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1 Example strategy for inserting FTA into an endogenous RP gene via CRISPR

NOTE: A cell line expressing a ribosomal protein (RP) fused to FLAG-TEV-AviTag (FTA) may be achieved through a variety of different genetic manipulation techniques. Here we describe the strategy we used to obtain mouse embryonic stem cells (mESCs) expressing Rpl31 fused to FTA homozygously at the endogenous genomic locus, which maximizes the proportion of ribosomes that are FTA-tagged. Similar CRISPR approaches have previously been described44,45.

Selection of an RP for FTA tagging depends on the scientific question of interest and the structure of the ribosome in the intended species. Our organelles of interest included the endoplasmic reticulum, where the large subunit of the ribosome interfaces with the translocon during cotranslational translocation46. We thus opted to tag the C-terminus of Rpl31 because it is positioned on the surface of the large subunit in mammalian ribosomes (PDB 4V6X)47, specifically on the facet that faces the translocon. This ensures that when the ribosome is docked to the translocon, the AviTag will be within reach of the ALIBi split enzyme tethered to the cytoplasmic surface of the endoplasmic reticulum. Additionally, Rpl31 is not known to be a substoichiometric RP15, so we expect all mature large ribosome subunits to contain a copy of Rpl31. Since ribosome structure is highly conserved between mouse and human48, and indeed mouse Rpl31 (UniProt accession P62900) is identical in amino acid sequence to human RPL31 (UniProt accession P62899), this RP will likely also be suitable for FTA-tagging in other mammalian systems. In previous work involving yeast ribosomes, small subunit ribosomal protein Rps2 (equivalent to mammalian Rps2) and large subunit ribosomal protein Rpl16 (equivalent to mammalian Rpl13a) have been AviTagged24; however, the termini of Rpl13 are not solvent-exposed on mammalian ribosomes (PDB 4V6X). In mammalian HEK293 cells, Rpl10a has also been AviTagged previously24; however, Rpl10a is only present on a fraction of ribosomes15 and thus may not be suitable for isolating a representative sample of organelle-specific ribosomes. 

We edited the last exon of Rpl31 in the mouse genome using a double-cut CRISPR strategy in which two guide RNAs (gRNAs) were used to make cuts approximately 100 bp apart, flanking the stop codon. The components for this approach were encoded in three plasmids (Figure S1): two PX459-based plasmids (Addgene #62988), each of which encodes one copy of Cas9-T2A-puroR and one of the gRNAs; and a non-expressing donor plasmid. The donor plasmid contains an insert flanked by an additional copy of the same gRNA sites that are present in the unedited genomic DNA (gDNA), such that the insert will be cleaved into a linear double-stranded DNA (dsDNA) repair template when Cas9-gRNA1 and Cas9-gRNA2 are expressed. In this linear repair template, the endogenous (proximal) gRNA cut sites have been modified with mutations in the gRNA recognition sequence and/or protospacer adjacent motif (PAM) site, to prevent the Cas9 from cutting the repair template inappropriately or recutting the gDNA after successful editing.

There are several advantages to this strategy: (A) CRISPR homology-directed repair (HDR)-mediated repair efficiency is highly dependent on the proximity of the gRNA cut site to the desired edit site, but sometimes there is no high-quality cut site nearby. Having a wider window in which to select gRNA sites affords more options. (B) Many RP genes have a large number of processed pseudogenes throughout the genome, which have high sequence homology to the RP gene exons but lack introns. Allowing one or both gRNA cut sites to be in an intronic region decreases off-target cutting of the processed pseudogenes, which are sometimes located within other genes49. (C) All CRISPR reagents in this strategy are introduced as plasmids, thus eliminating the cost of synthesizing long RNA or single-stranded DNA (ssDNA) oligonucleotides.

1.1 	Insertion of FTA into the endogenous Rpl31 locus in mESCs via CRISPR

1.1.1 	Select two gRNA sequences from the region surrounding the Rpl31 stop codon using a gRNA scoring algorithm50, avoiding gRNAs with high-probability off-target cut sites elsewhere in the mouse genome. 

1.1.2 	For each of the two gRNA sequences, construct a PX459-based plasmid. Ran et al.51 describes multiple possible protocols for doing so.

1.1.3 	Construct the donor plasmid by generating and inserting the contents (Supplemental Figure S1) into a non-expressing plasmid backbone using any preferred cloning, PCR, and/or DNA synthesis techniques.

1.1.4 Generate endotoxin-free midi-preps of all three plasmids.

1.1.5 	Into 100 μL of reduced-serum medium, add 0.5 μg of each PX459-sgRNA plasmid and 2 μg of the donor plasmid. To another 100 μL of reduced-serum medium, add 7.5 μL of transfection reagent. Combine the plasmid and transfection reagent mixtures and incubate for 20 minutes at room temperature. 

1.1.6 	Trypsinize 106 low-passage E14 mESCs52 (main protocol steps 1.10–1.14) and resuspend them in 250 μL warmed reduced-serum medium. Add the resuspended cells to the plasmid-transfection reagent complexes and incubate for 10 minutes at room temperature, then plate into one gelatinized 12-well and incubate at 37 C. 

