SUPPLEMENTARY INFORMATION

SI RESULTS

Limited Primer Extension analysis strategy.
Limited Primer Extension (LPE) analysis involves annealing a specific primer immediately upstream of the slippage motif. The primer is then extended to the template base at which termination is predetermined to occur. The template position of this base has to be the first (proximal) occurrence of that particular base (i.e. either A, C, G or T). Termination is ensured by having its complementary substrate being a chain terminator acyclonucleotide base i.e. depending on whether this template base is A, C, G or T, the acyclonucleotide base will be either acyT, acyG, acyC or acyA respectively.  The substrates for the non-terminator template bases at which elongation is desired, are dNTPs (i.e. for the other 3 bases). The template sequence that specifies the LPE product extends from the 3’ end of the primer binding site to the terminator base position (Supplementary Figure S1, panel A). The length of the LPE products depends on whether indels and misincorporations are present and their identity. To discriminate DNA polymerase infidelity during PCR amplification from RT polymerase infidelity during reverse transcription, a reference LPE product marker (derived from the PCR product) is compared to the LPE products displayed on a gel. In some gels a marker is not shown, but knowledge of variation due to effects of dNTP imbalance conditions during RT reactions can also be informative in specific cases about background levels of DNA polymerase infidelity. Comparisons with the NGS data are also supportive.   

LPE distinction between slippage and base misincorporation. 

Reverse transcriptase enzyme activity is not associated with error-proofreading. Imbalance of the 4 dNTP substrate pool, with at least one of the dNTPs being in a relatively lower concentration, is expected to favor misincorporation of one of the other 3 dNTPs at template base positions specifying the under-represented dNTP. Misincorporation frequency is expected to correlate with the relative dNTP ratio. The relative ratio of the other three dNTPs should influence substituted base identity, though the extent of their equivalence for base pairing formation with the RNA template base will also be relevant. Products derived from slippage and base misincorporation are distinguishable by LPE analysis. With slippage, for any one primer the pattern of LPE product migration is identical with different chain terminators, and it is also the same irrespective of the motif present in the positive strand (T-tract) or its complement in the negative strand (A-tract). With misincorporation, the substituted base in the motif will be revealed by the acyclonucleotide chain terminator base complementary to it since this would yield an extra product in addition to that derived from the slippage pattern. Further, for the same nt position and same chain terminator, analysis of the complementary DNA strand, via its RT-PCR product, does not reveal an extra product due to the template base and the terminator base being identical. 

This distinction between slippage and misincorporation derived patterns is illustrated in Supplementary Figure S1. This figure shows an LPE analysis with primer R_1649 complementary to the template sequence located 3’ to the T-tract on the positive strand of the ( 200 bp (RT)-PCR products derived from cDNA generated with the 3 dNTP ratios as above (Supplementary Figure S1, panel A). With a chain terminator reaction involving acyT complementary to the template base located 5’ adjacent to the T-tract, one base addition was detected compared to the marker control (Supplementary Figure S1, panel B, compare lanes 17-19 with lanes 23-24). A similar result was observed using the chain terminator mediator acyG complementary to the template base located 3 bases 5’ to the A-tract (compare lanes 25-27 with 31-32). The pattern for one base omission, including for the control marker, was still observed for all conditions. Importantly, misincorporation rather than a slippage event during cDNA synthesis at the dNTP ratio with lower dATP, [dATP]5(M:[dTTP]500(M ,was confirmed by the difference of signal pattern obtained with acyT and acyG LPE reaction (compare lanes 17-19 with 25-27). The pattern of 6 products derived from termination at each of the 6 positions of the motif was detected with chain terminator acyG (Supplementary Figure S1, panel B, lane 27 bands a-f) but not with terminator chain acyT (lane 19). The acyG derived pattern indicates that a C base is present at any one of the 6 positions in the positive strand of the RT-PCR product. Consequently a corresponding base G is present in the negative strand of the RT-PCR product reflecting the misincorporation of a base G during reverse transcription of the RNA template U-tract. 


