. (B) Confocal images of cellular uptake of lipid-conjugated rhodamines in HeLa cells. 208 
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(C) Quantification of uptake in (B). (D) Screen of drugs that inhibit active cellular uptake processes 209 

that could be involved in uptake of C10-Rhodamine. (E) Dynamic light scattering measurement 210 

to determine critical aggregation concentration (CAC). (F) Chemical synthesis of lipid-conjugated 211 

NBDs and chemical structures of C2-NBD, C10-NBD, and C18-NBD. (G) Confocal images of lipid-212 

conjugated NBDs in HeLa cells. (H) Quantification of (G). (I) Parallel artificial membrane 213 

permeability assay with lipid-conjugated NBDs. (J) Screen of drugs that inhibit active cellular 214 

uptake processes that could be involved in uptake of C10-NBD. Error bars represent SEM.  215 
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Cellular Uptake and Bioactivity of Pharmacophore-Lipid Conjugates 216 

Having established with fluorophores what the most suitable lipid structures are, we next 217 

turned our attention to two small molecules with well-known biological effects. Taxol and its 218 

derivatives are microtubule stabilizing molecules that have been approved for the treatment of 219 

various types of cancer.51 Due to P-glycoprotein-mediated drug efflux, the delivery of taxol can 220 

present a challenge, and various methods have been developed to ensure lasting accumulation 221 

in cells.52 To test if lipid-conjugation could be a suitable platform to increase bioavailability of taxol 222 

derivatives, we conjugated docetaxel (DTX) with various lipids. Lipidation could alter the 223 

distribution of taxol-conjugates in ways that either attenuate or facilitate drug efflux. Synthesis of 224 

lipid conjugates was achieved through Boc-deprotection and subsequent amide-coupling with 225 

docetaxel (Figure 5A). We synthesized docetaxel derivatives with C5 (C5-DTX), C11 (C11-DTX), 226 

and C18 (C18-DTX) saturated lipid tails and a terminal alkyne. The terminal alkyne could be used 227 

for indirect detection of the respective derivatives using copper-catalyzed azide-alkyne 228 

cycloaddition (CuAAC) (Figure 5B). We expected that the wash-out of lipid-DTX-fluorophore 229 

conjugates occurs more slowly with longer lipids due to increased cellular retention; therefore, the 230 

lower fluorescence intensity of C18-DTX compared to C11-DTX likely reflects reduced cellular 231 

uptake of C18-DTX. This result is consistent with previous findings that long-chain lipids can 232 

present a barrier to the cellular permeability of small molecules. To compare the bioactivity of 233 

Lipid-DTX conjugates, we conducted cell viability experiments in two different cancer cell lines, 234 

HeLa and MCF7 (Figure 5C) cells. Notably, we found that C11-DTX exhibits the greatest 235 

cytotoxicity of all three conjugates. While it was found to be slightly more toxic than C5-DTX, the 236 

toxicity of C18-DTX is markedly reduced. It also should be noted that non-conjugated DTX was 237 

found to be significantly more toxic than all lipid conjugates. This could be due to increased 238 

membrane affinity of these conjugates either leading to drug efflux or reduced availability for 239 

microtubule binding, which is one of the few non-membrane bound cellular drug-targets.  240 
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We next decided to explore molecules targeting membrane proteins. The quaternary 241 

ammonium-based sodium channel blockers QX222 and QX314 are commonly used in 242 

neuroscience and lack cellular permeability.53–55 When applied internally (e.g. through a patch 243 

pipette), channel blocking can be observed, while external application to cells does not show any 244 

effect.56 We decided to synthesize a series of analogs without lipid tail (C0-QX), with a medium-245 

length lipid tail (C10-QX), and with a long lipid tail (C16-QX). Lipidated QX-analogs were 246 

synthesized through activation of betaine as the acyl chloride and subsequent addition of alkyl-247 

anilines (Figure 5D). We tested this series of QX analogs in NG108.15 cells which express Nav1.7 248 

channels. Currents were recorded in whole cell patch clamp mode upon external application. 249 

Notably, we only recorded external Na+ current blockage with the medium-length lipid conjugate, 250 

