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Background and hypothesis
FUS (fused in sarcoma), EWS (Ewings sarcoma) and TAF15, form a gene family (FET) that encodes a set of abundant RNA-binding proteins (Hoell et al., 2011). Numerous cancers are associated with translocation events leading to aberrant transcription factors which regulate cancer-driving gene batteries. These transcription factors are fusions between a variety of different DNA-binding domains and the amino terminal, low-complexity (LC) domains of any of the three paralogous FET proteins (Guipaud et al., 2006). The DNA-binding domains are understood to recruit the cancer-causing fusion proteins to appropriate genomic sites adequate to facilitate cell growth and survival. Conversely, the LC sequences are thought to function as transcriptional activation domains. A fairly thorough understanding of how DNA-binding domains function has been established, whereas our knowledge about how LC sequences operate at a mechanistic level has remained elusive (Kwon et al., 2013). They are known to exist in an intrinsically disordered, random coil formation (Huntley and Golding, 2002; Uversky, 2002) much like prions. Eukaryotic proteomes are rich in low-complexity sequences characterized by containing small subsets of amino acids which oftentimes come in repetitive arrays (Romov et al., 2006; Kwon et al., 2013). Of the 220 residues within the FUS LC domain, 84% are represented by only four amino acids: glycine, serine, glutamine, and tyrosine. It contains 27 repeats of the triplet sequence [G/S]Y[G/S] (Kwon et al, 2013). Han et al. (2012) and Kato et al. (2012, Fig. 5A and 5B) observed the FUS LC domain to polymerize into uniform amyloid-like fibers forming a gel when incubated at high concentrations. Although morphologically similar to pathogenic amyloid aggregates, these polymers are labile to depolymerization (Kato et al., 2012, Fig. 6C) raising a possibility that reversible LC polymerization may engender functional utility. The present paper describes experiments that test the correlative relationship between the two measurable features of the LC domains of FET proteins, namely their transcriptional activation capacity and polymerization propensity. 

Results, their critical evaluation and proposed alternative experiments
Figure 1: The authors set up a luciferase assay to test the transcriptional activity of the native and 43 random Y-to-S mutants (Table S1) of the FUS LC domain. Except for the 2A mutant, a strong correlation was observed between the two activities (Fig. 1C). An interesting detail remains unaddressed here: 2A and 3F mutants differ in a single Tyr mutation (Tyr161), yet their transcriptional activities are ~3-fold apart. Western blot below Figure 1A tells us that the 3F fusion might have been underexpressed. I would like to see their graph in Figure 1B more transparent. Their conclusions here seem valid nonetheless.
Mass spectrometry: Yeast and HEK293FT cell extracts were prepared and subjected to precipitation by the biotinylated isoxazole (b-isox) chemical which had previously been found to selectively precipitate proteins containing significant stretches of random coil polypeptides (Kato et al., 2012, Fig. 8). Precipitated proteins were identified by shotgun mass spectrometry. Among 260 and 578 identified yeast and human proteins, respectively, the largest subunit of RNA polymerase II was one of the most abundant ones in both precipitates (Tables S2 and S3). TAF15 was present in copious amounts in the mammalian precipitate. Significant amounts of intrinsically disordered regions in both of these proteins dictated the authors to further focus on them. I assume yeast extract was included to make sure that 26 heptads in the yeast CTD are sufficient to facilitate b-isox-mediated RNA polymerase II precipitation. Question about how exactly b-isox functions (according to Kato et al. (2012) it induces β-sheet formation in unstructured sequences) remains. 
Figure 2: Western blots in Figure 2 and Figure S1A show that b-isox preferentially precipitates the unphosphorylated form of the yeast and human largest subunit of RNA polymerase II. GFP:CTD26 fusion was effectively precipitated by the b-isox crystals, yet phosphorylation of the CTD by either CDK7 or CDK9 prevented b-isox-mediated precipitation (Fig. S1B). In Figure S1B I am missing another data point for ~1.5 µg CDK7 (CDK9) which would add additional credence to their conclusions here. I do not exactly know how to explain the thick bands in Figure S1A (middle panel, lanes T and S). Could it simply be showing different Ser5P phosphorylation states of the CTD? If it was a cross-reactivity issue I would expect to see the band in lane P comparably thick.
