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            Abstract
Nucleic-acid-binding proteins are generally viewed as either specific or nonspecific, depending on characteristics of their binding sites in DNA or RNA1,2. Most studies have focused on specific proteins, which identify cognate sites by binding with highest affinities to regions with defined signatures in sequence, structure or both1,2,3,4. Proteins that bind to sites devoid of defined sequence or structure signatures are considered nonspecific1,2,5. Substrate binding by these proteins is poorly understood, and it is not known to what extent seemingly nonspecific proteins discriminate between different binding sites, aside from those sequestered by nucleic acid structures6. Here we systematically examine substrate binding by the apparently nonspecific RNA-binding protein C5, and find clear discrimination between different binding site variants. C5 is the protein subunit of the transfer RNA processing ribonucleoprotein enzyme RNase P from Escherichia coli. The protein binds 5â€² leaders of precursor tRNAs at a site without sequence or structure signatures. We measure functional binding of C5 to all possible sequence variants in its substrate binding site, using a high-throughput sequencing kinetics approach (HITS-KIN) that simultaneously follows processing of thousands of RNA species. C5 binds different substrate variants with affinities varying by orders of magnitude. The distribution of functional affinities of C5 for all substrate variants resembles affinity distributions of highly specific nucleic acid binding proteins. Unlike these specific proteins, C5 does not bind its physiological RNA targets with the highest affinity, but with affinities near the median of the distribution, a region that is not associated with a sequence signature. We delineate defined rules governing substrate recognition by C5, which reveal specificity that is hidden in cellular substrates for RNase P. Our findings suggest that apparently nonspecific and specific RNA-binding modes may not differ fundamentally, but represent distinct parts of common affinity distributions.
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                    Figure 1: Processing of precursor tRNA with randomized leader sequences.[image: ]


Figure 2: Discrimination of C5 between different precursor tRNAMet leader sequences.[image: ]


Figure 3: Rules for sequence discrimination by C5.[image: ]
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Extended data figures and tables

Extended Data Figure 1 C5 binding site in the 87 ptRNA leaders in E. coli.
aâ€“c, Alignment and sequence logos for the C5 binding site in all 87 ptRNA leaders encoded by E. coli. Binding of C5 to the consecutive ptRNA positions âˆ’3 to âˆ’8 is well established, based on a crystal structure9 and biochemical evidence10; that is, looping of bases seen for certain RNA- and DNA-binding proteins, does not occur with C5. Consistent with this idea, we did not detect any sequence motif with the MEME software, when including positions âˆ’1 to âˆ’10. a, Sequence alignment. Sequences were aligned with CLUSTAL. Coloured squares indicate the bases (C, blue; A, green; U, red; G, black). Anticodon, the anticodon recognized by the tRNA; tRNA#, the tRNA identification number; tRNA type, the amino acid. b, Sequence logo depicting the probability of any base at a given position, based on the alignment in a. The logo was generated with Weblogo. c, Sequence logo for the information content of the alignment in a. The logo was generated with Weblogo.


Extended Data Figure 2 Preparation of DNA libraries for Illumina sequencing.
a, BAR, the indexing barcode; NN, the degenerated barcode. For primer sequences see Methods. RT, reverse transcription. b, DNA libraries (PCR products, a) for samples at the time points indicated. Controls: lane 5, no RNA; lane 6, no reverse transcriptase. c, Read structure. Nucleotides 1 and 2 are degenerated barcode; nucleotides 3-5 are sample barcode (index tag); nucleotides 6â€“29 are additional leader sequence, nucleotides 30â€“35 are randomized leader sequence; nucleotides 38 onwards are tRNA.


Extended Data Figure 3 Multiple turnover reaction scheme.
E, enzyme; ES1...i, individual enzyme substrate complexes; K1...i, individual functional binding constants; S1....i, individual substrate variants; V1...i, individual reaction rate constants.


