Korean J Physiol Pharmacol 2024;28(6):495-501
https://doi.org/10.4196/kjpp.2024.28.6.495

KIPP

Review Article

Precision proteomics with TurbolD: mapping the suborganelle

landscape

Han Byeol Kim"" and Kwang-eun Kim**

'Mitohormesis Research Center,’Department of Convergence Medicine, Yonsei University Wonju College of Medicine, Wonju 26426, Korea

ARTICLE INFO

Received May 15, 2024
Revised June 25, 2024
Accepted June 26, 2024

*Correspondence
Kwang-eun Kim
E-mail: kekim@yonsei.ac.kr

Key Words
Endoplasmic reticulum
Lysosome
Mitochondria
Proteomics

Current affiliation: Organelle Medicine
Research Center, Wonju 26426, Korea

ABSTRACT Recent research underscores the pivotal role of cellular organelles, such
as mitochondria, the endoplasmic reticulum, and lysosomes, in maintaining cellular
homeostasis. Their dynamic interactions are critical for metabolic regulation and
stress response. Analysis of organelle proteomes offers valuable insights into their
functions in both physiology and disease. Traditional proteomic approaches to study-
ing isolated organelles are now complemented by innovative methodologies focus-
ing on inter-organelle interactions. This review examines the integration of advanced
proximity labeling technologies, including TurbolD and split-TurbolD, which address
the inherent limitations of traditional techniques and enable precision proteomics
of suborganelle compartments and inter-organellar contact sites. These innovations
have led to discoveries regarding organelle interconnections, revealing mechanisms
underlying metabolic processes such as cholesterol metabolism, glucose metabo-
lism, and lysosomal repair. In addition to highlighting the advancements in TurbolD
applications, this review delineates the evolving trends in organelle research, un-
derscoring the transformative potential of these techniques to significantly enhance
organelle-specific proteomic investigations.

INTRODUCTION

Recent advancements in pathophysiological research have un-
derscored the importance of exploring the function and structure
of cellular organelles such as mitochondria, endoplasmic reticu-
lum (ER), and lysosomes [1-3]. Notably, there has been a para-
digm shift in research approaches, moving from the examination
of isolated organelles towards an exploration of the dynamic
interactions between them. This integrative perspective is pivotal
for understanding the complexity of intracellular signaling and
the regulation of metabolic processes essential for maintaining
cellular homeostasis. These interactions between organelles are
crucial for various cellular functions, including the transmis-
sion of calcium signals and stress responses within the cell. Key
sites of organelle interconnection, such as mitochondria-ER, ER-

roles in pathophysiological processes.

For instance, in obesity, chronic enrichment of hepatic ER-
mitochondria contact sites leads to calcium-dependent mito-
chondrial dysfunction, a condition that contributes to metabolic
pathologies such as insulin resistance [4]. Similarly, increased mi-
tochondria-ER contact has been shown to promote diabetic car-
diomyopathy, as it leads to mitochondrial damage and impaired
cardiac function due to calcium overload in cardiomyocytes [5].
Additionally, it has been reported that calcium transfer dysfunc-
tions at the ER-lysosome interconnection are not only intricately
linked to autophagic defects but may also underpin beta-cell
damage [6]. The lysosome-mitochondria interconnection is also
crucial for cholesterol transport and homeostasis [7].

However, the study of cellular organelles and their intercon-
nections is hampered by the lack of methodologies capable of
isolating specific regions free from nonspecific contaminants. To

lysosome, and lysosome-mitochondria junctions, play significant
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overcome these limitations, cutting-edge proximity labeling tech-
nologies using TurboID or split-TurboID have been developed
[8,9]. TurboID is an engineered derivative of Escherichia coli
biotin ligase (BirA) and split-TurboID are cleaved forms of Tur-
bolD, which are inactive when separated but regain activity upon
reassembly. TurboID and split-TurboID generate reactive biotin
species that covalently bond to proximal proteins. These biotinyl-
ated proteins can be enriched from the total cellular protein pool
through streptavidin enrichment and subsequently subjected to
quantitative and qualitative analysis via liquid chromatography-
mass spectrometry (LC-MS). These advanced TurboID methods
are expected to pave the way for spatial biology or molecular spa-
tiomics [10,11].

This review will present and comparatively analyze research
articles that have employed TurboID technology to investigate
individual cellular organelles and their interconnections, thus
showing the current trends and advancements in TurboID re-
search methodologies (Fig. 1, Table 1).