1.1.7 Change media 4 h after transfection (main protocol step 2.10). 

1.1.8 	At 24 h and 48 h after transfection, change to media containing 1 μg/mL puromycin.

1.1.9 	At 72 h after transfection, change to puromycin-free media.

1.1.10 	At 96 h after transfection, trypsinize cells and sparsely plate them at 1,000 cells per gelatin-coated 10 cm plate.

1.1.11 	Grow sparse plates for 1 week, changing media every 2–3 days.

1.1.12 	Aspirate media and replace with chilled Dulbecco’s phosphate-buffered saline (DPBS). Dislodge and aspirate individual colonies derived from single cells using a micropipette (under a microscope if necessary to view). Dissociate colonies at 37 C in 0.025% trypsin-EDTA in DPBS for 5 min, and plate into gelatinized 96-well plates.

1.1.13 	After 2–4 days, passage the 96-well plates and plate ⅔ and ⅓ of the cells respectively into 2 sets of fresh gelatinized 96-well plates.

1.1.14 	After 1 day, harvest the 96-well plate containing ⅔ of the passaged genotyping PCR: aspirate media, wash each well with 100 μL DPBS, and add 50 μL of genotyping lysis buffer per well (0.01M Tris pH 8, 0.45% v/v IGEPAL CA-630, 0.45% v/v Tween-20, and 0.1 mg/mL Proteinase K in ultrapure water). Seal the plate with an adhesive microseal and incubate at 55 C for 2 h.

1.1.15 	Transfer lysates to a 96-well PCR plate, sealed with an adhesive microseal, and incubated at 95 C for 10 minutes to deactivate Proteinase K.

NOTE: Appropriate primer design for genotyping PCRs is important. One or both of the primers in each primer pair should be located distal to the 300 bp flanking regions (Supplemental Figure S2, configuration A or B). If not so designed (Supplemental Figure S2, configuration C), the primers may amplify residual copies of the donor plasmid or linear repair template, leading to a false positive.

1.1.16 	Set up genotyping reactions for each colony using a rapid polymerase master mix suitable for genotyping, per the manufacturer protocol. Add 1 μL of genomic DNA per 10 μL genotyping PCR reaction. Analyze PCR products by agarose gel.

NOTE: PCR products from clones with the expected amplicon size, suggesting incorporation of the FTA insert, should be sent for Sanger sequencing to further assess the sequence of the insert.

1.1.17 	Propagate clones with the desired insert from the remaining 96-well plate containing ⅓ of the passaged cells.

NOTE: It is recommended to use western blots to confirm expression of the FTA-tagged RP.

2 Design principles for targeting ALIBi to organelles of interest

NOTE: Prototyping experiments described in our recent work30 demonstrated that the split site between residues 73/74 yields optimal performance in a split BirA enzyme, and that fusing the optogenetic eMag domains C-terminal to the N-fragment, and N-terminal to the C-fragment, allows for optimal reconstitution of activity upon blue light illumination. To target the split enzymes to organelles of interest, organelle-targeting sequences were curated from literature reports of experiments where tiled truncations of the native protein and/or fusion of candidate sequences to a reporter protein showed that the peptide sequence was necessary and sufficient for localization to the organelle (Table 1)36,38,39,41. Typically, the localizing sequence was fused to the N-terminus of the C-fragment, upstream of the eMag domain and V5 epitope tag, unless fusion at the C-terminus was necessary for proper function of the localizing sequence or to ensure that the C-fragment would have the desired membrane topology. An N-terminally fused nuclear export sequence (NES) was also fused to the C-fragment, except for constructs targeting the nucleus or nucleolus. Organelle-targeted C-fragments were co-expressed with a cytosol-targeted N-fragment containing a C-terminally fused NES; except for the nuclear N-fragment, which has no localization sequence; and the nucleolar N-fragment, which is fused to fibrillarin (Fbl). All constructs were cloned into a pCAGEN backbone (Addgene #11160). Examples of construct pairs targeting the cytosol, endoplasmic reticulum, mitochondria, and nucleolus are shown in Figure 1D. 

3 Recommendations for RNA sequencing

NOTE: We recommend that ALIBi RNA sequencing experiments be designed such that eluates from cells expressing organelle-targeted split BirA can be compared to a reference eluate, i.e. from cells expressing cytosol-targeted split BirA. This allows direct comparison of RNA associated with organelle-specific ribosomes to RNA associated with cytosolic-ribosomes, controlling for the effects of affinity purification on RNA abundance. One can also compare changes in RNA associated with organelle-specific ribosomes upon introduction of an environmental variable or perturbation. 

After affinity purification has been performed, the RNA sequencing workflow for ALIBi samples is similar to that of other oligo-dT-enriched mRNA libraries, and can be accomplished with commercially available kits. For reference, our protocol is briefly described below, adapted from our recent work30. Precautions against RNAse contamination should be continued until the RNA samples have been reverse-transcribed. Protection from light exposure is not necessary for these samples.

