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            Abstract
In eukaryotic cells, post-translational histone modifications have an important role in gene regulation. Starting with early work on histone acetylation1, a variety of residue-specific modifications have now been linked to RNA polymerase II (RNAP2) activity2,3, but it remains unclear if these markers are active regulators of transcription or just passive byproducts4,5. This is because studies have traditionally relied on fixed cell populations, meaning temporal resolution is limited to minutes at best, and correlated factors may not actually be present in the same cell at the same time. Complementary approaches are therefore needed to probe the dynamic interplay of histone modifications and RNAP2 with higher temporal resolution in single living cells2,5,6. Here we address this problem by developing a system to track residue-specific histone modifications and RNAP2 phosphorylation in living cells by fluorescence microscopy. This increases temporal resolution to the tens-of-seconds range. Our single-cell analysis reveals histone H3 lysine-27 acetylation at a gene locus can alter downstream transcription kinetics by as much as 50%, affecting two temporally separate events. First acetylation enhances the search kinetics of transcriptional activators, and later the acetylation accelerates the transition of RNAP2 from initiation to elongation. Signatures of the latter can be found genome-wide using chromatin immunoprecipitation followed by sequencing. We argue that this regulation leads to a robust and potentially tunable transcriptional response.
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                    Figure 1: Covalent modifications to histones and RNAP2 can be imaged in living cells using FabLEM.[image: ]


Figure 2: Fitting the RNAP2 transcription cycle.[image: ]


Figure 3: Effect of perturbing array histone acetylation on RNAP2 transcription activation.[image: ]


Figure 4: Sequencing to examine genome-wide acetylation and transcription.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Immunostaining the array with antibodies against RNAP2 and histones.
a, Monoclonal antibodies against the RPB1 subunit of RNAP2 (CTD) and its Ser 5 and Ser 2 phosphorylated forms (Ser 5ph and Ser 2ph) were evaluated by ELISA using the indicated peptides with specific phosphorylation patterns. Microtitre plates coated with the peptides were incubated with each antibody. After incubation with peroxidase-conjugated secondary antibody and washing, the colorimetric signal of tetramethylbenzidine was detected by measuring the absorbance at 405 nm using a plate reader. b, Immunofluorescence with monoclonal antibodies against RNAP2 (tested in a), H3K27ac and H3K4me2 in cells (arrays marked by GR, yellow arrows) fixed pre- and post-transcriptional activation (times indicated). c, Although H3K4me2 levels at the array are consistently high, H3K27ac levels are sometimes relatively low (pink arrows), as quantified in the histogram. d, Summary of a screen of histone modifications and variants at the MMTV array by immunostaining. Scale bars, 5 Î¼m.


Extended Data Figure 2 FRAP determines the timescale of FabLEM experiments.
a, FRAP experiments on cells loaded with fluorescent Fabs (red) against RNAP2 (CTD, Ser 5ph and Ser 2ph) can be used to estimate an upper bound on how long it takes Fabs to track their targets. The FRAP recovery time is limited by the dissociation of photobleached Fab (grey) from target protein modifications (black dots) plus the association time of an unbleached Fab to the open modification. It is the latter time that corresponds to the tracking time of Fab and the temporal resolution of FabLEM. b, Fab FRAP recovery curves (coloured curves on right; Â± s.e.m.) are complete in about 10 s. A control Fab with no target in the nucleus is shown in green to see how fast recoveries are when Fab do not bind (fits to n = 10 curves indicate this recovery is purely diffusive, yielding a Fab diffusion coefficient Â± s.e.m. of DFab = 20 Â± 8 Î¼m2 secâˆ’1). c, Select frames from single-cell FRAP experiments. Yellow lightening indicates the position of the bleach. On the right, reaction-diffusion fits of the bleach spot profiles (radial distance from centre of bleach spot) at times shown on the left, with earlier times having deeper profiles. Fits (Â± s.e.m.) to n = 43 (CTD), n = 30 (Ser 5ph), and n = 32 (Ser 2ph) FRAP experiments on three independent days yield the average effective diffusion coefficient Deff, binding time toff, and bound fraction BF for each Fab. The total bound fraction (BFtot) is computed: 1 âˆ’ (Deff/DFab)(1 âˆ’ BF). All Fab have high total bound fractions (>80%), indicating good signal to noise. Scale bars, 10 Î¼m; a.u., arbitrary units.


