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Abstract

Methods for rapidly assessing sequence-structure-function landscapes and developing conditional 

gene-regulatory devices are critical to our ability to manipulate and interface with biology. We 

describe a framework for engineering RNA devices from preexisting aptamers that exhibit ligand-

responsive ribozyme tertiary interactions. Our methodology utilizes cell sorting, high-throughput 

sequencing, and statistical data analyses to enable parallel measurements of the activities of 

hundreds of thousands of sequences from RNA device libraries in the absence and presence of 

ligands. Our tertiary interaction RNA devices exhibit improved performance in terms of gene 

silencing, activation ratio, and ligand sensitivity as compared to optimized RNA devices that rely 

on secondary structure changes. We apply our method to building biosensors for diverse ligands 

and determine consensus sequences that enable ligand-responsive tertiary interactions. These 

methods advance our ability to develop broadly applicable genetic tools and to elucidate 

understanding of the underlying sequence-structure-function relationships that empower rational 

design of complex biomolecules.

Introduction

Engineered biological systems hold potential in programming cell behavior to advance 

sustainable technologies, materials synthesis, and human health. However, incomplete 

understanding of the sequence-structure-function relationships that govern the design space 

limits our capacity to access, process, and act on information in living systems. Methods for 

assessing sequence-structure-function landscapes and developing conditional gene-

regulatory devices are thus critical to advancing our ability to manipulate and interface with 

biology.
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Programmable RNA-based gene-regulatory devices comprise parts that encode sensing, 

information transmitting, and actuating functions1. RNA device architectures connect sensor 

and actuator components, such that sensor-detected information is transmitted into 

controlled activity of the actuator. One class of RNA devices utilizes a hammerhead 

ribozyme (HHRz) actuator to modulate the stability of a target transcript through conditional 

control of cleavage activity via binding of the cognate ligand1. The ribozyme-based device 

framework supports genetic controllers in different organisms2–6, responsive to diverse 

ligands1,3,7–9, exhibiting complex computation10, and applied to regulate complex 

phenotypes11,12. Sensor and actuator components are linked through a rationally designed1 

or screened13 transmitter that guides secondary structure changes in the components. As 

RNA folding is largely hierarchical and dictated by localized hydrogen bonding and base 

stacking14, secondary structure changes are tractable. While this approach enables sequence-

level modular device design1, it limits regulatory potential. The relatively slow kinetics 

associated with the transmitter-induced secondary structure rearrangement15 places a limit 

on self-cleavage kinetics13,16, over which a trade-off between gene-silencing activity and 

ligand sensitivity is observed17.

To address performance limitations inherent with secondary structure switching RNA 

devices, a new device architecture that achieves faster switching is needed. The natural 

diversity of HHRz tertiary interactions18, inspires a tertiary structure switching architecture 

that removes the transmitter and encoded secondary structure rearrangement. A platform 

modulating HHRz tertiary interactions16 (Fig. 1a) may achieve improved performance by 

eliminating the slow secondary structure conformational change14, thereby supporting 

ribozymes with faster cleavage kinetics. Since ribozyme tertiary interactions are only 

functionally conserved18, a library framework that supports the creation of RNA devices 

with ligand-responsive tertiary interactions can be screened for functional sequences.

High-throughput in vitro and in vivo selection and screening strategies for creating RNA 

devices have been described. In vitro selections7,19 have largely been supplanted by cell-

based (in vivo) strategies to avoid any change in activities when transitioning from in vitro to 

in vivo environments19. In vivo strategies link device activity to a readily measureable 

expression output, such as fluorescence13,20–22, motility23, or viability24. These strategies 

only reveal sequence-activity information on a small number of individually-tested 

sequences. Strategies that provide sequence-activity information for all members in large 

libraries are needed to rapidly identify all high-functioning RNA devices and gain a 

complete understanding of the sequence-structure-function landscape to enable more robust 

design strategies. Methods that integrate fluorescence activated cell sorting (FACS) and 

high-throughput next generation sequencing (NGS) have been applied to investigate and/or 

develop gene-regulatory elements such as translation initiation sites25, N-terminal codons26, 

and various cis-regulatory elements27–33.

We establish a framework for developing RNA devices that exhibit ligand-responsive 

ribozyme tertiary interactions. Our new device architecture forgoes strict sequence 

modularity and displays design-level modularity, where the sequence of the actuator 

changes with the sensor. We describe a reliable closed-end method for building high 

dynamic range RNA devices starting from preexisting aptamers based on a FACS/NGS 
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approach (FACS-Seq) and statistical data analyses that enables parallel measurements of the 

activities of hundreds of thousands of sequences from device libraries. Our tertiary 

interaction RNA devices show improved performance in terms of basal level, activation 

ratio, and ligand sensitivity as compared to the highest activity secondary-structure 

switching RNA devices described to date. Through our massively parallel characterization 

method we determine consensus sequences that enable ligand-responsive tertiary 

interactions for each aptamer-integrated device. This method greatly increases our capacity 

to rapidly and reliably build genetic tools and provides insight into the sequence-structure-

function relationships needed to guide rational design.

Results

Simultaneously assaying all members of an RNA device library

Our hypothesis that it is possible to build RNA devices that function based on interference 

with the tertiary interactions between the two loops of a HHRz (Fig. 1b) relies on (i) the 

ability to obtain catalytic activity in a ribozyme with an arbitrary sequence on one loop by 

varying the opposite loop sequence, and (ii) target molecule binding to an aptamer on one 

loop interfering with that activity. The first property allows replacing one of the ribozyme 

loops with an aptamer for an arbitrary target and identifying a corresponding sequence on 

the opposite loop that restores cleavage activity in the absence of target (Fig. 1c). The 

second property allows this structure to behave as a switch through ligand binding to the 

aptamer interfering with the tertiary interactions.

