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Abstract  22 

Eukaryotic cells produce over 1000 different lipid species which tune organelle 23 

membrane properties, control signalling and store energy1,2. How lipid species are 24 

selectively sorted between organelles to maintain specific membrane identities is 25 

largely unknown due to the difficulty to image lipid transport in cells3. Here, we 26 

measured transport and metabolism of individual lipid species in mammalian cells 27 

using time-resolved fluorescence imaging of bifunctional lipid probes in combination 28 

with ultra-high resolution mass spectrometry and mathematical modelling. 29 

Quantification of lipid flux between organelles revealed that directional, non-vesicular 30 

lipid transport is responsible for fast, species-selective lipid sorting compared to slow, 31 

unspecific vesicular membrane trafficking. Using genetic perturbations, we found that 32 

coupling between active lipid flipping and passive non-vesicular transport is a 33 

mechanism for directional lipid transport. Comparison of metabolic conversion and 34 

transport rates showed that non-vesicular transport dominates the organelle 35 

distribution of lipids while species-specific phospholipid metabolism controls neutral 36 

lipid accumulation. Our results provide the first quantitative map of retrograde lipid flux 37 

in cells4. We anticipate that our pipeline for quantitative mapping of lipid flux through 38 

physical and chemical space in cells will boost our understanding of lipids in cell 39 

biology and disease. 40 

 41 

Main 42 

Eukaryotic cells produce a plethora of chemically distinct lipid species with varying 43 

side chain unsaturation, length and regiochemistry which belong to dozens of lipid 44 

classes defined by lipid headgroup and backbone1. Lipid species are differentially 45 

distributed across organelle membranes, which is important to establish organelle 46 

identities and functions2,3,5,6. How the organelle specific distribution of lipids is 47 

established and maintained is incompletely understood3.  48 

Lipid biosynthesis occurs mostly in the endoplasmic reticulum (ER) and lipids are 49 

subsequently distributed via vesicular trafficking and membrane contact sites (MCS) 50 
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to other organelles2,7,8. During anterograde lipid transport towards the plasma 51 

membrane (PM) lipids are further modified, before they are either recycled via the 52 

retrograde pathway to the ER or catabolized in lysosomes, peroxisomes and 53 

mitochondria. Understanding how the highly dynamic interplay between local 54 

metabolism and inter-organelle transport gives rise to distinct organelle identities 55 

requires quantitative measurements of intracellular lipid transport kinetics and local 56 

metabolism on the lipid species level. While anterograde lipid flux from the ER to the 57 

PM has been characterized for some lipid classes using metabolic labelling and 58 

organelle fractionation3, the trafficking of individual lipid species in particular in the 59 

retrograde lipid transport pathway is not well understood, with the notable exception 60 

of Sphingomyelin (SM)9. So far, one of the key limitations has been that distinct lipid 61 

species could not be faithfully imaged using fluorescent microscopy, hindering the 62 

analysis of spatiotemporal transport dynamics. Here we used minimally modified lipid 63 

probes, ultra-high-resolution Fourier-Transform (FT) mass spectrometry, fluorescence 64 

imaging and mathematical modelling to quantitatively map the kinetics of species-65 

specific lipid transport and metabolism, identify the primary mechanism of lipid sorting 66 

into organelle membranes and build a publicly accessible lipid flux atlas available at: 67 

http://doi.org/21.11101/0000-0007-FCE5-B 68 

 69 

Fluorescence imaging of species-specific lipid transport  70 

To quantify the kinetics of transport and metabolism of individual lipid species in 71 

mammalian cells, we leveraged photoactivatable and clickable (bifunctional) lipids 10–72 
15 via a combination of pulse-chase fluorescence imaging with ultra-high resolution 73 

mass spectrometry and mathematical modelling. In contrast to other lipid probes which 74 

are optimized to either modulate lipid levels (photo-caged lipids16–18, photoswitchable 75 

lipids19,20), to visualize lipid localization (lipid-fluorophore conjugates21,22) or to monitor 76 

lipid metabolism (isotope-labelled lipids23,24, clickable lipids25–27), bifunctional lipids 77 

allow monitoring both lipid transport and metabolism with the same probe. 78 
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To make distinct lipid species accessible for high resolution fluorescence imaging and 79 

mass spectrometry, we relied on two minimal modifications (diazirine and alkyne) 80 

within the lipid alkyl chain (Fig. 1a). We generated a library of bifunctional lipid probes 81 

covering four different lipid classes: Phosphatidylcholine (PC), phosphatidic acid (PA), 82 

phosphatidylethanolamine (PE) and sphingomyelin (SM). Within the PC class we 83 

varied acyl chain length and unsaturation degree as well as sn-1/sn-2 acyl chain 84 

positioning to generate regioisomers (Fig. 1b, see Supplementary Information for 85 

synthetic details). We confirmed that incorporation of bifunctional acyl chains did not 86 

alter lipid specific membrane properties such as phase behaviour and nanodomain 87 