Extended Data Figure 3 Testing fidelity of FabLEM for detecting RNAP2 and histone modifications.
aâ€“e, Representative FabLEM experiments in single living cells that were either untreated (a, b) or treated with inhibitors (câ€“e). Scale bars 5 Î¼m. c, Cells were treated with 1 Î¼M flavopiridol for 1 h and then activated with hormone (time roughly corresponds to post-activation). Flavopiridol inhibits P-TEFb, which phosphorylates the RNAP2 CTD at Ser 2, preventing elongation at the gene array (marked by yellow arrow). FabLEM experiments confirm this, showing no array decondensation and no accumulation of Ser 2ph Fab (red) at the array upon hormone treatment even though Ser 5ph (purple) does accumulate, indicating RNAP2 initiation (although to a lesser extent than in untreated cells). d, The same experiment as above, but now examining histone acetylation levels at the array (blue, H3K27ac), which no longer go down post-activation, as in untreated cells. e, Cells were treated with 100 nM of the histone deacetylase inhibitor trichostatin A (TSA) for 1 h. As with flavopiridol treatment, the array no longer decondenses, H3K27ac levels remain high (and in fact the total nuclear intensity is higher, indicating global increases in H3K27ac levels) and levels of RNAP2 initiation are low, indicating little or no RNAP2.


Extended Data Figure 4 Testing the confidence of FabLEM correlations.
a, GR and Ser 2ph data from Fig. 1c were randomly split into two groups in 5,000 unique ways and the area between the average curves from each group was computed. A histogram of the obtained areas is shown. This reveals that the H3K27ac-based split of data into high and low groups in Fig. 1c scores in the top 5% of all GR splits (green) and in the top 10% of all Ser 2ph splits (red). This provides an estimate for the confidence of the measured correlation between H3K27ac and GR or Ser 2ph. b, Scatter plots of single-cell data from Fig. 1c, d with the initial H3K27ac array/nuclear intensity (2 Â± 2 min) on the x-axis and the maximal GR (12 Â± 2 min, green), Ser 2ph (23 Â± 2 min, red) and Ser 5ph (21 Â± 2 min, purple) array/nuclear intensities on the y-axis. Each point represents data from a single cell averaged over a four-minute time window (for example, each Ser 2ph point represents the mean of data from a single cell between 21 and 25 min). A positive correlation (quantified by the Pearson correlation coefficient and its corresponding P value calculated using the built-in Mathematica function PearsonCorrelationTest; Wolfram Research) is seen between H3K27ac and GR, and H3K27ac and Ser 2ph, but not between H3K27ac and Ser 5ph. c, To test if the nuclear concentration of loaded Fab has no deleterious effect on transcription at the array and is not responsible for the H3K27ac-dependence of GR recruitment and RNAP2 elongation (Ser 2ph) shown in Fig. 1c, immunostaining against Ser 2ph (red) was performed on a population of induced cells (30 min) expressing GFPâ€“GR (green) in which a subset were bead loaded with the H3K27ac-specific Fab (blue). d, The intensity of arrays in control unloaded cells (n = 24) was the same within error (Â± s.e.m.) as in bead-loaded cells (n = 24), indicating the H3K27ac Fab do not alter Ser 2ph levels at the array. e, The Fab nuclear intensities of high/low sorted cells based on array intensities from Fig. 1c are statistically indistinguishable (the smallest P value from the Studentâ€™s t-test, the z-test and the Mannâ€“Whitney median test is reported using the built-in Mathematica function LocationTest; Wolfram Research). This demonstrates that differing concentrations of Fab in the nucleus are not responsible for the measured correlation between H3K27ac and Ser 2ph.