We designed tertiary interaction switch libraries based on the theophylline aptamer and 

assayed the activities of all library members using a massively parallel FACS-Seq method 

(Fig. 1d, Supplementary fig. 1). The libraries were designed based on modifying the loop 

sequences of the tobacco ringspot virus (sTRSV) HHRz. One of two theophylline aptamer 

variants34 was grafted onto the ribozyme to replace either loop I or II, while the opposite 

loop was substituted with a library of all possible sequences ranging in length from three to 

eight nucleotides (Fig. 1c), requiring a library size of 349,440 sequences not including 

controls. The in vivo gene-regulatory activity of every library member was simultaneously 

measured through a FACS-Seq assay (Fig. 1d). The RNA device libraries were cloned by 

gap-repair into the 3’ untranslated region (UTR) of a reporter construct (encoding GFP), 

where cleavage of the reporter transcript (or high ribozyme activity) results in low GFP 

expression13. The reporter construct was placed within a low-copy plasmid that harbored a 

second reporter construct (encoding mCherry) that served as a control to normalize for cell-

to-cell variability in gene expression13.

Following transformation and cell growth, populations harboring the RNA device library 

were FACS-sorted to enrich for cells exhibiting a reduced GFP/mCherry expression ratio 

(µ), indicative of ribozyme catalytic activity (see Online Methods). This initial sort served 

to enrich the population of cells for those harboring sequences with self-cleavage activity, 

which are more likely to exhibit expression levels modulated by the presence of the target. 

The prescreened cells were grown separately in the presence and absence of ligand, and 

individual cells from these populations were sorted based on the measured GFP/mCherry 

ratio (µ) into eight different bins. Library members in each bin were recovered through 
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plasmid extraction and separately barcoded. An NGS analysis determined the frequency of 

occurrence of each library member in the different activity bins as a function of ligand 

condition (Fig. 1d). Biological replicates were carried forward at every step of the process, 

starting from parallel library-scale transformations.

Data were analyzed to reduce the bin counts into a point estimate for µ for each library 

sequence (see Online Methods). Under the no-theophylline condition, most sequences in 

the prescreened library showed low µ with a median value of 0.30 for both replicates (Fig. 

2a). These results indicated that the prescreen selection was effective at enriching for cells 

that exhibit low GFP/mCherry ratio in the absence of ligand. In the presence of theophylline, 

both replicates exhibited higher µ with median values of 0.62 and 0.61 for the replicates 

(Fig. 2b). The majority of the sequences exhibited switching (73% have a fold change of at 

least 1.3), with the activation ratio of the switch predominantly determined by the basal GFP 

level in the absence of theophylline. Trends observed in the data are consistent with our 

hypothesis of competition between binding of the target to the aptamer loop and tertiary 

interactions resulting in self-cleavage.

Identifying highly functional tertiary interaction switches

The FACS-Seq method can rapidly assess in vivo activities of large libraries of RNA 

devices. These data can be mined to identify sequences that result in highly functional gene-

regulatory switches. We identified seventeen sequences from our theophylline aptamer 

library, five with the CAG aptamer variant and twelve with the AAG variant34, that exhibit 

the largest activation ratios (Supplementary table 1) to validate through additional 

characterization assays. The RNA devices were individually synthesized, integrated into the 

two-color characterization plasmid, and assayed in yeast via flow cytometry (Supplementary 

fig. 2). The µ values obtained from flow cytometry analysis of the reconstructed sequences 

are tightly correlated with those obtained through the FACS-Seq analysis (Fig. 3a; R2=0.98). 

We compared the validated activation ratios (µ-target/µ + target) for several of the best 

performing switches from the tertiary interaction switch libraries with those from previously 

optimized RNA devices that function through secondary structure rearrangements13 (Fig. 

3b, Supplementary table 1). The data indicated that the switches identified from the tertiary 

interaction switch libraries exhibit higher activation ratios (11.4±0.8 fold change for 

Theo(A)-AAAGA, 2.8±0.3 for L2b8-t47, where L2b8 and its variants refer to secondary-

structure switching devices) and stringencies (basal level of 0.056±0.002 for Theo(A)-

AAAAA, 0.109±0.004 for L2b8-a1) than those that function through secondary-structure 

switching mechanisms. These values compare favorably with the basal level attainable by 

the wild-type ribozyme (sTRSV; µ=0.051±0.003), whereas the inactive control ribozyme 

(sTRSVctl; Supplementary table 2) exhibits a µ of 5.8±0.3.

For a subset of the theophylline-responsive switches, we measured the activity as a function 

of target concentration by performing dose-response assays on reconstructed sequences (Fig. 

3c, Supplementary fig. 3, Supplementary table 3). The data shows that compared to the 

secondary-structure switching devices, the identified tertiary interaction switch devices 

exhibit greater maximal activation ratios (fold change at 5 mM theophylline: ≥7.3 for 

tertiary interaction devices, ≤2.6 for secondary-structure switching device) and ligand 
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sensitivities (mean EC50 of 7.0 µM for secondary-structure switching devices and 2.4 µM 

for tertiary interaction devices).

We further investigated device activities and ligand sensitivities using an in vitro SPR-based 

cleavage assay35. We observed that the highest in vitro cleavage activities of the tertiary 

interaction devices are ~6-fold higher than that of the highest previously-designed 

secondary-structure switching devices in the absence of ligand (Fig. 3d, Supplementary fig. 

4; kd: 3.5 min−1 for Theo(A)-AAAAA, 0.6 min−1 for L2b8-a1) and ~4-fold lower in the 

presence of 1 mM theophylline (Fig. 3d; kd: 0.044 min−1 for Theo(A)-AAAAA, 0.17 min−1 

for L2b8-a1). The ligand concentration at which the cleavage kinetics are half-maximal is 5-

fold lower, comparing the average over the tertiary interaction devices with the average over 

the secondary-structure switching devices (Fig. 3e; IC50: 3.3 µM for tertiary interaction 

devices, 17 µM for secondary-structure switching devices). These data support the in vivo 

findings and indicate that improved cleavage activity and ligand sensitivity can be achieved 

with the tertiary interaction architecture.

Design-level modularity is extendable to other aptamers

The widespread applicability of our tertiary interaction switching architecture relies on the 

ability to restore activity to a ribozyme that has one loop sequence modified by integration 

of an aptamer. Restoration of cleavage activity is accomplished through the selection of an 

appropriate opposite loop sequence that restores tertiary interactions and geometries 

conducive to self-cleavage. We investigated the generality of this strategy, by characterizing 

the activities of all members of a HHRz library with loops I and II randomized. We verified 

HHRz library members activities span a wide range of activities, with consistent coverage 

from the activity level of the wildtype (sTRSV) HHRz to the inactive control 

(Supplementary note 1 and Supplementary fig. 5–Supplementary fig. 8). This graded 

ribozyme library also provides a new genetic tool for modulating gene expression levels 

over a 77-fold range through choice of the particular ribozyme sequence. A subset of 

validated sequences, which uniformly span the range, are provided in Supplementary table 

4.