Further evidence for misincorporation derives from signal pattern decrease when the same chain termination mediator acyG is used in an analysis of the negative strand (in Supplementary Figure S1, panel B, compare lane 27 with 11). Finally, lane 27 shows a gap equivalent to 2 nt between the LPE product derived from termination at the 6th motif base located at the 5’ end of the T-tract (band a), and the position of the product which is 1 nt less than the standard LPE product (derived from termination 4 nts 5’ of the template T-tract). Slippage-derived products would not be expected to show such a gap, but misincorporation would, due to generation of some termination sites in the 3’ proximal region of the RT-PCR product template leading to shorter products. The same result is obvious from the LPE analysis of chemically synthetized RNA derived products. With low cognate dATP substrate concentration, it shows stronger signal intensity reflecting RT reaction misincorporation of base G instead of A (Supplementary Figure S2, panels C-D, acyG). These qualitative LPE results are confirmed by the NGS analysis shown in the main text.

Effect of a HIV1 gag-pol 200 nt frameshift-containing cassette RNA on RT slippage: LPE analysis.
As described in the main text, the RT reactions were performed with 3 dNTP ratio conditions for the substrates: (1) all 4 dNTPs at 500 µM; (2) dTTP 5 µM, other 3 at 500 µM; (3) dATP at 5 µM, other 3 at 500 µM. The cDNAs were amplified by PCR. As a control for DNA polymerase fidelity, a counterpart PCR experiment was performed with a chemically synthesized DNA whose sequence was the reverse complement of the 200 nt RNA template used above. The resulting RT-PCR and PCR products were used as templates for LPE analysis. LPE analysis used fluorescent primer F_1646 complementary to the template sequence located 3’ to the A-tract on the negative strand of the ( 200 bp (RT)-PCR products (Supplementary Figure S1, A). With chain terminator reactions involving acyA complementary to the template base located 5’ adjacent to the A’s tract, one base addition was detected for all 3 dNTP conditions, compared to the marker control (Supplementary Figure S1, B, compare lanes 1-3 with 7-8). The same result was observed with chain termination mediator acyG complementary to the template base located one base 5’ of the A-tract (compare lanes 9-11 with 15-16). In contrast, absence of 1 base was detected not only for the RT-PCR products (derived from cDNA synthesized with the 3 dNTP ratio conditions) with acyA terminator chain reaction (lanes 1-3) and acyG (lanes 9-11), but also with their corresponding marker control (lanes 7-8 and 15-16, respectively). Absence of more than 1 base was detected for the RT-PCR product derived from cDNA obtained with the ratio condition [dATP]5(M:[dTTP]500(M (dGTP and dCTP are each at 500 (M). This dNTP ratio condition favors realignment-mediated base omission. However, misincorporation involving base substitution during synthesis of the cDNA, is also indicated by faster migrating products corresponding to each template base position of the original U6 tract. Distinguishing between slippage and misincorporation in LPE analysis is described above.

As described in the main text, a possible template road-blocking effect on HIV RT reverse transcriptase, an experiment was undertaken with a 10 nt antisense RNA complementary to the HIV RNA sequence 5’ adjacent to the U6-tract. LPE analysis revealed that the presence of the antisense favors slippage-mediated base addition and inhibits slippage-mediated base omission (Supplementary Figure S1, panel B, compare lane sets 20-22 with 17-19, or 28-30 with 25-27).


In summary, HIV-1 RT misincorporates G when reverse transcribing an RNA template U-tract when the dATP concentration is 5 (M and the 3 other dNTPs are 500 (M. Slippage mediated-base addition is proportionately higher than base-omission when the concentration of the substrate specified by the template slippage site is higher than that specified by the 5’ adjacent base. There is modest sensitivity to template structure road-blocking.

Effect of a HIV1 gag-pol 200 nt frameshift-containing cassette RNA on RT slippage: Analysis of the U-tract region by NGS. 

Four repeats of 3 RT reactions with the dNTP concentrations above were performed to yield 12 cDNA samples. These 12 cDNA were amplified by 2 PCR rounds to incorporate the NGS adaptor and barcode. For DNA polymerase fidelity assessment, a corresponding chemically synthetized DNA whose sequence is the reverse complement of the 200 nt RNA was used as template for 2 sets of PCR reactions where in which its concentration differed by 10-fold. For each sample, the SNP and indel frequency was determined at each nt location and compared to their respective cDNA reference sequence. 