formation in model membranes using FRET assays28,29 (Extended Data 1). 88 

Studying lipid transport from the plasma membrane to internal membranes requires a 89 

well-defined starting point to chase retrograde transport into the cell. We thus 90 

incorporated lipid probes into the outer leaflet of the plasma membrane of U-2 OS cells 91 

via a 0.5-4 min loading pulse of alpha-methyl-cyclodextrin mediated lipid exchange 92 

from donor liposomes (Figure 1a). Plasma membrane integrity was not affected by the 93 

loading process (Extended Data 2) and quantification using mass spectrometry 94 

showed that approximately 1 – 3% of the total cellular lipidome was exchanged with 95 

bifunctional lipid probes while the overall lipidome composition, including cholesterol 96 

content, remained essentially unaffected (Extended Data 1, 5, 8).  97 

After the loading pulse, cells were kept at 37 °C for 0 min - 24 h prior to lipid photo-98 

crosslinking, cell fixation, removal of non-crosslinked material and fluorescence 99 

labelling via click chemistry (Fig. 1a, see Supplementary Information for details). The 100 

transport of bifunctional lipids was analysed by confocal imaging of the photo-101 

crosslinked and fluorescently labelled lipids at all time points (Fig. 1a). Control samples 102 

without lipid probes or UV irradiation showed very low unspecific background labelling 103 

(Fig. 1c, Extended Data 1,2). Lipid imaging was complemented with quantitative 104 

shotgun lipidomics by ultra-high resolution Fourier Transform (FT) Mass Spectrometry 105 

for each timepoint to quantify the metabolic conversions during the transport. To this 106 

end, we used the mass difference between the two nitrogen atoms of the diazirine 107 
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functional group (28.0061 Da) and two CH2 (28.0313 Da) groups to distinguish 108 

bifunctional lipids from their native counterparts (Fig. 1d, ED5).    109 

 110 
Figure 1 Lipid probe library, imaging and MS work-flows, and lipid transport time course experiments. a. 111 
Schematic description of combined analysis of lipid transport and metabolism. Lipid probes were loaded into the 112 
plasma membrane using alpha-methyl-cyclodextrin mediated exchange reactions, crosslinked and fluorescently 113 
labelled for imaging or extracted and analysed by mass spectrometry to monitor metabolism. b. Bifunctional lipid 114 
probes synthesized for this study. Unique structural elements are highlighted in red. c. Lipid delivery to the plasma 115 
membrane and selectivity of lipid labelling shown for PC(Y/18:1). Scale bar: 10 µm. d. Ultra-high mass resolution 116 
(Rs m/z= 800 = 420 000) enables base line separation of peaks spaced by a few mDa and their unequivocal 117 
assignment to molecular ions of lipids (as annotated; [M-H]-/[M+HCO2]-) in total lipid extract. M2: 2nd isotopic peak; 118 
PI(33:1)D7: deuterated internal standard). e. Representative images (PC(Y/18:1), 30 min timepoint) showing lipid 119 
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signal assignment to individual organelles via four-colour fluorescence imaging and automated image 120 
segmentation. Scale bar: 10 µm. Lipid signal images are shown at identical settings. f. Left panels: Representative 121 
images from time-course experiments show the temporal development of lipid signal distribution for PC(Y/18:1). 122 
Coloured arrows indicate lipid localization in different organelles (green: plasma membrane, yellow: endoplasmic 123 
reticulum, cyan: mitochondria, violet: Golgi apparatus, magenta: endosomes grey: lipid droplets). Scale bar: 10 µm. 124 
Images are brightness-contrast adjusted to allow for comparing lipid distributions at different timepoints. Right 125 
panel: Quantification of temporal development of intracellular lipid distribution for PC(Y/18:1). Error bars: SD, each 126 
datapoint is derived from 3-15 z-stack images containing 5-10 cells per stack. 127 

To quantify the temporal development of intracellular lipid distribution, we assigned 128 

the lipid fluorescent signal to distinct organelle membranes, by determining the 129 

colocalization of lipids with organelle markers for plasma membrane, Golgi apparatus, 130 

endoplasmic reticulum, endosomes and mitochondria (Fig. 1e,f, 2c, Extended Data 131 

3,4, see Supplementary Information for details). Segmented probability maps were 132 

generated for every organelle marker using the pixel classifier approach of the Ilastik 133 

software package30. We then retrieved the organelle specific lipid signal intensity 134 

distributions from pixels that were unambiguously assigned to one organelle. Based 135 

on these distributions, lipid signal was partitioned between organelles in regions where 136 

organelle masks overlapped (Fig. 1e Extended Data 4, see Supplementary 137 

Information for details). Taken together, we developed a lipid imaging pipeline that 138 

enables quantification of the inter-organelle transport of distinct lipid species starting 139 

from the plasma membrane and correlation of lipid transport with time dependent 140 

metabolic conversion of lipids observed by mass spectrometry.  141 

 142 

Lipid species-specific retrograde transport occurs via non-vesicular routes  143 

Visual inspection of the lipid localization in confocal images revealed clear differences 144 

in transport kinetics between the lipid classes, and even between individual species 145 

within the same lipid class (Fig. 2c and Extended Data 3,4). Polyunsaturated PC 146 

species were rapidly transported into the endo-membrane system after 4 minutes. In 147 

contrast, noticeable transport to the ER took up to one hour for saturated PCs. Overall, 148 

poly-unsaturated PC species, phosphatidic acid (PA) and phosphatidylethanolamine 149 

