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Boolean gates, the fundamental components of digital circuits, have been widely investigated in synthetic biology because they permit the fabrication of biosensors and facilitate biocomputing. This study was conducted to design and construct Boolean gates in the yeast Saccharomyces cerevisiae, the main component of which was the RNA interference pathway (RNAi) that is naturally absent from the budding yeast cells. We tested different expression cassettes for the siRNA precursor (a giant hairpin sequence, a DNA fragment—flanked by one or two introns—between convergent promoters or transcribed separately in the sense and antisense directions) and placed different components under the control of the circuit inputs (i.e., the siRNA precursor or proteins such as the Dicer and the Argonaute). We found that RNAi-based logic gates are highly sensitive to promoter leakage and, for this reason, challenging to implement in vivo. Convergent-promoter architecture turned out to be the most reliable solution, even though the overall best performance was achieved with the most difficult design based on the siRNA precursor as a giant hairpin.
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INTRODUCTION
Small interfering RNA (siRNA) molecules are noncoding RNAs that play a significant role in the regulation of gene expression (Lam et al., 2015) at the translational level in eukaryotic cells. siRNAs are fully complementary to the transcript of the target genes and are silenced through a mechanism known as RNA interference (RNAi) (Agrawal et al., 2003). Initially, a siRNA precursor, which is usually a double-stranded RNA (dsRNA) molecule up to 100 nt long, is cleaved in the cytoplasm into smaller (21–23-nt long (Zamore et al., 2000)) pieces (the siRNAs) by the Dicer (Dcr) enzyme. siRNAs then become part of the RNA-induced silencing complex (RISC), where their passenger (sense) strand is removed. The guide (antisense) strand, in contrast, directs the RISC to the target mRNA (Sontheimer, 2005) that is finally cut by the Argonaute (Ago) endonuclease and is then degraded by the cell. Due to their ability to silence specific genes, siRNAs have attracted significant attention as potent instruments for targeted drug delivery and disease treatment (Semizarov et al., 2003).
The yeast Saccharomyces cerevisiae, a commonly used organism in molecular biological research and biotechnology applications (Blount et al., 2012), does not naturally express a complete RNAi pathway (Feldmann, 2011). However, upon introduction of Dcr and Ago in the yeast genome, RNA interference can be re-established (Wang et al., 2006; Drinnenberg et al., 2009) and employed in synthetic gene circuits to downregulate protein expression at the mRNA level as an alternative to ribozymes/riboswitches (Babiskin and Smolke, 2011; Groher et al., 2018; Liu et al., 2023), PUF proteins (JACKSON et al., 2004), and CRISPR-(d)Cas systems (d: DNase-deficient) (Borchardt et al., 2015; Zhang et al., 2022; Yu and Marchisio, 2023).
Drinnenberg and colleagues (Drinnenberg et al., 2009) were the first to show how to re-engineer RNAi in S. cerevisiae. They implemented a circuit where the siRNA precursor was synthesized, as a giant hairpin, under the GAL1 promoter (pGAL1) that is activated by galactose and repressed by glucose. siRNA molecules, which were generated by the action of Dcr1 and Ago1 from Saccharomyces castelli on the siRNA precursor, targeted a region of the green fluorescent protein (GFP) transcript. Ideally, galactose (input: 1) would trigger the RNAi pathway that determines the degradation of the GFP mRNA, causing a low fluorescence output (0). Glucose (input: 0), in contrast, would stop RNAi and determine a high GFP expression (output: 1). Therefore, the circuit should behave like a logical “NOT” gate. However, the circuit always exhibited low fluorescence both with and without galactose in the cell culture. Later research focusing on RNA interference in S. cerevisiae did not consider chemically inducible/repressible or protein-regulated promoters to express the siRNA precursor or any other RNAi components. The constitutive promoters of different strengths were used inside the original circuit by Drinnenberg and colleagues (Drinnenberg et al., 2009; Crook et al., 2014). Alternatively, novel strategies to generate the siRNA precursor (such as convergent promoters or separate sense–antisense gene expression—Si et al., 2015; Crook et al., 2016) were adopted. Hence, RNAi was never employed again to realize Boolean gates or more complex digital circuits in yeast.
