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SUMMARY:
The here presented protocol presented here is intended to demonstrate the occurrence of heterologous interactions between Golgi-resident type III membrane proteins with cytoplasmically exposed N- and/or C-termini in live mammalian cells using the most recent variant of the split luciferase complementation assay.

ABSTRACT:
The goal of this protocol is to explore the applicability of the most recent variant of split luciferase complementation for demonstrating heterologous complexes formed by nucleotide sugar transporters (NSTs). These ER- and Golgi-resident multitransmembrane proteins carry the cytoplasmically synthesized nucleotide sugars across organelle membranes to supply enzymes that mediate glycosylation with their substrates. NSTs exist as dimers and/or higher oligomers. Heterologous interactions between the different NSTs have also been reported. To verify whether the technique is suitable for studying the phenomenon of NST heteromerization, we tested it against a combination of the two Golgi-resident NSTs that have been previously shown to associate by several other means. This luciferase complementation assay appears to be particularly suitable for studying interactions between Golgi-resident membrane proteins, as it does not require high expression levels, which often trigger protein mislocalization and increase the risk of false positives.

INTRODUCTION: 
This manuscript describes a step-by-step protocol to check for the presence of heterologous interactions between Golgi-resident type III membrane proteins in transiently transfected human cells using the most recent variant of the split luciferase complementation assay. The procedure has been most extensively tested against nucleotide sugar transporters (NSTs) but we were also able to obtain positive results for other Golgi-resident type III membrane proteins whose N- and/or C-termini are facing the cytoplasm.

In the presented protocol, weOur research group explored explores the role of NSTs in glycosylation of macromolecules. NSTs are Golgi- and/or ER-resident type III membrane proteins with N- and C-termini facing the cytoplasmic side of the organellar membrane1. NSTs are thought to carry nucleotide-activated sugars across organelle membranes to supply glycosyltransferases with their substrates. NSTs form dimers2-9 and/or higher oligomers2-10. Moreover, heterologous interactions between the different NSTs have also been reported6,11. NSTs were also demonstrated to form complexes with functionally related glycosylation enzymes12-14. We sought for an alternative to the presently used technique, fluorescence lifetime imaging (FLIM)-based FRET approach, for studying interactions of NSTs and functionally related Golgi-resident proteins, so we decided to test the split luciferase complementation assay. It allowed us to identify a novel interaction between an NST and a functionally related glycosylation enzyme9. 

The most recent modification of the split luciferase complementation assay, NanoBiT, is used in the protocol presented here15. It relies on the reconstitution of the luciferase complementation enzyme (e.g., NanoLuc) enzyme from the two so-called fragments - the large one, termed as large BiT or LgBiT, a 17.6 kDa protein, and the small one, composed of only 11 amino acids, termed as small BiT or SmBiT. The two proteins of interest are fused with the complementary fragments and transiently expressed in a human cell line. If the two fusion proteins interact, a luminescence is produced in situ upon addition of a cell-permeable substrate. These two fragments have been optimized so that they associate with minimum affinity unless being brought together by an interaction between the proteins of interest they are fused to.

In general, bioluminescence-based methods have some advantages over the ones based on fluorescence. Bioluminescent signals have a higher signal-to-noise ratio because the background luminescence is negligible compared to the luciferase-derived signal16. In contrast, fluorescence-based approaches usually suffer from a relatively high background caused by the phenomenon of autofluorescence. Besides, bioluminescence is less detrimental to the analyzed cells than fluorescence, as in the former case there is no need to excite the sample. For those reasons bioluminescent approaches to studying PPIs in vivo outcompete the commonly used fluorescent methods like Förster Resonance Energy Transfer (FRET) or Bimolecular Fluorescence Complementation (BiFC).

Our protocol relies on referring luminescence obtained for the protein combination of interest to luminescence obtained for the control combination. The latter includes the one of the tested proteins which is fused with a larger fragment and a control protein self-labeling protein tag (e.g., HaloTag), control protein fused with a smaller fragment. This The self-labeling proteinlatter is a protein of bacterial origin that is not expected to interact with any of mammalian proteins. Using this protein as a control poses limitations to the topology of the Golgi-resident pairs of proteins to be analyzed. Since in mammalian cells this protein is synthesized in the cytoplasm, both proteins of interest should have at least one cytoplasmic tail.