Figure 3: Considering the fact that [G/S]Y[G/S]-like sequences are a hallmark of the human CTD, the authors examined whether GFP:CTD26 fusion protein might bind to hydrogel droplets formed by different mCherry:LC domain fusion proteins. As evident from Figure 3A, GFP:CTD26 was avidly trapped by mCherry:TAF15 hydrogel droplets, much less efficiently by mCherry:FUS and mCherry:EWS and not at all by mCherry:CIRBP and mCherry:hnRNPA2. Dissecting CTD further it was found that the degenerate C-terminal half of the CTD (GFP:CTD33-52) is the major driver of CTD copolymerization (Fig 3B). At least the last 15 C-terminal heptad repeats were necessary to facilitate CTD polymerization qualitatively undistinguishable from the one associated with GFP:CTD26 (Fig 3C). This data together with the exact sequence of human CTD suggests that Ser7 is not involved in copolymerization or is at least redundant (there is no Ser7 in any of the last 15 human CTD heptads; my observation). Many fluorescent proteins dimerize. mCherry is definitely monomeric, but GFP usually exhibits tendency to weakly dimerize. Could this be a concern when interpreting the results of their hydrogel experiments?  
Figure 4: When phosphorylated by either CDK7 or CDK9, the GFP:CTDC26 fusion protein was fully blocked from binding to mCherry:TAF15 LC domain-based hydrogels (Fig. S3). They then decided to see whether prebound GFP:CTDC26 can be depolymerized in a phosphorylation-dependent manner. In Figure 4A we can see that the trapped GFP:CTDC26 was released in an ATP- and enzyme (CDK7 and CDK9) concentration-dependent fashion (I liked that they used the same amount of enzymes as in Fig. S1B, Pellet). Figures 4B, 4C and Movie S1 collectively show the dynamics of GFP signal loss when applied at fixed enzyme (CDK7) and ATP concentrations (Fig. 4B, top row). In Figure 4C the Ser5P signal is saturated across all lanes and is thus hard to say that there is more material present with increasing CDK concentration. Western blot against GFP is more informative in this respect. It would be nice to show the released material (GFP:CTD26) over time under Fig. 4B and maybe also a western blot against TAF15 to show its absence. 
Figure 5: Hydrogels formed from the 2A mutant FUS LC domain fused to mCherry displayed enhanced CTD binding (Fig. 5A). However, it occurs to me that the GFP signal in the case of GFP:CTD26 binding to the 2A mutant hydrogels is approximately the same as in Figure 3A when WT FUS was used. Interactions of GFP:CTD26 with hydrogel were blocked by CDK7- and CDK9-mediated phosphorylation (Fig. S4A). Application of either of these enzymes, in the presence of ATP, caused prebound GFP:CTD26 protein to be released from hydrogel droplets (Fig. S4B). The authors highlight 6 non-canonical aspartic acid-containing triplets (16–21) in TAF15 LC domain (Fig. 5B) and, bearing in mind the 2A mutant carried Y-to-S mutations in the same region, speculate that this “16–21” window may play an important role in capturing the CTD of RNA polymerase II. In the discussion a possible “zipping mechanism” is hypothesized where phosphorylation of these two serines might facilitate enhanced CTD binding via electrostatic lysine-mediated interactions. To explain Figure 5A with this scenario in mind, mCherry:FUS 2A mutant should be phosphorylated on these two sites. But does this happen when the protein is expressed in E. coli? To further advance the question of phosphorylation status of all the “purified input proteins” I suggest performing a phosphoproteomic analysis.