Digital circuits have emerged as a significant branch of synthetic biology, finding widespread application in medical diagnosis, environmental care, and biocomputing (Benenson, 2012; Cheng and Lu, 2012). S. cerevisiae cells have been turned into Boolean gates, mainly by using orthogonal bacterial transcription factors such as TetR (Bellí et al., 1998; Murphy et al., 2007), LacI (Mazumder and McMillen, 2014), LexA (Rantasalo et al., 2018), and the CRISPR-dCas9 system (Farzadfard et al., 2013). At the translation level, ribozymes (Win and Smolke, 2008) and riboswitches (Kötter et al., 2009) have been engineered to respond to specific input signals such as theophylline and tetracycline. Moreover, a consortia of yeast cells exchanging pheromones have been shown to mimic what are effectively logic gates sensing up to three inputs (Regot et al., 2011). Logic circuits provide a clear, compact representation of the relationship between their inputs (usually chemical species) and output (e.g., fluorescence) in a truth table which contains only 0/1 values and from which two Boolean formulae (one in the conjunctive, the other in the disjunctive normal form) are derived (Marchisio and Stelling, 2011). Inputs can be categorized into inducer and corepressor groups. Inducers promote transcription by inactivating repressors or activating activators, whereas corepressors prevent RNA synthesis by activating repressors or inactivating activators (Lewin et al., 2011).
In this study, we assessed the feasibility of constructing Boolean gates that sense one or two chemicals by harnessing RNAi in S. cerevisiae. First, we tried to elucidate why the original circuit by Drinnenberg and colleagues failed to reproduce a NOT logic function. We then determined how to modify it and build a working NOT gate. Moreover, we constructed other Boolean gates (“YES” and “IMPLY”) based on inducible convergent promoters and separate sense–antisense transcription. The comparison of the performance of the different circuit designs led us to conclude that the convergent-promoter architecture is the most reliable solution for assembling RNAi-based digital circuits in budding yeast.
RESULTS AND DISCUSSION
Reconstructing the first S. cerevisiae synthetic gene circuit based on a reengineered RNAi pathway
The starting point of our work was to build a gene circuit as close as possible to that of Drinnenberg and colleagues (Drinnenberg et al., 2009). Four transcription units (TUs) were assembled (Figure 1A). pGAL1 controlled the expression of the siRNA precursor that was designed as a giant hairpin, with a stem comprising 276 nt, whereas 67 nt were present in the loop. The siRNA molecules generated from the siRNA precursor targeted the yeast-enhanced green fluorescent protein (yEGFP) transcript (Sheff and Thorn, 2004). As in our reference work (Wang et al., 2006), Ago1 and Dcr1 were placed downstream of the TEF1 (pTEF1) and TEF2 promoter (pTEF2), respectively. Unlike the original circuit (Wang et al., 2006), we used a relatively weak synthetic promoter (designed in our lab) termed “Tsynth8_pCYC1noTATA” (Song et al., 2016) to lead yEGFP expression (see Supplementary Table S1 for a comparison of the strengths the promoters used in this work).
[image: Figure 1]FIGURE 1 | Our version of the RNAi-based circuit presented by Drinnenberg and colleagues (Drinnenberg et al., 2009). (A) Circuit diagram. The red hammer-shaped line represents inhibition of translation (here due to mRNA degradation); the green arrow indicates transcription activation. The black line ending with a circle indicates DNA transcription, and the green wavy line denotes the mRNA of the yEGFP (all symbols are summarized in Supplementary Figure S1). (B) Performance evaluation. Fluorescence was measured via flow cytometry (as from every other circuit assembled in this work—see “Materials and Methods”) from two different strains (byMM279 and byMM280) hosting the complete circuit and three other strains containing just one (yEGFP), two (yEGFP + Dcr1), and three (yEGFP + Dcr1+Ago1) TUs (the last is regarded as the control circuit). The background fluorescence (corresponding to the original, non-engineered yeast strain byMM584) was subtracted from all fluorescence levels in the bar plot, which explains why some fluorescence levels are negative. However, the OFF/ON ratios reported in the figure were calculated by including the background fluorescence to avoid negative quotients. byMM279 failed to reproduce a NOT gate because the decrease in fluorescence due to galactose induction was lower than that in the control circuit when cultured in SDC supplied with 2% galactose, which determined an OFF/ON ratio even higher than 1 (see Eq. 2 in Materials and Methods). byMM280 returned a better logic behavior. However, the OFF/ON ratio overcame the working threshold (0.5, which represents a two-fold decrease—Abraha and Marchisio, 2022). Mean fluorescence and standard deviation were computed on at least three independent experiments performed on different days (**: p-value <0.01; ***: p-value <0.001; two-sided Welch’s t-test, see Supplementary Table S2).
As shown in Figure 1B, we reproduced the same trend as in Drinnenberg et al. (2009)—RNAi determined a remarkable decrease in the fluorescent output both in the presence and absence of galactose.
Drinnenberg and colleagues proposed two possible explanations for this unexpected result: 1) the presence of a constitutive antisense promoter downstream of the siRNA precursor sequence; 2) pGAL1 leakage—that is, its transcriptional activity in the presence of glucose. Before proceeding with the construction of new logic circuits, we conducted a series of experiments to understand what hindered the reproduction of a NOT logic function via the synthetic RNAi pathway.