(PE) exhibited a pronounced early localization in the ER, whereas saturated PC 150 

species and SM were retained much longer in the plasma membrane (PM) and 151 
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subsequently showed persistent localization in endosomes (Fig. 2c, Extended Data 3, 152 

4). These observations indicated that the kinetics of intracellular lipid transport differ 153 

both on the level of lipid classes and individual lipid species. 154 

To understand whether the observed transport selectivity arises from differential 155 

sorting of lipid species during vesicular or non-vesicular transport (Fig. 2a), we fitted a 156 

kinetic model describing the main lipid transport routes to the lipid transport data (Fig. 157 

2b). The model included vesicular transport via endocytosis from the PM, into 158 

endosomes and the Golgi apparatus to the ER and the competing, non-vesicular route 159 

from the PM to the ER as well as lipid exchange between the ER and mitochondria 160 

(Fig. 2b,c, Extended Data 6,7, see Supplementary Information for details). Kinetic 161 

models were fitted globally for each lipid species, except for PA(18:1/Y) which was 162 

transported too fast for the time resolution of the time-course experiments, to obtain 163 

inter-organelle transport rate constants (Fig. 2d). To assess the robustness of derived 164 

kinetic parameters, we compared different model versions featuring lipid transport 165 

networks of increasing complexity and accounting for quantitative bifunctional lipid 166 

content derived from mass spectrometry (Fig. 2b, Extended Data 5, 6, 7, see 167 

Supplementary Information for details). The obtained rate constants between different 168 

models were very similar, indicating robustness of the results (Fig. 2d-f, Extended Data 169 

6, 7, Supplementary Information).  170 

Comparison of the lipid transport rate constants for vesicular transport via endosomes 171 

with non-vesicular transport to the ER revealed that non-vesicular trafficking was up 172 

to an order of magnitude faster for all lipids compared to vesicular transport (Fig. 2f). 173 

Furthermore, the rate constants of non-vesicular trafficking showed significant 174 

variation between lipid classes and species (Fig. 2e,f). The fastest non-vesicular 175 

retrograde transport was found for PE, followed by polyunsaturated PC species and 176 

SM, while transport of saturated PC species was comparatively slow.  177 

 178 
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 179 
Figure 2 Retrograde lipid transport occurs primarily via non-vesicular routes. a. Schematic representation of 180 
the analysed cellular lipid transport pipelines. b.  Kinetic models for quantifying lipid transport from fluorescence 181 
microscopy and mass spectrometry data. c. Kinetics of lipid transport exemplarily shown for PC(Y/16:0), 182 
PC(Y/18:1), PC(Y/20:4), SM(Y) and corresponding model 1a fits. Unique structural elements are highlighted in red. 183 
Scale bar: 10 µm. Images are brightness-contrast adjusted to allow for comparing lipid distributions at different 184 
timepoints. d. Comparison of rate constants describing retrograde vesicular transport from the PM to endosomes 185 
(models 1a-3a shown). e. Comparison of rate constants describing retrograde non-vesicular transport from the PM 186 
to the ER and total transport in the anterograde direction. f. Comparison of rate constants describing retrograde 187 
vesicular transport from the PM to endosomes and retrograde non-vesicular transport from the PM to the ER for 188 
all analysed lipid probes. Error bars, image quantification: SD each datapoint is derived from 3-15 z-stack images 189 
containing 5-10 cells per stack. Error bars, rate constants: SD, calculated from 100 MC model runs. 190 
 191 
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To determine the structural determinants of lipid species selective non-vesicular 192 

transport, we compared the rate constants obtained for six different PC species. 193 

Polyunsaturated PC species were transported up to 10-fold faster via the non-194 

vesicular route than saturated PC species, whereas PC species bearing the 195 

bifunctional fatty acid at the sn-2 position were transported up to two-fold faster than 196 

the corresponding regioisomers featuring the bifunctional fatty acid at the sn-1 position 197 

(Fig. 2f). These findings imply that while both unsaturation degree and acyl chain 198 

positioning influence the rates of non-vesicular lipid transport, unsaturation degree 199 

appeared to be the primary discriminating structural feature. 200 

In contrast to the remarkable selectivity observed during non-vesicular transport, 201 

differences between the transport rate constants of the same PC species were 202 

significantly smaller in the vesicular endosomal transport pathway and followed no 203 

obvious trends (Figure 2d, Extended Data 7). Rate constants describing individual 204 

steps of vesicular transport in the anterograde direction (from ER via Golgi and 205 