Blood vessel

SINGLE ORGANELLE
Lysosome and cholesterol

Lysosomes are recognized as intracellular nutrient sensors.
It has been established that the Mechanistic Target of Rapamy-
cin Complex 1 (mTORCI) senses nutrients like cholesterol and
localizes to the lysosome, recruiting various proteins related to
metabolic function, thus regulating lysosomal activity. However,
the direct interactions between cholesterol and the mTORCI-
scaffolding machinery have not been thoroughly elucidated, sug-
gesting the existence of yet unidentified lysosomal nutrient sens-
ing proteins.

Shin et al. [12] performed bioinformatic analysis and they
suggested that the protein LYCHOS may regulate the activa-
tion of mMTORCI through cholesterol sensing. To elucidate the
mechanism by which LYCHOS senses cholesterol and modulates
mTORCI function, the C-terminus of LYCHOS was fused with
TurboID (LYCHOS-FLAG-TurboID) and introduced into cells to
induce biotinylation of proteins binding to LYCHOS. Subsequent
enrichment of biotinylated peptides derived from these cells, fol-
lowed by mass spectrometry analysis, allowed for the construc-
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Fig. 1. Scheme for studying organelle proteomes with TurbolD. Specific organelle marker is utilized to achieve organelle specific localization
of TurbolD. Lysosome target: LAMP1, mitochondria and lysosome contact site target: TOM20 and LAMP1, mitochondria and ER contact site target:
TOM20 and CB5. ER lumen target: SEC61B.
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Table 1. Recent TurbolD-based organelle proteome studies

Target organelle Reference TurbolD construct Main finding
Single organelle Lysosome Shinetal. [12] LYCHOS-TurbolD Binding between LYCHOS and GATOR1

(LYCHOS-TID)

Lysosome Tan etal. [13] LAMP1-TurbolD Accumulation of PI4K2A and ORP upon
(Lyso-TurbolD) LMP

ER Kim et al. [14] SEC61B-TurbolD Liver-specific secretory protein labeling
(iSLET)

ER Wei et al. [15] TurbolD-KDEL 4-cell-type secretomes (hepatocyte,
(ER-TurbolD) myocyte, pericyte and myeloid cell)

ER Wei et al. [19] FLEx-ER-TurbolD 21-cell type secretomes of exercise

Organelle contact

ER-mitochondria

Kwak et al. [21]

N-BirA-SEC61B
(B1-SEC61B)

training in mice
Identification of 115 MAM-specific
proteins

ER-mitochondria Choetal. [22]

Mitochondria-lysosome ~ Kim et al. [7]

ER-Golgi Yeerken et al. [23]

ER-Golgi Kovacs et al. [24]

Tom20-BirA-C
(TOM20-B2)
N-TOM20-TurbolD
(OMM-Tb(N))
TurbolD-Cb5-C
(Tb(C)-ERM)
TOM20-TurbolD
LAMP1-TurbolD
TMA4SF5-TurbolD
SEC31A-TurbolD

Identification of 101 ER-mitochondria
contact proteins

Identification of 63 MLCS proteins

Regulation of ER-to-Golgi transport via
Nlp

Lipid exchange and cargo sorting via
OSBP

OSBP-TurbolD

ER, endoplasmic reticulum; LMP, lysosomal membrane permeabilization; MAM, mitochondrial-associated membrane; MLCS,
mitochondria-lysosome contact site; Nlp, ninein-like protein; OSBP, oxysterol binding protein.

tion of a proteome profile of proteins interacting with LYCHOS.

In their results, Shin et al. [12] revealed that GATORI subunits
such as NPRL2, NPRL3, and DEPDCS5 bind to LYCHOS, and
they uncovered that interactions between LYCHOS and GATOR1
modulate mTORCI signaling. The LYCHOS-TurboID provides
a novel approach that overcomes the limitations of traditional
methods for studying lysosomal proteomes, which may not ad-
equately capture weak interactions.

Lysosome and repair

Lysosomal membrane permeabilization (LMP) has been
identified as a pivotal factor in the etiology of various lysosome-
associated disorders. In healthy cellular environments, a rapid
rectification of LMP is imperative, yet the specific mechanisms
underlying this reparative process remain insufficiently elu-
cidated. Tan and Finkel [13] sought to explore the alterations
in lysosomal protein expression in cells where LMP had been
induced, utilizing these findings as a substrate to demystify the
mechanisms governing lysosomal repair.