We next explored extension of the tertiary interaction RNA device architecture and FACS-

Seq strategy as a general method for generating highly functioning gene-regulatory 

switches. Utilizing the same general architecture, we designed libraries for aptamers to 

neomycin36 and tetracycline37, where the aptamer sequences were placed on either loop I or 

II of the ribozyme and a library of all possible sequences ranging in length from three to 

eight nucleotides was placed on the opposite loop (Supplementary fig. 9), requiring a library 

size of 174,720 sequences for each aptamer. To analyze the in vivo gene-regulatory activities 

of every library member, the FACS-Seq method was performed on these libraries as 

previously described.

The resulting NGS data were analyzed as previously described. The activity trends of the 

neomycin and tetracycline libraries exhibited notable differences from those observed for 

the theophylline libraries. Members of the tetracycline aptamer library displayed similar 

activity distributions; however, a smaller fraction of the sequences exhibited low µ values in 

the absence of ligand (Fig. 4a). The median µ was 0.28 in the absence of tetracycline for 
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both replicates and 0.46 and 0.53 in the presence of tetracycline for the replicates. In 

contrast, the sequences from the neomycin library showed negligible reduction in the 

median µ in the absence of ligand (Fig. 4b). The neomycin library exhibited a median µ of 

0.58 and 0.55 in the absence of neomycin and 0.57 and 0.55 in the presence of neomycin for 

the replicates. The data indicated that few of the sequences in the neomycin library exhibit a 

reduction in GFP levels, and thus self-cleaving activity. The low number of sequences 

exhibiting cleavage activity may be due to the design of the neomycin library 

(Supplementary fig. 9), which incorporated one extra base pair in the stem harboring the 

aptamer than the theophylline library.

We mined the NGS data from these libraries to identify highly functional gene-regulatory 

switches responsive to tetracycline and neomycin. We identified five sequences from the 

tetracycline aptamer library and four sequences from the neomycin aptamer library, that 

exhibit the largest switching ratios (Supplementary table 1) to validate. While the vast 

majority of sequences in the neomycin library, reduction in GFP levels or response to ligand 

was not observed (Fig. 4b), we were able to identify rare sequences that exhibit switching 

activity. These selected RNA devices were individually reconstructed as previously 

described and assayed via flow cytometry (Fig. 4c, d). The µ values obtained through the 

flow cytometry analysis were compared with the µ values obtained from the FACS-Seq 

analysis. The best switches exhibited activation ratios of 9.1 for tetracycline and 6.5 for 

neomycin (Fig. 4c, d).

Identifying aptamer-loop consensus sequences

The datasets obtained through the FACS-Seq analysis of the HHRz aptamer libraries 

(Supplementary note 1) were analyzed to identify consensus loop sequences that pair with 

different aptamers on the opposing loop and result in functional switches. Such consensus 

loop sequences provide additional support for particular interactions occurring between the 

modified loops. Starting with the theophylline AAG-variant on loop I and an eight-nt 

random loop II, we successively fixed one of the nucleotides on loop II and computed the 

10th-percentile µ over the measured sequences with that particular nucleotide identity. The 

computed 10th-percentile µ ranged from 0.17 (loop II=CNNNNNNN) to 0.33 (loop 

II=NNNNNNNC) (Supplementary fig. 10a). Similarly, we examined the effect of nucleotide 

identity pairwise by computing the µ for each of the 896 possible combinations and found 

10th-percentile µ values ranging from 0.08 (CANNNNNN) to 0.37 (NCNNNNGN) 

(Supplementary fig. 10a). We used these results to select the “best” consensus (lowest 10th-

percentile µ; CNNNNNNN) and repeated the analysis on the remaining nucleotides 

(Supplementary fig. 10b) to determine a consensus of CANNNNNN. Continuing this 

process, we arrived at an overall consensus sequence of CANNNNAN for loop II with a 

10th-percentile µ of 0.06; 4-fold lower than the 10th-percentile µ for the entire library of 

0.24. Similarly, for the CAG-variant theophylline aptamer on loop I we identified a 

consensus sequence of NANNNNAA for loop II (Supplementary fig. 11; 10th-percentile µ of 

0.04, 5-fold lower than the 10th-percentile of 0.22 for the library). The consensus sequences 

for the other aptamers also exhibit an improvement over the full library, ranging between 

1.2- and 3.0-fold (Supplementary fig. 12–Supplementary fig. 17; Supplementary table 5). 
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The results provide support for particular interactions occurring between the aptamer 

sequence and modified loop sequence restoring ribozyme cleavage activity.

Discussion

RNA folding is largely hierarchical and an ensemble of tertiary structures are formed for 

each secondary structure14. We postulate that secondary structure switching mechanisms 

can exhibit significant misfoldings and/or conformation interconversion timescales15 that 

restrict switching activity and thus gene silencing efficacy13. In contrast, the tertiary 

interaction switches adopt one secondary structure conformation, with aptamer and 

ribozyme secondary structures preformed, enabling the interactions involved in ligand-

binding and ribozyme cleavage to directly compete to determine the ON and OFF states. In 

support of this hypothesis, in vitro cleavage assays indicated that the cleavage kinetics of the 

tertiary interaction switches, unlike the secondary-structure switching devices, are 

completely inhibited at high ligand concentrations (Supplementary fig. 4). In addition, the 

ligand sensitivities of the tertiary interaction switches (IC50 2.4–4.2 µM) unlike the 

secondary-structure switching devices are near the equilibrium dissociation constant of the 

initial theophylline aptamers measured under the assay conditions (Supplementary fig. 18; 

KD 2.4–4.4 µM), suggesting that ligand binding is directly competing with cleavage activity.

Tertiary interaction switches cannot be developed through rational design strategies, as 

existing RNA folding software does not accurately predict tertiary interactions and ligand 

binding. Our methodology, comprising a novel device framework and FACS-Seq strategy, 

provides a framework for efficiently generating tertiary interaction devices with design-level 

modularity rather than sequence-level modularity. The broader application of our approach 

to diverse aptamer-ligand pairs is dependent on the ability to restore activity of a ribozyme 

that has one loop modified with an arbitrary sequence by generating an appropriate opposing 

loop sequence that restores tertiary interactions. The feasibility of this approach is supported 

by the loop sequence flexibility observed in our analysis of active sequences within a 

ribozyme library. The data generated through the FACS-Seq assay can be used to define 

consensus loop sequence requirements for activity with different aptamer sequences, thereby 

increasing our understanding of sequence-structure-function relationships.