As described in the main text, the maximal HIV gag-pol frameshifting cassette is 140 nt. As this cannot be conveniently chemically synthesized, T7 RNA polymerase was used to generate a maximal ribosomal frameshifting cassette template on which the fidelity of HIV-1 RT was analyzed by NGS. The results for SNP and indel frequency in the HIV large cassette were from four independent experiments (samples 67-69, 70-72, 73-75 and 76-78 in Figure S3 and Supplementary Dataset S1). For each set, RT reactions were performed with each of the four dNTPs being 500(M, or with dTTP 5 (M, or dATP 5 (M. Samples 79 and 80 are DNA polymerase slippage controls with 2 different concentrations of a synthetic cDNA used as template for the PCR.

The combined average SNP frequency in the run A’s in the cDNA product is related to the relative dATP concentration used in RT reaction for the U-tract. At 500 (M dATP with either the other 3 dNTPs at 500 (M, or with dCTP & dGTP 500 (M and dTTP 5 (M, the frequency of all base substitutions is ≈ 0.4%. With either of these two conditions, the frequency of substitution A by C (≈ 0.08%) and by G (≈ 0.2%) is similar. In contrast, the frequency of substitutions by T is ≈ 0.1% at 500 (M equimolar dNTP concentration, and ≈ 0.03% when dTTP is 5 (M with the other 3 dNTPs at 500 (M. Unsurprisingly, with the template run of U’s, lower concentrations of non-cognate dTTP are seen to reduce its misincorporation, though not to increase misincorporation of the two other non-cognate bases (Supplementary Figure S3). In contrast, with the third dNTP condition of dATP 5 (M and the 3 other dNTPs at 500 (M, the error frequency increases to ≈ 4.4% (G ≈ 3.7%, T ≈ 0.4%, C ≈ 0.2%).


The A bases in the cDNA reference sequence corresponding to the run of A’s, and the base A 3 nt 3’ to the run of A’s, show similar base substitution errors as their counterpart nt positions in the “RNA template : cDNA” combinations. In contrast, the C base positions, especially CCC located one nt 5’ to the run of A’s, and moderately the CC 4 nt 3’ to the A’s, exhibit only background substitution rates compared to their counterpart base positions with the “RNA template : cDNA” combinations (Supplementary Figure S3 & Supplementary Dataset S1).

The SNP frequency in the derived U-tract sequence is less than 0.5 %. The frequency is similar at each position corresponding to all the bases in the cDNA run of A’s (5’-A1A2A3A4A5A6-3’). It does not significantly vary irrespective of whether all dNTPs are equimolar or the ratio of [dATP]:[dTTP] is [dATP]500µM:[dTTP]5µM (Supplementary Figures S3 & Dataset S1). In contrast, with the [dATP]5µM:[dTTP]500µM condition, the SNP frequency strongly correlates with the cDNA A-tract base positions. It increases from 1.3% corresponding to A1 (the 5’ A) to 7.1% at A6 (the 3’A). The base that exhibits the most misincorporation is G. Its frequency is ≈ 1.1% at A1, ≈ 3.5% A2, ≈ 3.3% A3, ≈ 5.0% A4, ≈ 4.6% A5 and ≈ 4.6% A6 (Supplementary Dataset S1). Interestingly, at dATP 5 µM with the other 3 at 500 µM, T is preferentially misincorporated (≈ 2.2%) at base position corresponding to A6 compared to the other positions (≈ 0.1%). At A1-A6, C is misincorporated at 0.4% to ≈ 0.1% (Supplementary Dataset S1). Unsurprisingly, the SNP analysis shows preferential G misincorporation when an RNA template U-tract is being reverse transcribed, especially when the dATP concentration is 5 (M and the 3 other dNTPs are 500 (M.

Chemically synthetized WT HIV RNA sequences.