Extended Data Figure 5 FabLEM quantification.
a, Frames from sample single-cell experiments show how the gene array (yellow arrow) is first bound by GFPâ€“GR (green) after hormone is added to cells, followed by Fabs marking RNAP2 (orange, CTD, recruitment), Ser 5 phosphorylated RNAP2 (blue, Ser 5ph, initiation), and Ser 2 phosphorylated RNAP2 (red, Ser 2ph, elongation). Scale bars, 5 Î¼m. Quantification of the array/nuclear intensity over time is shown below after adjusting time scale so GR curves are aligned (see Extended Data Fig. 9a for alignment details). b, Average single-cell recruitment curves (n = 12, Â± s.e.m.). Insets show a normalized rolling average to illustrate the temporal ordering: gene activation, RNAP2 recruitment, initiation, and elongation. The arrows indicate, from left to right, when levels of GR, RNAP2 and RNAP2 Ser 5ph and Ser 2ph go up/down at the array. câ€“f, Summary of workflow for quantifying FabLEM data. Image stacks were aligned in time (step 1), background subtracted (step 2), and intensities in the red, green, and blue channels were measured in regions of interest covering both the array (yellow polygon in upper screen shot) and a representative portion of the nucleus (yellow polygon in lower screen shot). From this raw intensity data, the mean array/nuclear intensity was calculated for the cell. This was repeated for other cells and data averaged by aligning green GFPâ€“GR curves (step 4). The maximum array relative to nuclear Ser 2ph signal is SSer2ph â‰ˆ 1.1. d, The average volume of the array Varr and nucleus Vnuc were calculated from image stacks of cells expressing GFPâ€“GR twenty minutes after transcription activation by dexamethasone. Image stacks were smoothed with a median filter (to remove single voxel speckle noise) and binarized by making all voxels with intensities above a threshold value black and all voxels equal to or below the threshold value white. The volume of the nucleus and the array could then be estimated by counting the number of black voxels. e, FRAP experiments on cells loaded with fluorescent Ser 2ph Fab were performed and fit with a reaction-diffusion model to estimate the total bound fraction of Ser 2ph Fab (BFtot) from which the free fraction could be calculated FFSer2ph = 1 â€“ BFtot â‰ˆ 0.04. f, Quantitative immunoblotting was used to estimate the total number of RNAP2 per cell, nCTD, as well as the number phosphorylated at Ser 2, nSer2ph. Together the estimates of SSer2ph, Varr, Vnuc, FFSer2ph and nSer2ph from câ€“f were used to calculate the Ser 2ph renormalization factor and generate the final renormalized FabLEM Ser 2ph curve (step 5). The renormalized curves in Fig. 2a were generated in an analogous manner.