Tan and Finkel [13] engineered a cellular system to tag lyso-
somal proteins via biotinylation by expressing lysosome-targeted
TurboID in 293T cells. Subsequent to the induction of lysosomal
damage using LLOME (L-Leucyl-L-leucine methyl ester), bioti-
nylated proteins were enriched, facilitating the selective extrac-
tion of lysosomal proteins. Comparative proteomic data between

www.kjpp.net

LLOME-treated and untreated cells were obtained using mass
spectrometry analysis, thus enabling a differential profiling of
lysosomal proteins upon LLOME-induced damage.

Utilizing proteome data, an upregulation of PI4K2A and the
oxysterol-binding protein-related proteins ORP9 and ORP11 in
the lysosome following LLOME treatment was observed. Sub-
sequent assays corroborated the activation of PI4K2A-mediated
PtdIns4P signaling in damaged lysosomes. The study delineated
that PI4K2A fosters the accumulation of PtdIns4P in damaged
lysosomes, which in turn recruits certain ORP family proteins.
This recruitment is crucial in generating ER-lysosome membrane
contact sites (MCSs), thereby facilitating the reparative mecha-
nisms of the lysosome.

Tan and Finkel [13] deployed TurbolID to overcome the limi-
tations of existing methods for detecting lysosomal proteins.
Through this novel approach, they successfully identified estab-
lished markers of lysosomal damage, such as p62 and ESCRT
subunits, thereby validating the methodology. Additionally, pre-
viously uncharacterized lysosomal proteins were discovered.

ER and liver-specific secretory proteins

Traditional methods for analyzing proteins secreted by specific
cells have utilized in vitro cell culture systems or primary cell
cultures derived from in vivo systems, followed by proteomic
analysis of proteins secreted into the cell culture media. However,
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this approach carries technical limitations, including interference
from predominant proteins existed in the cell culture media and
from non-secreted proteins originating from damaged or dead
cultured cells. To overcome these obstacles, there is a critical need
for new analytical methods capable of analyzing proteins secreted
by specific cells and tissues directly through in vivo system.

Kim et al. [14] sought to discover secreted proteins through
biotin labeling by introducing biotin ligase TurboID expression
vectors including TurboID-V5-KDEL and Sec61b-V5-TurbolID,
which are targeted to the ER lumen or ER membrane respectively.
Initially introduced into cultured cells, the presence of biotin-
labeled proteins in the cultured cell media was confirmed by
enrichment using streptavidin mediated biotinylated protein
enrichment, indicating successful biotinylation at secreted pro-
teins by the introduced TurboID. Subsequently, this system was
applied to liver tissue of a living mouse model, creating iSLET (in
situ Secretory protein Labeling via ER-anchored TurboID) mice.
Through various assays and mass spectrometry-based proteomic
analysis, biotin-labeled secreted proteins expressed from the ER-
targeted TurboID in the liver were detected in the bloodstream.

Kim et al. [14] demonstrated the identification of 27 biotinyl-
ated secreted proteins originating from the liver in the blood of
iSLET mice. Furthermore, upon introducing iSLET into mice in-
duced with insulin resistance by $961 administration, 20 liver-de-
rived secreted proteins were distinctively identified in the insulin-
resistant group. Furthermore, the proteins identified are known
to be associated with insulin resistance, illustrating the successful
application of iSLET in pathophysiological mouse models.

ER and tissue-specific secretory proteins

As we mentioned, secreted polypeptides play a crucial role in
mediating intercellular or endocrine communication within bio-
logical systems. However, research methodologies to elucidate the
cell type-specific regulatory mechanisms governing their secre-
tion are markedly insufficient. Wei et al. [15] introduced a novel
approach for discerning the secretome of specific cells within in
vivo mouse models using adeno-associated virus (AAV), thereby
providing a groundbreaking methodology for the exploration of
intercellular signaling mechanisms.

Wei et al. [15] engineered AAV vectors to specifically express
luminally oriented membrane-tethered TurbolD, cytoplasmic
oriented ER-localized TurboID, and luminally oriented ER-
localized TurboID (Mem-TurbolD, Cyto-TurboID, ER-TurboID)
in hepatocytes, myocytes, pericytes, and myeloid cells. Biotin
was administered to the mice through intraperitoneal injection
or water administration to induce biotinylation of secreted pro-
teins in the liver. Blood plasma derived from these mice was then
subjected to streptavidin-mediated enrichment of biotinylated
peptides, followed by mass spectrometry analysis to ascertain the
tissue-specific secretome.