As described in the main text and in Figure 3, HIV-1 RT enzyme was tested with the following three “WT RNA template : Primer” combinations: “WT long RNA template : long (84nt) cDNA”, WT long RNA template : short (84nt) cDNA and “WT short RNA template : short (61nt) cDNA”. cDNAs were amplified by PCR and controls for DNA polymerase fidelity involved corresponding chemically synthesized DNA. The analysis of cDNA products involved a PCR step(s). Since this required DNA-dependent DNA polymerase to generate the LPE marker, the propensity for this enzyme to also slip on the HIV cassettes was explored as described in the next section. The RT reactions were performed with 9 dNTP concentration conditions. In all conditions dCTP and dGTP were at 500 µM, with dATP (specified by U6) and dTTP (specified by the template base 5’ adjacent to U6) being 5, 50 or 500 µM. The derived RT-PCR products were subjected to LPE analysis (results below). 


With “WT long RNA template : long (84nt) cDNA” (Figure 3A, combination I), different terminators were used in each of two independent LPE reactions. The first set of 9 reactions was with the acyT terminator cognate for the template base A that is 5’ adjacent to the run of T’s. LPE analysis was with the reverse primer R_1649 which anneals 3’ adjacent to the T’s tract on the RT-PCR template positive strand (Supplementary Figure S2, panel A). One LPE product lacks an A, and the extent of this omission correlates with the dNTP ratios used in its formative RT reaction (Supplementary Figure S2, panel C, lanes 1-9). Base omission is more predominant with lower ratios of [dATP]:[dTTP] (lane 3). In contrast, addition of one A is more common with the inverse ratio (lane 7). The second set of 9 reactions was with acyG terminator cognate for the template base C 3 nts 5’ to the run of T’s (Supplementary Figure S2, panel A). LPE gel analysis showed similar slippage results as with the acyT terminator (Supplementary Figure S2, panel C, lanes 28-36). It also revealed more frequent substitution of base A by G in the derived cDNA run of A’s. As shown in the main text, enhanced substitution of A by G was also shown to increase with the 140 nt large HIV cassette, when the relative dATP concentration in the RT reaction decreased. 


With “WT long RNA template : short (84nt) cDNA” (Figure 3A, combination II), qualitatively similar LPE results as above were observed (Supplementary Figure S2, panels A, & C lanes 10-18 & 37-45). 


With “WT short RNA template : short (61nt) cDNA” (Figure 3A, combination III), the results of the LPE analysis were qualitatively similar to those with the 84nt template above. However, the efficiency of slippage-mediated base addition was mainly detectable with the substrate dATP being 500 (M (Supplementary Figure S2, panel C, lanes 19-27 & 46-54). 


To summarize, LPE experiments with chemically synthesized RNA provide evidence that HIV reverse transcriptase undergoes a specific slippage event on the template run of U’s and that such slippage is influenced by the relative dNTP concentration ratio. As described in the main text, this qualitative LPE analysis was also explored by a quantitative NGS analysis.

HIV LPE marker: control for DNA polymerase slippage.
Taq DNA polymerase was used for cDNA amplification to generate the PCR products used as templates for LPE analysis and also to generate the PCR products with NGS adaptor sequences. Several controls were performed to check for Taq indel fidelity. Sets of chemically synthesized single-stranded DNAs were used in these control experiments. One member of each set had the same sequence as the negative strand of the PCR product, and of the cDNA; this was used as control for DNA polymerase slippage during PCR on the A-tract with the 48 nt 5’ to the A-tract having the potential to form a stem-loop structure (at least during the first PCR cycle). The other member of each set had the same sequence as the positive strand of the PCR product, and of the corresponding RNA template; this was used as control for DNA polymerase slippage during PCR on the T-tract with 48 nt 3’ to the T-tract having the potential to form a stem-loop structure (at least during the first PCR cycle) (Supplementary Figure S4). In vitro LPE analysis of PCR products showed a clear difference in slippage efficiency depending on the starting single-stranded DNA template. The negative strand showed the least efficient slippage irrespective of whether or not the nascent transcript had potential to form the stem-loop structure (Supplementary Figure S4, symbol “-”). Further, two additional ssDNA controls (one for the +, and the other for the - strand) lacking 23 nt, most of which are constituents of the template stem-loop structure, were tested. The LPE results (Supplementary Figure S4) show a similar contrast. If the slippage occurred at equal rates in double, and single, strands then the signal intensity emanating from the relevant product (corresponding to the lower gel band) should be uniform. As it is not, these results provide evidence that the greatest propensity for slippage occurs in the first PCR cycle on single-stranded DNA. This level of DNA polymerase slippage-mediated base omission with the negative strand control has to be deducted from the corresponding level detected with HIV RT products.   

