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Abstract
[bookmark: _Hlk30755496]Autophagy plays a role in several human diseases, but each of the current methods to measure autophagy have significant drawbacks.  ATG5 and ATG16L1 are regulators necessary for autophagy therefore, drugs which inhibit the interaction of these proteins may be therapeutically useful. To evaluate the interaction of ATG5 and ATG16L1 in cells, their cDNAs were fused to the coding sequences of SmBIT and LgBIT, two components of Nanoluc luciferase. This generated a luminescent signal when SmBIT and LgBIT interacted to form a functional luciferase as a result of their co-localization which was brought about by the binding of ATG5 and ATG16L1. The assay measures the interaction in real time and can be used in microplate format to allow for multiple experimental conditions to be assessed. The interaction of ATG5 and ATG16L1 is not significantly altered by inhibition of lysosomal function, or inhibitors of Ulk1, vps34 or mTORC1. Although there was constitutive interaction of ATG5 and ATG16L1 and luminescence was stimulated within 3 minutes, by up to 500%, when the cells are deprived of nutrients. When the nutrients are returned, the complex returns to its basal status equally rapidly. Sphingosine-1-Phosphate and CYM-5541 partially repressed the effects of nutrient starvation. Furthermore, we identified a small molecule inhibitor that interferes with the interaction of ATG5 and ATG16L1 in cells. This assay provides a novel tool for researchers to measure autophagy and can be potentially applied to many cell types.



Introduction
Autophagy is a metabolic process for recycling damaged cellular components in which autophagosomes capture substrates and direct them to lysosomes for degradation [1]. The nucleation and elongation of autophagosomes is orchestrated by a series of proteins called autophagy related proteins (ATG). Two sets of ATG proteins function in a manner analogous to ubiquitin ligases. In the first set of enzymes, ATG12 is covalently attached via its C-terminal Gly140 residue to Lys130 of ATG5 [2]. ATG5 binds to ATG16L1 which recruits the complex to the isolation membrane during induction of autophagy through WIPI2, a phosphatidylinositol 3-phosphate binding protein [3]. This allows the ATG12-ATG5-ATG16L1 complex to act as an E3 enzyme in the second set of proteins by catalysing the attachment of phosphatidylethanolamine to ATG8. The lipidated LC3 plays roles in autophagosome formation and maturation as well as the recruitment of substrates to autophagosomes.

Genetically-engineered mouse models of cancer have shown that inhibition of autophagy by deletion of the genes encoding several autophagy proteins, including ATG5, impairs the development of tumours [4]. For example, KRAS or BRAF-driven lung or pancreatic tumours are non-invasive in autophagy-deficient cells. Furthermore, some [5, 6] (but not all [7, 8]) clinical trials have suggested that chloroquine, which inhibits lysosomal function, may have some useful therapeutic activity against glioblastoma and pancreatic cancer.  This prompted us to focus on the discovery of novel drugs that inhibit autophagy as potential cancer therapeutics. Several studies have shown by RNAi or gene knockout that both ATG5 and ATG16L1 are necessary for autophagy. Making use of the crystal structure of ATG16L1 bound to ATG5 [9], we conducted a molecular modelling study to identify candidate inhibitors of the ATG5-ATG16L1 interaction and identified several compounds [10]. We subsequently showed that in cells in which autophagy is stimulated, several of these compounds inhibited the accumulation of LC3-II, maintain levels of p62 and prevent the accumulation of autophagic vesicles, consistent with the compounds inhibiting autophagy by blocking the interaction of ATG5 and ATG16L1.  However, we lacked an appropriate assay to confirm that these compounds indeed blocked the interaction of ATG5 and ATG16L1 in cells. 

We have made use of NanoLuc Binary Technology (NanoBIT) [11] to develop a novel assay to assess the ATG5-ATG16L1 interaction. The assay depends on an engineered luciferase called Nanoluc [12] which has been separated into two components, termed LgBIT (18 kD) and SmBIT (an 11 amino acid peptide) [11]. LgBIT and SmBIT bind each other reversibly and with relatively low affinity (190 µM) so they do not assemble to form a functional luciferase on their own. By separately ligating cDNAs encoding LgBIT and SmBIT to two cDNAs encoding two interacting proteins and expressing the constructs in a suitable host, LgBIT and SmBIT are brought together to form a catalytically-competent luciferase whose activity can be measured by addition of the substrate furimazine.

The ATG5-ATG16L1 NanoBIT assay can detect the apparently constitutive association of ATG5 and ATG16L1, as well as changes in the ATG5-ATG16L1 complex in response to nutrient deprivation in close to real time. The assay allows the interaction of ATG5 and ATG16L1 to be assessed directly rather than, for example, measuring their recruitment to isolation membranes. The assay is microplate based, allowing a significant number of experimental conditions to be assessed and it is amenable to medium to high-throughput studies, making it useful for evaluating novel autophagy regulators. It is also not confounded by effects of lysosomal inhibitors, offering an advantage over other autophagy assays in which a particular maker, such as LC3-II, can increase following either autophagy stimulation or lysosomal inhibition. Our studies with this assay indicate a role for sphingosine-1-phosphate (S1P) in the regulation of the ATG5-ATG16L1 complex.


Results
To evaluate the optimal orientation of the NanoBIT tags on ATG5 and ATG16L1, eight expression constructs were generated in which ATG5 and ATG16L1 were fused either N- or C-terminally to SmBiT or LgBiT. All eight possible combinations of LgBIT and SmBIT constructs were co-transfected into HEK-293 cells that were chosen for their high transfection efficiency. Measurement of the luminescent signal 24 hours after transfection, in cells maintained in complete medium, led to the emergence of a clear pattern. LgBIT or SmBIT attached to either the N- or C-termini of ATG5 was able to generate a signal with SmBIT or LgBIT, respectively, attached to the N-terminus of ATG16L1 (Fig 1A; individual experimental replicates are available on Figshare). However, when either SmBIT or LgBIT were attached to the C-terminus of ATG16L1 and co-transfected with plasmids encoding the corresponding NanoBIT reporters attached to either the N- or C-termini of ATG5, the luminescent signal observed was not significantly greater than that measured in the negative control (two proteins tagged with SmBIT and LgBIT that are not expected to interact). In all of the successful combinations, a robust signal was observed, approximately fifty times greater than that measured in cells transfected with two non-interacting proteins (ATG5 and Protein kinase A regulatory subunit) bearing SmBIT and LgBIT.  

We next confirmed that an enzymatically competent NanoBIT complex was not formed if the NanoBIT reporters were attached to proteins that were not expected to interact. Each LgBIT construct that led to a luminescent signal in the previous experiments (Fig 1A) was co-transfected  with SmBIT fused to protein kinase-A catalytic subunit. Alternatively, each SmBIT construct that led to a luminescent signal previously was co-transfected with a plasmid encoding LgBIT fused to protein kinase-A regulatory subunit. The protein kinase-A subunits are not expected to interact with either ATG5 or ATG16L1 and so should not lead to the formation of an active nanoluc complex. None of these combinations generated a substantial signal and the luminescence was significantly less than the combinations of LgBIT and SmBIT that were successful previously (Fig 1B). This suggests that the luminescence observed previously was not due to non-specific interaction of the LgBiT and SmBiT tags.