To force the termination of the transcription started by a possible antisense promoter on chromosome V (where we integrated the TU expressing the siRNA precursor), we inserted the strong DEG1 terminator (DEG1t) (Brambilla et al., 1997) on the antisense strand just downstream of the CYC1 terminator (CYC1t). This resulted in a new extended TU referred to as pGAL1-siRNA_precursor-CYC1t-DEG1t’ (where the prime symbol indicates that DEG1t lies on the antisense strand—Supplementary Figure S2A). However, the fluorescence expressed in the presence of glucose remained very low, not even statistically significantly different from that induced by galactose (Supplementary Figure S2B, C; Supplementary Table S3).
We performed a different test by placing pGAL1-siRNA_ precursor-CYC1t on the centromeric vector pRSII416 (Chee and Haase, 2012), which contains only the S. cerevisiae URA3 promoter that is oriented as pGAL1 (Supplementary Figure S3A). Thus, in this new design, there should not be any antisense production of the siRNA precursor. However, as a possible drawback, a centromeric plasmid can be taken up by the yeast cells in more than a single copy (up to three) (Sikorski and Hieter, 1989). Therefore, on average, the amount of the siRNA precursor (in the presence of both glucose and galactose) is higher than in the original circuit based fully on plasmid integration. As shown in Supplementary Figure S3B and C (and Supplementary Table S4), cells growing in glucose-supplied medium were again characterized by a dramatic drop in green fluorescence expression.
Our previous tests were performed despite the fact that the CYC1 terminator is classified as bidirectional (Uwimana et al., 2017). As such, it should be a transcription-end signal for RNA polymerase II moving in both directions along the DNA. However, in previous work from our lab (Song et al., 2016), we showed that the efficiency element of a terminator behaves as a TATA box and fosters DNA transcription if a TSS (transcription start site) lies 40–120 nucleotides downstream. In order to exclude the source of the antisense transcription being CYC1t itself, we conducted a further test where we replaced CYC1t with a poly(T) sequence (Han et al., 2023) as a transcription-termination signal (Supplementary Figure S4A). However, this modification also failed to prevent a considerable drop in the fluorescence signal in the presence of glucose in the cell cultures (Supplementary Figure S4B, C; Supplementary Table S5).
On the basis of these results, we can exclude the production of the siRNA precursor by pGAL1 in the OFF state being due to the activity of an antisense promoter. In the absence of other plausible explanations, we conclude that pGAL1 leakage is responsible for a non-negligible synthesis of the siRNA precursor in a glucose-containing cell-growth solution which fully activates the RNAi pathway. According to our fluorescence measurement and mRNA quantification (Supplementary Table S6), pGAL1 leakage in the presence of glucose corresponds to less than 0.5% of its activity in a 2%-galactose-supplied medium. Whenever we used pGAL1 to express proteins in different kinds of synthetic gene circuits, its leakage always turned out to be insignificant for the circuit’s functionality (Li et al., 2018; Yu and Marchisio, 2021; Abraha and Marchisio, 2022; Liu et al., 2023; Yu and Marchisio, 2023). Hence, promoter leakage might be a major hurdle to constructing gene digital circuits based on RNA interference.
A new circuit design: inducible expression of the Dicer enzyme
Moving from the observations we made on GAL1 promoter leakage, we designed an alternative version of the circuit in Figure 1A, where the siRNA precursor was constitutively transcribed under the strong GPD promoter (pGPD), whereas Dcr1 expression became galactose-inducible (Figure 2A). In the presence of glucose, the limited number of Dcr1 proteins that were produced did not provoke any dramatic reduction in fluorescence expression with respect to the control circuit (where the Dcr1-expressing cassette was missing). In contrast, the fluorescence signal dropped remarkably in the presence of galactose (Figure 2B). With an OFF/ON ratio of 0.06, the circuit behaved very efficiently as a NOT gate. In order to build more basic Boolean gates that are responsive to different inputs, we first replaced pGAL1 with the copper-inducible CUP1 promoter (Shetty et al., 2004). The resulting NOT gate still showed a low OFF/ON ratio (0.12). However, pCUP1 leakage (Supplementary Table S6) spoilt the “1” fluorescence output considerably lower than that of the control circuit (Figure 2C). Finally, we designed a YES (buffer) gate by placing Dcr1 downstream of the MET25 repressible promoter, where pMET25 is only active in the absence of methionine (Møller et al., 2017). At high concentrations of the amino acid (i.e., 10 mM), the promoter is considerably but not completely repressed (Supplementary Table S6), preventing the realization of a properly working YES gate (Supplementary Figures S5; Supplementary Table S8). Taken together, basic YES/NOT Boolean gates based on RNAi are quite sensitive to promoter leakage, more than those realized as fully transcriptional networks (Marchisio, 2014). An inducible promoter never leads to the synthesis of a long siRNA precursor, such as the giant hairpin, since even a very low leakage can destroy the logic behavior completely. Moreover, inducible/repressible promoters associated with higher leakage activity can provoke a failure in the logic gate’s working also when driving the production of a protein, such as the Dicer enzyme. Perhaps only a careful balance of the strength of all (constitutive and non) promoters involved in an RNAi-based gene logic gate might limit the negative effects of the leakage on circuit functionality.