NGS analysis of primer unprotected HIV “middle region” derived from chemically synthetized template RNAs.

The distribution of base errors for each of the 3 WT HIV “template : Primer” combinations with the varying dNTP concentration conditions is illustrated with a heat-map (Supplementary Figure S3, samples 1-42) and SNP frequency graph (Supplementary Dataset S1) (cDNA base positions are numbered from the 5’ end). Three sequence regions show marked SNP/indel frequency differences (Supplementary Figure S3). The two flanking regions, corresponding to the primer positions (Supplementary Figures S3 &S5), have a lower SNP/indel frequency (less than 1%) than the up to several % of the central region (the region to which primers do not anneal). This is evidence for primer protection of both flanking regions from polymerase SNP/indel errors. The 5’ flanking region might be expected to have a higher frequency of SNP/indels, with variation between reactions with different dNTP ratios, than the 3’ flanking region since it is derived from the newly synthesized cDNA 3’ end. That it doesn’t is evidence for selection for primer annealing against templates containing SNP/indels. Part of the forward primer (F_1697) is the adapter incorporated in the positive strand of the cDNA-derived PCR product. This primer hybridizes to the 3’ flanking regions of the 3 “RNA template : cDNA” combinations,  “long RNA : long cDNA” (nts 62-84), “long RNA : short cDNA” (nts 39-61), and “short RNA : short cDNA” (Supplementary Figure S5).  The 5’ flanking region (nts 1-20) for the “long RNA : long cDNA” combination, corresponds to the sequence present in the primer R_1645 used in the RT reaction, and also present in primer R_1695 used for incorporation of the adapter sequence (Supplementary Figure S5). For the other two “template : Primer” combinations mentioned above, the 5’ flanking region (nts 1-21) is the sequence of the primer R_1648, used in the RT reaction, and in primer R_1696 used to incorporate the NGS adapter (Supplementary Figure S5). Consequently, the central region for the “long RNA : long cDNA” combination to which primers do not anneal is nts 21-61, and for the two other combinations it is nts 22-38 (Supplementary Figure S5).  


With the “long RNA : long cDNA” combination (Figure 3), dATP was at 5 (M for samples 1-3, 50 (M (4-6) or 500 (M (7-9) with dTTP being 5 (M (samples 1, 4, 7), 50 (M (2, 5, 8) or 500 (M (3, 6, 9), (see samples in Supplementary Figure S3 and Supplementary Dataset S1). The “middle SNP region” (nts 21-61) shows a relatively high frequency of substitutions whose frequency correlates with cognate substrate concentration. The A bases at the cDNA reference sequence nt positions, 29, 32-33, 38, 40, 49-54 run of A’s (see below), and 57 are the most affected. The relative frequency of base substitution decreases as the (dATP) substrate concentration in the RT reaction increased (samples 1-3, 4-6 and 7-9), especially for nt positions 32-33, 38, 40, 50-54 and 57. Interestingly, nt positions 36-37, CC in cDNA reference sequence, show a strong frequency of base substitution which is not sensitive to the dATP or dTTP relative concentration ratio. A longer C-tract (positions 45-47) shows a lower frequency of base substitutions, indicating a potential nt context effect in HIV RT mediated base substitution errors. The 5’ (nts 1-20) and 3’ (nts 62-84) flanking regions show a similar substitution frequency for the different dNTP concentration conditions (samples 1-9). This corresponds to the primer regions used during the PCR and RT reactions. The 3’ flanking sequence corresponds also to the 3’ part of the cDNA. The A base positions (nts 69, 72, 74-75, 82) would be expected to exhibit a relatively high frequency of base substitutions that correlates with the concentration of their cognate substrate. One explanation for the relatively low error frequency detected, is that base errors in the cDNA 3’ end may inhibit annealing of forward primer F_1697 to templates containing SNP/indels. Corresponding effects of decreased complementarity can also apply to the reverse primer for PCR amplification.  