We selected the ATG5 and ATG16L1 constructs with SmBIT attached to the C-terminus of ATG5 and LgBIT attached to the N-terminus of ATG16L1 for further assay development as this combination generated the greatest signal-to-noise ratio in our initial experiments. However, other combinations may have worked equally well. To demonstrate that the signal generated by the interaction between these NanoBIT constructs was the result of a protein-protein interaction between ATG5 and ATG16L1 causing the NanoBIT reporters to interact, rather than simple proximity of the NanoBIT reporters, we generated constructs in which ATG12 was N-terminally tagged with either LgBIT or SmBIT.  During the formation of the ATG5-ATG12 complex, ATG12 becomes covalently linked to ATG5 via its C terminus, precluding adding NanoBIT reporters to the C-terminus of ATG12. Inspection of the crystal structure of the complex  [2, 13] showed that ATG12 is separated from ATG16L1 by ATG5. Furthermore the N- and C-termini of ATG5 are separated from ATG12 by the bulk of the ATG5 protein. Consequently we anticipated that attaching either of the NanoBIT reporters to the N-terminus of ATG12 and co-transfecting cells with a plasmid encoding this and the complementary NanoBIT reporter attached to ATG5 or ATG16L1 would bring LgBIT and SmBIT into proximity, but in an orientation in which it would not be possible for them to interact. The 50 amino acids at the N-terminus of human ATG12 are not conserved between ATG12 proteins from different species and the corresponding region in S. Cerevisiae ATG12 is not necessary for its role in autophagy [14] suggesting that the addition of the tag would not interfere with recruitment of ATG12 into the complex. When cells were co-transfected with all possible combinations of ATG12 N-terminally tagged with LgBIT or SmBIT reporters and with ATG5 or ATG16L1 tagged at the N- or C-termini with SmBIT or LgBIT respectively, the signal generated was not significantly greater than the negative control. However, plasmids encoding SmBIT attached to the C-terminus of ATG5 and LgBIT attached to the N-terminus of ATG16L1 again produced a robust signal (Fig 2A). Thus, bringing the NanoBIT reporters into proximity is of itself inadequate to generate an active complex and specific orientations of the tags are required. This further suggests that the luminescent signal specifically measures the interaction of ATG5 and ATG16L1. 

To confirm this further, we engineered plasmids encoding variants of ATG16L1 in which residues Ile36 and Arg24 were mutated to Ala. These residues are thought to be involved directly in the interaction between ATG5 and ATG16L1 [13]. We constructed plasmids encoding ATG16L1-LgBIT in which both residues were individually mutated to alanine as well a variant in which both residues were altered to alanine.  When these residues were co-transfected with ATG5-SmBIT, the luminescent signal generated by either of the single mutants was significantly less than that generated by wild-type ATG16L1 and the signal was reduced even further when both Ile36 and Arg24 were both mutated in the same construct (Fig. 2B).  Some residual interaction was observed, even when both residues were mutated, suggesting that other parts of ATG16L1 contribute to the interaction.

To confirm that the addition of the NanoBIT tags to ATG5 and ATG16L1 did not interfere with the assembly of the ATG5-ATG12-ATG16L1 complex, we immunoprecipitated ATG12 from cells transfected with ATG16L1-LgBIT and ATG5-SmBIT. Normally ATG5 is covalently attached to ATG12 and as expected we detected ATG5 in the immunoprecipitates (Fig 2C). ATG16L1, which binds ATG5, was also found in the immunoprecipitates. LgBIT, which was engineered to be attached to ATG16L1, was also found in the immunoprecipitates, but not in immunoprecipitates from untransfected cells. This confirms that the addition of LgBIT did not interfere with ATG16L1 binding to ATG5. No antibody was available to test the presence of SmBIT in the complex.

We next tested the robustness of the assay. DMSO (0.5 %), a solvent used to dissolve many drugs, had a modest effect on the interaction and reduced luminescence to 84 ± 14% (n=6) of the value measured in the absence of DMSO. In subsequent experiment with inhibitors, the DMSO concentration was limited to 0.1%. We wished to use the assay as a screen to identify autophagy modulators and Z’, a statistic used to evaluate the magnitude of the signal and its variability, was found to be 0.8 ± 0.1, a value which is considered to be suitable for high-throughput screening [15]. We next determined the duration of the luminescent signal following addition of the Nano-Glo substrate. The signal remained stable for more than 20 minutes after substrate addition, providing ample time for measurement in a plate reader (Fig 3A). 

Having established that the assay measured the specific interaction of ATG5 and ATG16L1, we next evaluated whether stimulation of autophagy altered the interaction. We used two different experimental designs. First, we transfected cells with the ATG5-ATG16L1 NanoBIT constructs and then added Nano-Glo substrate. In our preliminary experiments (data not shown), growth media was replaced with EBSS and an approximately 250% increase in normalized  luminescence was observed within 3 minutes, the earliest time point we could feasibly measure using a plate reader. Furthermore, restoration of complete growth media returned the signal within 3 minutes of its addition to the level prior to stimulation. In this experimental design, each time media was exchanged, it was necessary to include fresh Nano-Glo substrate which could potentially bias the results. Subsequently we used a different experimental design in which the cells were pre-exposed to EBSS and/or growth medium for the different periods, and then substrate added once to all the samples at the same time. Using this paradigm, we again observed a significant  increase (approximately 500%) in luminescence within 3 minutes of stimulation with EBSS and this returned to basal levels within 3 minutes of addition of growth medium (Fig 3B). In contrast, in cells transfected with LgBIT and SmBIT attached to FBP and FKBP, two other proteins which can interact, replacement of growth medium with EBSS led to decrease in the luminscence signal (Fig 3C). To further confirm that nutrient deprivation affected the interaction of the ATG5 and ATG16L1 NanoBIT reporters, we tested the other constructs encoding LgBIT and SmBIT attached to ATG5 or ATG16L1 which we had previously shown  (Fig 1A) allow an interaction between the NanoBIT reporters. In each case, replacement of growth medium with EBSS led to an approximately 3-fold increase in the luminescence measured (Fig 3D). To confirm that the assay worked in another cell type,  we transfected COV-318 ovarian cancer cells with pFN ATG16L1-LgBIT and pFC ATG5-SmBIT and found a luminescence signal that was also significantly greater than that measured using non-interacting proteins tagged with NanoBIT reporters (Fig 3E). 

We next tested whether an EBSS-induced increase in the binding of ATG5 to ATG16L1 could be measured using an alternative method. ATG5-ATG12 were collected by immunoprecipitation, and the amount of co-immunoprecipitating ATG16L1 measured by immunoblotting. Unexpectedly, the amount of ATG16L1 in ATG12 immunoprecipitates was not altered when cells were placed in EBSS, nor when the cells were returned to complete medium (Fig. 3F). We did note, however, a modest increase in the amount of ATG16L1 in lysates from cells exposed to EBSS which was reversed when cells were returned to complete medium.