A method for modulating HHRz tertiary interactions in response to binding of protein 

ligands at a ribozyme loop was recently described9. The method searches databases of wild-

type HHRzs for variants with stem loop sequences similar to the selected aptamer. The stem 

loop is replaced with the aptamer on the most similar ribozyme variant, and point mutations 

and/or FACS-based screening on small libraries is performed to identify mutations that 

restore in vivo cleavage activity. The methodology is less generalizable in that it is limited to 

a small subset of protein-binding aptamer sequences that closely resemble HHRz loop 

sequences. Our tertiary switch framework is robust to aptamers of varying length and 

complexity and identifies solutions that current structure-guided design methods are unable 

to obtain. Our massively parallel assay characterizes each member of large libraries under 

identical conditions providing extensive data for understanding sequence-structure-function 

relationships and a resource for improving computational models that attempt to predict 

these relationships.
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We applied a combination of binned FACS and NGS on libraries larger than any that have 

previously used these methods. Our data analysis extends these methods by combining 

information about the distribution statistics of the measurements to produce maximum 

likelihood estimates of the activity of individual library members at a resolution better than 

the binning widths. Thus, the number of cells captured and sequenced rather than the bin 

widths, determine the resolution of the measurements. Our data indicate that these 

measurements are highly reproducible and are tightly predictive of subsequent single-

sequence cytometry validation.

We have described an efficient pipeline for engineering ligand-responsive ribozyme tertiary 

interactions to generate RNA devices. We also developed a graded ribozyme library with 

gene-regulatory activities spanning a 77-fold range in vivo, thereby expanding the tools 

available for precisely controlling expression across diverse biological systems38. Our 

FACS-Seq approach supports parallel measurements of the activities of large RNA regulator 

libraries under chosen conditions. By assaying every member of these libraries in parallel 

within a single culture, this method enables elucidation of consensus sequences for genetic 

devices. The non-iterative method of combining existing aptamers, including those derived 

from naturally occurring riboswitches, with a ribozyme to build genetic sensors that 

outperform those currently available will advance our ability to develop sophisticated 

genetic tools and our understanding of the underlying sequence-structure-function 

relationships that empower rational design of complex biomolecules.

Online Methods

Tertiary interaction RNA switch library design

Tertiary interaction switch libraries were constructed based on the sequence of the tobacco 

ringspot virus (sTRSV) HHRz by replacing either the wild-type loop I or II sequences with 

previously identified minimal aptamer sequences and the other loop with a randomized 

sequence between three and eight nucleotides (Supplementary table 2). This library design 

resulted in 174,720 distinct sequences for each aptamer. The aptamer sequences have a 

structurally conserved terminal helix that is reconstituted by a ribozyme stem in our design 

architecture (Fig. 1c). The TCT8-4 theophylline aptamer sequence40 and also a variant 

sequence with a single base change (C28A, in the postulated binding pocket of the 

aptamer34) were used with the terminal stem removed. The first base pair of the terminal 

stems of the tetracycline37 and neomycin aptamer36 were retained in our device design as it 

has been shown to be important to ligand binding (Supplementary fig. 9b). Each of the 

switches was flanked by a spacer sequence designed to minimize interactions between the 

surrounding sequences and the switch sequence1. Example predicted three-dimensional 

structures for sequences from these libraries are presented in Supplementary fig. 19.

Library construction and high-efficiency yeast transformation

All RNA device libraries were assembled from two oligonucleotide fragments through 

overlap-extension PCR using PFU Ultra II HS DNA polymerase (Agilent Technologies). 

The fragments were designed to overlap in the region between the two stems, allowing the 

random loop regions to be modularly coupled with the four aptamer sequences 
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(Supplementary table 2). The resulting sequences were combined into three distinct libraries 

based on the target ligand. In preparation for yeast-mediated gap-repair cloning, each DNA 

library was amplified by PCR (PFU Ultra II HS; Agilent) with primers (Supplementary table 

2) with overhangs homologous to portions of a previously described two-color screening 

plasmid (pCS1748)13. The low-copy plasmid backbone is designed to place the switches in 

the 3’ UTR of a GFP reporter gene, and also harbors a separate mCherry expression 

cassette13 (Supplementary fig. 20).

Briefly, as previously described41, for each of the three libraries, 50 ml yeast culture (OD600 

1.3–1.5) was incubated with Tris-DTT buffer (2.5 M DTT, 1 M Tris, pH 8.0) for 15 min at 

30°C, pelleted, washed, and resuspended in Buffer E (10 mM Tris, pH 7.5, 2 mM MgCl2) to 

300 µl. To 50 µl of the yeast cell suspension, 2 µg of linearized plasmid and 1 µg of library 

insert DNA was added and the DNA-cell suspension was electroporated (2 mm gap cuvette, 

540 V, 25 µF, 1000 Ω). Transformed cells were diluted to 1 ml volume in yeast peptone 

dextrose (YPD) media, incubated for 1 hr, then further diluted in selective media (synthetic 

complete media with a uracil dropout solution containing 2% dextrose; SC-URA) and 

propagated for FACS screening13. Each of the libraries was independently transformed into 

yeast twice providing two biological replicates (or six library samples in total), which were 

handled separately through all subsequent steps of the FACS-Seq method. The budding 

yeast strain W303α (MATα leu2–3,112 trp1-1 can1–100 ura3-1 ade2-1 his3–11,15) was 

used in all experiments. All fungal growth and propagation steps were carried out in a 30°C 

incubator, shaking at 230 rpm, unless otherwise stated.

Library prescreening for active ribozyme sequences

Following high-efficiency transformation and subsequent cell growth, the six samples were 

prescreened through FACS to enrich for cells that exhibit reduced GFP expression or by 

extension ribozyme cleavage activity in the absence of ligand. Cells harboring the libraries 

were back-diluted 20:1 to an approximate OD600 of 0.07 in SC-URA media and grown for 6 

hrs to OD600 ~0.8. Cells were washed, resuspended in PBS (Life Technologies) with 1% 

BSA (Sigma-Aldrich), stained with DAPI viability dye (Life Technologies), then filtered 

through a 40 µm cell strainer (BD Biosciences) prior to analysis on a FACSAria II cell sorter 

(BD Biosciences).