With the “long RNA : short cDNA” combination (Figure 3), dATP was 5 (M for samples 10-12, 50 (M (13-15) or 500 (M (16-18) with dTTP being 5 (M (samples 10, 13, 16), 50 (M (11, 14, 17) or 500 (M (12, 15, 18), (see samples in Supplementary Figure S3 and Supplementary Dataset S1). The middle SNP region (nts 22-38) also show a similar relative frequency of base substitution correlated with the identity and concentration of the dATP substrate, specified by the original RNA template U base, at the cDNA reference nt positions, 26-31, 34. Positions 26-31 corresponds to the run of As with a similar SNP frequency result as those described above with “long RNA : long cDNA”. Interestingly, the frequency of base substitution at T (nt 38), is more pronounced than with the “long RNA : long cDNA” combination (see above), and is dependent of the relative dNTP concentration ratio (Supplementary Figure S3, samples 10-18 compare with samples 1-10). With dATP at all 3 concentrations used, substitution errors decreased with increasing concentration of the cognate substrate dTTP (5, 50 and 500 (M). This suggests that at cDNA position 38, T, dATP is not misincorporated as a similar pattern of base substitution frequency occurred with the 3 different dATP concentrations. 


In contrast, for the T’s, substitution frequency in the cDNA is at the background level at the corresponding nt positions for both combinations “long RNA : long cDNA” (RNA template nts 48, 55-56) and “long RNA : short cDNA” (at the counterpart nt positions 25, 38-40). In addition, substitutions at the following cDNA C’s are also more frequent with the “long RNA : short cDNA” (nts 22-24, 36-37) than with the “long RNA : long cDNA” (counterpart nts 45-47, 59-60) combination. In the former, the relative substitution frequency correlates with the dTTP substrate concentration. This indicates that for the cDNA C’s (nts 22-24, 36-37) the misincorporated base is T. 


With the “short RNA : short cDNA” combination (Figure 3), dATP was 5 (M for samples 19-21, 50 (M (22-24) or 500 (M (25-27) with dTTP at 5 (M for samples 19, 22 and 25), 50 (M (20, 23, 26) or 500 (M (21, 24, 27), (see samples Supplementary Figure S3 and Supplementary Dataset S1). The middle SNP region (nts 22-38) exhibits a relatively high frequency of substitutions that correlates with dATP concentration. The positions 26-31 correspond to the cDNA run of A’s with similar SNP frequency results as those described above with “long RNA : long cDNA”. For nt 38, T, the relative frequency of substitutions is similar to that with the “long RNA : long cDNA” combination (counterpart T at nt  position 61). At C’s (nts 22-24, 36-37), the frequency is lower than with the “long RNA : short cDNA” combination and exhibits less pronounced relative dNTP concentration effects. 

SNP analysis in the U-tract derived sequence studied with several HIV chemically synthesized template : Primer combinations.

As described above with the HIV gag-pol 200 nt sequence, the combined average SNP frequency in the run of A’s in the cDNA derived from chemically synthesized RNA, is also related to the relative dATP concentration used in RT reaction with the run of U’s as template. For all 3 combinations of “RNA template : Primer”, the SNP frequency is higher with lower relative concentrations of dATP with similar frequency: ≈ 1% with dATP ≈ 500 µM; 1.5% at 50 µM and ≈ 5.5% at 5 µM (Supplementary Figure S3). Correlated with these RT reaction results from the dATP titration, NGS analysis revealed that A is substituted by G in the cDNA reference sequence (Supplementary Dataset S1). This indicates the preferential misincorporation of the non-cognate dGTP substrate. The SNP frequency corresponding to each base in the cDNA run of A’s (5’-A1A2A3A4A5A6-3’) increases from the A1 position to A6 position. The range of this increase depends on the dATP concentration with lower relative dATP levels yielding greater position-dependent SNP frequency variation (at low dATP the frequency corresponding to A6 is several percentage points greater than that corresponding to A1 whereas at high relative dATP concentration the difference is <1%) (Supplementary Figure S3 and Supplementary Dataset S1).