Several autophagy assays are confounded by the fact that markers on the autophagy pathway, for example LC3-II, can accumulate as a result of either stimulating the autophagy pathway upstream, or inhibiting autophagy downstream, of the markers [16]. We therefore tested whether the lysosomal inhibitors chloroquine and bafilomycin had any effect on the interaction of ATG5 and ATG16L1. In HEK-293 cells transfected with the NanoBIT reporters, neither bafilomycin nor chloroquine affected the luminescence measured in either cells under basal conditions or in cells stimulated with EBSS (Fig. 4A).  We next made use of inhibitors of vps34, ulk1/2 and mTORC1 to evaluate whether regulators of the autophagy pathway control the basal and EBSS-stimulated function of the ATG5-ATG16L1 complex. None of the inhibitors tested had a pronounced effect on the ATG5-ATG16L1 complex measured using the NanoBIT reporters either under basal conditions or after stimulation of autophagy with EBSS (Fig. 4B). Although the vps34 inhibitor VPS34IN1 and the Ulk1 inhibitor SBI0206965 had a statistically significant effect on the basal assembly of the complex, the magnitude of the effect was relatively small (81% and 73% of control, respectively) and other vps34 (SAR405) and Ulk 1 (MRT68921) inhibitors had no significant effect. Notably, both mTORC inhibitors (rapamycin and vistusertib), which might have been expected to stimulate assembly of the complex, failed to have a significant effect. Furthermore, the AMPK activators AICAR and A769662, and the endoplasmic reticulum stress inducer tunicamycin, all had no effect on the luminescence measured under basal or autophagy-stimulated conditions.

These observations led us to hypothesize that the effect of EBSS on the ATG5-ATG16L1 complex measured with the NanoBIT reporters was not mediated by the canonical autophagy pathway. Considering that complete medium was able to reverse the effects of EBSS on the ATG5-ATG16L1 complex, we tested whether FCS has a similar effect. Supplementation of EBSS with 4% FCS prevented the EBSS-induced increase in luminescence measured with the ATG5-ATG16L1 NanoBIT reporters, and this effect was also observed if boiled FCS was used (Fig 4 C). This led us to hypothesize that a heat-stable factor in FCS suppressed the effect of starvation on the complex. Sphingosine 1-phosphate (S1P) is a heat-stable growth factor present in microMolar concentrations in serum [17] that has been reported to inhibit the assembly of autophagosomes. We found that supplementation of EBSS with S1P was able to partially block the EBSS-induced increased in luminescence measured in cells transfected with the ATG5-ATG16L1 NanoBIT reporters (Fig 4D). Furthermore the S1P agonist CYM5541 (selective S1P3 receptor agonist  [18]), but not CYM5442 (selective S1P1 receptor agonist), was also able to partially suppress the effect of EBSS on the ATG5-ATG16L1 NanoBIT reporters (Fig 4E). Amino acids are also known to regulate autophagy, but their addition to EBSS did not suppress the effect of EBSS on the reporters.

KCR14 (Fig 5A) is a compound that we have identified through molecular modelling studies as a potential ATG5-ATG16L1 interaction inhibitor [10]. We have previously reported that KCR14 inhibits autophagy in cells because it reduces levels of LC3, increases p62 and decreasing monodansylcadaverine staining of lysosomes [10]. KCR14 caused a concentration-dependant decrease in luminescence measured in HEK-293 cells transfected with the NanoBIT reporters and in which autophagy was stimulated with EBSS (Fig 5B). In this assay, we used a maximum concentration of 50 μM KCR14 to avoid toxicity that was observed at higher concentrations. When used at 50 μM, KCR14 was able to partially reduce the luminescence measured from the NanoBIT reporters (Fig 5A), but at this concentration KCR14 did not affect viability assessed using two separate methods (intracellular ATP (Fig 5B) and trypan blue staining (Fig 5C). KCR14 did not increase caspase-3/7 activity, suggesting that it did not stimulate apoptosis, although a known inducer of apoptosis, carboplatin, caused a robust activation of caspase-3/7 (Fig. 5D). Furthermore, KCR14 did not block the interaction of the regulatory and catalytic subunits of protein kinase A measured using the same NanoBIT reporters (Fig 5E). The relatively low expression of the NanoBIT-tagged ATG proteins, which is a deliberate design feature of the NanoBIT system to minimize unwanted interactions  [11], prevented us from measuring whether KCR14 reduced the levels of the tagged ATG proteins by immunoblotting. However, we confirmed that KCR14 did not reduce the levels of endogenous (untagged) ATG5 or ATG16L1 measured by immunoblotting of cell lysates (Fig 5F). We also measured whether KCR14 reduced the amount of ATG16L1 co-immunoprecipitating with ATG5-ATG12. In these studies we used an antibody directed to ATG12 to immunoprecipitate ATG5-ATG12 because we were unable to co-immunoprecipitate ATG16L1 with antibodies directed to ATG5, possibly because the epitopes are buried within the complex. Reminiscent of the effects of EBSS, KCR14 did not alter the amount of ATG16L1 co-immunoprecipitating with the ATG5-ATG12 complex (Fig. 5F). However, as expected, KCR14 did cause the accumulation of LC3-I, while in contrast bafilomycin caused accumulation of LC3-II (Fig 5G). 

To further confirm that KCR14 blocks autophagy, the effect of KCR14 on the number of puncta observed  in MCF-7 cells expressing LC3 fused to EGFP and treated with choloroquine was determined (Fig 6). The number of puncta in cells treated with KCR14 and chloroquine was 9 ± 3% (mean ± S.D., n=3, P < 0.0005) of that measured in cells treated with chloroquine alone. We were unable to measure a sufficient number of puncta in the absence of chloroquine.



Discussion
We have developed a novel assay to measure autophagy using NanoBIT reporters to measure the ATG5-ATG16L1 complex. Although several methods to measure autophagy have been described, each has both advantages and significant issues [16]. Few methods allow measurement of autophagy in real time and reasonable throughput. Several assays can fail to discriminate between stimulation of autophagy at one end of the pathway and inhibition of autophagy at the other end of the pathway if used inappropriately [16]. The assay which we describe may help to overcome some of these limitations.

The assay depends upon the expression of ATG5 and ATG16L1 proteins tagged with NanoBIT reporters. Despite the robust signal observed, we were unable to quantitate the expression of the tagged proteins by immunoblotting. This reflects a deliberate design feature of the NanoBIT system – high level expression is deliberately avoided by using a relatively weak promoter. This reduces the likelihood of the NanoBIT tags associating with one another independently of the attached protein [11]. Furthermore, the corresponding low level expression of the tagged ATG proteins avoids effects on the autophagy pathway caused by high level over-expression of the autophagy regulators. However, we were able to perform co-immunoprecipitation studies which demonstrated the presence of LgBIT in ATG12 immunoprecipitates in cells transfected with cDNA encoding ATG16L1 attached to LgBIT. Considering that ATG12 is post-translationally coupled to ATG5, these data suggest that the addition of LgBIT to ATG16L1 does not interfere with the incorporation of ATG16L1 into the ATG5-ATG12 complex. We were unable to perform similar experiments with SmBIT due to the unavailability of an appropriate antibody. In these studies, we used HEK-293 cells to develop the method because they are well known for their relative ease of transfection. However, we also showed the method works in another cell type, COV-318 ovarian cancer cells. We anticipate that the method will be useful in any cell line that can be transfected with a reasonable efficiency.