Endosomes to the PM, models 1b-3b) were less well identified. Characterizing these 206 

rates more precisely would presumably require delivering lipid probes to the ER and 207 

monitoring transport to the PM. (See Table S1 in the Supplementary Information for 208 

rate constant overview). Taken together, we find that retrograde non-vesicular lipid 209 

transport is both faster and more selective than vesicular transport.  210 

 211 

Lipid flippase knockdown mediates directionality of non-vesicular lipid 212 

transport. 213 

Next, we assessed the implications of the predominant non-vesicular lipid transport 214 

for the steady state lipid distributions between organelles. The highest fraction of lipid 215 

signal in the PM versus the ER at steady state was found for SM, followed by the 216 

saturated PC(16:0/Y) species, whereas polyunsaturated PC and PE localized 217 

preferentially to the ER (Figure 2c, Extended Data 6, c-e, upper panels). An analysis 218 
of quasi-equilibrium constants !!" = #!"#$%

#$%#!"
 for lipid exchange between PM and ER 219 

gave a very similar result (Figure 2e, left panel). These findings are in line with the 220 
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known lipid concentration gradients between organelles established by membrane 221 

fractionation3 and imply directional, non-vesicular lipid transport in cells. How different 222 

PC species, SM and PE can be directionally transported via membrane contact sites 223 

is not well understood. While some lipid transfer proteins can move cholesterol, PA 224 

and PS against concentration gradients by PI(4)P2 co-transport8,31, it is unclear which 225 

process provides the energy for directional transport of other lipids, in particular via 226 

bridge-like lipid transfer proteins32,33.  227 

One attractive mechanism could be the coupling of passive non-vesicular transport to 228 

active trans-bilayer flipping of lipids between membrane leaflets catalysed by P4-229 

ATPases, either directly8 or indirectly by the utilization of the transmembrane lipid 230 

concentration gradient by scramblases34–36. To test this hypothesis, we studied the 231 

role of lipid leaflet flipping on the transport of PE from the PM to the ER, which is known 232 

to be enriched in the inner leaflet of the PM37  (Fig. 3a). We genetically knocked down 233 

TMEM30A (Extended Data 7j,k), which is the common subunit of plasma membrane 234 

flippases that move aminophospholipids to the inner PM leaflet38,39 (Fig. 3a) in 235 

HCT116 cells, which were chosen for genetic manipulation as they feature a much 236 

more intact genome compared to other cancer cell lines. Quantification of PE(18:1/Y) 237 

transport between the PM and the ER revealed that PE was transported 3-fold slower 238 
in KD cells compared to WT. KD cells had a significantly lower #!"#$%#$%#!"

  ratio (1.6±0.1 239 

vs 2.2±0.1), indicating an altered steady state distribution, with PE being more strongly 240 

enriched in the PM when lipid flipping is perturbed. These results provide direct 241 

evidence that ATP-dependent lipid flipping and non-vesicular transport of PE from the 242 

PM to the ER are coupled.   243 

 244 
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 245 
Figure 3 Genetic perturbation experiments confirm involvement of flippases in directional lipid transport. 246 
a. Schematic representation of lipid trans-bilayer movement (lipid flipping) and non-vesicular lipid transport by lipid 247 
transfer proteins. b. Kinetic model for exchange of lipids between the PM and the ER. c. Comparison of time-course 248 
experiments for PE(18:1/Y) show that lipid internalization dynamics are slower in HCT116 TMEM30A KD cells 249 
compared to HCT116 wild type cells. Coloured arrows indicate lipid localization in different membranes types 250 
(green: PM, yellow: ER). Scale bars: 10 µm. Images are brightness-contrast adjusted to facilitate comparing 251 
intracellular lipid localization. d. Quantification of lipid internalization kinetics and model fits. Error bars, image 252 
quantification: SD, each datapoint is derived from 3-15 z-stack images containing 5-10 cells per stack. Errors, 253 
quasi-equilibrium constants: SD, calculated from 100 MC model runs.  254 
 255 

Lipid transport is up to 60 times faster than metabolic lipid conversion. 256 

To assess the relative contributions of lipid metabolism and lipid transport processes 257 

to lipid sorting into organelles, we next compared transport kinetics to lipid conversion 258 

kinetics. We monitored turnover of bifunctional lipid probes by ultra-high resolution FT 259 

lipid mass spectrometry (Extended Data 8-10, see lipid metabolism annex for in depth 260 

discussion of species-specific metabolic conversion). To obtain a measure of global 261 

lipid metabolism, we determined how fast the bifunctional acyl chain of a respective 262 

lipid species is redistributed to other lipids by calculating the fraction of the initially 263 

supplied bifunctional species with respect to the total abundance of lipids carrying the 264 

bifunctional fatty acid (Fig. 4a). To derive the apparent conversion rates, we fitted a 265 

mono-exponential model to this dataset. We found an order of magnitude difference 266 

between the apparent conversion rate constants of lipid species with values ranging 267 