[image: Figure 2]FIGURE 2 | Inducible synthesis of Dcr1. (A) Schematic representation of NOT gates sensing either galactose or CuSO4. pGAL1 or pCUP1 regulates the expression of the Dcr1 protein. The siRNA precursor is constitutively expressed under pGPD. (B) Fluorescence intensity profile of galactose-responsive NOT gate. Cell cultures were supplied with 2% galactose. (C) Performance of copper-sensing NOT gate. The “1” concentration of CuSO4 corresponded to 0.5 mM (*: p-value <0.05, **: p-value <0.01, ***: p-value <0.001, ****: p-value <0.0001; two-sided Welch’s t-test, see Supplementary Table S7).
Building a two-input IMPLY gate
In previous work from our lab (Yu and Marchisio, 2023), we implemented two versions of an IMPLY gate based on mRNA degradation, hosting both pCUP1 and pMET25. The mRNA cleavage was due to the action of type V dCas12a proteins on their direct repeat (previously added to the target transcript), which was not affected by the leakage of the two promoters. Thus, we tried to determine whether the combination of pGAL1 or pCUP1 with pMET25 would permit engineering an IMPLY gate based on RNAi (the importance of this kind of gate is explained in Regot et al., 2011). In our first attempt, we kept Dcr1 under pCUP1 and replaced pTEF1 with pMET25 for the Ago1 synthesis. The circuit, however, failed to mimic the IMPLY logic behavior (Supplementary Figure S6; Supplementary Table S9). We then replaced pCUP1 with the stronger and less leaky pGAL1 (Figure 3A). Even though the “1” output obtained in the presence of both chemicals was considerably lower than the other two “1” fluorescence levels, the circuit [image: image] value reached 3.27 (Figure 3B and Eq. 3 in Materials and Methods), well above the working threshold ([image: image] = 2).
[image: Figure 3]FIGURE 3 | RNAi-based IMPLY gate. (A) Circuit scheme. The two inputs are methionine and galactose. The former represses the expression of Ago1, and the latter enhances that of Dcr1. (B) Fluorescence levels from the strain byMM 1900, which hosts the IMPLY gate, by varying the concentration of the two inputs (“1” concentration of methionine: 10 mM; “1” galactose amount: 2%). The minimal “1” and the only “0” output are statistically significantly different (**: p-value <0.01; two-sided Welch’s t-test—see Supplementary Table S9) yielding ρ = 3.27.
Convergent promoters to generate dsRNA molecules
In the previous circuits, the siRNA precursor was synthesized as a giant hairpin. A different strategy to generate siRNA-precursor-like structures—double-stranded RNAs of different sizes—relies on convergent promoter architecture (Drinnenberg et al., 2009; Si et al., 2015; Bordoy et al., 2016; Crook et al., 2016). Here, an approximately 200-nt-long DNA sequence (Si et al., 2015) corresponding to a piece of the target gene is placed between two promoters oriented in opposite directions. Sense and antisense RNA molecules of different lengths are then generated because of transcriptional interference (Shearwin et al., 2005). They bind along complementary regions and form dsRNAs that activate the RNAi pathway after being recognized and processed by the Dicer enzyme. We applied convergent promoters to the construction of the same basic Boolean gates (YES, NOT, and IMPLY) described above to assess whether this architecture could lead to better and more stable results with respect to the logic circuits expressing a giant hairpin structure.
Testing transcriptional interference in S. cerevisiae: protein production
We conducted a preliminary investigation on the effects of transcriptional interference due to convergent promoters on the expression of a reporter protein. In the initial test, we used two constitutive promoters (pGPD on the sense strand and pTEF1 on the antisense strand) to express the yEGFP (Figure 4A). Compared to a strain yeast containing the only sense TU (i.e., pGPD-yEGFP-CYC1t), the convergent promoter design caused a significant 46.98% decrease in the fluorescence level (Figure 4B). We then replaced pGPD with pGAL1 (realizing, in this way, a YES Boolean gate—see Figure 4C). The comparison with a single-directed TU (pGAL1-yEGFP-CYC1t) highlighted a remarkable drop in fluorescence both in the induced (41.20%) and uninduced (94.73%) conditions (Figure 4D). Overall, transcriptional interference proved to be a highly efficient mechanism for reducing protein synthesis.