Several lines of evidence suggest that the assay specifically measures the physiologically relevant ATG5-ATG16L1 complex. Firstly, we tested eight different combinations of ATG5 and ATG16L1 tagged with LgBIT and SmBIT at their N- or C-termini. Some of these combinations led to the assembly of a functional luciferase while others did not. This suggests that the signal was not caused by the association of LgBIT and SmBIT independently of the ATG proteins. Furthermore, the combinations of tagged ATG5 and ATG16L1 proteins that were successful were consistent with the crystal structure of the ATG5-ATG16L1 complex. The structure [2, 13] shows the N-terminus of ATG16L1 bound to ATG5 and although the majority of ATG16L1 is not included in the crystal structure, the C-terminus of ATG16L1 is some 500 amino acids distal to the site in ATG16L1 that binds ATG5. It is not surprising, therefore, that attachment of NanoBIT tags to the C-terminus of ATG16L1 was not successful in generating a functional luciferase. Secondly, the ATG5 or ATG16L1 LgBIT or SmBIT constructs which were able to contribute to the formation of an active nanoluc were not able to do so when co-transfected with the corresponding SmBIT or LgBIT fused to a protein (either protein kinase A catalytic or regulatory subunits) that was not expected to bind to ATG5 or ATG16L1. Thirdly, when either LgBIT or SmBIT were attached to the N-terminus of ATG12, they were unable to make a productive interaction with the corresponding reporter fused to the N- or C-termini of ATG5 or ATG16L1. This phenomenon was observed with all eight possible combinations of tagged ATG12 combined with tagged ATG5 or ATG16L1. Thus, simply bringing LgBIT and SmBIT into proximity of one another is insufficient to form an active nanoluc complex. Fourthly, when mutations were engineered into ATG16L1 at sites that have previously been shown [13] to interfere with the interaction with ATG5, this also substantially reduced the luminescence measured and this was particularly pronounced when both Ile36 and Arg24 were mutated. Fifthly, stimulation of cells with EBSS, which is known to induce autophagy, increased luminescence and the restoration of complete growth media restored the luminescence to the initial level.  We also showed that EBSS was able to stimulate assembly of an active nanobit complex in cells transfected with any of the four combinations of ATG5/ATG16L1 constructs that were able to interact in complete medium. Sixthly, we were able to inhibit the EBSS-induced luminescence with FCS, S1P or a S1P receptor agonist. It is hard to imagine that an artificial aggregate of the reporters would be regulated in this fashion. Furthermore, the luminescence signal was also reduced by a candidate ATG5-ATG16L1 interaction inhibitor (KCR14) already shown to inhibit autophagy.  Finally, the NanoBIT tags bind one-another with low affinity (200 μM) and considering the low level of the expression of the tagged proteins, this is unlikely to be sufficient to drive the interaction and in any case this would not be expected to be reduced by mutations in ATG16L1. Taken together, these data very strongly suggest that the assay specifically measures the interaction of ATG5 and ATG16L1 and not an artificial aggregate. However, to confirm this further, subsequent studies could use gene-editing to establish a cell line in which the endogenous ATG5 and ATG16L1 are tagged with NanoBIT reporters.

A significant interaction between ATG5 and ATG16L1 was measured in cells in which autophagy was not directly triggered by exogenous stimuli, with the signal being approximately 50-fold above background. This may reflect constitutive association of ATG5 and ATG16L1 consistent with previous studies [19, 20]. Alternatively, it may represent a basal level of autophagy in HEK-293 cells in culture leading to the assembly of ATG5 and ATG16L1. Indeed, the extent of basal autophagy is thought to vary between different cell types. The ATG5-ATG16L1 association appeared to be significantly augmented (300-500%) by stimulation of autophagy with EBSS. In contrast to this, in co-immunoprecipitation studies we found no change in the amount of ATG16L1 in ATG5-ATG12 immunoprecipitates when cells were exposed to EBSS.  There are several possible explanations for this apparent discrepancy. One possible explanation is that EBSS induces conformational changes in the ATG5-ATG12-ATG16L1 complex. Once the ATG5-ATG12-ATG16L1 complex has catalysed the lipidation of ATG8, ATG16L1 promotes ATG8–PE/ATG12–ATG5 oligomers to assemble into higher order complexes which form a mesh on autophagosomes [21]. It is possible that EBSS induces conformational changes in the ATG5-ATG16L1 complex which facilitate the interaction of the NanoBIT reporters by bringing them into closer proximity.. It is also possible that EBSS induces increased interaction of ATG5 and ATG16L1 that in cells depends on their localization to autophagosomes, but that once cells are lysed for immunoprecipitation studies, the increased interaction is no longer observed because the autophagosomes are also lysed.  

These observations also point to the potential power of NanoBIT technology. It would be impossible to measure these type of changes by conventional methods which employ cell lysates alone. NanoBIT allowed us to detect changes in live cells which may be lost upon cell lysis. However, these data also caution that it is important to validate NanoBIT data with additional approaches. Our initial interpretation of the data was that EBSS simply increased the amount of ATG5 bound to ATG16L1; this opinion was revised after performing the co-immunoprecipitation studies.


The increase in fluorescence in cells transfected with the NanoBIT reporters was rapid and occurred within 3 minutes of replacement of media with EBSS.  Similarly, the signal returned to basal levels within 3 minutes of restoring growth medium. We confirmed this with two separate experimental designs to eliminate concerns arising from replacement of the Nano-Glo substrate during the media changes that occurred in the course of the experiments in our first approach. It is possible that the NanoBIT complex assembled even more rapidly than 3 minutes, but this was the earliest time point we could technically measure. It is notable that many investigators use hours of exposure to EBSS to stimulate autophagy. However, other investigators have previously observed rapid induction of autophagy by EBSS or related media. For example, within 5 minutes of exposure to Hanks or EBSS media, Ulk1 is dephosphorylated [23], ATG5 is recruited to isolation membranes [24], phosphatidyl inositol 3-phosphate is recruited to LC3 positive puncta [25] and autophagosomes fuse with lysosomes [26]. Thus, the rapid changes in the ATG5-ATG16L1 complex we measured has precedent in equally rapid stimulation of other points on the pathway. 

Considering that EBSS-induced changes in the ATG5-ATG16L1 complex, we hypothesized that there was likely to be a pathway regulating the complex. Remarkably the basal and EBSS-stimulated ATG5-ATG16L1 complex was not affected substantially by several inhibitors of key regulators of the autophagy pathway, including mTORC, ulk1 and vps34 inhibitors.  This suggests that the pathway from stimulating autophagy with EBSS to the alterations in the ATG5-ATG16L1 complex is regulated, but does not depend upon these proteins. We had initially expected that the same pathway that regulates the core autophagy process would regulate the ATG5-ATG16L1 complex but in retrospect, there is no reason why this necessarily should be the case. Considering that EBSS apparently promoted the interaction of the NanoBIT reporters attached to ATG5 and ATG16L1, we hypothesized that something in complete medium suppressed this interaction. We found that FCS completely blocked the EBSS-induced increase in luminescence and that this affect was also observed using boiled FCS. Sphingosine-1-phosphate is a heat-stable growth factor found present in plasma  [17] and has previously been shown to block autophagosome formation and autophagy in cardiomyocytes  [27]. We subsequently found that S1P partially suppressed the EBSS-induced increase in luminescence in a dose-dependent fashion. There are several receptors for sphingosine-1-phosphate and HEK-293 cells have been reported to express S1P1 and S1P3 receptors  [28]. The S1P3 selective agonist CYM5541, but not the S1P1 selective agonist CYM5442, was also able partially suppress the EBSS effects on the ATG5-ATG16L1 complex. These data suggest that S1P regulates the ATG5-ATG16L1 complex.  However, considering that FCS, S1P and CYM5541 all reduce the effect of EBSS on the ATG5-ATG16L1 complex, these data point to the existence of a biological pathway regulating the ATG5-ATG16L1 complex that has not previously been reported. However, several issues remain to be addressed. For example, further evidence is desirable to unequivocally assign the S1P receptors involved as well as to explore the intracellular signalling pathways that contribute to this process. And considering that S1P and CYM5541 only partially blocked the effect of EBSS on the ATG5-ATG16L1 complex, what other factors are present in FCS which might also regulate the complex?