Extended Data Figure 6 Testing the quality of FabLEM fits.
a, When FRAP and FabLEM data are simultaneously fit to the same model, the top fits (within 5% error of the best fit) found after searching the full parameter space are better constrained compared to fits of only FabLEM data in b or fits of only FRAP data in c, so all parameters can be estimated within an order of magnitude. Note that FRAP experiments are performed in steady-state, so fits do not depend on [image: ] or Î”. d, Ser 2ph data from experiments using Fab against H3K27ac (Fig. 1c) are consistent with data from experiments using Fab against Ser 5ph (Fig. 2a and Extended Data Figs 5a, b). This indicates the sorted cell Ser 2ph data from Fig. 1c can be used in place of the Ser 2ph data in Fig. 2a for fitting purposes, as shown in the lower panel. e, Fits to data taken from sorted cells with arrays having low (upper panel) or high (lower panel) H3K27ac levels before transcriptional activation. The three parameters (tinit = 1/kini, telong = 1/kt, and tesc = 1/kesc) that change the most significantly between these fits are plotted for comparison in f. The mean, the 10/90% quantiles, and data bounds are shown. If the 10/90% quantiles do not overlap, then the fitted parameters are statistically different with >99% confidence (that is, the top 10% of the top 10%). Of these parameters, only tesc did not have overlapping 10/90% quantiles. The 90% mean difference confidence interval Î”(90%) for the high/low fitted parameters is reported (calculated with the built-in Mathematica function MeanDifferenceCI; Wolfram Research). g, To confirm the statistical significance of the high/low H3K27ac fits, one or two random cells were dropped from each high (N = 9) and low (N = 10) group in all possible ways (Nhigh and Nlow denoted). The average curves of these subgroups were fit and results for tesc and telong are shown. In all cases, the 10/90% quantiles for tesc do not overlap between high/low groups. In contrast, the 10/90% quantiles for telong do overlap, meaning there is less statistical difference between telong in high/low H3K27ac cells. h, To further cross-validate, select random splits of the data from a histogram like the one in Extended Data Fig. 4a were fit in the same way as f and g. The black area of the histogram (inset) shows which bin splits were taken from for fitting (N splits from each bin). A comparison of f and h reveals that even though the H3K27ac sorted high/low split only ranks in the top 10% of random splits (ranked by area between split average curves, see Extended Data Fig. 4a), fitted tesc values in f and g between high/low groups are statistically as distinct as those in h from the top 5% of random splits. In contrast, fitted telong values are not statistically distinct in f and g, but they are in h. This demonstrates that sorting data by the initial levels of H3K27ac (like in f and g) is better at distinguishing fast tesc from slow telong, whereas random data sorted solely by the area between split curves (like in h) cannot distinguish these two effects. Thus, the difference between fitted tesc is statistically significant and supports a link between H3K27ac and the RNAP2 promoter escape rate rather than between H3K27ac and the RNAP2 elongation rate.


Extended Data Figure 7 Screening the MMTV array for histone-modifying enzymes.
a, The histone deacetylases HDAC4 (HaloTag, top, red) and HDAC7 (HaloTag, bottom, red) colocalize with the array (yellow arrows) both before (pre) and after (10 min) transcription activation by GR (green). b, The lysine acetyltransferases (KATs) p300 (top, red) and CBP (middle, red) also colocalize with the array pre-activation (as marked by H3K27ac, blue), as does the steroid receptor cofactor 1 (SRC1, bottom, red), an adaptor that bridges p300/CBP to GR after activation. c, HDAC7 (and HDAC4, data not shown) is distributed both in the cytoplasm and nucleus and the cytoplasmic/nuclear intensity ratio varies from cell to cell. When in the nucleus, they colocalize with the array (bottom two rows). d, AFF4 (red) does not colocalize with H3K27ac (blue) at arrays pre-activation. However, AFF4 can be seen 30 min after gene activation, along with GFPâ€“GR (green) and H3K27ac (blue). e, A variety of histone-modifying enzymes were tested to see which localized at the array. All HDACs, KDMs, Sirts and also PHF8 were HaloTag-tagged and screened by transient transfection, while the remaining enzymes were screened by immunostaining. Scale bars 5 Î¼m.


Extended Data Figure 8 The ratio of elongating to promoter-bound RNAP2 increases with H3K27ac levels independent of RNA expression level.
a, Histograms of H3K27ac levels above input at genes (transcription start site TSS Â± 2,000 base pairs) with varying levels of activity according to RNA sequencing. Each plot corresponds to 1,000 genes, with the top 1,000 most active genes in the very top plot followed successively underneath by plots showing the 1,000â€“2,000, 2,000â€“3,000â€¦7,000â€“8,000 most active genes. A trend can be seen, with the more active genes having on average slightly higher acetylation than less active genes, although there is huge variability in all bins suggesting some very active genes have little H3K27ac, while other inactive genes have lots of H3K27ac. b, When RNAP2 occupancy is mapped to these binned genes (with colours corresponding to the histograms), those with higher H3K27ac levels tend to have more elongating RNAP2 relative to the amount bound at the promoter (Â± 350 base pairs, easiest to see in the renormalized plots on the far right), regardless of RNA expression level.