[image: Figure 4]FIGURE 4 | Preliminary tests on convergent promoters. (A) Schematic representation of the uninduced TU containing convergent promoters. The 100-nt-long spacer (spacer100, denoted as s100) was placed between Tsynth8’ (the reverse synthetic Tsynth8 terminator—Curran et al., 2015) and pGPD to avoid a possible decrease in the transcription initiation rate (Song et al., 2016). (B) Comparison of fluorescence intensity from a single sense promoter and a convergent promoter system. Transcriptional interference caused a near 47% decrease in fluorescence expression (Supplementary Table S10). (C) Galactose-inducible convergent-promoter system. (D) Comparison of fluorescence levels expressed in the absence and presence of galactose by a unidirectional TU and the convergent-promoter system. The drop in fluorescence, upon full induction, is over 41%. (***: p-value< 0.001, ****: p-value< 0.0001; two-sided Welch’s t-test—see also Supplementary Table S10).
RNA interference from constitutive convergent promoters
After verifying the effects of transcriptional interference on protein expression, we tested the convergent promoter architecture inside circuits harnessing RNA interference. We used the TU in Figure 4A to express a fragment (Si et al., 2015; Crook et al., 2016) (200 nt) of the yEGFP (instead of the whole protein) along with one or two RAD9 introns (Drinnenberg et al., 2009; Crook et al., 2014), as depicted in Figure 5A. Introns are mainly adopted to improve RNA stability (Lewin et al., 2011). Convergent promoters lead to the synthesis of double-stranded sequences that resemble the siRNA precursor and are processed in siRNA molecules by Dcr1. We compared the fluorescence expressed by the complete circuit with that returned by the control strain (i.e., without convergent promoters). As shown in Figures 5B and C (and Supplementary Table S11), the two-intron yEGFP fragment design was effective in at least four strains, the best showing an OFF/ON ratio equal to 0.15. With the single-intron solution, in contrast, we achieved a remarkably low relative fluorescence (OFF/ON = 0.002), although in only one working strain (out of the two that grew on a selective medium after the last integration). Thus, the two-intron option appears more reliable, whereas the single-intron option is more potent but also harder to accomplish.
[image: Figure 5]FIGURE 5 | Convergent promoters expressing fragments of the yEGFP extended with one or two RAD9 introns. (A) Circuit diagram. yEGFPf indicates a fragment of the yEGFP. “I” represents an RAD9 intron. [I’] is the intron missing in the one-intron circuit. (B) Circuit performance in the presence of two RAD9 introns. Four complete circuits were constructed on two control strain (byMM254 and byMM283, sharing the same genetic content). Of these, byMM307 constructed on byMM283 demonstrated the most favorable outcome (Supplementary Table S11). (C) Circuit performance in the presence of a single RAD9 intron (*: p-value <0.05; **: p-value <0.01; ***: p-value< 0.001; two-sided Welch’s t-test).
RNAi-interference from galactose-inducible convergent promoters
After demonstrating that convergent promoters could be used to effectively silence protein synthesis, we replaced the galactose-inducible giant-hairpin expression cassette in the original circuit in Figure 1A with a galactose-inducible convergent-promoter system (where pGPD was replaced by pGAL1—see Figure 6A). The original circuit failed to work as a NOT gate because of pGAL1 leakage that provoked a dramatic drop in fluorescence even in the absence of galactose. In contrast, the convergent promoter architecture appeared much less affected by pGAL1 leakage. Efficient NOT gates were built using both one (OFF/ON ratio: 0.28 and 0.39) and two (0.14 and 0.22) RAD9 introns (Figures 6B, C).
[image: Figure 6]FIGURE 6 | NOT gates based on galactose-inducible convergent promoters. Four complete circuits were constructed on the control strain byMM283. (A) Schematic NOT gate representation. (B) Circuit performance when two RAD9 introns flank the yEGFP fragment. Two circuits were obtained from the control strain byMM283: byMM305, which gave an OFF/ON ratio equal to 0.22, and byMM306 that reached OFF/ON = 0.14. (C) The best OFF/ON ratio in the presence of a single RAD9 intron corresponded to 0.28 (byMM334). However, the NOT gate in byMM333 (OFF/ON = 0.39) appeared to be less affected by pGAL1 leakage (**, p-value <0.01, ****: p-value< 0.0001; two-sided Welch’s t-test, see Supplementary Table S12).