from kmet = 0.001 to kmet = 0.015 min-1 (Fig. 4a,b Extended Data 8a-c). 268 

  269 
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 270 
Figure 4 Lipid metabolism is approximately one order of magnitude slower than lipid transport. a. Fraction 271 
of initially supplied lipid probe as % of the bifunctional lipidome as a proxy for the speed of lipid metabolism. Solid 272 
lines indicate mono-exponential fits. SM(Y) data was not fitted as very little interconversion was observed, instead 273 
a linear interpolation is shown. Error bars: SD. b. Comparison of determined mono-exponential rate constants for 274 
the metabolism of individual lipid species. Error bars: SE c. Comparison of transport and metabolic rate constants 275 
shows that lipid transport is at least one order of magnitude faster. d. Lipid transport and metabolism rate constants 276 
are highly correlated for PC species despite a clear timescale separation. Error bars metabolic rate constants: SE, 277 
transport rate constants: SD, calculated from 100 MC model runs.  278 

Polyunsaturated PC species were metabolized faster than monounsaturated and 279 

saturated PC species; PA and PE were converted faster than the corresponding PC 280 

species with the same fatty acid composition, whereas SM was largely stable. To 281 

establish the relative speed of lipid metabolism versus lipid transport, we compared 282 

the apparent rate constants of bifunctional lipid probe conversion to the non-vesicular 283 

transport rate constants from the PM to the ER (Fig. 4c). This analysis showed that 284 

metabolism is slower than transport by a factor of 10-60 for all investigated probes 285 

(Fig. 4b, c) 286 

Interestingly, we found that transport and metabolism rate constants are highly 287 

correlated for the PC species, despite the pronounced time scale separation between 288 

transport and metabolism (Fig 4d). Since most PC lipid molecules are metabolically 289 

converted after the steady state distributions are reached, this cannot be explained by 290 

delayed access of enzymes to bulk lipids within organelle membranes. The biophysical 291 

properties of the respective lipids could be directly responsible, for instance caused by 292 
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highly correlated activation energies for the transfer of lipids from the bulk membrane 293 

into binding pockets of enzymes and lipid transfer proteins, respectively. Alternatively, 294 

metabolic conversion could be directly coupled to transport, e.g. by lipid substrate 295 

handover from a lipid transfer protein to a lipid metabolizing enzyme. 296 

Taken together, we find that lipid transport is much faster than lipid metabolism. This 297 

finding suggests that the differential steady state distribution of lipid species in the 298 

organelles of the secretory pathway mainly results from selective non-vesicular 299 

transport rather than local metabolic conversion.   300 

 301 

Species-specific metabolism controls accumulation of neutral lipids. 302 

On short time scales, lipid sorting was found to be dominated by non-vesicular lipid 303 

transport. To assess whether cases exist where lipid metabolism controls cellular lipid 304 

distribution, we analyzed the later time points of the time course experiments, after the 305 

steady state distributions are reached. Quantification of lipid imaging data revealed 306 

that bifunctional lipids derived from PC regioisomers bearing the same fatty acids with 307 

the bifunctional fatty acid either at the sn-1 or sn-2 position differently accumulated in 308 

lipid droplets (Fig. 5a,b, Extended Data 3). Supplying sn-1-modified PCs resulted in ≈ 309 

2-fold higher accumulation of bifunctional lipids in lipid droplets after 24 h compared 310 

to sn-2 modified PCs, suggesting different conversion pathways for the regioisomers 311 

(Fig. 5b). As the entire lipid droplet intensity distribution was shifted to higher 312 

intensities after supplying sn-1-modified PCs, this is highly likely due to differential 313 

metabolism at all lipid droplets as opposed to specialized sub-populations (Fig. 5b, 314 

Extended Data 10).  315 

 316 
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 317 
Figure 5 Dedicated pools of fatty acids are utilized during neutral lipid biogenesis. a. Lipid droplets (stained 318 
with LipidSpot 610, green) exhibit a bright lipid signal (magenta) 8h after loading PC(Y/16:0), bottom panels which 319 
is not observed after loading PC(16:0/Y), top panels. b. Upper panel: Quantification of fluorescence intensity of 320 
cellular lipid droplets for all PCs over time. Lower panels: Comparison of intensity distribution of individual lipid 321 
droplets for PC(16:0/Y) and PC(Y/16:0), 8 h after loading and statistical analysis of the similarity of the respective 322 
distributions for all PC species. c. Mass spectrometric determination of bifunctional lipid content in neutral lipids 323 
demonstrates that significantly more TAG than CE is generated after loading PC(16:0/Y) whereas similar amounts 324 
of CE and TAG are generated after loading PC(Y/16:0) (left panels). Both species yield complex TAG patterns 325 
(right panels) and all TAG species are produced with similar kinetics d. A single TAG species is initially produced 326 
after supplying PA (18:1/Y), whereas all other species are produced with slower kinetics e. Schematic overview of 327 
neutral lipid biosynthesis at lipid droplets f. Proposed neutral lipid biosynthetic pathway model featuring dedicated 328 
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free fatty acid / Acyl-CoA pools. Error bars: 95% confidence intervals, three biological replicated containing 3 329 
technical replicates each. 330 
 331 
The complementary mass spectrometric data showed that the production of 332 

bifunctional cholesterol ester (CE) was up to 7-fold increased starting from the sn-1 333 

modified PCs compared to the respective sn-2 regioisomers (Fig. 5c, Extended Data 334 

