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Identifying novel mitochondria-lipid droplet interface proteins using microscopy-guided subcellular spatial 
protein purification
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Background: Lipid droplets (LDs) serve as energy storage depots and interact with various organelles, 
including mitochondria. Peri-droplet mitochondria (PDM) play a critical role in lipid homeostasis and Non-
alcoholic fatty liver disease (NAFLD) progression. However, the dynamic and complex nature of mitochondria-
LD interactions has posed challenges in identifying new protein constituents and understanding their 
functions.

Method: We addressed these challenges using Microscoop®, a new microscopy-guided spatial protein 
purification platform, to isolate proteins from millions of mitochondria-LD interaction sites. With AI or 
traditional image processing, Microscoop® recognizes the specified regions of interest (ROIs) within cellular or 
tissue samples and induces precise photo-biotinylation at 240-nm resolution via its femtosecond pulsed two-
photon illumination. The real-time and automatic “ROI recognition to photo-biotinylation” cycles render 
biotin-tagging of sufficient proteins for subsequent pulldown and protein identification via LC-MS/MS.

Result: Through this innovative approach and subsequent mass spectrometry analysis, we mapped the 
proteome of the mitochondria-LD interface in oleic acid (OA)-treated HepG2 cells. In addition to recovering 
well-characterized LD-associated proteins, we also identified previously known proteins involved in 
mitochondria-LD interactions. From the top 30 ranked common proteins across three independent 
experiments, five novel candidates with no prior LD association were selected for further validation. 
Intriguingly, immunofluorescence staining revealed their localization around lipid droplets and at 
mitochondria-LD contact sites, more obviously in OA-treated HepG2 cells as compared to vehicle-treated 
cells. Notably, when FHL3, a protein among the five candidates was suppressed in OA-treated HepG2 cells, 
leading to reduce mitochondria-LD contacts and result in elongated mitochondrial. This observation suggests 
a decrease in fatty acid β-oxidation activity.

Conclusion: Facilitated by the Microscoop®’s spatial protein purification, our study identifies previously 
unrecognized protein constituents at the mitochondria-LD interface, paving the way to further functional 
examination associated with lipid regulation associated with NAFLD pathogenesis.

Fig. 1 | (A) Schematic workflow of SYNCELL Microscoop®. A total-sync ultra-content 
microscopic platform that integrates image acquisition, photochemistry, microscopy, 
optics, and FPGA-based mechatronics enable high-content in situ photolabeling 
followed by mass spectrometry analysis. (B) PFA fixed U-2 OS cells were photo-
biotinlylated with a thin “cross” pattern, and photolabeling resolution was 
measured by super-resolution structured illumination microscopy. (C) Top- (xy) and 
side- (z) views of photolabeled subcellular compartments. (D) Microscoop® system.
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Fig. 2 | (A) Left panel. Tom20 (a, green) and PLIN2 (b, red) were immuno-stained to mark mitochondria and LD membrane respectively. The overlapped regions (c and d) between mitochondria and LD signal indicates potential mitochondria-LD contact sites. Images of mitochondria and LD (e and f) are recognized by traditional image processing 
and computer vision algorithm (h and i) to identify ROIs (g and j, mitochondria-LD overlapping region). The confocal images demonstrate the precise and accurate photo-biotinylated proteins (k1, stained with NeutrAvidin-488) in mitochondria-LD overlapping region at lateral (xy)- and axial (z) directions (k1-n1 and k2-n2, right panel). Bar: 5μm. 
(B) A distribution of overall protein abundances by the ratio of photolabeled (PL) sample to those in a control (CTL) sample annotated as PL/CTL ratio, showing that known LD-localized (blue) and mitochondria proteins (red) are enriched in the PL group (left panel). List of a few well-known LD-localized proteins and mitochondria proteins 
identified by Microscoop®. (middle panel), and the Gene Ontology analysis of biological process category of these proteins (right panel). (C) The list of the well-characterized proteins mediating mitochondria-LD association identified by Microscoop®. (D) Fourteen proteins (table list) that are neither mitochondria nor LD proteins selected from 
Top 30 common proteins, are combined with 157 enriched LD-associated or 111 mitochondria proteins then subjected to STRING to reveal protein-protein interaction network, suggesting that these proteins are more co-related with LD-associated protein (left panel) than with mitochondria (right panel). 

Protein Description LD-localized pattern

ARMC10 Armadillo repeat-containing protein 10 Dot

FHL3 Four and a half LIM domains protein 3 Ring or crescent-like

SAAL1 Protein SAAL1 Dot or crescent-like

MBNL3 Muscleblind-like protein 3 Dot 

NAA10 N-alpha-acetyltransferase 10 Dot or crescent-like

Fig. 3 | (A) Secondary structure and 
amphipathic helix prediction of the 5 
putative LD-associated proteins selected 
from Top 30 common proteins using 
algorithms from the NPS@ website and 
HeliQuest program respectively, 
indicating the potential amphipathic α-
helix regions of 5 proteins. (B) HepG2 
cells were treated with oleic acid (OA) or 
vehicle for 16h, followed by LDs staining 
with BODIPY 558/568 (red) and the 5 
candidate proteins with corresponding 
antibodies. Epi-fluorescence images 
revealed their localization around lipid 
droplets (arrows), more obviously in OA-
treated HepG2 cells as compared to 
vehicle-treated cells. (C) Confocal images 
verified the co-localization of all 5 
candidate proteins with lipid droplet 
membrane (PLIN2 as a marker), as well 
as their presence at mitochondria-LD 
contact sites, suggesting a potential 
implication of these novel proteins in 
mitochondria-LD regulation. (D) Table list 
of candidate proteins and their LD-
localized pattern. Bar: 5μm
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Fig. 4 | (A) Western blot demonstrated the expression level of FHL3 after siRNA transfection (left panel), with quantification confirming a 
significant decrease in FHL3 protein in siRNA-treated HepG2 cells (right panel, **, p<0.01, ***, p<0.001, ns: not significant). α-tubulin was used 
as a loading control. (B) Confocal images of scramble control (a-c) or siFHL3-transfected (d-f) HepG2 cells stained for Tom20 (green) and BODIPY 
558/568 (red) upon OA treatment. The white spots represent the co-localized pixels of mitochondria-LD contact site (b and e). Enlarged views 
of the boxed regions in the merged images (c and f) are shown on the right. The quantification result of the number of mitochondria-LD contact 
per mitochondria length (middle panel) and the lipid droplet number per cell (right panel) were calculated in scramble or siFHL3-treated 
HepG2 cells from four independent experiments (****, p<0.0001, ns: not significant). (C) The representative confocal images of elongated 
mitochondria morphology in FHL3 deficiency HepG2 cells (d-f) compared to scramble control (a-c). The quantification scatter plot of 
mitochondrial aspect ratio of scramble and siFHL3 cells were calculated from four independent experiments (right panel), (****, p<0.0001). Bar, 
10μm in whole cell images.
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1. SYNCELL Microscoop® is a novel platform to enable hypothesis-free 
subcellular spatial proteomics. 

2. The platform integrates microscopy, deep learning, two-photon 
illumination, and mechatronics to facilitate high-content image-
guided photo-labeling.

3. Spatially specified proteins from hundreds of thousands of 
individual cells can be rapidly and precisely labeled by Microscoop® 
to achieve sensitivity of mass spectrometry.

4. In mapping the proteome of mitochondria-LD interaction region, 5 
high-ranked proteins identified with Microscoop® are localized with 
LDs and within the mitochondria-LD contact site, suggesting their 
potential role mitochondria-LD communication or lipid metabolism.
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