Boolean gates hosting constitutive convergent promoters
When dealing with a giant hairpin as a source of the siRNA precursor, we managed to implement working logic circuits only by expressing it constitutively and controlling the synthesis of the Dicer enzyme with an input chemical instead. We also applied this strategy to Boolean circuits hosting convergent promoters. In these tests, the yEGFP fragment was always accompanied by two RAD9 introns (Figure 7A). The new variant of the galactose-sensing NOT gate registered a moderately high OFF/ON ratio (0.41—see Figure 7B). The copper-responsive circuit failed to work as a Boolean gate because it returned the same fluorescence level in both the presence and absence of the CuSO4 (Supplementary Figure S7). In contrast, the methionine-sensing YES gate turned out to work effectively (ON/OFF ratio: 2.94—Figure 7C and Eq. 1 in Materials and Methods). Hence, promoter leakage seems to considerably affect the working of RNAi-based digital circuits even when they employ convergent promoters. The higher leakage of pCUP1 (compared to that of pMET25—see Supplementary Table S6) appears to be the most plausible reason for the failure in the construction of a NOT gate regulated by CuSO4 (Supplementary Figure S7).
[image: Figure 7]FIGURE 7 | Basic Boolean gates hosting convergent promoters. (A) Schematic diagram of the circuits, incorporating convergent promoters and chemically regulated Dcr1 expression. Fluorescence intensity from (B) a NOT gate responding to 2% galactose and (C) a methionine-controlled YES gate (“1” level of methionine corresponded to a concentration of 10 mM ***: p-value< 0.001; ****: p-value <0.0001; two-sided Welch’s t-test, see Supplementary Table S13).
Finally, we also implemented a version of the IMPLY gate that contained convergent promoters. Here, methionine repressed Ago1 production, whereas galactose induced the synthesis of Dcr1 expression (Figure 8A). The fluorescence levels returned by this implementation of the IMPLY gate effectively reflected the circuit truth table. However, the ρ value was rather low (1.60) because of the pMET25 leakage that determined a decrease in the fluorescence corresponding to the “11” truth-table entry (Figure 8B). This result further confirms the negative influence of promoter leakage in circuits whose function depends on the RNAi pathway.
[image: Figure 8]FIGURE 8 | IMPLY gate based on convergent promoters. (A) Schematic representation of the circuit. (B) Fluorescence expression. 10 mM methionine and 2% galactose were used as “1” input values. (***: p-value <0.001; two-sided Welch’s t-test, see Supplementary Table S14).
Generating an siRNA precursor via separate sense and antisense transcription of a DNA fragment
Another way to generate an siRNA precursor relies on two separate TUs that transcribe the same DNA fragment—one in the sense and the other in the antisense direction. This design, inspired by a similar one reported in Si et al. (2015), demands one more TU with respect to the circuits realized so far. As shown in Figure 9A, the sense DNA fragment (200 nt) of the yEGFP was produced upon induction with galactose, whereas the antisense fragment was constitutively synthesized by pGPD. Thus, in the presence of galactose, sense and antisense are transcribed at a very close rate. We designed two variants of this circuit that differ for the number of RAD9 introns (one or two) at the ends of the sense fragment. The antisense fragment always contains a single intron. Once transcribed, the sense and antisense transcripts pair and give rise to longer siRNA precursors than in the case of the convergent promoters. Overall, we engineered three strains hosting a complete NOT gate. As shown in Figure 9B, the two strains hosting a single intron upstream of the yEGFP sense fragment gave the best result, with an OFF/ON ratio equal to 0.35. Interestingly, this configuration was less effective than that based on the inducible convergent promoters shown in Figure 6, which is opposite to that obtained by Si et al. (2015), where the separate sense–antisense design was roughly five-fold stronger than the convergent promoters (all circuits were, however, uninduced). Si and colleagues did not, moreover, express a sense and antisense yEGFP fragment but the whole gene in both directions. Hence, their complete circuit comprised four TUs. In principle, we should have detected a fluorescence decrease compared to that of the control circuits (where the yEGFP-fragment-containing TUs were not present) already in the full circuit’s uninduced state. Indeed, in the absence of galactose, the antisense yEGFP fragment is transcribed and can bind by base-complementarity the full yEGFP mRNA, giving rise to a target for the Dicer enzyme. However, this did not occur. Therefore, we suppose that the efficiency of the separate sense–antisense design strongly depends on the length of the fragments—as it is also for the convergent promoters (Si et al., 2015).
[image: Figure 9]FIGURE 9 | Galactose-responsive NOT gates with separate sense–antisense yEGFP fragments (A) NOT gate diagram. The sense fragment contains one or two introns. (B) Performance of a NOT gate hosting two RAD9 introns. The circuit was obtained from the control strain byMM283 and returned an OFF/ON ratio equal to 0.52. (C) Performance of NOT gates hosting a single RAD9 intron. Two circuits, byMM352 and byMM348, were obtained using byMM254 and byMM283 as control strains, respectively. They returned the same OFF/ON ratio: 0.35 (**, p-value <0.01, ***: p-value <0.001, ****: p-value <0.0001; two-sided Welch’s t-test, see Supplementary Table S15).