Extended Data Figure 4 Effect of the 21 nucleotide extension on ptRNA processing by RNase P.
a, Relative processing rate constants were measured for three sequence variants from different parts of the affinity distribution by PAGE. Reactions for each sequence variant were conducted in the presence of the randomized population (unlabelled) with equal amounts of substrate with (S/21) and without the 21-nucleotide extension (S/nL). The asterisk marks the position of the radiolabel at the 5â€² end of the substrate. Reactions were conducted under the conditions described in the Methods. b, PAGE for the reaction of the reference sequence variant. The time point at 5â€‰min is marked for reference. c, The effects of the 21-nucleotide extension on relative processing rate constants of the three indicated sequence variants. The position of each sequence variant in the affinity distribution of all sequence variants (Fig. 2d) is given for reference by the vertical line above the plot. The number indicates the factor (S/nL)/(S/21) by which the 21-nucleotide extension decreases the relative rate constant of the given sequence variant, given as average from three independent experiments. The horizontal line approximates the degree of the relative change. The 21-nucleotide extension decreases the observed for sequence variant (CTCCTG) by a factor of 2.3. For the genomically encoded leader sequence AAAAAG, the 21-nucleotide extension decreases krel for by a factor of 0.95; that is, the substrate with the extension reacts slightly faster than the substrate without extension. The fast reacting substrate (TTATAT) is also only minimally affected by the extension (0.92). Together, the data show only minor effects of the 21-nucleotide extension on the position of a given sequence variant in the affinity distribution.


Extended Data Figure 5 Processing of ptRNAMet(-3-8)by RNase P without C5.
Distribution of krel values for processing of ptRNAMet(-3-8) by RNase P without C5 (black line). Data were obtained analogously to those with C5. For comparison, the distribution of krel values with C5 is shown (red line).


Extended Data Figure 6 Sequence logos are only associated with the high-affinity tail of the distribution.
a, Plot of sequence variants ranked from weakest to tightest binder to the specific transcription factor Arid3a (Fig. 2d), based on data published previously18. To facilitate direct comparison to the six-nucleotide binding site of C5, only approximately half of all sequences are shown in the plot, and only six positions (positions two to seven, as indicated) of the eight-nucleotide binding site are shown. The position in the binding site is marked on the right. The brackets mark 0.1% of sequence variants (33 sequences) that bind tightest, fall into the medium, and bind weakest. Sequence logos show the information content in these sequences. The logos were generated with Weblogo. Sequence signatures of the tightest binding variants are highly enriched in physiological substrates of Arid3a18. b, Plot of sequence variants ranked from weakest to tightest binder to another specific transcription factor, Hnf4a, based on data published previously18. Approximately half of all sequences are shown in the plot, and six positions (positions two to seven, as indicated) of the eight-nucleotide binding site. Sequence signatures of the tightest binding variants are highly enriched in physiological substrates of Hnf4A18. c, Plot of sequence variants ranked from slowest to fastest reacting for C5 (Fig. 2e). The brackets mark 1% of sequence variants that react fastest, fall into the medium and react slowest. Sequence logos were generated as in a.


Extended Data Figure 7 Sequence determinants for substrate recognition by C5.
a, Model considering identity, but not position of a given base in the C5 binding site. Ranking of the four bases according to their potential to promote (positive linear coefficient) or decrease (negative linear coefficient) functional C5 binding. For calculation of linear coefficients, see the Methods. b, Position weight matrix (PWM) model considering both base identity and position in the binding site, but assuming independent contributions of each position. The plot shows the ranking of the bases according to their potential to promote (positive linear coefficient) or decrease (negative linear coefficient) functional C5 binding, relative to the reference sequence (AAAAAG, Fig. 1c). Bases are coloured as in a. For the calculation of linear coefficients, see the Methods.


Extended Data Figure 8 Neural network analysis.
Correlation between observed krel and values calculated with the best model obtained by neural network analysis (Methods).


Extended Data Table 1 Sequencing data.Full size table
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A specificity to nonspecificity spectrum
The interaction of 'specific' binding proteins with nucleic acids is attributed to high-affinity interaction with favoured sequences or structures. Proteins that lack recognized cognate sites are considered to bind 'non-specifically'. This paper presents a new and unexpected view on the concept of nonspecificity/specificity for nucleic acid-binding proteins. Eckhard Jankowsky and colleagues show that the nonspecific RNA-binding protein, C5, which is a subunit of RNase P, exhibits an underlying specificity. Using a novel high-throughput kinetic approach, they measure affinities of C5 for different sequences that vary over several orders of magnitude. Compared with specific binding protein affinities, C5 binds with affinities that are more moderate, suggesting that the only distinction between specific and nonspecific binding proteins is the region of the affinity distribution that is used.
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