GFP was excited at 488 nm and measured with a splitter of 505 nm and bandpass filter of 

525/50 nm. mCherry was excited at 532 nm and measured with a splitter of 600 nm and 

bandpass filter of 610/20 nm. Fluorescence levels of cells harboring a negative-control 

plasmid (pCS4) were used to determine background, autofluorescence levels of both 

colors13. Initial gates based on the forward scatter area, side scatter area, side scatter height, 

and side scatter width were used to gate out cell debris and non-viable cells. Next, a gate 

which removed cells with mCherry levels comparable to the no-color control was applied 

(~15% of cells removed), followed by a gate which removed any cells with GFP levels that 

saturated the instrument measurement (~2% of cells removed). Finally, a gate based on the 

ratio of GFP to mCherry expression (µ) established to collect cells with a µ below a 

threshold value. This threshold was set such that ~10% cells that passed the parent gates 

were collected (Supplementary fig. 21). The final sort gate was applied to enough cells to 
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ensure at least 15 cells per library sequence were considered. The actual counts of cells 

sorted and collected are reported in Supplementary table 6.

Sorting of RNA device libraries into activity bins

The prescreened cell populations were grown for 14.5 hrs at 30°C in SC-URA, after which 

cell counts were measured using a MACSQuant VYB flow cytometer (Miltenyi Biotec 

GmbH). The six samples were then normalized to 3.1×106 cells/ml by addition of media, 

and growth was continued for 12 hrs under the same conditions, after which they were back-

diluted 100:1 to OD600 ~0.05 and grown an additional 7 hrs to OD600 ~1.3 keeping them in 

the exponential growth phase throughout. In parallel to the above, a separate culture of cells, 

which contained a set of four graded ribozymes in approximately equal ratio, was similarly 

transformed and grown. This reference culture was kept separate for use in setting the final 

gating, as described below. Each of these six cultures was back-diluted 20:1 into two 

separate 50 ml samples of fresh media to an OD600 ~0.07, with the target molecule added to 

one of the two samples. The target molecules were added to the following final 

concentrations: theophylline 5 mM, neomycin 0.1 mM, and tetracycline 1 mM. The cultures 

were grown for 6 hrs at 30°C to OD600 ~0.8 to ~1.0.

The yeast cultures were spun down and resuspended in PBS (Life Technologies) to a final 

concentration of 2×107 cells/ml. The twelve samples were then combined into four mixtures 

prior to sorting; 1− (replicate 1, no target), 1 + (replicate 1, with target), 2− (replicate 2, no 

target), 2 + (replicate 2, with target). The sequence differences between the aptamers would 

allow for the three combined samples to be resolved during subsequent NGS processing, 

while reducing the number of samples to sort.

Sorting of the samples into activity bins was performed on a FACSAria II Cell Sorter (BD 

Biosciences). Excitation and emission filters for GFP and mCherry and scatter gating were 

as described above. In addition, a viability gate based on DAPI and side-scatter area was 

applied to exclude the DAPI-positive dead cells from subsequent analysis. DAPI was 

excited at 355 nm and measured with a bandpass filter of 450/50 nm. The cells that passed 

these gates were then divided into one of eight gates based on the GFP/mCherry ratio to 

allow binned sorting of the cells. The gates were set using the reference culture of four 

graded ribozymes. These ribozymes were chosen to have GFP/mCherry levels that 

uniformly span the range of interest. Gate edges between bins 1&2, 3&4, 5&6, and 7&8 

were set on the log(GFP) vs. log(mCherry) display to equally split the populations for each 

of these graded ribozymes as shown in Supplementary fig. 22. The remaining three bin 

edges (i.e., between bins 2&3, 4&5, 6&7) were then set to approximately halfway between 

each of these. Since the sorter has a maximum capability of four-way sorting, the samples 

were each sorted twice based on the defined gates. Cells falling into bins 1–4 were collected 

in the first sort and all other cells were discarded. In the second sort, cells falling into bins 

5–8 were collected. SC-URA at a volume (3 ml) of at least 3:1 was added to each collection 

tube immediately after sorting. Sorting of each sample, except 2 +, was continued until at 

least ~6 million cells were collected. The following number of cells were collected over the 

eight bins for each sample over a 2.5 hr period: 1− 7.6 million, 1 + 7.1 million, 2− 7.1 
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million, and 2 + 5.9 million. Details of cells sorted per bin are included in Supplementary 

table 7.

NGS sample preparation

Sorted samples were grown in SC-URA at 30°C for up to 32 hrs, with samples stored at 4°C 

once they reached OD600 ~0.7. The volumes for each culture were chosen such that each 

sample contained at least 50x the number of cells that were initially sorted into that bin. In 

addition to these 32 cultures, seven additional cultures were processed in parallel. These 

were cultures taken prior to the prescreening (the three target libraries pooled in each of the 

two replicates), just prior to the main sort (four samples of pooled target libraries), and a 

culture of cells containing an unmodified plasmid (no switch inserted) as a negative control. 

Cells from each of these 39 samples were collected, lysed, and the DNA from each sample 

was extracted using the ZR Fungal/Bacterial DNA MiniPrep™ (Zymo Research), according 

to the manufacturer’s instructions. A diversity control was then added to each sample of 

prepared DNA (Supplementary note 2). This control consisted of a 17-nt random region of 

DNA (synthesized using a machine mix of the four nucleotides) flanked by the spacer 

sequence used with the switch sequences. Since almost every molecule of this control has a 

unique sequence, subsequent occurrence counting of each distinct sequence within the 

control was used to compute the mean number of reads due to any single molecule that 

existed in the sample at this point. This method was used to verify that all bins had less than 

1.25 reads/molecule with most less than 1.05 read/molecules (Supplementary table 8).