C10-QX (Figure 5E). This suggests that the medium-length tail enables membrane entry leading 251 

to the observed bioactivity.252 
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 253 

Figure 5 | Synthesis, cellular uptake, and bioactivity of lipid-DTX conjugates and QX-conjugates. 254 

(A) Synthesis of lipid-DTX conjugates and chemical structures of lipid-DTX conjugates. (B) Click-255 

imaging after treatment of HeLa cells with lipid-DTX conjugates, fixation, and CuAAC with sulfo-256 

cyanine5 azide. (C) Cellular viability of the cancer cell lines Hela and MCF7 in the presence of 257 

lipid-DTX conjugates. Cells were treated for 48 hours and PrestoBlueTM cell viability reagent was 258 

used to assess cellular viability after treatment. Error bars represent SEM. (D) Synthesis and 259 

chemical structures of lipid-QX conjugates. (E) Representative traces of Na+ current (200 pulses) 260 

in absence (left panel, at 200 pulses) and presence of QX-conjugates (right panel, at 2000 pulses).  261 



21 
 

Discussion 262 

How small molecules interplay with biological membranes is central to their bioactivity. 263 

Molecule-membrane interactions determine cellular uptake, retention, partioning, and 264 

accumulation in intracellular compartments. In natural products, bioactive molecules are often 265 

conjugated with lipid groups to fine-tune these interactions. Herein, we systematically 266 

characterized the types of lipid groups used in natural products, and outlined a strategy to study 267 

how different synthetic chemotypes could benefit from such conjugation.  268 

Our chemoinformatic characterization revealed that lipids in secondary metabolites are 269 

significantly shorter than those used in the functionalization of proteins or as components of 270 

biological membranes. Systematic synthetic lipidation of fluorophores and bioactive small 271 

molecules demonstrated how permeability, retention, and bioactivity of small molecules can 272 

benefit from this conjugation. Strikingly, we found that saturated medium-length lipids facilitated 273 

cellular accumulation and bioactivity of the chemotypes explored. This was especially pronounced 274 

for non-permeable molecules like fluorescein or QX-derivatives, where lipid conjugation effectively 275 

switched on uptake and bioactivity. This also extended to other chemotypes, where this 276 

conjugation was best tolerated compared to longer lipids and even shorter lipids. In many cases, 277 

long-chain lipid tails were found to exhibit the reverse effect and hamper cellular uptake and 278 

bioactivity. In the case of fluorescein, long-chain conjugates associate readily with the plasma 279 

membrane but are less prone to cellular uptake than their medium-length analogs. Other long-280 

chain conjugates do not readily associate with the plasma membrane, which could reflect a higher 281 

propensity of longer lipids to self-aggregate. This presents another reason why longer chain lipids 282 

are generally less suitable for small molecule conjugation. Our findings on chain-length 283 

dependence of cellular uptake and bioactivity are consistent with a recent computational study on 284 

the energetic barrier for the translocation of lipidated quorum sensing modulators, finding an 285 

energetic minimum for the translocation of medium-length lipids.57 286 
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Another important finding of this study is the dependence of the described effects on lipid 287 

structure. A large screen of lipid fluorescein conjugates revealed that structural differences (e.g. 288 

between a floppy saturated lipid and more rigid variants) can be highly consequential for both 289 

uptake and even affinities to different types of cellular membranes, while the overall lipophilicity 290 

(logP) is comparable. The different preferences for membrane composition could be an interesting 291 

mechanism for subcellular targeting which warrants further investigation.  292 

Our systematic analysis of lipidated natural products and functionalization of small 293 

molecule scaffolds suggests that conjugation of lipid tails could be a useful design principle for 294 

probes and pharmacophores. Nature has used this modification extensively to fine-tune the 295 

bioactivity of natural products and it has chosen saturated medium-length lipids for this purpose. 296 

Our data suggests that this modification should be broadly applied to improve the bioavailability 297 

of pharmacophores and probes. 298 

299 
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Experimental Section 300 

General Methods. All reagents and solvents were purchased from commercial sources (Sigma-301 

Aldrich, TCI Europe N.V., Strem Chemicals, etc.) and were used without further purification. 302 

