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            Abstract
Human immunodeficiency virusÂ 1 (HIV-1) is a retrovirus with a ten-kilobase single-stranded RNA genome. HIV-1 must express all of its gene products from a single primary transcript, which undergoes alternative splicing to produce diverse protein products that include structural proteins and regulatory factors1,2. Despite the critical role of alternative splicing, the mechanisms that drive the choice of splice site are poorly understood. Synonymous RNA mutations that lead to severe defects in splicing and viral replication indicate the presence of unknown cis-regulatory elements3. Here we use dimethyl sulfate mutational profiling with sequencing (DMS-MaPseq) to investigate the structure of HIV-1 RNA in cells, and develop an algorithm that we name â€˜detection of RNA folding ensembles using expectationâ€“maximizationâ€™ (DREEM), which reveals the alternative conformations that are assumed by the same RNA sequence. Contrary to previous models that have analysed population averages4, our results reveal heterogeneous regions of RNA structure across the entire HIV-1 genome. In addition to confirming that in vitro characterized5 alternative structures for the HIV-1 Rev responsive element also exist in cells, we discover alternative conformations at critical splice sites that influence the ratio of transcript isoforms. Our simultaneous measurement of splicing and intracellular RNA structure provides evidence for the long-standing hypothesis6,7,8 that heterogeneity in RNA conformation regulates splice-site use and viral gene expression.
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                    Fig. 1: Development and validation of DREEM algorithm for analysis of alternative RNA structures.[image: ]


Fig. 2: The formation of alternative structures at HIV-1 RRE is driven by intrinsic RNA thermodynamics.[image: ]


Fig. 3: Alternative RNA structures at the A3 splice acceptor site regulate splice site use.[image: ]


Fig. 4: Landscape of heterogeneity in HIV-1 RNA.[image: ]
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                Data availability

              
              Sequencing data can be obtained from the Gene Expression Omnibus (GEO) database using accession number GSE131506. All other data are available from the corresponding author upon reasonable request.

            

Code availability

              
              The following programs were used. For sequence alignment, Bowtie2 2.3.4.1. For code development, Python v. 3.6.7. For read trimming, TrimGalore 0.4.1. For read quality assessment, FastQC v.0.11.8. For RNA secondary structure analysis, RNAstructure v.6.0.1. For calculating post-mapping statistics, Picard 2.18.7. For visualization of RNA secondary structure, VARNA v.3.93. For HIV-1 splicing analysis, https://github.com/SwanstromLab/SPLICING. For generating splice plots, R version 3.5.1. For figure construction, Adobe Illustrator CC 2019. For data analysis, Microsoft Excel 2018. For plot generation, Plotly v.3.2.1. The DREEM clustering algorithm is available at https://codeocean.com/capsule/6175523/tree/v1.
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Extended data figures and tables

Extended Data Fig. 1 DREEM clustering pipeline for DMS-MaPseq data.
a, A read xâ€³ is represented as a series of D bits, in which D is the length of the read. A base is denoted by the bit 1 if it is mutated away from the reference, and by 0 otherwise. K is the number of clusters in the sample. Î¼kÂ =Â {Î¼k1,Â Î¼ki,Â â€¦, Î¼kD} is the mutation profile of cluster k, and Ï€k is the mixing proportion of cluster k such that \({\sum }_{k=1}^{K}{\pi }_{k}=1\) for kÂ =Â 1 to K. The model parameters Î¼ and Ï€ are randomly initialized. In the expectation step, reads are assigned probabilistically to clusters and the likelihood of observing the data given the model parameters is computed. In the maximization step, the mixing proportion is calculated from the read assignments and the mutation profiles are updated for each cluster to maximize the expectation value of the complete case likelihood. The expectation steps alternate with the maximization steps until the likelihood converges. The likelihood function is derived using Bernoulli mixture models modified to account for missing data in the form of the underrepresentation of reads with adjacent mutations. b, Mutational distance distribution between bases in denatured DMS-modified total RNA. The mutation distance versus frequency is plotted, between two DMS-reactive positions (that is, A or C to A or C; shown as yellow bars) and between one DMS-reactive position and a background mutation (for example, mutation owing to sequencing error) (that is, A or C to T or G; shown as blue bars). The blue bars demonstrate the frequency of observing two mutations due to background.