The assay is likely to be useful to complement other assays for measuring autophagy and offers several advantages over some other methods. The assay is technically straightforward to perform and is quantitative. It can be performed in 96 well plates, which allows more experimental conditions to be easily evaluated compared to methods based on microscopy or immunoblotting.  It also allows close to real-time measurements and the interaction is reversible. In its current format, the assay depends on transient transfection, and so it can be used in any cell type that can be transfected with adequate efficiency. To demonstrate that the method can be applied in other cells, we also successfully measured ATG5-ATG16L1 interactions in COV318 ovarian cancer cells. It will be useful to develop other delivery methods or stable cell lines based on this technology.  One of the key issues with many autophagy assays is that the accumulation of an autophagy marker, such as LC3-II, may represent stimulation of autophagy or inhibition of downstream processing of LC3-II [16]. In this regard, it is important that bafilomycin and chloroquine did not increase levels of the ATG5-ATG16L1 complex on their own, nor did they interfere with the EBSS-stimulated alterations in the complex. This argues that measuring the association of NanoBIT reporters attached to the Agt5 and ATG16L1 complex can be used to assess stimulation of autophagy by a particular reagent distinct from any effects of the reagent on lysosomal function. The assay is also sufficiently robust for screening purposes, including for the discovery of ATG5-ATG16L1 interaction inhibitors. If the assay is used to test reagents dissolved in DMSO we recommend the careful use of appropriate controls because we found a small effect of the solvent on the ATG5-ATG16L1 interaction; indeed, low concentrations of DMSO have previously been shown to have effects on the autophagy pathway [29]. It should also be borne in mind that the assay does not measure flux through the entire autophagic pathway because it provides no information on events downstream of ATG5-ATG16L1 complex assembly.  In addition, the failure or mTORC, ulk1/2and vps34 inhibitors and AMPK activators to affect the complex suggests that the assay provides a measure of autophagy stimulated by complete nutrient deprivation, but it was found to be relatively insensitive to inhibition of the core mTORC-Ulk1-vps34 pathway. Thus, this assay may provide a method to measure the ATG5-ATG16L1 complex and its regulation by an independent pathway which at least in part is likely to involve signalling by S1P. 

Previously, we have presented evidence that KCR14 inhibits autophagy because the compound inhibits the accumulation of LC3, turnover of p62 and the formation of autophagosomes in cells stimulated with PBS [10]. Here we confirmed that KCR14 inhibits the apparent interaction of ATG5-ATG16L1 in cells stimulated with EBSS. The formation of LC3-II and LC3 puncta is also reduced by KCR14.  This compound may be a useful tool for other researchers. However, we were unable to observe complete inhibition of the luminescence from the NanoBIT-tagged ATG5-ATG16L1 complex because at concentrations above 50 µM the drug was toxic. Nonetheless, we were able to observe inhibition of the ATG5-ATG16L1 complex at concentrations where no toxicity was measureable using several methods (intracellular ATP measurement, trypan blue staining, caspase-3/7 activity). However, in co-immunoprecipitation studies, KCR14 failed to block the binding of ATG5-ATG12 with ATG16L1, despite its effect on the complex demonstrated in the interaction assay, the accumulation of LC3-I measured by immunoblotting and reduced GFP-LC3 puncta. This is reminiscent of the effects of EBSS on the ATG5-ATG16L1 complex noted above, where an increased interaction was apparently observed using NanoBIT but not in co-immunoprecipitation studies. We suggest that this again reflects that ATG5 and ATG16L1 exist in a large macromolecular complex  [20, 21] and that KCR14 blocks the direct interaction of ATG5 and ATG16L1 so the NanoBIT reporters are no longer held in sufficient proximity to interact, but the proteins still remain trapped in the macromolecular complex through other interactions.

There are a number of limitations to our data. Use of the NanoBIT system to measure the interaction of ATG5 and ATG16L1 could be improved by the inclusion of an internal control to measure transfection efficiency. In addition, we were unable to measure the tagged ATG constructs by immunoblotting. Although we tested all 8 possible combinations of NanoBit tagged ATG12 with tagged ATG5 or ATG16L1, the low level of expression meant that we were not able to formally prove that the tagged ATG12 is incorporated into the ATG5-ATG16L1 complex.  Furthermore, it remains a formal possibility that all three point mutations in ATG16L1 reduced the level of expression of the tagged ATG16L1 and indirectly reduced the luminescence measured. In addition, although the NanoBIT system uses a weak promoter to prevent nanoluc interactions occurring independently of the tagged proteins, it would be desirable to use gene editing to introduce the NanoBIT reporters into the genomic ATG alleles to fully rule out any effects of over-expression. We also note the formal possibility that, because ATG16L1 dimerizes, the NanoBIT- tagged ATG5-ATG16 complex is not functional but associates with untagged ATG16L1, although this would be somewhat surprising considering the regulation of the tagged complex by EBSS, S1P and KCR14 (which also inhibits autophagy) that we have observed. Lastly, KCR14 is not a particularly potent inhibitor of the ATG5-ATG16L1 interaction. Although we showed it was not toxic when tested at 50 μM, we cannot rule out it having an alternative mechanism by which it reduces the luminescence measured in the NanoBIT interaction assay and that we have so far been unable to identify.

In conclusion, we have presented a novel assay to measure the interaction of ATG5 and ATG16L1 which may be useful for other autophagy researchers. It offers several advantages over some existing method and it could be used to complement other autophagy assays. NanoBIT technology could also potentially be applied to other interacting proteins on the pathway to generate a suite of assays measuring several steps on the autophagy pathway.  The ATG5-ATG16L1 complex is rapidly altered following nutrient removal but further research is required to define the pathways regulating this process.


Materials and Methods

Materials
Hek-293 cells (85120602) were purchased from Public Health England and cultured in Dulbecco’s Modified Eagles Medium (DMEM) supplemented with 10 % foetal calf serum (FBS, Lonza), pencillin-streptomycin (50 U/ml) and 2 mM glutamine. COV-318 were purchased from Public Health England and grown in RPMI containing 10% FBS and penicillin/streptomycin (100 U/ml). MCF-7 were purchased from the American Type Culture Collection and grown in α-MEM containing 5% foetal bovine serum (FBS) insulin/transferrin/selenium supplement and penicillin/streptomycin (100 U/ml). Chloroquine, bafilomycin and dimethyl sulphoxide (DMSO) were purchased from Sigma. Opti-MEM and Earle’s Balanced Salt Solution (EBSS, containing calcium and magnesium), Hepes buffered DMEM, Lipofectamine 2000 were purchased from Thermofisher Scientific. KCR14 (2,4-dichloro-N-(4-phenylbutyl)benzamide, catalogue # 5330932) was initially purchased from Chembridge, San Diego, USA) then subsequently synthesized by us (supplementary methods). JChem (version17) was used to manage the compound library used to identify KCR14 (ChemAxon, https://www.chemaxon.com). NanoBIT reagents and Cell-titre Glo were purchased from Promega. CYM-5541 and CYM-5442 were obtained from Tocris and prepared as 20 mM solutions in DMSO. The antibody recognising LgBIT was a kind gift from Promega. cDNAs encoding ATG5 (catalogue number FHC22710), ATG12 (FHC22258) and ATG16L1 (FHC10859) were obtained from Promega.