CONCLUSION
Back in 2009, Drinnenberg and colleagues (Drinnenberg et al., 2009) demonstrated how to reengineer the RNAi pathway in S. cerevisiae. They utilized a synthetic gene circuit in which siRNA molecules, which targeted the mRNA of a green fluorescent protein, should have only been produced in the presence of galactose—that is, upon activation of pGAL1 that led the transcription of the siRNA precursor. Even though RNAi was reestablished successfully, the study had a minor drawback since RNAi also occurred in the presence of glucose, when pGAL1 was almost completely repressed. In other words, the circuit failed to mimic a NOT gate that should have resulted in high fluorescence in the absence of galactose. Drinnenberg and colleagues suggested that either an antisense promoter or pGAL1 leakage could explain the issue. However, they did not investigate further as it was beyond the scope of their study. This marked the starting point of our study, which aimed to explore the use of RNAi in constructing basic Boolean gates in S. cerevisiae cells.
Through a series of tests, we confirmed that pGAL1 leakage, although minimal, completely disrupted the logic behavior of the original circuit by Drinnenberg and colleagues. By placing the Dicer enzyme under pGAL1 and expressing the giant hairpin siRNA precursor constitutively, we successfully constructed a working NOT and IMPLY gate. The former exhibited a remarkably low OFF/ON ratio, equal to 0.06. However, the number of strains transformed with a properly working logic gate hosting a giant hairpin-like siRNA precursor was consistently extremely low, if not zero. Hence, it was necessary to identify more reliable expression systems for the siRNA precursor that would not overly burden the engineered cells.
The convergent-promoter architecture guaranteed higher reliability and performance. In general, it appeared less susceptible to promoter leakage and performed well when the DNA fragment between the two promoters was expressed either constitutively or under chemical control. Additionally, gate performance could be modulated by including one or two introns in the siRNA-precursor-like sequence to enhance RNA stability. We also constructed NOT gates based on separate sense and antisense transcription of the same DNA fragment (see Table 1 for an overview of our best artifacts and results). This solution, however, required integrating one or more genes into the yeast genome than in the previous designs. Moreover, gate performance was lower than expected based on previously published data (Si et al., 2015). We hypothesize that the efficacy of this architecture depends heavily on the length of the DNA fragment, similar to observations with convergent promoters.
TABLE 1 | Overview of top-performing gates constructed here.
[image: Table 1]Overall, RNAi-based logic gates appear more susceptible to promoter leakage than transcriptional networks. Furthermore, they require more integration steps since the Argonaute and Dicer genes are absent from S. cerevisiae chromosomes. Even though they can guarantee high performance, particularly when introns are employed, their complex implementation has so far limited their widespread use in budding yeast synthetic biology.
MATERIALS AND METHODS
Plasmid construction
The plasmids utilized in this study are documented in Supplementary Table S16. These were constructed by employing the pRSII40X yeast integrating shuttle vector collection (Chee and Haase, 2012), where X denotes an auxotrophic marker. Specifically, we used four markers: HIS3, TRP1, LEU2, and URA3, corresponding to the following plasmids: pRSII403/Addgene-35436, pRSII404/Addgene-35438, pRSII405/Addgene-35440, and pRSII406/Addgene-35442, respectively (a gift from Steven Haase).
Two distinct methods were adopted in the construction of novel plasmids. The first involved enzymatic digestion and ligation. Initially, the backbone and the insert-containing plasmid were subjected to overnight digestion. Subsequently, the purified DNA fragments (extracted from the agarose gel with the AxyPrep DNA Gel Extraction Kit #AP-GX-250) were ligated by using T4 DNA ligase (NEB-M0202S) at 16 °C for more than 8 h. The second method for plasmid construction was isothermal assembly. Initially, standard biological parts including promoters, coding regions, and terminators were amplified via touchdown PCR using Q5 High-Fidelity DNA Polymerase (NEB-M0491S). The purified PCR products were then combined with a cut-open backbone (specifically, a pRSII40X plasmid devoid of the multiple cloning sequence) in equimolar quantities. This mixture was incubated in a thermal cycler at 50 °C for 1 h (Gibson et al., 2009).
All constructed plasmids in this study were introduced via a 30 s heat shock at 42 °C, into Escherichia coli cells (DH5α, Life Technology 18,263-012) and preserved in a glycerol storage solution. The DNA sequences of all DNA parts can be found in Supplementary Table S17. To ensure accuracy, each plasmid underwent Sanger sequencing at Genewiz Inc. in Suzhou, China.