3.1	Example protocol for RNA sequencing

3.1.1 	Optional: After clarifying the cell lysate (main protocol step 3.20), mix a 25 μL aliquot of each lysate at a 1:9 volume ratio with a guanidinium-phenol reagent in an RNA non-stick tube and incubate for 5 min at room temperature, then store at -80 C. These lysate samples serve as the total RNA fraction, and can be used to determine whether expression of different ALIBi split enzymes, or introduction of environmental variables, changes the overall transcriptome.

3.1.2 	After affinity purification (main protocol step 5.6), mix the eluate at a 1:3 volume ratio with a guanidinium-phenol reagent suitable for large sample volumes in an RNA non-stick tube. Incubate for 5 min at room temperature, then store at -80 C. This eluate sample serves as the organelle-specific ribosome-bound RNA fraction.

3.1.3 	Use a guanidinium-phenol reagent RNA-extraction kit to extract the RNA, following the manufacturer protocol. Do not perform an on-column DNAse treatment.

3.1.4 	Treat extracted RNA with DNAse per the DNAse manufacturer protocol, and re-purify with an RNA column kit per the manufacturer protocol.

NOTE: It is recommended to check RNA integrity using a fragment analyzer.

3.1.5 	Use the RNA as input for an RNA library prep kit with poly(A) mRNA isolation and multiplex indices per the manufacturer protocol.

NOTE: Target library amplicon size, sequencing format, and ideal sequencing depth may vary by application.

4 Recommendations for mass spectrometry proteomics

NOTE: We recommend using relative quantification mass spectrometry (MS) with tandem mass tags (TMT-MS) to quantify differences in protein abundance between eluates containing organelle-specific ribosomes. MS sample preparation should be optimized for the MS instrument used and the proteins of interest. Our MS sample preparation protocol, adapted from our recent work, is described below. A description of operating parameters for the mass spectrometer, as well as our normalization and background subtraction methods, can also be found in our recent work30.

In general, all steps were performed using LC/MS- or HPLC-grade reagents, in protein low-binding tubes, and with continuing precautions against contamination of samples by ambient keratin. 

4.1 	Example mass spectrometry sample preparation protocol

NOTE: All amine-containing buffers and additives (i.e. Tris, glycine, etc.) should be avoided or removed before enzymatic digestion and TMT labeling.

4.1.1 	Precipitate eluates using a protein precipitation kit per manufacturer protocol, and redissolve by vortexing in 50 μL of 6 M urea, 2 M thiourea, 50 mM ammonium bicarbonate.

4.1.2 	Add dithiothreitol (DTT) to a final concentration of 5 mM. Incubate the samples at room temperature for 30 min.

4.1.3 	Add iodoacetamide (IAA) to a final concentration of 10 mM. Incubate the samples at room temperature for 20 min in the dark.

4.1.4 	To quench residual IAA, add additional DTT to a final concentration of 5 mM and incubate for 5 minutes at room temperature.

4.1.5 	Dissolve lyophilized LysC in 50 mM ammonium bicarbonate. Add 0.5 μg of LysC to each sample, and incubate at 22 C on a thermomixer at 400 rpm for 3 h.

4.1.6 	Dilute samples with 190 μL of 50 mM ammonium bicarbonate. Dissolve lyophilized trypsin in water, and add 1 μg per sample. Incubate samples for 12 h at 22 C on a thermomixer at 400 rpm.

4.1.7 	Add 50% heptafluorobutyric acid (HFBA) to a final concentration of 0.5%. Add neat formic acid to achieve a pH of 1.5–2.5 as measured by pH strip.

4.1.8 	Desalt samples using C18 tips per the manufacturer's protocol. Elute twice with 50% acetonitrile with 0.1% formic acid, then once with 75% acetonitrile with 0.1% formic acid. Dry desalted samples on a vacuum concentrator without added heat.

4.1.9 	For TMT labeling, redissolve samples in 60 μL of 50 mM triethylammonium bicarbonate (TEAB). Dissolve TMT labels in 100 μL of ethanol per 0.8 mg vial. Add 20 μL of TMT label to each sample and incubate on a thermomixer in the dark at 22 C, 400 rpm for 1 h. 

4.1.10 	Add 4 μL of 5% v/v hydroxylamine (diluted from 50% stock) to each sample and incubate at 22 C, 400 rpm for 15 minutes. Pool samples within the same replicate at equal volumes.

4.1.11 	Add 50% HFBA to a final concentration of 0.5%. Add neat formic acid to achieve a pH of 1.5-2.5 as measured by pH strip.

4.1.12 	Desalt pooled samples using C18 tips per the manufacturer protocol, and elute 3 times with 50% acetonitrile, 0.1% formic acid.

4.1.13 	Dry desalted samples on a vacuum concentrator, then fractionate on C18 columns at high pH per the manufacturer protocol for TMT samples. Dry fractions by vacuum concentrator and resuspend in 5% acetonitrile, 0.1% formic acid for injection into the mass spectrometer.
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