Through this secretome analysis, a total of 4,779 peptides cor-
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responding to 303 proteins were identified as liver-derived secret-
ed peptides. The proteins identified encompassed numerous clas-
sical secreted liver-derived plasma proteins, confirming that the
in vivo system employed in the experiment functioned optimally.
Additionally, this in vivo model system was utilized to illustrate
the alterations in the secretome profile of secreted liver-derived
plasma proteins induced by a high fructose, high sucrose (HFHS)
diet. Notably, these secretome results specifically highlighted
the unconventional secretion of BHMT as being upregulated by
HEFHS.

Additionally, beyond the hepatocyte-derived secretome, Wei
et al. [15] established an in vivo system that enables the analysis
of secretomes specifically expressed by myocytes, pericytes, and
myeloid cells, demonstrating the capability to distinguish and
compare the origins of proteins secreted in vivo. Overall, their re-
search introduced a simplified process that enables the analysis of
secretome originating from specific cells within a living biological
system.

ER and exerkine

Numerous studies have shown that exercise has a positive
impact on biological systems and can offer preventive and thera-
peutic effects against various diseases [16-18]. Despite growing
interest in the role of proteins secreted into the bloodstream due
to exercise, research has been limited due to the lack of efficient
methodologies. Notably, there has been a lack of research extend-
ing beyond individual molecules to explore the organism-wide
secretome response to physical activity.

Wei et al. [19] established in vivo system by introducing ER-
TurboID, which induces biotinylation of secreted proteins, into
specific tissues and cell types of mice expressing Cre recombinase
via AAV transduction. The mouse model system, encompassing
a total of 21 genotypes based on the specific tissue or cell type ex-
pressing ER-TurbolD, is engineered to guarantee that biotinylated
proteins are exclusively secreted into the bloodstream from the
targeted tissues or cell types. Enrichment of biotinylated proteins
from the derived mouse blood followed by mass spectrometry
analysis enabled the selective analysis of the secretome from spe-
cific tissues and cell types. The tissues and cell types investigated
by Wei et al. [19] include Pdgfra+ fibroblasts, vascular pericytes,
endothelial cells, T cells, macrophages, adrenal tissue, smooth
muscle, T and B cells, pancreas, brown adipose tissue, brain, gut,
adipose tissue, kidney, bone muscle, heart, lung, liver, and muscle.

As a result, Wei et al. [19] revealed the secretion of 1,272 cell
type-specific protein pairs from particular tissues or cell types
into the bloodstream. Upon exercise training, it was discovered
that 256 protein pairs exhibit significant changes, with 181 pro-
teins showing substantial variance across 21 cell types. Further-
more, downstream analysis indicated that Pdgfra cells exhibit the
most pronounced response to exercise. Additionally, Wei et al. [19]
showed that the secreted enzyme CES2 plays a significant role in
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anti-obesity, anti-diabetic, and endurance-enhancing functions.
Overall, Wei et al. [19] has established large-scale in vivo systems
that enables the analysis of the secretome originating from vari-
ous tissues and specific cell types in live mice.

ORGANELLE CONTACT
ER-mitochondria contact (split-BiolD)

Recent studies have elucidated that mitochondrial-associated
membranes (MAMs) play a crucial role in regulating cellular
physiology and are implicated in a multitude of metabolic dis-
orders [20]. Previously, for the study of the MAM proteome, se-
rial centrifugation techniques have been utilized traditionally;
however, these methods exhibit several limitations such as low
efficiency in purifying MAM proteins. In response to these chal-
lenges, there has been a consistent demand for the development of
more accurate and efficient analytical methods capable of analyz-
ing the MAM proteome.

Kwak et al. [21] developed a novel Contact-ID biotin labeling
system by splitting the biotin ligase, BiolD (previous version of
TurboID), into two fragments and fusing each to the ER mem-
brane protein SEC61B and the outer mitochondrial membrane
protein TOM20, respectively. Contact-ID system capitalizes on
the colocalization of SEC61B and TOM20 at ER-mitochondria
contact sites, triggering the assembly of BiolD fragments and thus
activating biotinylation activity that labels proximate proteins.
The system was introduced into HEK293 cells, and biotinylated
peptides derived from these cells were enriched and analyzed via
mass spectrometry to construct a proteome profile.