Solvents were obtained from Fisher Scientific. Reactions were monitored by thin layer 303 

chromatography (TLC) on pre-coated, Merck Silica gel 60 F254 aluminum-backed plates and the 304 

chromatograms were first visualized by UV irradiation at  = 254 nm. Flash silica gel 305 

chromatography was performed using silica gel (SiO2, particle size 40-63 μm) purchased from 306 

SiliCycle. NMR spectra were measured on a BRUKER Avance III HD 400 (equipped with a 307 

CryoProbeTM). Multiplicities in the following experimental procedures are abbreviated as follows: 308 

s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet. 1H chemical shifts are expressed in 309 

parts per million (ppm,  scale) and are referenced to the residual protium in the NMR solvent 310 

(CDCl3:  = 7.26; MeOH:  = 3.31). 13C chemical shifts are expressed in ppm ( scale) and are 311 

referenced to the carbon resonance of the NMR solvent (CDCl3:  = 77.16, MeOH:  = 49.00).  312 

General procedure for synthesis of lipid-conjugated fluoresceins 313 

Fluorescein 5-isothiocyanate (15.0 mg, 38.5 mol, 1.0 equiv.) was dissolved in THF (1 mL) in a 314 

20 mL glass vial. Aminolipid (46.2 mol, 1.2 equiv.) was added and stirred for 16 h at room 315 

temperature. Solvents were removed under reduced pressure and the residue was purified by 316 

silica flash column chromatography (CH2Cl2  MeOH:CH2Cl2 1:4) to yield the product as orange 317 

solid. 318 

General procedure for synthesis of lipid-conjugated rhodamines 319 

Rhodamine 5(6)-isothiocyanate (20.7 mg, 38.5 mol, 1.0 equiv.) was dissolved in THF (1 mL) in 320 

a 20 mL glass vial. Aminolipid (46.2 mol, 1.2 equiv.) was added and stirred for 16 h at room 321 

temperature. Solvents were removed under reduced pressure and the residue was purified by 322 
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silica flash column chromatography (CH2Cl2  MeOH:CH2Cl2 1:4) to yield the product as pink 323 

solid. 324 

General procedure for synthesis of lipid-conjugated NBDs 325 

Aminolipid (150 mol, 1.0 equiv.) was dissolved in MeOH (1 mL) in a 20 mL glass vial. 4-chloro-326 

7-nitrobenzo-2-oxa-1,3-diazole (30.0 mg, 150 mol, 1.0 equiv.) and NaHCO3 (37.9 mg, 451 mol, 327 

3.0 equiv.) were added and stirred at 50 °C for 3 h. MeOH was removed under reduced pressure, 328 

water was added, and acidified with 1 M HCl. The aqueous phase was extracted with EtOAc and 329 

the organic phase was dried over Na2SO4, filtered, and concentrated under reduced pressure. The 330 

residue was purified by silica flash column chromatography (hexanes  EtOAc:hexanes 1:1) to 331 

yield the product as red solid. 332 

General procedure for synthesis of lipid-conjugated taxols 333 

Docetaxel (33.0 mg, 40.8 mol, 1.0 equiv.) was dissolved in CH2Cl2 (1 mL) in a 20 mL glass vial. 334 

TFA (1 mL) was added at 0 °C and stirred for 1 h. Sat. aqueous NaHCO3 was added to neutralize 335 

and extracted with CH2Cl2, washed with brine, dried over Na2SO4, filtered, and concentrated under 336 

reduced pressure. Lipid was dissolved in DMF (0.5 mL) in a separate 20 mL glass vial. HOBt (15.6 337 

mg, 102 mol, 2.5 equiv.) and EDC (17.6 mg, 91.9 mol, 2.2 equiv.) were added. A solution of 338 

DIPEA (21.1 mg, 163 mol, 4.0 equiv.) in DMF (0.5 mL) was added. Crude mixture of deprotected 339 

docetaxel was added in DMF (0.5 mL) and stirred for 16 h at room temperature. Volatiles were 340 

removed under reduced pressure and the residue was purified by silica flash column 341 

chromatography (CH2Cl2  MeOH:CH2Cl2 1:9) to yield the product as colorless solid. 342 

