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Organelles cooperate with each other to regulate vital cellular homoeostatic functions. This occurs through the formation of close connections through membrane contact sites. Mitochondria-Endoplasmic-Reticulum (ER) contact sites (MERCS) are one of such contact sites that regulate numerous biological processes by controlling calcium and metabolic homeostasis. However, the extent to which contact sites shape cellular biology and the underlying mechanisms remain to be fully elucidated. A number of biochemical and imaging approaches have been established to address these questions, resulting in the identification of a number of molecular tethers between mitochondria and the ER. Among these techniques, fluorescence-based imaging is widely used, including analysing signal overlap between two organelles and more selective techniques such as in-situ proximity ligation assay (PLA). While these two techniques allow the detection of endogenous proteins, preventing some problems associated with techniques relying on overexpression (FRET, split fluorescence probes), they come with their own issues. In addition, proper image analysis is required to minimise potential artefacts associated with these methods. In this review, we discuss the protocols and outline the limitations of fluorescence-based approaches used to assess MERCs using endogenous proteins.
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INTRODUCTION
Organelles are responsible for many of the anabolic and catabolic processes required for the proper functioning of eukaryotic cells. For decades, organelle research has centred on identifying each compartment and their distinct properties with the thought that transfer of material between organelles occurred through diffusion of soluble metabolites or vesicular trafficking (Dennis and Kennedy, 1972). However, in recent years, the subject has undergone a revolution as we realised that cells use a network of contact sites between membranes of different organelles, termed membrane contact sites (MCS), to communicate and transfer metabolites (Schrader et al., 2015; Cohen et al., 2018; Scorrano et al., 2019). MCS are defined as areas of close apposition (typically less than 30 nm) between two organelles in the absence of membrane fusion. It is becoming clear that most, if not all, organelles interact via MCS. In addition, a growing number of proteins have been shown to be required for these MCS (Eisenberg-Bord et al., 2016; Simmen and Tagaya, 2017; Cohen et al., 2018; Scorrano et al., 2019).
Mitochondria-Endoplasmic-Reticulum (ER) contact sites (MERCS) play a central role in calcium signalling (Ca2+), phospholipid synthesis and transfer, regulation of oxidative stress and inflammatory responses, mitochondrial dynamics, bioenergetic and cell survival (Tubbs and Rieusset, 2017) (Patergnani et al., 2011; Krols et al., 2016; Martinvalet, 2018; Missiroli et al., 2018; Perrone et al., 2020; Xu et al., 2020). MERCS require proteins on both the ER and mitochondria to bridge the two organelles. While the nature of these protein tethers has not been fully characterized and likely varies depending on cellular conditions and cell types, several MERCS tethering complexes have been identified. This includes the interaction between ER-resident Inositol 1,4,5-triphosphate receptor (IP3R) and mitochondrial voltage-gated anion channel (VDAC) that is bridged by glucose-regulated protein 75 (GRP75), and the mitochondrial fusion protein Mitofusin-2 (MFN2) which localizes to both the ER and mitochondria (De Brito and Scorrano, 2008; Basso et al., 2018). Vesicle-associated membrane protein B (VAPB) and protein tyrosine phosphatase interacting protein 51 (PTPIP51) are other reported ER-mitochondria tethering proteins (Gomez-Suaga et al., 2017).
The size of a MERCS area and the width of the gap between the two organelles are critical structural characteristics of MERCS that are tightly regulated. While the underlying mechanisms are still being elucidated, it is clear that disruption of MERCS structure and/or activity is a crucial factor that promotes or contributes to oncogenesis, neurodegeneration, and a variety of other diseases (Kisby et al., 2011; López-Crisosto et al., 2015; Rodríguez-Arribas et al., 2017; Annunziata et al., 2018; Pinton, 2018; Eysert et al., 2020; Gao et al., 2020). Several imaging techniques have been used to study MERCS and, in general, MCS (recently reviewed by (Giamogante et al., 2020). These techniques include electron microscopy (EM), the gold standard for MCS identification, and fluorescence-based techniques that, while having a lower resolution, allow a more dynamic assessment of MCS and MERCS. Here, we will briefly review these techniques, focussing on proximity ligation assay (PLA), one of the most recent techniques used to study MERCS.