To summarize, all the “RNA template : Primer” combinations show a high frequency of substitutions at positions corresponding to the run of A’s, especially at the last five 3’ positions. The frequency correlates with the cognate dATP concentration and is slightly modulated by the concentration of dTTP. The “RNA template: primer” combinations “long RNA : long cDNA and “short RNA : short cDNA” yield a similar pattern of substitutions. However, the “long RNA : short cDNA” combination yields much more frequent substitutions especially corresponding to template A (nt position 24) and G’s (nt positions 25-26, 38-40). This provides evidence that features of the “long RNA” template between nts 62 and 84 affects RT polymerase fidelity.

LPE analysis of the conserved GGG 3’ adjacent to the U6A motif: More RT conditions than for the NGS analysis in the main text.
The highly conserved GGG triplet 1()
 is in the RNA:DNA hybrid when HIV RT reverse transcribes the U-tract. It is potentially relevant to hybrid stability and realignment. Derivatives of the combinations of “long RNA template : long (84nt) cDNA” and “short RNA template : short (61nt) cDNA” used above were constructed with GGG substituted by CCC (Figure 3). LPE analysis gave similar indel- and to the extent analyzed, base substitution -results as their WT GGG counterparts (Supplementary Figure S2, panels B & D, lanes 1-9 & 28-36).   


However, with CCC substitution derivatives of the “short RNA template : short (61nt) cDNA” (Figure 3) combination, slippage-mediated base addition now occurs at a significant level. It appears more efficient with the shorter RNA template and with the nascent cDNA lacking potential to form a counterpart of the frameshifting-like stimulatory structure (Supplementary Figure S2).

SI MATERIAL AND METHODS

Limited primer extension. IRD700 fluorescent 5’ labeled oligonucleotides were from IDT DNA. The standard limited primer extension reaction was in 12.5 μl volume with 1X Thermo buffer (Biolabs), 12 nM of a specific IRD700 labelled fluorescent primer (IDT-DNA, Supplementary Table S1), a mix of 1 μM of 3 dNTPs with the missing dNTP replaced by the corresponding terminator chain reaction acyclodNTP (Biolabs) at 50 μM, and 0.6 unit of Vent exo- polymerase (Biolabs). The quantity of (RT)-PCR template was about 3 times lower than that of the fluorescent primer. On average each primer molecule is utilized on 20 occasions for chain extension during the 60-cycle PCR reactions. The PCR cycle was: denaturation at 94 oC for 2 min, then 60 cycles of denaturation at 94 oC for 30 s, annealing at 55oC for 30 s and elongation at 72oC for 30 s. The final elongation was at 72 oC for 2 min. Reactions were analyzed on 15% sequencing gels. Image capture was performed with a LiCor Sequencer. In all cases each RT reaction and its subsequent LPE analysis was repeated at least twice.
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SI TABLE, FIGURES AND DATASET

Table S1. Oligonucleotides
Figure S1. As shown by LPE analysis, the HIV gag-pol ribosomal frameshift site also mediates HIV reverse transcriptase slippage. (A) Positioning of the LPE termination site with the corresponding acyclonucleotide, and of the primer on the LPE template DNA strand. (B) The 200 nt segment of HIV-1 gag-pol RNA analyzed (Figure 1, 70 nt 5’ of the U6A shift site and 123 nt 3’ of it) was synthesized in vitro using T7 RNAP. RT reactions were performed with 3 dNTP ratio concentration conditions between the substrate, dATP, specified by the U6 tract, and the substrate, dTTP, specified by the template base 5’ adjacent to the tract. After PCR amplification of the cDNA, one strand of the RT-PCR product served as a template for LPE with a labeled primer whose 3’ base end annealed to the template base 3’ adjacent to the motif. The RT-PCR products were analyzed from four independent cDNA samples. The control for potential DNA polymerase slippage during the PCR reaction was performed using a 10-fold concentration difference of the initial DNA template. The resulting PCR products were then analyzed by LPE reaction. Another control tested HIV-RT slippage by analyzing RT reactions with a 10 nt antisense RNA whose 3’ end anneals to the RNA template base 5’ adjacent to the U-tract. LPE termination sites are indicated with their corresponding acyclonucleotide terminator on top and a representative sequencing gel analysis below. The annotated bands (a, b, c …f) are referred to as base substitutions in the supplementary text.