General procedure for synthesis of lipid-conjugated QX 343 

Betaine (20.0 mg, 169 mol, 1.0 equiv.) was suspended in DMF (1 mL) in a 20 mL glass vial. 344 

Aniline (203 mol, 1.2 equiv.), TBTU (65.2 mg, 203 mol, 1.2 equiv.), and DIPEA (52.5 mg, 406 345 
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mol, 2.4 equiv.) were added and stirred for 16 h at room temperature. The solution was filtered 346 

and purified by HPLC to yield the product as colorless solid.  347 

Live cell imaging of lipid-fluorophore conjugates 348 

HeLa cells were plated on a poly-lysine pre-coated 8-well imaging dish at a density of 25k cells 349 

per well. After overnight incubation at 37 °C and 5% CO2, the medium was removed and lipid 350 

fluorophore conjugates were added as 10 M solution in PBS at a final concentration of 0.2 % 351 

DMSO for 15 min. The cells were washed twice with PBS and directly imaged on a Leica 352 

DMI6000B inverted confocal microscope equipped with a Leica HC PL APO 63x/1.30 Flyc CORR 353 

CS2 immersion objective and a Leica TCS SP8 X white laser. 354 

Dynamic Light Scattering 355 

Measurements were performed using a DynaPro MS/X (Wyatt Technology) with a 55 mW laser at 356 

826.6 nm, using a detector angle of 90°. Histograms represent the average of three data sets.  357 

Parallel artificial membrane permeability assay (PAMPA) 358 

PAMPA assays were measured with a bioassay systems kit (PAMPA-096) following the vendor’s 359 

protocol. 360 

Cell Viability Assay 361 

Hela or MCF7 cells were seeded in a 96 well plate (approx. 10k per well in 100 L) in 362 

DMEM/FCS/PS (90:10:1). After 24 h, 100 L of 2x solution of compound in DMEM/FCS/PS 363 

(90:10:1) and 2% DMSO was added. After 48 h of compound incubation PrestoBlue (Thermo 364 

Scientific) was added (20 L per well) and after 2h fluorescence was measured using a BMG 365 

Labtech FLUOstar Omega microplate reader with 544/590 nm filters. 366 

Electrophysiology 367 
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NG108-15 cells were purchased from ATCC (Manassas, VA) and maintained in culture in DMEM 368 

media (without sodium pyruvate, Gibco, Thermo Fischer Scientific) supplemented with (in 369 

mmole/L): 0.1 hypoxanthine, 0.016 thymidine, 10% FBS and 5 ml Pen/Strep solution. Cells were 370 

grown in 100 mm culture plates until 70-80% confluence before plating cells on 12 mm glass 371 

coverslips for electrophysiology recordings. Membrane currents were recorded using the whole 372 

cell membrane patch configuration at room temperature using an Axopatch 200B amplifier 373 

(Molecular Devices, San Jose, CA). Currents were filtered at 5 kHz and data acquired at 10 kHz 374 

(Digidata 1550A and Clampex 10; Molecular Devices). Patch pipettes were made with borosilicate 375 

glass (1.5mm OD; World Precision Instruments, Sarasota, FL) and had resistances of ~3 MΩ 376 

when filled with pipette solution consisting of (in mmole/L) 50 CsCl, 10 NaCl, 60 Cs-fluoride, 20 377 

EGTA, 10 HEPES, and pH 7.2 with CsOH (285 mOsm). The bath solution consisted of (in 378 

mmole/L) 140 NaCl, 5 KCl, 2 MgCl2, 1 CaCl2, 10 HEPES, 10 glucose and pH 7.2 with TEA-OH 379 

(300 mOsm). Pipette capacitances were fully compensated and cell capacitances and series 380 

resistances were compensated. Na currents were evoked by applying 200 depolarizing pulses (10 381 

ms in duration) from a holding potential of -120 mV to -10 mV at 10 Hz. Recordings were made 382 

before and after extracellular application of QX-analogs (100 µM each). A minimum of three 383 

recordings were made in each group. 384 

COCONUT database preprocessing 385 

The coconut database was downloaded, and its 400,837 entries were filtered down to the 67,730 386 

structures having taxonomical annotation and a DOI annotation not shorter than 10 characters. 387 