10). In contrast, conversion into a wide range of triacylglycerols (TAGs) occurred with 335 

similar kinetics and abundance for all lipid probes (Fig. 5c, Extended Data 10) while 336 

native TAGs remained unchanged (Extended Data 5). Together, this suggests that the 337 

observed difference in bifunctional lipid accumulation resulted from differential CE 338 

formation rates.  339 

The observed conversion rates into TAGs suggest a reaction sequence of an initial 340 

cleavage of the bifunctional fatty acid, generation of bifunctional Acyl-CoA and 341 

subsequent incorporation into TAGs by DGAT2 on lipid droplets (Fig. 5f). The 342 

alternative route via phosphatidic acid and DAG is incompatible with the obtained data, 343 

as supplying PA(18:1/Y) resulted in the rapid formation of a single TAG species with 344 

rapid kinetics while other species were generated much later (Fig. 5d). Since canonical 345 

CE and TAG biosynthesis routes both involve the same precursor, bifunctional Acyl-346 

CoA, the differential PC regioisomer rates can only occur if the bifunctional fatty acid 347 

of the sn-1 PC isomer is preferentially channeled towards CE, for example via a 348 

spatially coupled enzyme cascade comprising a sn-1 specific phospholipase, an Acyl-349 

CoA synthetase and a sterol O-Acyl transferase (Fig. 5e,f).  350 

Taken together, our data indicate that cellular PC metabolism generates spatially 351 

separated pools of identical lipid metabolites for the biosynthesis of TAG and CE, 352 

respectively. These pools are preferentially accessed by specific enzymes (DGAT2 353 

and ACAT1) and are derived from molecularly defined precursor lipid species. Thus, 354 

our data provides direct evidence for metabolic bias40 of specific lipid species within 355 

.CC-BY-NC 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 17, 2024. ; https://doi.org/10.1101/2024.05.14.594078doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.14.594078
http://creativecommons.org/licenses/by-nc/4.0/


the lipid storage pathway and demonstrate that subcellular accumulation of neutral 356 

lipids is regulated by species-specific metabolism despite slower kinetics compared to 357 

lipid transport processes.  358 

 359 

Discussion 360 

Here we introduce a pipeline to profile the transport and metabolism of individual lipid 361 

species in the organelle system of eukaryotic cells with high spatiotemporal resolution. 362 

Using this approach, we quantified the transport of 9 different lipid species through 5 363 

organelles and their metabolic conversion over 24h and determined the underlying 364 

kinetic parameters.  The complete lipid flux dataset can be interactively accessed 365 

under http://doi.org/21.11101/0000-0007-FCE5-B and the original data can be 366 

downloaded from http://doi.org/21.11101/0000-0007-FCE4-C. The kinetic comparison of 367 

transport and metabolism between different lipid species allowed us to address the 368 

fundamental question how cells maintain organelle-specific lipid compositions.  369 

We found that small variations in lipid chemical structure strongly influenced the 370 

kinetics of non-vesicular lipid transport and metabolism, implying a high degree of 371 

selectivity on the level of individual lipid species. This is most strikingly illustrated by 372 

up to 10-fold differences in non-vesicular transport speed between individual PC 373 

species that differ in unsaturation degree and acyl chain positioning and the starkly 374 

different metabolic fate of PC regioisomers during neutral lipid biogenesis. Conversely, 375 

a similar degree of selectivity was not observed during retrograde vesicular lipid 376 

transport of lipids mediated by endocytosis. Based on our quantification, we estimate 377 

that between 85-95 % of plasma membrane lipids are transported via non-vesicular 378 

routes rather than via endocytosis in the retrograde direction (Extended Data 7), as 379 
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non-vesicular lipid transport was found to be significantly faster than membrane 380 

trafficking. 381 

Together with earlier data indicating that membrane trafficking of the bulk 382 

phospholipids PC and PE in the anterograde direction occurs mainly via non-vesicular 383 

pathways41,42, our results imply that organelle membrane lipid compositions are 384 

primarily maintained through a combination of fast species-specific non-vesicular lipid 385 

transport and slower, spatially controlled lipid metabolism. We found that non-vesicular 386 

lipid transport and ATP-dependent lipid flipping by P4ATPases are coupled, 387 

suggesting that P4ATPases could supply the energy required for directional transport. 388 