The DNA encoding the RNA devices was amplified from the bulk DNA in each sample 

through 14 cycles of PCR using PFU Ultra II HS (Agilent Technologies) and 400 nM 

primers based on the spacer sequences (T7_W_Primer, X_Primer-RC; Supplementary table 

2). Each reaction was sized such that the number of molecules in the template was at least 

10x the number of NGS reads planned for that sample, while keeping the template volume at 

or below 25% of the total PCR volume. The PCR products for each bin were used as the 

template for a second PCR, which used primers with overhang regions corresponding to the 

standard Illumina adapter sequences. DNA barcodes were also added to allow identification 

of the particular sample from the NGS reads. These barcodes are a sequence of up to seven 

nucleotides that were added to each end of the sequence of interest. The variable length also 

increased base diversity at each read position, which can improve read quality during 

Illumina sequencing. In addition to the 39 samples from the DNA extractions 

(Supplementary fig. 1), an individually barcoded sample containing an equimolar mix of the 

original DNA libraries used for the transformations was also included as a control to verify 

the pre-transformation library distribution.

Samples were quantified on a Bioanalyzer 2100 (Agilent Technologies) and sequenced on 

an Illumina HiSeq 2500 by Elim Biopharmaceuticals, Inc. using 2×100 paired-end reads. 

The sample was run using Illumina standard procedures, with PhiX (Illumina) added (to 

15% by molarity) to further increase diversity at nucleotide positions which would, 

otherwise, have a significant fraction of the sample sharing the same base call and result in 

lower read quality42.
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NGS data processing

The paired-end reads were first joined using PEAR43. The joined sequences were then split 

using the concatenated barcodes on each end into 40 separate files corresponding to the 32 

bins (2 conditions x 8 bins x 2 replicates) plus 8 control samples consisting of the DNA 

library, post-transformation plasmid prep (2 replicates, each pooling the three libraries), pre-

sort plasmid prep (2 replicates x 2 conditions), and a blank plasmid prep (cells with the 

parent plasmid, no switch integrated; controls for cross-contamination). Sequences without 

an exact match to expected barcodes, spacer, and library entry sequences were ignored 

during the main analyses, although the full set of sequences was used for assessing controls. 

The matching data (46.7M reads) were then collapsed into tables that gave the count of 

occurrences of each designed sequence for each bin or control sample.

Prior to beginning the main FACS-Seq experiment, we collected flow cytometry data on 

cells harboring the two-color expression constructs that incorporate four graded ribozymes 

that span the expression range of interest (Supplementary fig. 21b). Analysis of these data 

and prior cytometry on cells harboring a single switch sequence incorporated into the 

expression construct indicate that the GFP/mCherry ratio follows a log-normal distribution 

with a uniform variance over a wide range of ratios as is often the case for biological 

quantities44. The observed coefficient of variation for these samples was measured to be 

0.31. Based on this observation, a method was developed for estimating the underlying 

mean GFP/mCherry ratio of a population of cells from the binned cell counts with a 

resolution better than the bin width, limited only by the model mismatch and the number of 

cells counted.

Sequencing results were separated by barcode and sequence identity to produce a histogram 

of read counts, ri,b, per sequence, i, in each of the eight FACS bins, b. The read counts were 

then normalized by a factor Cb/Rb, where Cb is the total number of cells sorted in bin b and 

Rb is the total number of NGS reads with barcode corresponding to bin b, to give an 

estimate of cells per bin, ci,b. This accounts for the differences between the bins in post-sort 

growth, plasmid preparation, or NGS mixing. The average number of cells per read for each 

bin over each of the samples is reported in Supplementary table 9. With the GFP/mCherry 

fluorescence ratios, Ab,b + 1, used to set the FACS gates between bins b and b + 1, the ci,b 

were fit to a model that assumes that these ratios are random variables that follow a log-

normal distribution with a constant variance of 0.3. That is, we assumed:

where N(x,µ,σ) is the normal probability density function with mean µ, variance σ2, 

evaluated at x, Ci=∑ci,b, b=0..8 and σ=0.30 (CV=0.31).

The fits were performed using custom MATLAB (MathWorks) code available at http://

github.com/btownshend/TwoColor. These fits resulted in an estimate for each sequence, ai, 

of the GFP/mCherry ratio for that sequence. The method can also produce confidence 
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intervals for µ based on the bin statistics, but this captures only the variability due to 

counting statistics of the reads, ri,b, and does not model systematic variability in σ or µ such 

as post-sort growth bias or model mismatch. We also determined error bounds on each of 

these calculated values based on the difference between the two biological replicates and 

found that these were in agreement with the model confidence intervals with approximately 

80% of the replicate µ values falling within the 80% confidence intervals.

Identification of switches

Potential switches sensitive to each of the target molecules were identified by analysis of the 

µ values in the −target and + target conditions. For the theophylline aptamers, sequences 

were considered that satisfied the following constraints, with the two replicates combined: at 

least 20 cells measured, µ− target <0.10, µ+ target >0.50 (Fig. 2b). These values were chosen to 

identify switches with activation ratios of at least 5 fold and gene expression levels in the 

absence of ligand close to that of the wild-type sTRSV ribozyme. Of the 205 sequences that 

satisfied these constraints, seventeen representative sequences were selected for validation. 

Similarly, for the tetracycline aptamer, sequences were considered that had at least 40 cells 

measured, µ− target <0.025, µ+ target >0.25. These criteria were satisfied by seventeen 

sequences of which five were selected for further validation. For the neomycin aptamer, 

fewer sequences exhibited strong switching so the criteria were relaxed: µ− target <0.15, 

µ+ target >0.25 over at least 40 cell measurements, resulting in seven hits with four selected 

for further validation.

Flow cytometry validation of reconstructed sequences

Specific switch sequences were synthesized from overlapping oligonucleotides using 

overlap-extension PCR as described for the device library constructions. These were gap-

repair transformed into the yeast two-color screening plasmid along with control plasmids 

by the lithium acetate/single-stranded carrier DNA/polyethylene glycol method45, with each 

switch sequence verified using Sanger sequencing. At least three individual colonies were 

picked and inoculated in SC-URA media. Cultures were grown overnight, back-diluted 20:1 

to an OD600 ~0.07 and then grown 6 hrs in the absence and presence of a ligand target, at 

the same ligand concentrations as used for the FACS-Seq assays. The cells were then spun 

down and resuspended in an equal volume of 1×PBS buffer (Life Technologies) with 1% 

BSA (Fraction V, EMD Millipore) and a DAPI viability dye (Life Technologies). GFP was 

excited at 488 nm and measured with a bandpass filter of 525/50 nm. mCherry was excited 

at 561 nm and measured with a bandpass filter of 615/20 nm. DAPI was excited at 405 nm 

and measured with a bandpass filter of 450/50 nm. Prior to each use, voltages of 

fluorescence PMT detectors were calibrated with MACSQuant calibration beads to fix GFP 

and mCherry levels. For each culture, 10 µl of sample was analyzed, which captured 

50,000–150,000 events while also providing cell density measurements. The data was 

analyzed using a custom MATLAB program to gate for mCherry expression above the no-

color controls and non-saturating values for GFP and mCherry, and then extract µ, the 

median GFP/mCherry ratio. Since cultures that contain tetracycline produce non-specific 

fluorescence in the GFP emission region, the µ values for this condition were corrected by 

subtracting a fixed offset. This offset, 0.17, was determined from the mean difference in the 
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plus and minus-tetracycline conditions for control samples with an “mCherry-only” plasmid 

that did not contain a GFP gene.