Generation of Vectors
cDNAs encoding the two subunits, Large BiT (LgBiT) and Small BiT (SmBiT) of nanoluc were fused to cDNAs encoding ATG5, ATG16L1 or ATG12. cDNA encoding  human ATG5, ATG16L1 and ATG12 (Kazusa Genome Technology) were subcloned from pFN21A  into the NanoBIT vectors pFC34K LgBiT TK-neo Flexi Vector (C terminal-LgBiT), pFC36K SmBiT TK-neo Flexi Vector (C terminal-SmBiT), pFN33K LgBiT TK-neo Flexi Vector (N terminal-LgBiT) and pFN35K LgBiT TK-neo Flexi® Vector (N terminal-SmBiT)  using the Flexi Vector System (C8820, Promega). The resulting plasmids were designated pFN or pFC for ATG5 or ATG16L1 constructs with N or C terminal LgBIT or SmBIT reporters respectively (eg pFN ATG16L1-LgBIT represents LgBIT attached to the N-terminus of ATG16L1). Plasmids were purified using QIAprep miniprep kit (Qiagen), subcloning was confirmed by two separate restriction enzyme digestion reactions with PstI and PvuII. Working stocks of plasmids were purified use in using Plasmid Midi kit (Qiagen). For some experiments, single and double mutations to encode Ala were introduced at the codons encoding Arg24 and Ile36 in ATG16L1 in the vector pFN33K ATG16L1-LgBiT using Quik Change Mutagenesis (Aglient Technology). The mutations were confirmed by sequencing.

NanoBIT assay
For transfection, 100 µL of 3 × 105 HEK-293 cells/ml in growth medium were seeded in white 96-well plates (Costar 3917) and incubated for 24 hours at 37°C and 5 % CO2. Cells were switched to antibiotic-free media (100 µL) the following day and transfected with 10 µL per well of a transfection mix prepared in Optimem containing 4% Lipofectamine and 5ng/µL of each SmBIT and LgBIT plasmids. Constructs (Promega) of protein kinase A catalytic subunit attached to SmBIT (PRKACA-SmBiT) and protein kinase A regulatory subunit attached to LgBIT (PRKAR2A-LgBiT) were used as positive controls for each plate. Co-transfection with pFC ATG5 SmBiT and PRKAR2A-LgBiT constructs was used as a negative control. Where indicated, FRB-LgBIT and FKBP-SmBIT (Promega) were also used as negative controls; in these experiments the basal signal in the absence of rapamycin was measured to avoid potentially confounding effects of rapamycin binding serum proteins.  For each experimental condition, three or four replicates were included per experiment. Cells were incubated for 24 hours at 37°C. Cells were either treated with other reagents (described below) or used directly in the NanoBIT assay.  Luminescence was measured 10 minutes after addition of 25 µL Nano-Glo Live cell reagent (Promega, N2012) prepared according to the manufacturer’s protocol. Plates were read on a plate reader at 37°C. No luminescence signal above background was measured in cells that were not transfected. In experiments where cells were treated with inhibitors of the autophagy pathway, the drugs were added 1 hour prior to the Nano-Glo reagent. In experiments in which cells were exposed to EBSS, growth medium was removed and EBSS added 10 minutes prior to adding Nano-Glo reagent. Luminescence was measured after a subsequent 10 minutes. In experiments involving drug and EBSS treatment, cells were pre-exposed to the drugs and the drugs were also included in EBSS. In experiments where the effects of S1P agonists were assessed, growth medium was replaced with S1P (prepared from a 1 mM solution in 4 mg/ml fatty acid free BSA) or 10 µM CYM5541 or CYM5442 in EBSS 10 minute before measuring luminescence. To measure the effects of FCS on the complex, growth medium was replaced with EBSS containing 4% FCS or FCS previously heated to 95°C for 5 min. To measure the effects of amino acids, medium was replaced with EBSS containing 1X non-essential amino acids (Sigma) supplemented with 0.6 mM of each of leucine, isoleucine and valine. In each case, luminescence was measured 10 minutes after adding Nanoglo reagent.

Kinetics of ATG5-ATG16L1 assembly.
Two different experimental designs were used.  In the first design, cells were seeded in DMEM supplemented with Hepes to maintain physiological pH throughout plate reading. 24 hours after transfection (as described above) Nano-Glo Live cell reagent was added to each well and luminescence measured at 37°C for 9 minutes (0-9 minute time-points). Media was aspirated and replaced with either 100 µl EBSS (autophagy stimulation) or media (control) supplemented with Nano-Glo Live cell reagent and luminescence monitored for a further 9 minutes (12-18 minute time-points). Following this EBSS or media was removed and replaced with DMEM  further supplemented with Nano-Glo reagent and luminescence signal read for a further 3 minutes (24-27 minute time-points). In the second experimental design the replacement of media with EBSS or growth medium was staggered to allow exposure to EBSS for 3, 6 or 9 minutes, or to EBSS for 9 minutes followed by 3, 6 or 9 minutes in growth medium. Controls were performed in which the cells remained in growth medium throughout, or the growth medium was removed and replaced with fresh growth medium. Then, Nano-Glo reagent was rapidly added once to each well at the same time and luminescence measured.

LC3-eGFP cells
MCF-7 cells were stably transfected with pReceiver-M29 (Genecopeia) encoding LC3 (NM_022818) fused to eGFP as described previously [30]. MCF-7 cells (3 × 104 cells per well) were seeded in 96-well plate and after 24 h exposed to chloroquine (64 μM) for 4 hours in the presence or absence of KCR14 (20 μM) to measure autophagy. Cells were fixed with 100% ethanol for 5 min, nuclei were stained with Hoechst for 15 min. Cells were imaged by fluorescent microscopy (FLoid Cell Imaging Station, 40× magnification) and punctate eGFP-LC3 was determined quantitatively using Molecular Devices ImageXpress Micro XLS high content screening system using the compartmental analysis algorithm to identify the nucleus and quantitate GFP spots above a fixed threshold. The eGFP-LC3 puncta were distinguished from the background using a spot kernel radius parameter of 1-5 and a threshold set at 10000-pixel intensity units above background. The Hoechst stained nucleus was distinguished from the background using a spot kernel radius parameter of 10-20 and a threshold set at 2000-pixel intensity units above background. At least 3500 cells per field,   4 fields per well and 2 duplicate wells per experimental point were counted. 

Cell toxicity assays
To measure the toxicity of KCR14, HEK-293 cells were exposed to the indicated concentration of KCR14 for 1 hour at 37 °C and intracellular ATP measured using Cell Titre Glo (Promega) according to the manufacturer’s instructions. Alternatively, floating and attached cells were collected by trypsinization, stained with 0.2% Trypan Blue and live and dead cells counted (at least 100 cells were counted per sample in each experiment) by microscopy.  Caspase 3/7 activity was measured with Caspase-Glo 3/7 (Promega) according to the manufacturer’s instructions, using carboplatin (500 μM, 24 h) as a positive control.

Co-immunoprecipitation studies and Immunoblotting
For co-immunoprecipitation studies to evaluate the effect of KCR14, an approximately 75% confluent T25 flask of HEK-293 cells were exposed to solvent or the indicated drug for 1 hour. Cells were lysed in 300 μL modified RIPA  [31] supplemented with the same concentration of KCR14, and the lysate cleared by centrifugation (15,000g, 10 min, 4°C). The lysate was incubated with 2 μL anti ATG12 antibody (Cell signalling technology, D88H11) for 2 hours, then with 25 μL protein A sepharose (50% slurry in RIPA) for 2 hours before washing with Tris-buffered saline. The samples were resolved by electrophoresis (4-12% gel) and analysed by immunoblotting using anti ATG5 (Cell signalling technology, D5F5U, 1/1000), ATG16L1 (Cell signalling technology D6D5, 1/1000) or GAPDH (Millipore, mAb374). Molecular weights were calculated from linear regression of graphs of Rf  versus log molecular mass of marker proteins.
To measure LC3, 90% confluent HEK-293 cells in a 6-well plate were exposed to 50 μM  KCR14, 100 nM bafilomycin or a combination of the two for 1 hour at 37°C. The cells were lysed in 140 μL RIPA and 8 μL resolved by electrophoresis (4-20% gel) and analysed by immunblotting with anti LC3 (clone 2G6, Nanotools).