This approach can be particularly useful for initial screening of PPIs. It may become the method of choice when the fusion proteins of interest are expressed at levels that are simply insufficient for other approaches to be applied. Similarly, the split luciferase complementation assay can be the best option if the proteins of interest are expressed at high levels, but this adversely affects their subcellular localization or is known to force non-specific interactions. Since the smaller fragment has only 11 amino acids, the split luciferase complementation assay can be applied when using larger tags is impossible. Finally, it can be employed to further confirm data obtained using other techniques, as in the case here presented here. 

[bookmark: _Hlk46730503]PROTOCOL:

1. Generation of expression plasmids

1.1. Examine membrane topology of the proteins of interest using a topology predicting tool.

1.2. Design the cloning strategy so that the larger and smaller fragments would face the cytoplasm once the fusion proteins have been inserted into Golgi membranes. If, as in the case here presented here, both N- and C C-termini of the proteins of interest are cytoplasmically oriented, tag the proteins in eight possible ways (see Figure 1B). If N- or C-terminus of one or both proteins of interest is luminally oriented, exclude it from tagging.

1.3. Subclone the genes of interest into appropriate expression vectors (see Table of Materials) by following standard cloning protocols.

NOTE: Testing all the possible orientations is recommended, since some tagging options may not work due to insufficient proximity, suboptimal orientation, or spatial constraints.

2. Transient transfection of the expression plasmids into the cells 

2.1. Harvest the adherent HEK293T cell culture by trypsinization and resuspend the cells in a dedicated complete growth medium. Plate the cells (2 x 104/100 µL/well) onto a clear bottom, white side 96-well plate. Adjust the total number of wells to accommodate all tested combinations and controls including replicates.  

NOTE: Attempt to use only the inner 60 wells of the plate to minimize thermal shifts and avoid overnight evaporation. Using poly-D-lysine lysine-coated plates is highly recommended, such as the ones indicated in the Table of Materials, otherwise cells may detach during the subsequent washing steps.

2.2. Culture the cells overnight in standard conditions (37 °C, 5% CO2).

2.3. On the next day transfect the cells with the desired combinations of expression plasmids obtained in point 1.1. 

2.3.1.  Dilute expression plasmids in a serum-free medium (see Table of Materials) to 6.25 ng/µL for each construct.

2.3.2.  Add the lipid-based transfection reagent at an appropriate lipid-to-DNA ratio and incubate according to the manufacturer’s instruction.

2.3.3.  Add 8 µL of lipid:DNA mixture to designated wells. Mix the content of the plate by gentle rotation. This results in transfection of both expression constructs at 50 ng/well.

2.4. Culture the cells for 20-24 h in standard conditions (37 °C, 5% CO2). 

NOTE: Culturing the cells for a longer time may result in higher levels of fusion protein expression, which may promote a non-specific association between the fragments.

3. Medium exchange

3.1. On the next day replace the conditioned medium with 100 µL of a serum-free medium in each well. Make sure that the cells have not detached upon medium exchange. 

NOTE: This step should be done 2-3 h before the addition of the furimazine working solution). Serum withdrawal minimizes background caused by autoluminescence of furimazine.

4. Preparation of furimazine working solution

4.1. Just before the measurement, mix 1 volume of furimazine with 19 volumes of a dilution buffer (a 20-fold dilution). 

NOTE: The total volume of the furimazine working solution to be prepared depends on the number of individual wells to be analyzed (the furimazine working solution is added to the cell culture medium in a 1:5 ratio, therefore, to each well previously filled with 100 µL of a serum-free medium 25 µL of the furimazine working solution should be added). 

4.2. Add the furimazine working solution to designated wells (25 µL/well). Gently mix the plate by hand or using an orbital shaker (e.g., 15 s at 300-500 rpm). 

5. Measuring luminescence

5.1. Insert the plate into a luminescence microplate reader. 

5.1.1. For experiments that are to be performed at 37 °C equilibrate the plate for 10-15 min at the indicated temperature.