Note that the NGS data is based on cells sorted through a FACSAria II Cell Sorter. An in-

house flow cytometer (Miltenyi Biotec MACSQuant VYB) was used for validation 

measurements. The GFP and mCherry levels are given in arbitrary fluorescence units that 

differ between the two instruments, but in all cases are treated as a linear function of the 

actual protein levels in order to compute µ. Thus, the µ values from the validation and the 

NGS data each incorporate a different linear scale factor.

Surface plasmon resonance validation of reconstructed sequences

Representative FACS-Seq sort identified theophylline-responsive RNA device cleavage 

kinetics and ligand sensitivity were determined by surface plasmon resonance (SPR; 

Supplementary fig. 4), using previously described protocols3,35. Briefly, the RNA device 

DNA templates were amplified by PCR (PFU UltraII HS; Agilent) with primers containing 

overhangs corresponding to the T7 RNAP promoter and cis-blocking sequences that prevent 

device cleavage during in vitro T7 transcription35 (Supplementary table 2; SPR templates). 

A second PCR (KAPA HiFi PCR Kit; Kapa Biosystems) with short primers was performed 

to enrich the product for full-length sequences (Supplementary table 2; SPR_fwd_primer, 

SPR_rev_primer). A total of 100–200 ng of PCR product was transcribed in a 50 µl reaction, 

consisting of the following components: 1×RNA Pol Reaction Buffer (New England 

Biolabs), 2.5 mM of each rNTP, 2 µl Superase•In (Life Technologies), an additional 4 mM 

MgCl2 (Ambion), 2 µl T7 RNA Polymerase (New England Biolabs). After incubation at 

37°C for 2 hrs, the transcription reaction was purified with the RNA Clean and 

Concentrator™-25 kit (Zymo Research) according to the manufacturer’s instructions and 

estimated by Nanodrop.

The Biacore X100 sensor chip (GE Healthcare) surface immobilized with DNA activator 

was generated as previously described35. The Biacore X100 instrument (GE Healthcare) was 

equilibrated with the physiologically-relevant reaction buffer at 25°C prior to all ribozyme 

cleavage assays. The SPR baseline was stabilized by performing 2–5 startup cycles, where 

each cycle includes a capture and a regeneration step. The capture step was performed by an 

injection of a total of 10–25 ng transcribed cis-blocked RNA diluted in HBS-N (GE 

Healthcare) buffer over the reaction flow cell (FC2) for 1 min at a flow rate of 10 µl/min. 

The capture step typically yielded ~50–700 RU of the SPR signal for the described 

constructs. The regeneration step was performed by an injection of 25 mM NaOH over both 

flow cells for 30 s at a flow rate of 30 µl/min. Following the startup cycles, assay cycles 

were performed. Each assay cycle includes a capture, a reaction, and a regeneration step. 

The capture and regeneration steps in an assay cycle were performed as described for those 

in the startup cycle. The reaction step was performed by an injection of the running buffer 

containing 500 µM MgCl2 with or without theophylline over both FCs for 300–500 s at a 

flow rate of 10 µl/min. Biacore sensorgram processing and analysis were performed using 

custom Matlab software. Due to the slight time delay at which injected analyte reaches the 

respective flow cells, the resultant sharp spikes at the beginning and the end of injection 

were excluded from the analysis46. The processed sensorgram (R) was fit to a simple 
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exponential equation R = R0 [fc e
− kdt + 1 − fc ], where R0 (fit locally for each replicate) is 

the initial SPR signal before the cleavage reaction, fc (fit globally for a given RNA sample) 

is the extrapolated residual response at the end of the cleavage reaction as a fraction of the 

captured RNA signal, and kd is the first-order RNA cleavage (dissociation) rate constant. 

Reported values are the mean of at least three independent experiments.

SPR-based cleavage assays were performed at various theophylline concentrations to 

generate dose-response curves. The RNA dissociation rate constant (kd) at each theophylline 

concentration ([theo]) was fit to the sigmoidal equation kd = kd,min + (kd,max – kd,min)/(1 + 

[theo]/IC50) using MATLAB, where kd,max and kd,min are the maximum and minimum RNA 

dissociation rate constants, evaluated in absence of and with the highest theophylline 

concentration assayed, respectively. The IC50 here is defined as the theophylline 

concentration at which kd is halfway between the minimum and maximum values. Replicate 

dose response measurements were fit to the three parameter logistic equation, with a shared 

kd,max, and kd,min, and IC50 for all replicate assays for a given device. For each device the 

fitted parameters are reported in Supplementary fig. 4.

The binding affinities of the CAG- and AAG-variant theophylline aptamers were determined 

at the same conditions as the SPR-based cleavage assay (500 µM MgCl2, 150 mM NaCl and 

10 mM HEPES (pH 7.4), at 25°C) using a previously described SPR-based binding assay47. 

Aptamer equilibrium dissociation constants (KD) were determined from fit of binding 

responses to theophylline, measured at concentrations spanning four orders of magnitude, to 

a steady-state affinity model using MATLAB. The binding curves are presented in 

Supplementary fig. 18.