By employing mCherry-BiolD-tagged cytosolic proteins as a
negative control for comparative analysis, Kwak et al. [21] identi-
fied 115 MAM proteins. Among the discovered MAM proteins,
KFBP8 was elucidated to play a role in the formation of MAMs
and in calcium transport. Furthermore, they showed a novel ap-
proach for analyzing the topology of MAM proteins by investi-
gating the biotinylation sites of the identified proteins.

In summary, Kwak et al. [21] provided a deeper insight into the
diverse functions of MAM, such as in cholesterol metabolism and
apoptosis processes, which are crucial for cellular homeostasis
and health. In addition, the introduction of Contact-ID method
represents a significant advance in the ability to profile proteins at
organelle contact sites in living cells.

ER-mitochondria contact (split-TurbolD)

Previous study has shown that biotin ligase (BiolD) can be split
and reconstituted under specific conditions to measure spatial
specificity through proximity labeling. However, split-BiolD ex-
hibit several limitations, including comparatively longer labeling
times. Therefore, the development of a more effective split en-
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zyme system is needed.

Cho et al. [22] employed TurboID as the enzyme of choice for
a split enzyme system. The study tested 14 TurbolD split sites to
identify the most optimal fragments. These split-TurboID frag-
ments were then fused to FRB and FKBP, respectively, introduced
into HEK293T cells, and rapamycin-dependent reconstitution
was used to induce biotin proximity labeling, thus constructing
a proteome for the ER-mitochondria contact sites. Cho et al. [22]
identified 101 proteins at the ER-mitochondria contact site using
a split-TurboID system fused with FRB and FKBP. Further down-
stream analysis has validated the reliability of the discovered
ER-mitochondria contact site proteins. They successfully dem-
onstrated that split-TurboID can analyze the proteome specific to
the contact site between two organelles.

Mitochondria-lysosome contact

Transmembrane 4 L six family member 5 (TM4SF5) is a pro-
tein with four transmembrane domains and is expressed across
various subcellular membranes. It is known to form complexes
with a variety of other proteins, such as mTOR, and plays a role
in diverse metabolic activities. However, the mechanisms by
which TMA4SF5 translocate to specific organellar MCSs and how
its translocated presence impacts metabolism have not yet been
definitively elucidated.

Kim et al. [7] utilized mCherry-TM4SF5-based fluorescence
microscopy analysis to reveal the localization of TM4SF5 at mito-
chondria-lysosome contact sites (MLCSs). Additionally, cells were
engineered to express TurboID conjugated to V5-tagged translo-
case of the outer membrane 20 (TOM20-V5-TurboID) and lyso-
somal associated membrane protein 1 (LAMP1-V5-TurboID) to
biotinylate MLCSs proteins, followed by subsequent enrichment
of biotinylated peptides and mass spectrometry analysis to iden-
tify the proteins of MLCSs. Furthermore, for identifying proteins
recruited to MLCSs by TM4SE5, cells expressing TM4SF5-v5-
TurboID were subjected to the same method described above to
identify MLCS proteins, followed by comparative analysis.

Kim et al. [7] revealed that TM4SF5 localizes to MLCSs and
that such localization is modulated by extracellular glucose levels.
The research identified 63 MLCS proteins, which were catego-
rized into TM4SF5-enriched MLCS proteins and those absent of
TMA4SF5. Among the TM4SF5-enriched MLCS proteins, FKBP8
was found to be the most abundant. Further investigations un-
covered that TM4SF5, once translocated to MLCS, influences
mitochondrial dynamics, such as mitochondrial fission and mi-
tophagy, as well as cholesterol metabolism.

Kim et al. [7] not only identified proteins at the MLCSs but also
revealed specific proteins whose location changed when the pro-
tein TM4SF5 translocated to MLCSs. By elucidating their func-
tions, they illuminated the unique role of TM4SF5 at MLCSs and
demonstrated that TM4SF5 facilitates the export of cholesterol
from lysosomes to mitochondria, which subsequently leads to
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changes in mitochondrial metabolism.