TECHNIQUES FOR ER-MITOCHONDRIA INTERACTION
Electron Microscopy
EM is the oldest tool for morphological examination of intracellular structures and provided the first evidence that ER and mitochondria interact (Copeland and Dalton, 1959). It allows the measure of both the distance between the organelles and the length of the extension. Also, EM provides strong membrane contrast and nanometer-scale resolution for observing cellular organelles. EM can also be combined with light microscopy using correlative light-electron microscopy (CLEM). Combining CLEM and 3D electron microscopy can also enhance the detailed structural studies of mitochondria and ER (Jung and Mun, 2019). Yet, EM analysis is extremely time-consuming. In addition, the fundamental restriction of EM is tissue fixation, which prohibits live cell imaging and monitoring MERCS dynamics. Another serious challenge with EM is quantifying apparent changes in organelle morphology. Point counting can be used to analyse mitochondria or ER morphology (Howard, 2004) but it has limited ability to quantify finer structural elements such as mito-ER interactions and cristae measurements. A simple method has recently been described using open source software ImageJ (Lam et al., 2021), but EM analysis remains time-consuming. Overall, while EM remains the gold standard for quantifying ER-mitochondria interaction, several techniques based on fluorescence have been developed to circumvent the limitation of EM.
Fluorescent Microscopy
Fluorescence-based techniques to study MERCS are based on the use of antibodies that recognize the proteins of interest or the expression of proteins genetically tagged with Green Fluorescent Protein (GFP) or other fluorescent proteins and are easily available. The use of a combination of fluorescent-tagged proteins with distinct emission spectrums also allows dynamic interactions to be resolved in real time (Huang et al., 2020).
The simplest approach with fluorescence-based microscopy is to measure the co-localisation/overlap of fluorescent signals from cells co-transfected with fluorescence proteins targeted to ER and mitochondria. This has been used to demonstrate that ER-mitochondria interactions regulate calcium signaling (Rizzuto et al., 1998) and that mitochondrial fission occurs at MERCS (Friedman et al., 2011). The key advantages of this technology are its simplicity, fast processing, and compatibility with live imaging. The primary constraint of this technique is the resolution, which significantly limits our ability to distinguish organelles that are close to each other from those that actually interact. The use of live cell imaging can partially alleviate this by measuring the coordinated movement of the organelles on both sides of the MCS (Yang et al., 2018) or a functional consequence of this interaction (for example mitochondrial fission in the case of MERCS (Friedman et al., 2011)). Alternatively, it is possible to use a super-resolution fluorescence microscope that transcends traditional epi-fluorescence and confocal microscopy diffraction limits (Giamogante et al., 2020). Super-resolution microscopy can also be amenable to live cell imaging but requires a highly specialized microscope.
Generally, fluorescent images are processed to conduct a colocalization analysis that measures the amount of signal overlap between the two tagged organelles. While this colocalization does not necessarily represent the actual colocalization of two probes due to resolution limits, it can provide a useful estimate of changes occurring under the experimental conditions tested. To address this, most image processing software includes specific correlation measures: Pearson correlation coefficient (PCC) and Manders’ coefficients (Adler and Parmryd, 2010).
PCC measures how well the variation in pixel intensities between two signals can be explained by a simple, linear correlation between the two. As such, PCC is appropriate to measure the colocalization of two probes localized to the same cellular structure. However, the situation is more complex when measuring MCS because only a fraction of the signal is correlated (the MCS). In such situations, PCC measurements are ambiguous, if not misleading (Dunn et al., 2011). Manders’ coefficients provide an alternative to PCC by considering the co-occurrence of the signals (the fraction of pixels with positive values for both channels) independently of relative pixel intensity. There are two types of Manders’ coefficient: Manders’ overlap coefficient, which provides a global estimate of the overlap between the two signals akin to the PCC, and Manders’ colocalization coefficients that specifically assess the fraction of signal 1 overlapping with signal 2 and the fraction of signal 2 overlapping with signal 1. These coefficients can provide a useful measure of colocalization but require the proper determination of what constitutes the signal to measure, which is not trivial. Different strategies can be used to eliminate background signal, but these usually involve applying a global threshold to the image. Importantly, none of these methods (including the Costes automated method that is usually used when calculating Manders’ coeffficients) are effective in all situations. The selected strategy (global thresholding, local thresholding, use of preprocessing tools such as ImageJ’s Tubeness (Almutawa et al., 2019), etc.) needs to be carefully selected and validated so that the pixels that are selected as signal correspond to the actual signal. Changes in organelle structure can also affect Manders’ coefficients, as exemplified by the conflicting role of MFN2 in MERCS regulation as determined by fluorescence microscopy and EM (De Brito and Scorrano, 2008; Cosson et al., 2012; Filadi et al., 2015). A thorough discussion of the limitations of PCC and Manders’ coefficients can be found in (Dunn et al., 2011).