5.2. Select the wells to be analyzed.

5.3. Read luminescence with integration time of 0.3 s. Continue to monitor luminescence for up to 2 h when required.

6. Data analysis

6.1. Calculate mean values and standard deviations for all the tested and control combinations.

6.2. Analyze data using one-way ANOVA with multiple comparisons. 

6.3. Calculate fold change values by dividing a mean luminescence obtained for combinations of interest by a mean luminescence obtained for the corresponding negative controls. Evaluate the results.

NOTE: The approach to data analysis proposed here assumes that the interaction can be claimed if the luminescence obtained for the tested combination is statistically significantly higher than the luminescence obtained for the corresponding control combination and, at the same time, the ratio of these two values exceeds 10.

REPRESENTATIVE RESULTS: 
To obtain the most reliable data in this approach all the possible combinations should be tested (see Figure 1). In parallel, positive, and negative controls should be included. The Ppositive control should consist of the two proteins that are known to interact, of which one is fused with the larger fragment and the other is fused with the smaller fragment. The Nnegative control ideally should consist of the two non-interacting type III membrane proteins tagged likewise. However, establishing such a control may be challenging, as the lack of interaction of the two control proteins should be thoroughly confirmed using several alternative approaches. Therefore, one might employ a cytosolic protein of non-human origin that is not expected to interact with any human protein (e.g., HaloTag) as a negative control, if N- and/or C-termini of the proteins, whose interaction is to be determined, are cytoplasmically exposed as in the case here presented here. We highly recommend an additional verification of the results obtained using this type of control by co-expression of an the untagged variants of either of the proteins of interest combined with titration of the corresponding plasmids. If the two proteins specifically interact, an extra copy of either of them lacking the luciferase fragment should result in a specific decrease of luminescence. 

Relative luminescence units (RLU) values typical of positive and negative combinations are listed in Table 1. The results were obtained for the two NSTs, SLC35A2 and SLC35A3, that were shown to associate by co-immunoprecipitation and FLIM-FRET6 as well as in situ proximity ligation assay11. Both SLC35A2 and SLC35A3 are Golgi-resident type III membrane proteins with N- and C-termini facing the cytoplasm (Figure 1A). Therefore, there are eight possible tagging options and the resulting fusion proteins can be set together also in eight possible ways (Figure 1B). Mean RLU values corresponding to all the tested and control combinations are depicted in Figure 2A. The Ppositive control is also included. An initial requirement for a selected result to be considered indicative of an interaction is that the RLU value obtained for the combination of interest is statistically significantly higher than the RLU value obtained for the corresponding control combination. In Figure 2A three such combinations are seen (LgBiT-SLC35A2 + SLC35A3-SmBiT, SmBiT-SLC35A2 + LgBiT-SLC35A3 and SLC35A2-SmBiT + LgBiT-SLC35A3). The next step in the analysis of results involves obtaining ratio values for the combinations of interest by dividing the corresponding RLU values by RLU values obtained for the respective controls. The results of such analysis are shown in Figure 2B. According to the manufacturer’s suggestions, ratios between 10 and 1000 are highly indicative of specific interactions. There are two combinations that meet these criteria (SmBiT-SLC35A2 + LgBiT-SLC35A3 and SLC35A2-SmBiT + LgBiT-SLC35A3) and support the idea that SLC35A2 and SLC35A3 interact. However, the fact that the other six combinations are negative does not mean that there are no interactions at all between the respective fusion proteins, but rather suggests that the tagging strategy was not optimal in these cases. This example shows how important it is to test all the possible combinations. 

Data presented in Figure 2 were additionally confirmed by a the co-expression of HA-tagged SLC35A2 or SLC35A3 with the combination that resulted in the highest relative luminescence, namely SLC35A2-LgBiT + SmBiT-SLC35A3. Varying amounts of the plasmids encoding HA-tagged NST variants were used for co-transfection. This resulted in a statistically significant, dose-dependent decrease in RLU values (Figure 3). Specific and dose-dependent disruption of the interaction between SLC35A2-LgBiT and SmBiT-SLC35A3 by the simultaneous co-expression of HA-tagged NST variants is shown in Table 2.