MW, Fsp3, HBD, and HBA count, and the LogP calculated following the Crippen58 method (AlogP) 388 

were calculated using RDKit.59 Molecules breaking more than one Lipinski’s rule36 were labeled 389 

as non-Lipinski. The presence/absence of a peptide or a glycoside moiety was evaluated using 390 

Daylight60 SMILES arbitrary target specification (SMARTS) language and RDKit. The glycoside 391 

substructure was defined as a cyclic N- or O-acetal substructure. The plant, fungal, bacterial, 392 

animal, marine, or human origin of the natural products was extrapolated from the COCONUT 393 
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taxonomy annotation. If belonging to more than one class, the entry was with the priority: human 394 

> animal > bacteria > fungi > plant > marine. The processes resulted in 33,821 plants NPs, 15,693 395 

fungal NPs, 10,819 bacterial NPs, 1,779 human NPs, 1,219 animal NPs, 1,035 marine NPs, and 396 

3,364 NPs missing a super classification labelled as “other”.   397 

Lipidated natural products identification 398 

Within this analysis, lipidated natural products were selected following four criteria: (i) the presence 399 

of a terminal eight carbons long aliphatic chain, (ii) the presence of at least one non-carbohydrate 400 

ring, (iii) the presence of a non-lipidic and non-carbohydrate core of at least 200 Da (iv), and the 401 

absence of a sterol substructure. The presence of a terminal eight carbons long aliphatic chain 402 

was determined with RDKit using the Daylight SMARTS language. To assess if terminal, the lipidic 403 

chain substructure was identified through SMARTS and removed, and the length of the SMILES 404 

of the remaining fragments was calculated. When only one of the remaining fragments had a 405 

SMILES length of more than ten characters, the chain was considered terminal. Non-406 

carbohydrates rings were counted using RDKit and the “sugar free SMILES” annotated in 407 

COCONUT. To assess the MW of the non-lipidic and non-carbohydrate core, the lipid chain 408 

substructure was identified through SMARTS and removed from the COCONUT “sugar free” 409 

SMILES, and the MW of the remaining largest fragment was calculated. The absence of sterol 410 

substructure was evaluated using Daylight SMARTS language with RDKit. The selection led to 411 

1,390 lipidated natural products, which were further filtered down manually to 1,308 structures.  412 

Lipidated natural products characterization  413 

The 1,308 structures were characterized based on their origin, lipidic linker, and the length and 414 

unsaturation level of their longest lipidic chain. The lipidic linker was classified as amide, esters, 415 

ether, or amine using Daylight SMARTS language and RDKit. The origin of the natural products 416 

was obtained as described above. The unsaturation number was calculated by counting the 417 

number of double and triple bonds in the longest lipidic chain. The fraction of unsaturation was 418 
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calculated by doubling the number of unsaturation and dividing it by the number of atoms present 419 

in the longest lipidic chain. The lipidic chains were identified as described above, and the number 420 

of unsaturation and atoms was calculated using RDKit. 421 

TMAP generation  422 

TMAP was used to visualize the 67,730 entries COCONUT subset. MAP4 was calculated using 423 

the related open-source code. The indices generated by the MinHash procedure of the MAP4 424 

calculation were used to create a 32 trees locality-sensitive hashing (LSH) forest.61 Then, for each 425 

structure to display, the 20 approximate nearest neighbors (NNs) were obtained from the LSH 426 

forest, and the TMAP minimum spanning tree layout was calculated. The LSH forest and the 427 

minimum spanning tree layout were calculated using the TMAP open-source code. Finally, 428 

Fearun35 was used to display the obtained tree layout interactively. The MW, Fsp3, HBD and HBA 429 

count, AlogP, taxonomical origin, presence/absence of a peptidic substructure, presence/absence 430 

of a glycoside substructure, the Lipinski classification, and the lipidation of the displayed structures 431 

were used to color code the interactive TMAP. 432 

Data availability 433 

The code used to analyze and visualize the lipidated NPs in COCONUT can be found at 434 

https://github.com/reymond-group/LipidatedNPs   435 

https://github.com/reymond-group/LipidatedNPs
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