Extended Data Figure 9 FabLEM data alignment, FRAP checks and immunoblot quantification.
a, The GFPâ€“GR curve is used to align FabLEM curves by fitting to a phenomenological model describing the basic structure of the average GFPâ€“GR curve rescaled from 0 to 1. The fitting curve has the general form a exp(âˆ’k2[t-t0])/(1âˆ’exp[âˆ’k1(tâˆ’t0)]) with [image: ] and [image: ] left as fitting parameters whose starting estimated values were determined by fitting the average of all GFPâ€“GR recruitment curves. After fitting an individual curve to this function, we numerically determine when the fitted function has a value of âˆ¼0.16. This time is used as the aligning time for the individual curve, which we define as 4.2 min post-activation (corresponding to frame 10 post-activation). b, To ensure reversible photobleaching was minimal in our FRAP experiments on the mCherry-labelled RPB1 subunit of RNAP2, mCherryâ€“RPB1, we duplicated experiments on histone H2B (mCherryâ€“H2B, n = 10). This showed very little fluorescence recovery 50 s post-bleach at the array (yellow arrow) where GFPâ€“GR was colocalized (Â± s.e.m.), demonstrating negligible reversible photobleaching of mCherry. c, To check for the role of diffusion in mCherryâ€“RPB1 recoveries after photobleaching at the gene array (see Fig. 2c for an example), the profile of the photobleach spot was measured with time (defined in cartoon to right). Top row: after normalizing from 0 to 1, the curves all fall on top of each other, indicating no diffusive recovery (which drives spatial distortions in the bleach spot shape). Only the first post-bleach time point (labelled t = 0.0 s here) shows a difference in shape (red arrows) from the others (0.7 s, 1.4 s,â€¦), indicating diffusion plays a role in the recovery up until about 0.7 s. Bottom row: this is further confirmed by doing a rolling average of data (averaging three frames at a time), which shows no distortion of shape after normalization all the way up to 54 s post-bleach. d, FRAP was performed in cells transiently expressing mCherryâ€“RPB1 and treated (n = 27) or untreated (n = 27) with the elongation inhibiting drug flavorpiridol (1 Î¼M, 1 h). In treated cells, the recovery was 21% more complete at 50 s post-bleach (relative to the baseline recovery from mCherryâ€“H2B FRAP in b) than in untreated cells, indicating this fraction of RNAP2 is elongating in the untreated cells. e, Sample immunoblots of whole-cell extract from 3617 and HeLa cells using monoclonal antibodies against the CTD (Î±-CTD) of RPB1, as well as its Ser-5 (Î±-Ser 5ph) and Ser-2 (Î±-Ser 2ph) phosphorylated forms. f, Sample immunoblot quantification. Images were digitized and the intensity of blots quantified (blue/green shapes). Here the intensity of HeLa blots was fitted to a line to determine the relative intensity of blots from 3617 cells (within the linear region of the fit) and thereby determine the ratios of the numbers of RNAP2 in each cell type.
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Post-translational modifications to histone proteins have an important role in gene regulation, but it remains unclear if these marks are active regulators of transcription or downstream consequences. Here, Tim Stasevich et al. investigate the dynamic interplay of histone acetylation and RNA polymerase II activity at high temporal resolution in single living cells using fluorescence microscopy. Acetylation of histone H3 at Lys27 at an active gene locus enhances the recruitment of a transcriptional activator and accelerates the transition of RNA polymerase II from initiation to elongation. These findings indicate that histone acetylation has a causal effect on two distinct steps in transcription activation.
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