The most encountered common problem associated with the here presented method presented here is the poor efficiency of transfection. To verify, whether this is the cause of suboptimal results, include positive control in all experiments. The positive control we employed to obtain the data here presented here consists of the two interacting fusion proteins: cAPM-dependent protein kinase catalytic subunit alpha (PRKACA) fused with the smaller fragment and cAPM-dependent protein kinase type II-alpha regulatory subunit (PRKAR2A) fused with the larger fragment. In our hands, the corresponding RLU value reached ~6 x 105. A significant (2-3 orders of magnitude) drop in this number might be indicative of the suboptimal efficiency of the performed transfection. In such a case we recommend checking on the well-being of the cultured cells and making sure that the appropriate number of cells is being plated for transfection.

FIGURE AND TABLE LEGENDS: 

Figure 1. Schematics of membrane topology and tagging. (A) Membrane topology of SLC35A2 and SLC35A3 proteins. (B) Possibilities of tagging SLC35A2 and SLC35A3 proteins with the split luciferase complementation assay fragments and combining the resulting fusion proteins for the assay. 

Figure 2. Results of the split luciferase complementation assay assay performed in HEK293T cells for the selected protein combinations and the corresponding negative controls (processed data). (A) RLU values obtained for the selected protein combinations and the corresponding negative controls. Negative, HaloTag tagged with SmBiT; PRKAR2A, cAPM-dependent protein kinase type II-alpha regulatory subunit; PRKACA, cAPM-dependent protein kinase catalytic subunit alpha. Data were analyzed using one-way ANOVA with multiple comparisons and are presented as a mean ± standard deviation (SD) from three technical replicates. p < 0.1 *, p < 0.05 **, p < 0.01 ***. (B) Fold changes calculated by dividing a mean luminescence obtained for the tested combination (RLU SAMPLE) by a mean luminescence obtained for the corresponding negative control (RLU CONTROL). Threshold value considered indicative of an interaction was set at 10.

Figure 3. Specific and dose-dependent disruption of the interaction between SLC35A2-larger fragmentLgBiT and smaller fragmentSmBiT-SLC35A3 by simultaneous co-expression of HA-tagged NST variants. HEK293T cells were transfected with plasmids encoding SLC35A2-LgBiT and SmBiT-SLC35A3 and, additionally, either with an empty pSelect plasmid (mock) or with increasing amounts of pSelect plasmids encoding HA-tagged SLC35A2 (left panel) and SLC35A3 (right panel). Data were analyzed using one-way ANOVA with multiple comparisons and are presented as a mean ± standard deviation (SD) from three technical replicates. p < 0.05 **, p < 0.001 ****.

Table 1. Results of the assay performed in HEK293T cells for the selected protein combinations and the corresponding negative controls (raw data). Unprocessed RLU values obtained for the selected protein combinations and the corresponding negative controls are shown. ; Negative, HaloTag tagged with SmBiT; PRKAR2A, cAPM-dependent protein kinase type II-alpha regulatory subunit; PRKACA, cAPM-dependent protein kinase catalytic subunit alpha, TR, technical replicate.

Table 2. Specific and dose-dependent disruption of the interaction between SLC35A2-LgBiT and SmBiT-SLC35A3 by simultaneous co-expression of HA-tagged NST variants (raw data). Unprocessed RLU values obtained for the selected protein combinations are shown. Mock, cells expressing SLC35A2-LgBiT and SmBiT-SLC35A3 co-transfected with an empty pSelect vector; HA-SLC35A2, cells expressing SLC35A2-LgBiT and SmBiT-SLC35A3 co-transfected with the indicated amounts of a pSelect plasmid encoding SLC35A2 tagged with the HA epitope at the N-terminus; HA-SLC35A3, cells cells expressing SLC35A2-LgBiT and SmBiT-SLC35A3 co-transfected with the indicated amounts of a pSelect plasmid encoding SLC35A3 tagged with the HA epitope at the N-terminus; TR, technical replicate.