For co-immunoprecipitation studies to measure LgBIT in the ATG5-ATG16L1 complex, 3 × 105 cells in a 6 well plate were transfected with 500 ng of each of pFN ATG16L1 LgBIT and pFC ATG5 SmBIT in 100 µL of transfection mix prepared as described above. After 24 hours, the cells were lysed in 200 µL and ATG12 immunoprecipitates prepared as described above. Immunoprecipates were analysed by immunoblotting with LgBIT antibody (1/2000) in 4% BSA/TBST or ATG5 or ATG16L1 as described above.

For co-immunoprecipitation studies to measure the effect of nutrient deprivation on the ATG5-ATG16L1 complex, 90% confluent HEK-293 cells in a 6 well plate were exposed to EBSS for 5 minutes, or EBSS for 5 minutes and then complete medium for 5 minutes. Cells were lysed in 300 µL RIPA and ATG12 immunoprecipitated as described above.

Synthesis of KCR14
4-phenylbutylamine (2g, 13.4 mmol) and triethylamine (1.4g, 13.8 mmol, 1 equiv) in dichloromethane (2ml) were stirred on ice and 2,4-dichlorobenzoylchloride (3.4 g, 16 mmol, 1.2 equivalents) added dropwise over 30 minutes. The reaction was stirred for a further 30 before being allowed to warm to room temperature and left for 18 hours. The solvent was removed in vacuo and the crude material dissolved in ethylacetate (50 ml) and washed twice successively with 1 M HCl, 1M NaOH, and brine (25 ml of each). The ethyl acetate fraction was dried with anhydrous MgSO4 which was subsequently removed by filtration. The solvent was removed in vacuo and KCR14 recrystallized from boiling ethylacetate-hexane to yield 2,4-dichloro-N-(4-phenylbutyl)benzamide 10 mmol, 72%).
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Figure Legends.
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Figure 1: Development of a NanoBIT assay to measure the interaction of ATG5 and ATG16L1. A. HEK-293 cells were transfected with combinations of plasmids encoding LgBIT or SmBIT attached to either the N- or the C-termini of ATG5 or ATG16L1. Cells were also transfected with pLgBiT-PRKAR2A and pSmBiT-PRKACA (positive control) or pLgBIT-PRKAR2A and pFN ATG5-SmBIT (negative control combination). After 24 hours the Nano-Glo live cell substrate was added and the luminescence at 37°C measured. The results (mean ± S.D., n=4 independent experiments) are expressed as ratio of the signal measured in cells transfected with the positive control and are significantly different (*, P<0.05; **, P<0.01, paired t-test) from the pLgBIT-PRKAR2A and pFC ATG5-SmBIT combination where shown. B. HEK-293 cells were transfected with each of the combinations of plasmids encoding LgBIT or SmBIT that led to a signal greater than the negative control in Fig. 1A as well as combinations of plasmids in which LgBIT or SmBIT attached to ATG5 or ATG16L1 were replaced with one of LgBIT or SmBIT attached to protein kinase A regulatory (PRKAR2A) or catalytic (PRKACA) subunits, proteins with which ATG5 and ATG16L1 are not expected to interact (negative controls). The results (mean ± S.D., n=3 independent experiments) are expressed as ratio of the signal measured in cells transfected with the positive control and are significantly different (*, P<0.05, 1-way ANOVA) from the plasmid combinations in which LgBIT and SmBIT are attached to proteins not expected to interact. 
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Figure 2:  The NanoBIT signal reflects a specific interaction between ATG5 and ATG16L1. A. HEK 293 cells were transfected with combinations of constructs encoding LgBIT and SmBIT, either pFN ATG16L1-LgBIT and pFC ATG5-SmBIT (interaction) or pLgBiT-PRKAR2A and pSmBiT-PRKACA (positive control) or pLgBIT-PRKAR2A and pFC ATG5-SmBIT (negative control). Alternatively, cells were transfected with plasmids encoding LgBIT attached to the N-terminus of ATG12 and SmBIT attached to the N- or C-termini of ATG5 or ATG16L1. Alternatively, cells were transfected with plasmids encoding SmBIT attached to the N-terminus of ATG12 and LgBIT attached to the N or C termini of ATG5 or ATG-16. The plasmids corresponding to each of the constructs are described in the methods section. 24 hours after transfection, Nano-Glo live cell substrate was added and luminescence measured at 37°C. The results are expressed as a ratio of the signal generated by the positive control in each experiment (mean ± S.D., n= 3 independent experiments) and are significantly different (*, P<0.05, paired t-test) from that measured in cells transfected with the negative control. B. HEK-293 cells were transfected with pFN ATG16L1-LgBIT and pFC ATG5-SmBIT or pFC ATG5-SmBIT and with plasmids encoding ATG16L1-LgBIT with R24A, I36A or R24A and I36A mutations. 24 hours after transfection, Nano-Glo live cell substrate was added and luminescence measured at 37°C. The results are expressed as a ratio of the signal generated by cells transfected with pFN ATG16L1-LgBIT and pFC ATG5-SmBIT in each experiment (mean ± S.D., n=4 independent experiments) and are significantly different from this value (*, P<0.005; **, P<0.0005, ***, P< 1 x10-7; paired t-test with Welch’s correction) where shown. C. Untransfected HEK-293 cells (UT) or HEK-293 cells transfected with pFN ATG16L1-LgBIT and pFC ATG5-SmBIT were lysed and ATG12 immunoprecipitated. ATG5, ATG16L1 and LgBit measured in the immunoprecipitate by immunoblotting. The result shown is representative of three experiments.
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Figure 3: Signal stability and kinetics of autophagy induction A. HEK-293 cells were transfected with pFN ATG16L1-LgBIT and pFC ATG5-SmBIT () or pLgBiT-PRKAR2A and pSmBiT-PRKACA () or as a negative control pLgBiT-PRKAR2A and pFC ATG5-SmBIT (). After 24 hours, Nano-Glo live cell substrate was added and luminescence monitored in a plate reader at 37°C (one experiment, representative of two). The results (mean ± S.D.) are representative of three experiments. B. HEK-293 cells were transfected with pFN ATG16L1-LgBIT and pFC ATG5-SmBIT () or pLgBIT-PRKAR2A and pFC ATG5-SmBIT (). After 24 hours the growth medium (DMEM containing 10% FCS) was replaced in the samples labelled “DMEM changed” while the medium was left in place in the “time zero” sample. The remaining samples were treated with EBSS for 3, 6 or 9 minutes (time 3, 6, 9 samples) or for 9 minutes in EBSS followed by 3, 6 or 9 minutes in growth medium (time 12, 15 or 18 minute samples). The order of treatments was staggered so that Nano-Glo substrate could be added to all samples at the same time and the luminescence measured in a plate reader at 37°C. The results are expressed as a ratio of the luminescence measured in cells transfected with pFN ATG16L1-LgBIT and pFC ATG5-SmBIT and maintained in growth medium throughout (mean ± S.D., n=4 separate experiments) and are significantly different from this value where shown (*, P<0.005; **, P< 0.0005, paired t-test with Welch’s correction). The signal measured in cells transfected with the positive control (pLgBiT-PRKAR2A and pSmBiT-PRKACA) was 0.79 ± 0.21 of that measured in cells transfected with pFN ATG16L1-LgBIT