Figure 6: In their next experiment they mimicked a possible scenario that would lead to LC domain-mediated polymerization in living cells. mCherry:FUS LC domain-FLI DNA binding domain fusion protein was incubated with a PCR product containing 25 microsatellite GGAA repeats previously shown to be the target of FLI (Gangwal et al., 2008). TEM micrographs in Figure 6A show the DNA-dependent formation of an extensive network of interwoven mCherry:FUS-FLI fibers. Occasional amorphous particles were observed in control samples without any DNA (Fig. 6B). EMSA was performed to confirm the fusion-PCR product interaction (Fig. S5). I think this is their weakest figure. Why a triple fusion protein was used? One could imagine that trapping an LC domain between two structured proteins would affect/impair its polymerization capacity. This fusion also likely has a different hydrodynamic radius compared to the one that is binding to DNA in vivo. Many more control experiments could have been done, namely they could have shown that: (i) random DNA scaffold does not induce polymerization of mCherry:FUS-FLI; (ii) mCherry:FLI in the presence of a FLI-specific DNA scaffold does not polymerize; (iii) mCherry:FUS:non-FLI DBD in the presence of a FLI-specific scaffold does not polymerize. Their target DNA could have carried only microsatellites to ensure that FLI is specifically recognizing GGAA in vitro (insert restriction sites in the PCR product adjacent to the microsatellite-rich region, digest and purify with HPLC). Their TEM images do not provide resolution high enough to see individual PCR products coated with fusion proteins. AFM has successfully been used to visualize binding of similar fusion proteins to DNA scaffolds in vitro with single-molecule resolution (Nakata et al., 2012; Hafner-Bratkovic et al., 2011). 
Figure 7: Results presented in Figures 3C and S6 hint to the possibility that the N-terminal portion of TAF15 LC domain is responsible for polymerization, and the C-terminal half for CTD binding. A series of 48 random Y-to-S TAF15 LC domain mutants (Table S4) was prepared, linked to GAL4, and assayed for luciferase reporter gene activation. Figure 7A shows the inverse correlation between the number of mutations and transcriptional activity for all fusions. Three most debilitated ones were picked and compared to the WT TAF15 LC domain with respect to hydrogel formation, fiberization, and CTD interaction. Only WT sequence was able to form a hydrogel (Movie S2), fiberize (Fig. 7B) and coimmunoprecipitate with GFP:CTD26 (Fig. 7C). What they claim are “cherry-picked mutants” (i.e. 1F, 2H and 3K), actually are not really. They use them to continue their story about the importance of the 80 N-terminal TAF15 amino acids in driving polymerization. Looking at the table S4 we can clearly see that Y-to-S mutations in 1A and 1C map to the region well beyond the first 80 amino acids, yet their transcriptional activation ability (hence also polymerization propensity) is profoundly impaired, much like in 1F. The same observation can be made for double and triple mutants. I would like to see if 1A, 1C and some other “non-cherry-picked” mutants form a hydrogel (repeat experiment as shown in Movie S2). The model presented in Figure 7D looks nice and plausible (although overly simplistic), but for the most part relies on Figure 6 which I argued is fairly weak. 

Methods
Hydrogel-binding assays: Concentrated mCherry fusion proteins (typically ~50 mg/ml) were dialyzed in gelation buffer containing 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, 20 mM BME, 0.5 mM EDTA and 0.1 mM PMSF overnight. After sonication, centrifugation and concentration small droplets (0.5 µL) of this protein solution were placed on a glass-bottomed dish and left at room temperature for a couple of days to allow for hydrogel formation. 1 µM GFP test solution was then typically applied and left overnight at 4 0C. Horizontal section of the hydrogel droplet was scanned with both the mCherry and GFP excitation wavelengths on a confocal microscope (also Kato et al., 2012, Fig. 3).
Cyclin-Dependent Kinase Assay: Unphosphorylated GFP:CTD26 was preincubated with the mCherry:TAF15, mCherry:FUS and mCherry:FUS 2A hydrogels overnight. GFP:CTD26 solution was replaced by CDK7 or CDK9 reaction mixtures. The hydrogel plates were incubated at 30 0C for 1 hr. Confocal microscopy was employed for hydrogel analysis. 
Bioinylated Isoxazole-Mediated Precipitation: Yeast and HeLa cell extracts were precipitated for 1 hr at 5 0C with 3 µL of 1 mM b-isox/100 µL extract. HEK293FT nuclear extracts were precipitated with 100 µM b-isox for 2 hr at 4 0C.
Fiber extension assay: mCherry:TAF15 LC domain fusion proteins (WT and 1F, 2H, 3K mutants) in the gelation buffer were sonicated, spun down, incubated overnight at 4 0C, 10-fold diluted and detected by fluorescence microscopy.