Figure S2. LPE analysis of HIV gag-pol RT slippage stimulators. Position of the LPE termination sites with the corresponding acyclonucleotide, and of the primer on the LPE template DNA strand, are shown for wt (A) and mut (B). A representative sequencing gel displays LPE products, synthesized in the presence of IRD700_R1649 or IRD700_R1650 and acyT or acyG, from the wt (C) and mut (D). Combinations of “RNA template : primer” annealing are indicated at the top of the gels. A cartoon of sets I-III is in Figure 3. Standard LPE products (whose synthesis did not involve slippage and reflect the original length of the motif in the chemically synthesized template) are indicated by an orange or purple arrowhead. The open red arrowheads indicate base misincorporation during reverse transcription of the U-tract template. The RT-PCR products were analyzed from three independent cDNA samples.
Figure S3. Heat map distribution of SNP in HIV derived sequence. The samples are indicated on the right. The gradient color scale (top) represents the relative frequency of base substitutions, in the reference cDNA sequence (underneath), with value 0 and 5 being for the lowest and highest frequency respectively. The open square show the WT (GGG) and mutated (CCC) triplets specified by the corresponding “RNA template : cDNA” combinations (left). The feature of the primer used in the RT reaction (“set”) is indicated by an arrow whose position is related to the reference sequence shown on the top. The primer with the NGS adapter sequence used in the (RT)-PCR is indicated in the sections “control” and “ctrl”. The templates used for the controls for DNA polymerase errors were chemically synthetized single-stranded DNA whose sequences were the reverse and complementary sequence of the standard cDNA product for the “RNA template : cDNA transcript” combinations (samples 37-42, 61-66), or to the standard cDNA product for the 140 nts HIV (samples 79-80). Each control was performed with undiluted template, and with a 10-fold template dilution. Sample identity is indicated on the right side.
Figure S4. LPE Control for DNA polymerase slippage on an HIV1 gag-pol frameshift cassette. Close to top (Yellow background): single-stranded DNA template use in PCR reactions. The sequence used is identical to that of the HIV gag-pol DNA positive strand (symbol +) or to its complementary (cDNA) negative strand (symbol -). The names of the ssDNA templates for PCR are indicated above each symbol, with an indication of the length (long or short) relevant to formation of a potential structure. Top (green background): Primers used in PCR reactions with the common forward primer (F_1658), and the second reverse primer (indicated by R_) used to delimit the length of the PCR product. Top (Blue characters): names of the primers and chain terminators used in LPE reactions. Bottom: Sequencing gel analysis. Left: amplification steps and derived product analysis to draw attention to significance, for mediating DNA polymerase slippage, whether the template is single- or double-stranded.

Figure S5. NGS analysis of “WT” HIV cDNA derived sequence. Distribution of SNPs & indels. Primer protection of nts regions 1-20 and 62-84 with “long RNA : long (84nt) cDNA” is shown for sample_1 ; and of nts regions 1-21 and 39-61 with “long RNA : short (61nt) cDNA” (sample_10) and with “short RNA : short (61nt) cDNA” (sample_19).

Figure S6. Potential RNA template stem-loop in the HIV A431V mutant. 
SI Dataset 1. (Left) Graphical distribution of SNPs and indels in HIV-derived sequences. The percentage of SNPs (black) and indels (red) is shown at each base position in the cDNA region containing the run of A’s. The relevant nt region is identical for all the samples and is indicated at the bottom. The grey lines correspond to the NGS depth read/ 1000. Samples 1-27, “WT RNA template:cDNA” combinations; samples 28-36, repeat of WT combinations; samples 43-60, repeats of mut combinations; samples 67-78, repeats of 140 nt HIV sequences. Controls for DNA polymerase fidelity for the “WT RNA template:cDNA” combinations: 2 sets of samples 37, 39, 41 &38, 40, 42 with positive DNA strand oligo template diluted 1:1 and 1:10 for PCR, respectively;  for the “mut RNA template:cDNA” combinations: 2 sets of samples 61, 63, 65 &62, 64, 66 with positive strand oligo template diluted 1:1 and 1:10 for PCR, respectively; for the 140 nt HIV sequence: samples 79 &80 with negative strand oligo template diluted 1:1 and 1:10 for PCR, respectively. (Right) NGS analysis of base substitutions in the run of A’s. Logo representation of the substituted base after removal of the cognate base.