Other Fluorescent Techniques
While the analysis of tagged organelles described above provides a rapid assessment of organelle colocalization that can be used to measure the dynamic interaction between organelles, its limitations have led to the development of more specific methods to probe MCS. These involve the transfection of fluorescent probes that can be detected only when two organelles are in close proximity or the use of antibodies for two distinct proteins that will be detected only when in close proximity.
Fluorescence-based techniques to selectively detect MCS are based on energy transfer (Förster energy transfer (FRET), bioluminescence resonance emission transfer (BRET)) or biomolecular fluorescence complementation (BiFC). FRET consists of energy transfer from an excitable fluorophore donor to a suited fluorophore acceptor (Shrestha et al., 2015). BRET provides an alternative to FRET where the donor fluorophore is replaced by luciferase which serves as the source of light for energy transfer to the acceptor (Pfleger and Eidne, 2006). In either case, donor/acceptor pairs are fused to resident ER and mitochondrial proteins and used to detect MERCS in an interaction-free approach (Naon et al., 2016). While FRET and BRET measure the energy transfer between to probes in close proximity, BiFC is based on the reconstitution of two fragments of a fluorescent protein (or luciferase) into a functional fluorophore. This technique requires the targeting of each fragment of the protein to a distinct organelle. Fluorescence is then observed at sites where the two organelles are in close proximity (MCS). In addition, because BiFC components have to assemble across membranes to be active, they can possibly promote MCS assembly.
In situ Proximity Ligation Assay
Most of the approaches cited above require the overexpression of tagged proteins which is not amenable to all experimental systems. In addition, the overexpressed proteins can potentially affect the behaviour of target organelles. A highly sensitive approach recently being used to investigate endogenous protein interactions is in situ Proximity Ligation Assay (PLA) (Söderberg et al., 2006). This is a probe-based method in which endogenous proteins of interest are targeted by primary antibodies, followed by secondary antibodies fused to oligonucleotides. When the proteins are in close proximity, there is complementary base paring and the creation of circular DNA when a third oligonucleotide is added. The circular DNA can then be amplified and visualised using complementary fluorophore-labeled probes. PLA has a reported detection range of 40–60 nm, which is larger than the size of most MERCS. Nonetheless, this is greater than the resolution obtained by a typical fluorescence microscope and simple co-localisation analysis. The method’s advantage are its robustness and relative simplicity, as commercial kits are accessible (Söderberg et al., 2006; Hegazy et al., 2020). PLA also has the advantage of not requiring the expression of tagged proteins. However, it cannot be used in live cells and is limited by the availability of good antibodies for the proteins of interest.
ER-Mitochondria Contact Assessment Using PLA
Though the PLA technique was established in 2006, its application in the investigation of MERCS emerged extensively in the last decade. ER-mitochondrial coupling was shown by PLA using several pairs of proteins (VDAC/IP3R, Grp75/IP3R, and CypD/IP3R) (Tubbs et al., 2014), while overexpression of VAPB (ER) and PTPIP51 (mitochondria) altered MERCS assembly, facilitating Ca2+ exchange and autophagy. (Gomez-Suaga et al., 2017). Furthermore, PLA has been widely utilized to study ER-mitochondria interactions in disease. Decreased MERCS were observed in cardiomyopathy caused by phopsholamban p. Arg14del mutation (Cuello et al., 2021), in Charcot-Marie-Tooth type 2A (CMT2A, a dominant axonal form of peripheral neuropathy due to mutation in MFN2 (Bernard-Marissal et al., 2019)) and also in conditions such as amyotrophic lateral sclerosis and frontal dementia (ALS/FTD) due to defects in fused in sarcoma (FUS) (Stoica et al., 2016). In addition, overexpression of α-Synuclein, a protein that accumulates in patients with Parkinson’s disease, disrupts binding between tethering proteins VAPB and PTPIP5 at MERCS (Paillusson et al., 2017). Overall, while supporting an important role for MERCS in cell physiology, the studies highlighted the usefulness of PLA in the study of MERCS.