Furthermore, this finding provides a possible explanation for the much higher rates of 389 

lipid exchange observed between cellular membranes compared to in vitro membrane 390 

models43. 391 

Our results furthermore reveal that structurally very closely related lipid species such 392 

as PC regioisomers give rise to significantly different product patterns after 24 h of 393 

metabolic turnover. Product pattern divergence is particularly pronounced during 394 

neutral lipids biosynthesis, where our results suggest a highly coupled reaction 395 

sequence of fatty acid cleavage, Acyl-CoA synthesis and incorporation into TAG/CE, 396 

respectively (Fig. 5). Being able to identify such highly localized, species-specific 397 

reaction sequences in cellular lipid processing will open the door to develop 398 

pharmaceutical interventions in lipid-related diseases with strong genetic components 399 

such as MAFLD44. 400 

Taken together, our findings suggest that non-vesicular lipid transport plays a key role 401 

in the maintenance of organelle identity and reveal localized lipid metabolism on sub-402 

organellar scales during neutral lipid biogenesis. Combining our approach with genetic 403 

interventions will shed light on the molecular mechanisms that underpin species-404 
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selective lipid transport and metabolism. We anticipate that this work will have a major 405 

impact for revealing the functions of lipids in cell biology and human diseases. 406 
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Extended Data figures 555 

 556 
Extended Data Figure 1 Biophysical characterization of bifunctional lipid containing model membranes, 557 
lipidome assessment after bifunctional lipid loading and lipid imaging signal comparison for all probes. a, 558 
b. Formation of liquid ordered Lo (stained by Bodipy-FL-GM1; green) and liquid disordered Ld (stained by DiD; red) 559 
microdomains is unaffected by replacing 5 % of DOPC content with PC(18:1/Y) in giant unilamellar vesicles GUVs. 560 
c. Formation of ganglioside nanodomains leading to faster deexcitation of Bodipy-FL-GM1 donors via FRET is 561 
unaffected by replacing 5 % of POPC content with PC(18:1/Y) in GUVs. d. Comparison of lipidome composition 562 
directly after lipid loading bifunctional lipid probes (4 min timepoint) with control lipidome. Arrows indicate supplied 563 
lipid type. e. +UV lipid signal vs -UV lipid signal for all probes, 30 min timepoint shown. Note: The high intensity in 564 
-UV conditions for PE(18:1/Y) is explained by the fact that PE can be chemically fixed with formaldehyde due to its 565 
primary amine group, which is not the case for the other lipids. 566 
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 567 

Extended Data Figure 2 Optimization of the lipid imaging protocol. a. Structure of PC(18:1/Y) used for protocol 568 
optimization. b. Representative imaging results using optimized lipid loading, crosslinking and click chemistry 569 
conditions. c-e. Characterization of UV illumination in the 96-well plate format used for this study. f-h. Optimization 570 
of lipid loading and crosslinking conditions. Dashed red lines indicate chosen conditions. i. Lipid loading does not 571 
compromise cell membrane integrity as demonstrated by exclusion of 4 kDa FTIC-Dextran from cell interior. j-m. 572 
Lipid signal visualization using different Picolyl-Azide dyes. AF594-Picolyl-Azide was used for this study.  573 
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 574 

Extended Data Figure 3. a-I Lipid transport time courses for all  probes and timepoints. Representative 575 

images for lipid transport time course experiments. Scale bars: 10 µm. Images are brightness-contrast adjusted to 576 

facilitate comparing intracellular lipid localization. The full dataset 3D dataset including marker channels can be 577 

accessed on https://lipidimaging.org/.   578 
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 579 

Extended Data Figure 4 High time-resolution time courses for PE (18:1/Y) and PA(18:1/Y) and image 580 
analysis pipeline. a, b. Representative images for lipid transport time course experiments at higher time resolution 581 
using PA(18:1/Y) and PE(18:1/Y). Scale bars: 10 µm. Images are brightness-contrast adjusted to facilitate 582 
comparing intracellular lipid localization. c, d. Background subtraction strategy. For most data, background was 583 
removed using a predicted noise image derived from control images (+UV, -lipid). In cases where a AF647-Tom20 584 
antibody was used as a mitochondrial stain, we observed a faint mitochondrial signal in the AF594 (lipid) channel 585 
in control conditions. For the corresponding +lipid images we estimated the extent of the bleedthrough signal by 586 
determining the correlation between the mitochondrial signal in the marker channel and the lipid channel, using 587 
these parameters to generate an image for the expected artefactual mitochondrial signal in +lipid images & 588 
subtracting it from the raw +lipid image. Scale bars: 20 µm. e. Segmentation of marker channels to generate 589 
probability masks and representative result of lipid channel background removal. Scale bar: 20 µm f. Lipid signal 590 
assignment to individual organelles shown in e. Scale bar: 20 µm 591 
 592 
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 593 