ER to Golgi transport

The ER-to-Golgi transport process is essential for the proper
distribution of proteins and membrane components within the
cell. The mechanisms involved in the formation and movement
of vesicles in this process are highly complex and many aspects
remain unresolved. Ninein-like protein (Nlp) is an adaptor pro-
tein involved in the assembly and transport of some ER-to-Golgi
vesicles. However, the exact role of Nlp in the transition and
transport of these vesicles has not been fully elucidated.

To investigate the function of Nlp in ER-to-Golgi transport,
Yeerken et al. [23] introduced the SEC31A-TurboID system into
cells. This system allowed them to biotinylate proteins specifically
binding to ER-to-Golgi vesicles. Through these approaches, the
researchers confirmed that Nlp regulates the precise formation
and movement of vesicles by directly interacting with SEC31A.
They also discovered that Nlp interacts with SEC31A to facilitate
the assembly and transport of vesicles containing specific pro-
teins, such as B-Catenin and STING, enabling their efficient tran-
sit from the ER to the Golgi. Yeerken et al. [23] underscored the
pivotal role of Nlp in ER-to-Golgi cargo trafficking, proposed an
integrated transport model, and demonstrated TurboID's utility
in dynamic organelle interaction studies, extending beyond static
proteome analysis.

ER and trans-Golgi contact

The proper distribution of lipids within the cell, essential for
maintaining cellular function, relies heavily on lipid exchange at
the contact sites between the ER and trans-Golgi. This lipid ex-
change is mediated by various proteins and enzymes, particularly
the oxysterol binding protein (OSBP), which is known to extract
cholesterol from the ER and deliver it to the trans-Golgi. Howev-
er, the mechanisms by which OSBP regulates protein sorting and
the polarized distribution of plasma membrane cargo proteins
between the ER and trans-Golgi have not been fully elucidated.

Kovacs et al. [24] introduced the OSBP-TurbolD system into
cells and used OSBP inhibitors, ORPphilins, to inhibit the lipid
exchange activity of OSBP. They then analyzed the biotinylated
proteins proximal to OSBP. The researchers identified a total of
1,507 proteins in the vicinity of OSBP, including VAPA, VAPB,
PI4KIIIB, SACL, TMED2, CERT1, and FAPP2, confirming that
these proteins function cooperatively with OSBP at ER-trans-
Golgi contact sites. They also observed that following ORPphilin
treatment, the proportion of basolateral cargo proteins increased
while the proportion of apical cargo proteins decreased. Kovacs
et al. [24] provided valuable insights into OSBP's role in lipid ex-
change and cargo sorting at ER-trans-Golgi contact sites, thereby
expanding the application of TurboID in studying organelle
transport pathways and cargo trafficking mechanisms.

Korean J Physiol Pharmacol 2024;28(6):495-501

CONCLUSION

The recent advancements in TurboID technology have played
a crucial role in the study of cellular organelles, shedding light on
the complexity and specificity of their functions and intercon-
nections. TurboID has been successfully applied to individual
organelles such as the lysosome, facilitating studies on cholesterol
metabolism or lysosomal repair, as well as to the ER for dynamic
tracking of tissue-specific secretory proteins. Techniques like
Contact-ID and split-TurboID, designed for studying organelle
contact sites, promise broader applications in investigating in-
teractions, demonstrated by studies on ER-mitochondria and
mitochondria-lysosome interactions.

TurboID technology has been applied across a spectrum of ex-
perimental models, ranging from individual cells to in vivo sys-
tems. Organelle studies using TurbolD in this review have shown
new dimensions of temporal control and specificity in mapping
organelle interactions, demonstrating the adaptability of TurboID
to diverse research needs. In this regard, beyond the application
examples in the aforementioned organelles, TurboID technology
can be a valuable tool for researchers studying various organelle
proteomes, such as mitochondria-plasma membrane interactions,
ER-plasma membrane interactions, and ER-lysosome interac-
tions, which have recently attracted significant interest.

Recently, advanced analytical methods have been developed
to detect true positive biotinylated sites labeled by TurboID. The
newly introduced “Super-Resolution Proximity Labeling” [25,26]
has shown clearer and more specific labeling, effectively mini-
mizing background noise and false positives commonly seen
in conventional approaches. In conclusion, the progress in Tur-
bolD technology for the study of individual organelles and their
interactions will cause a paradigm shift in organelle biology. It
provides a foundation for continuing to build our understanding
of the intricate cellular communication network, along with the
potential to discover new avenues for treating numerous diseases
where organelle dysfunction plays a key role.
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