Considerations for the Analysis of PLA Foci
PLA has several advantages: 1) It allows the measurement of endogenous proteins at MERCs. 2) It provides dual-binder specificity for detecting organelle contacts in situ and exposes protein proximity in normal cells without being influenced by overexpression artefacts. (Söderberg et al., 2006). 3) Because the in-situ PLA signal can be amplified, the approach is extremely sensitive, allowing transient and weak interactions to be viewed and quantified as a single spot; and 4) The tool itself and its analysis (by examining the number of interacting spots) is very simple to perform and may be used to test multiple conditions.
Nevertheless, PLA has several shortcomings in addition to requiring fixed cells. The common procedure for studying the interaction of organelles is to count the number of PLA spots (Figure 1A). However, while ER or mitochondrial structures are easy to identify by immunofluorescence, the foci produced by the PLA signal can potentially be difficult to separate from non-specific signal. Non-specific PLA signal can come from two sources, the PLA procedure itself and the primary antibodies used. Isotype antibody controls are usually used to detect background fluorescence related to the PLA procedure. Further, to avoid background signals created by non-bound probes in close vicinity, the concentration of proximity probes must be kept low (Weibrecht et al., 2010; Jalili et al., 2018).
[image: Figure 1]FIGURE 1 | Analysis of PLA foci along with organelle markers. (A) Classical analysis of PLA foci where colocalization with organelle markers is not taken into consideration. (B–C) Alternatively, ER and mitochondria can be co-stained with PLA foci to further validate that PLA foci are localized at MERCS. This can be achieved using fluorescent-tagged proteins or stains (B) or fluorescent secondary antibodies recognizing the primary PLA antibodies.
A second approach to validate PLA spots is to stain the organelles of interest along with PLA foci (Figures 1B,C). This allows to colocalize PLA spots with sites of overlap between the two organelles (Alpy et al., 2013; Gomez-Suaga et al., 2017; Sharma et al., 2021), thus identifying real PLA foci and allowing further assessment of organelle colocalization using Mander’s coefficients. Co-staining of PLA and organelles can be achieved by expressing fluorescently tagged organelles markers, using fixable stains such as mitotracker or labelling the primary antibodies used for the PLA. A large array of ER- or mitochondria-targeted fluorescent proteins (GFP, mCherry, etc.) as well as some fixable mitochondria stains (mitotracker) are readily available and can be used to label organelles prior fixation and PLA (Figure 1B). However, it does require cells to be transfected, which is not always possible.
Alternatively, the primary antibodies chosen to produce PLA spots can simply be labeled with fluorescent secondary antibodies, which will allow visualization of the organelles in addition to PLA foci and thus facilitate colocalization studies (Figure 1C). However, the presence of the amplified circular DNA could locally prevent the recognition of the primary antibodies by the fluorescent secondary antibodies. Nonetheless, examining for the presence and absence of organelles in the vicinity of the signal location will ensure that the PLA spots correspond to true contact sites.
Obtaining a clear, distinct, and quantifiable PLA signal also requires using quality antibodies that bind only the organelles of interest without background staining. It is thus critical to validate the antibodies used for PLA by first co-marking them with proper mitochondrial or ER markers (antibodies of fluorescent proteins) and only use antibodies that show highly specific staining of the organelle of interest. The choice of good PLA antibodies for the detection of MERCS can also be extended to proteins present within the contact site but that do not necessarily form a tethering pair. This is because PLA defines the proximity of the proteins, not necessarily their physical interaction. This means that while most PLA studies use protein pairs that have been shown to physically interact (for example VDAC1-IP3R), other pairs including membrane proteins could also be selected based on different criteria (i.e. availability of good antibodies).
CONCLUSION
MERCs are signalling hubs consisting of structural components that play a critical role in a variety of pathways, ranging from the regulation of organelle homeostasis to a variety of cellular activities or signalling pathways, all of which ultimately affect cellular metabolism. In the last decade, the recognition of MERCS and more generally MCS as crucial controllers of cellular functions has led to the application of novel tools to study organelle interaction. These methods have significantly expedited recent developments in the field but come with their drawbacks. PLA in particular has the potential to simplify the quantification of MCS but requires careful validation of the antibodies used and the result. Ultimately, it is important to validate results using different approaches that investigate MERCS functions (like calcium transport) or performing complementary biochemical, fluorescent, and EM approaches.
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