Other methods: chemical synthesis of the b-isox chemical, standard cloning techniques, QuickChange mutagenesis, luciferase assays, Ni-NTA-based protein purification, transmission electron microscopy, agarose EMSA and coimmunoprecipitation assisted with magnetic beads. 

Importance of this paper in the context of the field
Kwon et al. extended the hypotheses put forth by Han et al. (2012) and Kato et al. (2012) that intrinsically disordered domains associated with RNA regulatory proteins and transcription factors might reversibly polymerize in order to establish proper cellular organization (e.g. membraneless organelles composed of proteins and RNA) and information flow from DNA to RNA to proteins. Elucidating molecular mechanisms that govern these dynamical processes is important since many degenerative diseases are a consequence of misaggregation of such prion-like domains (Li et al., 2013, Fig. 2; Ramaswami et al., 2013). Evidence that the LC domains of FET proteins are able to interact with the CTD of RNA polymerase II is consistent with recent studies of FUS in its native form (Schwartz et al., 2012). Looking at the paper from the point of view of cancer and assuming their model is right: is LC domain polymerization-mediated RNA transcription cancer-specific? If this indeed was the case we could start thinking about developing a new class of cancer drugs that would prevent RNA polymerase II sequestration to cancer-causing gene batteries by preventing “transcription fiber” formation. More broadly this paper offers many exciting speculations about cell’s interior wiring. The very essence of the following ideas dates back to the 19th century (Wilson, 1899). Edmund Beecher Wilson proposed that non-membrane-bound compartments such as P-granules and Cajal bodies could be explained by the principles of colloid chemistry. Crowding-induced phase separation is a well-studied phenomenon in colloid science (Luby-Phelps, 2013). Bridging this long-standing cellular biology paradigm with the articles from the McKnight group (Han et al., 2012; Kato et al., 2012; Kwon et al., 2013), another very recent report along the same lines (Li et al., 2012), and two papers showing high abundance of low-complexity domains across eukaryotic proteomes (Peng et al., 2013) as well as their importance in coordinating various cellular activities (Cumberworth et al., 2013), it is plausible to suspect that (some) signaling and information flow events in cells are mediated by solid-state polymeric pathways. A review by Wu (2013) exemplifies the current trajectory in the signal transduction field which is somewhat in concordance with my previous reasoning. Stepping even further back I envision the insights from this paper might aid in our understanding of how similar prokaryotic proteinaceous organelle-like structures self-assemble and function (O’Connell, 2012).



Key future questions
Crucial unanswered questions stemming out of this paper concern with the actual mode and regulation of LC domain polymerization in vivo as well as the exact molecular interactions between the CTD of the RNA polymerase II and “transcriptional fiber”. How many monomers need to come close to each other on DNA to make the initial fiber seed potent enough to recruit CTD, organize transcriptional machinery and initiate transcription? Schwartz et al. (2013) show that RNA mediates nucleation of native FUS protein into ~100 nm long fibers in vitro. How, if at all, this translates to a situation in vivo / to a situation with DNA instead of RNA? Using EWS:FLI fusion protein as a model we could maybe use FRET to show that CTD interacts with LC domains in vivo. Additionally we could modify EWS-FLI and/or CTD with photoactivable amino acids, crosslink them in vivo, then pull down the complex and study it further in vitro (Suchanek et al., 2005). When it comes to additional in vitro experiments, surface plasmon resonance, analytical untracentrifugation, fluorescence anisotropy and cryo-EM could provide us with more information about the mode of binding, fiber stoichiometry and structure. In the very last paragraph the authors propose that 6 consecutive aspartic acids in 6 non-canonical TAF15 triplets may interact with 7 lysines in the degenerate C-terminus of the CTD of RNA polymerase II. This would basically imply “one CTD to one LC domain” model which is conflicting their model in Figure 7D. Experiments above (this time using TAF15:FLI fusion) could shed light on this matter as well. One other immediate experiment that would follow up particularly on Figures 3 and 5 as well as their idea about aspartic acids acting as phosphomimetics would be to introduce the supposedly crucial “16–21” window to FUS followed by hydrogel assays with GFP:CTD26. If this stripe of triplets really is so important you would expect to see FUS16–21/Asp behaving TAF15-like. A reciprocal experiment would be to recode human CTD to make it look like the teleost fish one (replace all 7 lysines with serines