DISCUSSION: 
Here we provide a detailed protocol enabling the demonstration of heterologous complexes formed between Golgi-resident type III membrane proteins, such as NSTs, using the split luciferase complementation assay. The proposed approach to data analysis and interpretation involves relating the luminescence obtained for the protein combination of interest to the luminescence obtained for the corresponding control combination, which is composed of one of the proteins of interest fused with the larger fragment and the self-labelingcontrol protein of a bacterial origin fused with the smaller fragment. The latter is expressed in the cytoplasm of mammalian cells,; therefore, using it as a reference requires that N- and/or C-termini of the proteins, whose interaction is to be analyzed, are on the cytoplasmic side of the Golgi membrane.

The critical steps in the protocol are plasmid design, plating the cells to be transfected, transfection itself, the medium exchange, preparation of the furimazine working solution and adding it to the cells. Plasmid The plasmid design should be made in such a way that all both luciferase fragments are facing the cytoplasm, otherwise control combinations will not work and the reference RLU values will be missing. Cells to be transfected should be plated as specified in the protocol, otherwise the transfection efficiency might be suboptimal. We recommend using multiwell plates with the poly-L-lysine-coated surface to support cell attachment while the medium is being exchanged. Finally, the furimazine working solution should be freshly prepared and immediately added to the cells. Once it is added, the readout should be performed as soon as possible.

To avoid inconclusive results, positive and negative controls should always be included. The Ppositive control should be always employed so that the transfection efficiency is monitored. It is very important that all the possible fusion proteins that are topologically compatible with each other as well as with the HaloTag-based negative control are generated and combined. If possible, the negative control comprising of a membrane protein non-interacting with any of the proteins of interest should be used. Here, we did not employ such a control, as its development is still on the way. Instead, we forced a specific disassembly of the complexes of interest by co-expressing an extra, untagged copy of one of the analyzed proteins. The expression vectors we used carry the relatively weak herpes simplex virus-thymidine kinase (HSV-TK) promoter, which ensures low expression levels that are optimal for obtaining specific outcome. However, in the case of suboptimal results it might be beneficial to use the CMV-based vectors or, alternatively, optimizing the amount of plasmids used for transfection.

The presented method, although powerful and convenient, has some limitations. First, this method does not allow to conclude whether the identified complexes correspond to dimers or higher-order oligomers. Besides, the subcellular localization of the interacting proteins cannot be monitored. This is, however, possible upon the extension of the basic protocol with bioluminescent imaging, although spatial resolution of such images would be significantly lower when compared with fluorescence-based approaches. 

The presented method is very fast and efficient (the measurement takes up to several minutes and the data are obtained from thousands of cells). Data processing and interpretation is also relatively straightforward. Little or no optimization of the basic protocol is needed. The only specific equipment required is a luminometer. The Ssplit luciferase complementation assay and BiFC work on the same essential principle, i.e., reconstitution of a functional protein from its non-functional fragments. General advantages of bioluminescence-based approaches over the ones based on fluorescence were already listed in the Introduction. A specific advantage of the split luciferase complementation assay over BiFC is that the former is fully reversible15. In BiFC, once a fluorescent protein is reconstituted, it would not dissociate back into the corresponding non-fluorescent fragments17. In contrast, the assembly of the NanoLuc subunits is reversible, which creates a unique opportunity to study the dynamics of PPIs. Finally, the exceptional sensitivity of the presented method allows to assume that this approach should work even with the cell lines that are difficult to transfect.

The protocol here presented here allows to determine whether the two Golgi-resident type III membrane proteins interact. As already mentioned, the basic setup of the method can be coupled with bioluminescence imaging to confirm the subcellular localization of the PPI of interest. The reversibility of this split luciferase complementation assay allows to study the dynamics of PPIs in real time. The luminescent signal derived from furimazine is sustained for about 2 hours. However, substrates for the split luciferase complementation assay ensuring a substantially longer (hours to days) duration of the resulting signal are also available. This method allows for the identification of the factors that trigger or prevent the PPI of interest. Some of the most recent examples of its application include studies on interactions between G proteins and G-protein-coupled receptors18, protein conformational changes19, protein ubiquitination20, internalization of cell surface receptors21, and identification of factors that modulate PPIs22-23. Therefore, this method appears to be a versatile tool with a high potential to fulfill even very challenging experimental goals.
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