 594 
Extended Data Figure 5. Ultra-high resolution (UHR) shotgun lipidomics of bifunctional lipid probes. a. 595 
Shotgun UHR mass spectrometry resolves lipid peaks spaced by a few mDA and matches bifunctional precursors 596 
and their metabolites in multiple lipid classes. Blue line: Section of the spectrum acquired at the conventional (Rs 597 
120,000) resolution on Q Exactive mass spectrometer; orange line: Same spectrum section acquired at Rs ~ 1M 598 
resolution using optional Booster X2 data processing system and extended (2 sec) transients. Vertical lines are 599 
peak centroids. b. Mol% profile acquired at two time points (see inset for color coding) of 23 lipid classes (light 600 
bars), of which 7 classes comprise lipids with bifunctional lipid moieties (dark bars) produced from PC Y/20:4. c. 601 
PC profile covering 22 species with 5 species containing the bifunctional fatty acid. PCs bearing a bifunctional fatty 602 
acid (16:1) are annotated as endogenous lipids having the same number of carbons and double bonds in both FA 603 
moieties, albeit having different (+28.0061 Da) masses. d. Bifunctional fatty acids from the source PC(Y/20:4) are, 604 
incorporated into different lipid classes e.g. the cellular TAG pool consisting of of 33 species with 14 species bearing 605 
the bifunctional fatty acid. The molar abundance of PC species containing the bifunctional fatty acid other than 606 
PC(Y/20:4) (c) and TAG (d) species increases with time, while the abundance of the starting PC(Y/20:4) decreases. 607 
Molar% profiles of native lipid classes (b), but also the species profile within PC and TAG classes (c, d) are not 608 
perturbed, indicating that the supplemented bifunctional lipids act as true tracer compounds and do not change the 609 
overall lipidome compositions. 610 
  611 
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 612 

Extended Data Figure 6 Kinetic analysis of lipid imaging and lipid MS data. a. Data processing steps for 613 
quantification results from lipid imaging time course experiments exemplarily shown for PC(Y/18:1) (see 614 
Supplementary Information for details). b. Transport scheme detailing kinetic models 4-6. c. Model 1-3 fits for 615 
PC(16:0/Y), PC(18:1/Y), PC(20:4/Y). d. Model 1-3 fits for PC(Y/16:0), PC(Y/18:1), PC(Y/20:4). e. Model 1-3 fits for 616 
PE(18:1/Y), SM(Y). 617 
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 618 

Extended Data Figure 7 Results of kinetic analysis, estimation of lipid flow through vesicular and non-619 
vesicular pathways and TMEM30a KD characterization a, b. Rate constants for vesicular transport from 620 
endosomes to the Golgi and from the Golgi to the ER derived from models 1-3. c. Rate constants describing lipid 621 
cycling (lipid exchange with the extracellular space, model 2) and lipid depletion (model 3). d. Ratio of rate 622 
constants describing lipid exchange between the ER and mitochondria (models 1-3). Note: Individual rate constants 623 
could not be identified from the data, presumably as preceding lipid transport steps were rate-limiting. e-g. 624 
Comparison of rate constants describing retrograde vesicular transport from the PM to endosomes and retrograde 625 
non-vesicular transport from the PM to the ER for all analysed lipid probes, corresponding models 1a and 1b, 2a 626 
and 2b, 3a and 3b shown together. h. Ratio of rate constants describing lipid exchange between the ER and 627 
mitochondria (models 1b, 2b, 3b). Note: Individual rate constants could not be identified from the data, presumably 628 
as preceding lipid transport steps were rate-limiting. i. Fraction of bifunctional lipids transported via the non-629 
vesicular route to the ER and the vesicular route to endosomes during retrograde transport, model 1a rate constants 630 
used for simulations. j. Confirmation of TMEM30A KD in HCT116 cells shown by qPCR of GAPDH and TMEM30A 631 
in WT and KD cells. k. Quantification cycle (Cq) and Cq normalized to GAPDH (DCq). 632 

633 
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 634 
Extended Data Figure 8. Determination of overall bifunctional lipid content and metabolism of the lipid 635 
class level a. Bifunctional lipid incorporation and subsequent depletion over 24 h determined by shotgun lipidomics 636 
b. Development of bifunctional lipid class distribution over 24 h for all lipid probes. Note that final distributions are 637 
not identical, even for closely related species. 638 
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639 
Extended Data Figure 9 Analysis of PC species distribution. a-i. Development of PC species distribution over 640 
24 h for all lipid probes. Note that some species, notably PC(16:1/Y) are only produced from a subset of the initially 641 
supplied lipids. For SM(Y), no detectable amount of PC was observed.  j. Development of PE species distribution 642 
over 24 h after loading PE(18:1/Y). k-m. Development of the regioisomer distribution of the most common PC 643 
species PC(16:0,Y) estimated via the MS/MS- fatty acid neutral loss fragments. The bifunctional fatty acid is 644 
primarily incorporated at the sn-2 position. 645 
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 646 

Extended Data Figure 10 Analysis of TAG species distribution and lipid droplet populations. a-i. 647 
Development of TAG species distribution over 24 h for all lipid probes. Note that PA is the only lipid that initially 648 
gives rise to a single TAG species, whereas all other probes yield a spectrum of TAGs. j. Comparison of intensity 649 
distribution of individual lipid droplets for PC(18:1/Y) and PC(Y/18:1) and PC(20:4/Y) and PC(Y/20:4). 650 
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