and pFC ATG5-SmBIT. C. HEK-293 cells were transfected with plasmids encoding FBP-LgBIT and FKBP-SmBIT. The basal interaction (in the absence of rapamycin) was measured in cells maintained in complete growth media (DMEM) or EBSS. The results (mean ± S.D., n=6) are expressed as fraction of the signal measured in cells in complete growth medium and are significantly different from this value where shown (*, P < 5 × 10-5, paired t-test). D. HEK-293 cells were transfected with the indicated ATG5 and ATG16L1 NanoBIT reporters which had yielded a successful interaction in previous experiments (Fig. 1). The luminescence was measured in either complete medium (DMEM) or in EBSS. The results (mean ± S.D., n=3) are expressed as fraction of the signal measured in cells in complete growth medium and are significantly different from this value where shown (*, P < 0.05; **, P < 0.005; ***, P< 0.001, paired t-test). E. COV-318 cells were transfected with pFN ATG16L1-LgBIT and pFC ATG5-SmBIT or pLgBIT-PRKAR2A and pFC ATG5-SmBIT (negative control) or pLgBiT-PRKAR2A and pSmBiT-PRKACA (positive control) and luminescence measured. The result (mean ± S.D.) is representative of three experiments. F. HEK-293 cells were maintained in complete growth media (DMEM) or placed in EBSS for 5 minutes (EBSS) or returned to complete medium after EBSS (EBSSDMEM) for 5 minute before the cells were lysed. After immunoprecipitation of ATG12, ATG5 and ATG16L1 were measured by immunoblotting. ATG5, ATG16L1 and GAPDH were also measured in the cell lysates. The result is representative of three experiments.
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Figure 4. Effect of pharmacological inhibitors on the ATG5-ATG16L1 complex
HEK-293 cells were transfected with pFN ATG16L1-LgBIT and pFC ATG5-SmBIT. A. After 24 hours, cells were pretreated with chloroquine or bafilomycin at 37°C in growth medium. After 1 hour, medium was removed and the cells exposed to the same concentration of chloroquine or bafilomycin in either EBSS or growth medium (“DMEM”). After 10 minutes, the detection reagent was added and luminescence measured at 37°C. The results are expressed as ratio of the luminescence measured in cells treated with drug vehicle (DMSO) in growth medium (mean ± S.D., n=4 independent experiments). The data measured in EBSS is significantly different from the corresponding drug treatment measured in growth media where shown (*, P<0.01; **, P<0.005; ***, P< 0.005;  t-test with Welch’s correction). B.. After 24 hours the cells were treated with SAR405 (1μM, vps34 inhibitor), VPS34IN1 (1 μM, vps34 inhibitor), SBI0206965 (5 μM, Ulk1/2 inhibitor), MRT68921 (1 μM, Ulk1/2 inhibitor), vistusertib (1 μM, mTORC inhibitor) or rapamycin (100 nM, mTORC inhibitor) for 1 hour and Nano-Glo substrate added to measure the interaction under unstimulated conditions (in RPMI supplemented with 10% FCS). Subsequently, the RPMI was replaced with EBSS containing the inhibitors and Nano-Glo substrate and the interaction measured again. The results are expressed as ratio of the luminescence measured in cells treated with drug vehicle (DMSO) in growth medium (mean ± S.D., n=3 independent experiments) and are significantly different from cells treated with vehicle where shown (*, P < 0.05, paired t-test). C. After 24 hours, cells were maintained in complete medium (DMEM) or placed in EBSS or EBSS containing 4% FCS as indicated. The luminescence was measured and expressed as ratio of that measured in cells in complete medium. The results (mean ± S.D., n=4) were significantly different from the luminescence measured in cells maintained in EBSS where indicated (*, P< 0.05, paired t- test). D. After 24 hours, cells were maintained in complete medium (DMEM) or placed in EBSS or EBSS containing the indicated concentration of sphingosine 1-phosphate (S1P). The results (mean ± S.D., n=3) are expressed a ratio to that measured in cells maintained in complete medium. The results were significantly different from the luminescence measured in cells maintained in EBSS where indicated (*, P < 0.05, paired t- test).  E. After 24 hours, cells were placed in EBSS or EBSS containing 10 µM of the indicated S1P agonists or amino acids (non-essential amino acids and branched chain amino acids) and luminescence measured. The results (mean ± S.D., n=5) are expressed as a fraction of the signal measured in cells in EBSS and are significantly different from that value where shown (*, P < 0.005, paired t-test).
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[image: ]Figure 5: KCR14 inhibits the interaction of ATG5 and ATG16L1. A.  The structure of KCR-14. B. HEK-293 cells were transfected with pFN ATG16L1-LgBIT and pFC ATG5-SmBIT.  After 24 the cells were pre-treated with the indicated concentration of KCR14 in growth medium for 1 hour. The medium was removed and replaced with EBSS containing the same concentration of KCR14 and after a further 10 minutes the detection reagent added and luminescence measured at 37°C (“Interaction”). A separate plate of cells were treated similarly, but cell survival measured by measuring intracellular ATP using cell titre-glo reagent (“Relative ATP”). In both cases, the results (mean ± S.D, n=4) are expressed as a percentage of the luminescence measured in cells treated with drug solvent.  C. HEK-293 cells were treated with 0.05% DMSO or 50 μM KCR14 for 1 hour at 37°C and the proportion of viable cells determined by staining with trypan blue (mean ± S.D., n=6). D. HEK-293 cells were exposed to 0.05% DMSO or the indicated concentration of KCR14 for 1 hour at 37°C  and caspase 3/7 activity determined. The results are expressed as a proportion (mean ± S.D., n=3) of the caspase activity measured in cells treated with carboplatin for 24 hours. E. HEK-293 cells were transfected with plasmids encoding NanoBIT reporters fused to the catalytic and regulatory subunits of protein kinase A and treated with the indicated concentration of KCR14 for 1 hour. The results (mean ± S.D., n=8) are expressed as a proportion of the signal measured in cells exposed to 0.05% DMSO. F. HEK-293 cells were exposed to 0.05% DMSO or 50 μM KCR14 for 1 hour at 37°C and then lysed. The ATG5-ATG12-ATG16L1 complex was collected by immunoprecipitation of ATG12 and the co-immunoprecipitating ATG5 and ATG16L1 measured by immunoblotting. Alternatively, the amount of ATG5, ATG16L1 or GAPDH were directly measured in the lysates (representative of 3 experiments). G. HEK293 cells were exposed to 0.05% DMSO or 50 μM KCR14 or 100 nM bafilomycin or KCR14 and bafilomycin for 1 hour at 37°C and then lysed. LC3 and GAPDH where measured by immunoblotting (representative of 3 experiments).

[image: ]Figure 6. MCF-7 cells stably expressing LC3 fused to EGFP were exposed to chloroquine (64 μM) or chloroquine and KCR14 (20 μM) for 4 hours and the number of LC3 puncta (indicated with arrow) determined. The results are representative of three experiments. The scale bar represents 50 um.
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