Extended Data Fig. 2 DREEM clustering identifies and quantifies individual structures from in vitro mixing experiments.
StructureÂ 1 and structureÂ 2 sequences were in vitro-transcribed and refolded, mixed in different proportions and probed with DMS-MaPseq. The region used for DREEM clustering covers nucleotides 21â€“135 (labelled as 1â€“115 on the figure), which excludes the primers used for RTâ€“PCR (that have no DMS-induced mutations) and is identical in sequence for the two structures, except for the A > C mutation at positionÂ 94. PositionÂ 94 is masked during analysis. The topmost panel shows the DMS reactivity pattern of structureÂ 1 by itself and structureÂ 2 by itself. The rest of the panels show the clustering results at specified mixing ratios (nÂ =Â 1).


Extended Data Fig. 3 Secondary structure models for the V.Â vulnificus add riboswitch.
a, Percentages for each cluster detected in the presence or absence of 5Â mM adenine to the add riboswitch. b, In vitro structure models obtained from probing add using DMS-MaPseq followed by DREEM, colour-coded by normalized DMS signal. The ApoB and ApoB alternative structures represent the off state, which is incompetent for ligand binding. ApoA represents the on state. Previously identified helices are boxed and labelled.


Extended Data Fig. 4 DREEM clustering reveals an equilibrium of four-stem and five-stem structures for the in vitro-folded HIV-1 RRE.
a, Population-average DMS-MaPseq data for in vitro-transcribed, refolded and DMS-treated (or untreated) samples. b, Scatter plots showing the reproducibility of the DMS signal from the DREEM clustering results between two replicates with different DMS modification conditions. ReplicateÂ 1 was modified in 0.25% DMS and replicateÂ 2 was modified with 2.5% DMS. R2 is Pearsonâ€™s R2. c, DREEM clustering data from b were used as constraints to generate RNA structure models. The models derived for clustersÂ 1 and 2 from replicateÂ 1 are shown, colour-coded by normalized DMS signal.


Extended Data Fig. 5 The HIV-1 RRE forms two stable alternative structures in CD4+ T cells.
a, Schematic of DMS treatment in primary cells and isolated virions. b, DMS-MaPseq probing of the intracellular HIV-1NL4-3 RRE in CD4+ T cells was used as input for DREEM clustering. Two clusters passed the BIC test and were used as constraints on the folding using RNAstructure. Structural models are colour-coded by normalized DMS reactivity; bases not covered by the region of PCR are coloured in grey. Data used to construct models are representative data from nÂ =Â 2Â biologically independent experiments.


Extended Data Fig. 6 The A3 splice site forms alternative structures in vitro.
A 472-nt A3 sequence from the HIV-1NHG strain was in vitro-transcribed, refolded and probed with DMS-MaPseq. Models based on DREEM clustering for the local structures that form at the A3 site are shown, colour-coded by the normalized DMS signal. Percentages of clustersÂ 1 and 2 come from nÂ =Â 1Â experiment, as determined by DREEM.


Extended Data Fig. 7 Splice site use in additional A3 mutants.
a, Structure models illustrating the mutant design for A3SLÂ mut4 and A3SLÂ mutÂ 5. b, Splice site use for A3SL mutÂ 4 and A3SL mutÂ 5 for splice sites A1â€“A5, reported as fold change compared to Î”vpr HIV-1NHG. Central bar represents the mean, and error bars indicate s.d. nÂ =Â 4Â biologically independent experiments. c, Average fraction of transcripts using the A3 site, compared to the percentage of cluster 1 (A3SL), as determined by DREEM (nÂ =Â 1) for A3SLÂ mutÂ 1â€“5. Mutants are colour-coded. A dot indicates a multiply spliced (MS) HIV-1 transcript, and a triangle indicates a singly splice (SS) HIV-1 transcript.