in all 7 heptads within the degenerate C-terminal CTD). In this case you would expect to observe diminished binding of GFP:CTDTele26 to TAF15. When it comes to phosphorylation and its role in fiber-mediated transcription initiation the authors focused on RNA polymerase but anticipate that “LC domains are almost certainly regulated by posttranslational modification”. Their speculations raise two questions: (i) Are there any signature amino acid motives specific to LC domains? (ii) Do LC domain-specific modifying enzymes (probably kinases) exist and if so, what peptide motives do they recognize? Another set of questions that I am intrigued by relate specifically to the role of low-complexity domains in regulating cell interior. Their ubiquitous importance (Uversky, 2011 & 2013) has already given rise to the term “unstructural biology” (Tompa, 2012). In the context of this paper it looks like there is something unique about the unstructured region in the CTD of the human RNA polymerase II. The authors observed qualitatively and kinetically distinct polymerization dynamics of GFP:CTD26 compared to their earlier experiments involving only FET LC domains (Fig. S2). Namely it was noticed that gel trapping of GFP:CTD variants occurred more rapidly than the homo- or heterotypic trapping of  various GFP fusion proteins linked to the LC domains of FET proteins. Are there any biological implications of this observation? Has it shown up solely as a consequence of an in vitro experimental setup? Thinking about a possible in vivo scenario a “cooperative switch” might take place wherein a threshold concentration of LC domains would be needed to efficiently fiberize and recruit RNA polymerase II via its CTD and facilitate expression of certain cellular programs. It is arguable to think such prompt responses might somehow be linked to cell’s metabolic status. Coming to metabolism and the weird behavior of the biotinylated isoxazole I wonder if there is more to it. According to Zempleni (2005) greater than 2000 biotin-dependent genes have been identified in various human tissues many of them playing important roles in cells signaling and chromatin structure. Could it be that biotin under some circumstances induces gelation of some LC-domain containing proteins or RNA-protein ensembles in vivo? More broadly: are there some other small metabolites in cells that modulate formation of various nuclear and cytoplasmic protein and RNA bodies (Malonovska et al., 2013, Table 1)? One interesting eukaryotic example along these lines is metabolite-dependent formation of a purinosome complex (Zhao et al., 2013). However, I came across this very bold paper showing that purinosomes arise as a function of overexpressing fluorescently labeled purine biosynthetic enzymes and are as such not physiological at all (Zhao et al., 2013).  Next: if the authors are right about the “transcriptional fiber” model I would want to know whether it holds true only for FET transcription factors (and is hence cancer-specific) or does it represent a more general mode under which many native transcription factors operate. Building on EWS:FLI’s strategy one could take an in silico approach and begin by mining the human genome for microsatellite-rich or other highly repetitive genomic regions and try to relate them to recognition sequences of transcription factors already in the databases. A possibility that their idea of charge attraction might explain the longstanding enigma of acidic activation domains has not escaped my attention either. This led me to think about VP16 (Sadowski et al., 1988), an activating acidic region which is an unusually potent benchtop transcriptional activator. According to Jonker et al. (2006) VP16 contains intrinsically unstructured regions. Taking both facts (acidic regions, intrinsic disorder) into account it would be interesting to see whether VP16 exhibits any of the “phenotypes” characteristic of the FET LC domains. Some other questions and ideas that I find appealing: (i) Would a modified RNA polymerase II with an additional degenerate C-terminal CTD (i.e. GFP:CTD26,26) bind LC domains with higher avidity? Is RNA polymerase II evolvable in a test tube? (ii) How does CTD’s structure change upon phosphorylation and why does phosphorylation prevent RNA polymerase II to bind to b-isox? (iii) Does CTD become β-sheet-rich upon encountering another unstructured polypeptide (i.e. LC domain)? (iv) What do LC domains really recognize in the absence of structure? Is there anyway same underlying structure within disorder that exists in such domains? (v) Can unphosphorylated CTD polymerize with itself? Does RNA polymerase II exist as a bundle in vivo?

In addition to many questions this paper has posed to me, I see it also as a textbook example of how a coincidental observation in the lab (i.e. b-isox forms crystals) can pave a whole new research trajectory and lead to fundamental new discoveries. 
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