Yeast transformation
All genetically modified strains utilized in this research were derived from the S. cerevisiae strain CEN. PK2-1C (MATa; his3Δ1; leu2-3_112; ura3-52; trp1-289; MAL2-8c; SUC2) obtained from EUROSCARF (Johann Wolfgang Goethe University, Frankfurt, Germany—#30000A). The PEG/LiAc method was employed for yeast transformation (Gietz et al., 2002). Specifically, approximately 5 μg of integrative plasmid was linearized using a suitable restriction enzyme targeting the corresponding auxotrophic marker. Transformants were subsequently cultivated on a selective synthetic defined medium (SD, 2% glucose, 2% agar) at 30 °C for 2–3 days. Properly transformed strains were preserved in 15% glycerol storage solutions. A comprehensive list of all yeast strains generated in this investigation can be found in Supplementary Table S18.
Fluorescence measurement
In the absence of an inducer in the growth medium, S. cerevisiae cells were cultured at 30 °C in a synthetic defined complete medium (SDC) supplemented with 2% glucose for 16 h. Conversely, when (2%) galactose was used as an inducer, the incubation period was extended to 24 h. For SDC supplemented with methionine (10 mM) or copper sulfate (0.5 mM), the incubation period ranged from 22 h to 24 h. Prior to fluorescence-activated cell sorting (FACS) experiments, the yeast cells were diluted 1:20 in SDC. Fluorescence intensity measurements were performed using a BD FACSVerse flow cytometer equipped with a blue laser (488 nm) and an emission filter (527/32). The FACS machine settings were validated through a quality check (QC) procedure utilizing fluorescent beads (BD FACS quite CS&T Research beads-17495). Each yeast strain was analyzed in triplicate on different days, representing independent experiments. In each experiment, 30,000 events were collected for each sample at low flow rates, ensuring a threshold rate below 2000 events per second. The resulting raw data obtained from the BD FACSVerse instrument were analyzed using the flowcore R-Bioconductor software package (Gietz et al., 2002).
RT-qPCR
RNA extraction and purification from yeast cells were performed via the YeaStar RNA kit (Zymo Research-R1002). The obtained cDNA, which served as the template for qPCR, was synthesized using the Hifair III 1st Strand cDNA Synthesis Kit (YEASEN-1141ES60). The primers used for amplifying yEGFP and the reference ACT1 gene are listed in Supplementary Table S19. For qPCR, a total volume of 20 μL qPCR solution was prepared, consisting of 10 μL Hieff qPCR SYBR Green Master Mix (No Rox) (YEASEN-11201ES08), 0.4 μL of 10 μM forward and reverse primers, a variable amount of cDNA (ranging from 20 to 50 ng), and RNase-free water. The following program was set up on a Roche LightCycler96 machine: (1) hold stage: 5 min at 95 °C; (2) PCR stage: 10 s at 95 °C, followed by 30 s at 60 °C. The PCR stage was repeated for 45 cycles. The threshold cycle (CT) values for ACT1 and yEGFP were determined using qPCR. Each sample was analyzed in triplicate. The relative mRNA expression levels were calculated using the Pfaffl formula (Pfaffl, 2001).
Logic circuit analysis
NOT gates are components that convert a low input signal into a high output signal and vice versa. YES gates are devices that produce an output identical to their input. The evaluation of YES or NOT gates is commonly performed by calculating ON/OFF or OFF/ON ratios.
A complete or closed logic circuit (Lc) displays a binary output where fluorescence can be either high (“1”) or low (“0”). A control circuit (Cc) lacks at least a component that, in our case, prevents RNAi. Therefore, the fluorescence level of the control circuit should always be high.
The background fluorescence originating from the strain CEN. PK2-1C (byMM584), which serves as a chassis for our circuits, was subtracted from the average fluorescence value of both closed and control circuits. This adjusted fluorescence value will be denoted as F* in the formulae below.
A YES gate is a logic circuit that exhibits a high fluorescence value (ON state) when induced with an input chemical (inp) while displaying a low fluorescence value (OFF state) in the absence of the input from the growth medium (grm). To quantify the performance of a YES gate, the relative circuit fluorescence—the ON/OFF ratio—is calculated as follows (Yu and Marchisio, 2021):
[image: image]
The bigger the ON/OFF ratio, the higher the efficiency of the circuit
A NOT gate is a logic circuit that returns a high fluorescence value (ON) in the absence of the input from the growth medium and a low fluorescence level (OFF) in the presence of the input. The performance of a NOT gate demands the calculation of the OFF/ON ratio:
[image: image]
The lower the OFF/ON ratio, the higher the efficiency of the gate
Boolean gates that take n inputs (n > 1) are characterized by truth tables that are composed of 2n entries, each associated with a high or low output (fluorescence level). The performance of the circuit is quantified with the [image: image] value (Marchisio, 2014) defined as:
[image: image]
where [image: image] represents the lowest “1” output and [image: image] the highest “0” output. A circuit is usually considered working if its [image: image] value is equal (or very close to) 2.
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