Extended Data Fig. 8 Structural models of A3SL mutÂ 1 and A3SL mutÂ 4.
a, Structural models for A3SL mutÂ 1 derived from nÂ =Â 1Â experiment, after DREEM clustering. Pink box, region of mutations; blue box, splice site. Exonic splicing enhancer (ESE) and exonic splicing silencer (ESS) binding sites are shown. b, Structural models made using DMS-MaPseq data from HEK293T cells transfected with Î”vpr HIV-1NHG A3SL mutÂ 4. Dark blue box, sequence of the A3 splice site; pink box, location of the mutations. Splice enhancer and suppressor binding sites are highlighted; purple, ESS2p; blue, ESEtat; orange, ESE2; and green, ESS2. Percentages of each cluster come from nÂ =Â 1Â experiment.


Extended Data Fig. 9 Quality control for the generation of the genome-wide HIV-1NHG library.
a, Coverage of HIV-1 genome with DMS-MaPseq data from HEK293T cells transfected with HIV-1NHG. b, Moving average of A and C mutation frequency in 100-nt windows after DMS-MaPseq, compared to the moving average T and G mutation frequency. c, DMS-MaPseq data from HEK293T cells transfected with HIV-1NHG were used as input for DREEM. Local 80-nt window from Fig. 4 for the RRE region was used for clustering. Percentages of clusters 1 and 2 come from nÂ =Â 1Â experiment. Nucleotides are colour-coded on the basis of the normalized DMS signal; bases outside of the window used for clustering are coloured in grey. d, The A3 splice site was analysed using DMS-MaPseq and DREEM clustering from genome-wide data from HEK293T cells transfected with HIV-1NHG. Percentages of clusters 1 and 2 come from nÂ =Â 1Â experiment, as determined by DREEM. Nucleotides are colour-coded on the basis of the normalized DMS signal. e, A region of the HIV-1 genome in the pol coding region (nucleotides 2,000â€“2,120, based on HIV-1NHG genomic RNA coordinates) was analysed using DMS-MaPseq and DREEM clustering from genome-wide data from HEK293T cells transfected with HIV-1NHG. Two clusters passed the BIC test in adjacent 80-nt windows that overlapped by 40Â nt. The two 80-nt windows were combined to make the structural models. The range of proportions of each cluster come from the individual windows of nÂ =Â 1Â experiment. Nucleotides were colour-coded on the basis of the normalized DMS signal.


Extended Data Fig. 10 Proportion of minor clusters across the HIV-1 genome and the U1, U4 and U6 core-domain structural models.
a, Each bar shows the proportion of a minor cluster of an 80-nt window as a function of genome position for regions in the HIV-1NHG genome dataset that are covered by at least 100,000Â reads and pass 2Â clusters, according to the BIC test. b, U1 structural prediction from HEK293T cells transfected with HIV-1NHG. The abundance of the cluster was obtained from DREEM clustering. c, In vitro DMS-modified U4 and U6 core-domain RNA. The structure is shown for a population average; clusterÂ 2 did not pass the BIC test. d, Left, difference in BIC test value between KÂ =Â 2 and KÂ =Â 1, normalized to the value for KÂ =Â 2 for the real whole-genome dataset. Each bar represents an 80-nt window across the HIV-1 genome. Orange, windows in which only one cluster was detected according to the BIC test; blue, clusters for which two clusters passed the BIC test. Right, the same plot as shown in the left panel from simulated data, for which the mutations were randomly distributed but had the same average number of mutations per read as the true data.


Extended Data Fig. 11 Shannon entropy across the HIV-1 genome, and A4 and A5 splice sites.
a, Overlay of the HIV-1NHG genomic organization on top of a Shannon entropy plot. Each dot represents an 80-nt window, in which Shannon entropy was calculated from DMS reactivity. The top plot is the major cluster and the bottom is the minor cluster. b, Scatter plot of Gini index versus Shannon entropy for the major and minor clusters (nÂ =Â 1). R2 is Pearsonâ€™s R2. c, Structural model of the transcription-activation-region stem loop from the genome-wide DMS-MaPseq and DREEM data. d, Structural model from two clusters found using the genome-wide DMS-MaPseq and DREEM data for a window containing four splice acceptor sites (A4a, A4b, A4c and A5). Splice sites are boxed. Nucleotides are colour-coded on the basis of the normalized DMS signal.
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