Consensus Analyses

Analyses of NGS data for consensus sequences were performed using custom MATLAB 

software. For each possible identity of one nucleotide, or pair of identities for two 

nucleotides, the 10th percentile of µ was formed over all sequences that match that 

nucleotide or nucleotides. In this way, sequence positions that can result in low µ values are 

found without being overly sensitive to the sequences, which may, due to the effects of other 

sequence positions, have a much higher µ. Raw NGS data was pooled from the two 

biological replicates and only sequences for which we have at least 20 cells sorted were used 

in the computations. Initially all degenerate loop nucleotides were allowed to vary. After 

computing each stage, the nucleotide position with the greatest effect on the average was 

fixed at the value that gave the lowest average µ, and the process was repeated four times. 

The reported consensus sequence is the last of these with at least 100 sequences used in the 

averaging.

Structural Modeling

Leontis-Westhof interactions between nucleotides in the HHRz (Fig. 1) are based on 3D 

structures from the Research Collaboratory for Structural Bioinformatics (RCSB) Protein 

Databank (PDB)48 entry 2QUS49. Interactions between nucleotides in the theophylline RNA 

device are based on 3D structures from the RCSB PDB entries 2QUS49 (ribozyme) and 
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1O1550 (theophylline aptamer). Base pair interactions were extracted from the PDB entries 

using FR3D51.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
High-throughput RNA device engineering method. (a) RNA device gene-regulatory 

mechanism. The RNA device is encoded into the 3’ UTR of a gene, such that device 

cleavage results in transcript destabilization and reduced expression levels16. Binding of 

ligand (blue circle) to the RNA device disrupts tertiary interactions required for self-

cleavage, thereby stabilizing the transcript and upregulating gene expression1. (b) HHRz 

(sTRSV) interactions. Interactions are indicated following Leontis-Westhof notation39 with 

the addition of green “I-beams” showing non-adjacent base-stacking interactions (c) Library 

design for theophylline-responsive tertiary interaction switches. Loop libraries (N3-N8; 

green) are grafted onto stem II of the sTRSV HHRz (blue), with the theophylline aptamer 

(gold) on the opposing stem. The aptamer and loop library sequences replace tertiary-

interacting regions of the ribozyme, constituted naturally by loops I and II. Red arrow 

indicates the ribozyme cleavage site. Nucleotides in contact with the theophylline ligand are 

indicated in green. The single nucleotide difference between the CAG and AAG aptamer 
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variants is shown with a joint cytosine/adenine nucleotide. The library also contains the 

corresponding structure with the aptamer grafted onto stem I (not shown). (d) Overview of 

the FACS-Seq method for high-throughput RNA device engineering. Device libraries are 

gap-repaired into a two-color reporter construct in yeast. Cells harboring the libraries are 

grown under selected conditions and separately sorted 8-ways using gates uniformly log-

spaced over the GFP/mCherry ratio (upper-right inset). For each sorted bin, plasmid DNA is 

extracted and uniquely barcoded before the entire set is mixed and sequenced. The activities 

(µ) of each sequence for each particular condition are computed from the NGS bin counts.
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Fig. 2. 
GFP/mCherry activity ratios (µ) for all members of the theophylline aptamer libraries based 

on FACS-Seq assays. Each point on the plots represents a unique library sequence that has 

the indicated GFP/mCherry values under the specified conditions. (a) GFP/mCherry values 

(µ) for theophylline aptamer library members from the two replicate runs without target 

present (N=5,389). (b) GFP/mCherry values (µ) for theophylline aptamer library members in 

the presence (5 mM) and absence of theophylline (N=16,024; combined replicate data). 

Only data for which at least 50 cells were counted is used in each analysis. The striations at 

particular values result from sequences for which all NGS reads for that sequence were from 

the same FACS bin, resulting in an estimate at the midpoint of the bin.
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Fig. 3. 
Validation of theophylline-responsive tertiary interaction switches identified through the 

FACS-Seq method. (a) Comparison of NGS- and flow cytometry-based GFP/mCherry 

activity measurements (µ) for individual library members. Each point (N=30) is a single 

library sequence identified from the NGS analysis. Values are reported at 0 mM (red) and 5 

mM (blue) theophylline. Error bars for the flow cytometry validation represent the standard 

error of the mean over at least three biological replicates from independent transformants. 

Error bars for measurements from the NGS analysis represent the range covered by two 

biological replicates. (b) Flow cytometry-based activity measurements for selected 

theophylline-responsive switches identified from the NGS analysis. Median GFP/mCherry 

ratios are reported for cells harboring the indicated switches and controls grown in 0 mM 

(red) and 5 mM (blue) theophylline. Activation ratios are reported above each construct. 

Error bars represent standard error of each mean over at least three biological replicates 

from independent transformants. (c) EC50 values versus activity ratios for theophylline-

responsive switches (cross, secondary structure device; circle, tertiary interaction device). 

Flow cytometry data (Supplementary fig. 3) were fit to a 4-parameter logistic model with the 

Hill slope fixed at 1.0, from which the EC50 and 80% confidence interval were determined. 
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Activity ratio is reported as the ratio of µ for switches grown in 0 and 5 mM theophylline; 

error bars indicate standard deviation over four biological replicate experiments for each 

condition. (d) Ribozyme dissociation rate constants as measured through a SPR cleavage 

assay for devices measured at 0 mM (red) and 1 mM (blue) theophylline. Error bars 

represent the standard error of the mean from at least triplicate assays. (e) IC50 values versus 

dissociation rate ratios for theophylline-responsive switches (cross, secondary structure 

device; circle, tertiary interaction device). For each condition, the measurements from at 

least three separate sets of assays were fit to a 4-parameter logistic model with the Hill slope 

fixed at 1.0, to compute an IC50 value for each set (Supplementary fig. 4). Dissociation rate 

ratio is reported as the ratio of kd at 0 and 1 mM theophylline; error bars represent the 80% 

confidence interval for the fitted values.
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Fig. 4. 
Extension of the FACS-Seq method to identifying tertiary interaction switches for other 

aptamer-target pairs. (a, b) GFP/mCherry ratios (µ) for tetracycline (a) and neomycin (b) 

aptamer library members in the presence and absence of target based on FACS-Seq assays. 

Each point on the plots represents a unique library sequence (tetracycline: N=3,873; 

neomycin: N=5,286; combined replicate data) that has the indicated (by color) µ under the 

specified conditions. Only sequences for which at least 50 cells were counted over the two 

combined replicates are used in each analysis. (c, d) Flow cytometry-based activity 
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measurements for selected tetracycline-responsive (c) and neomycin-responsive (d) switches 

identified from the NGS analysis. Median GFP/mCherry ratios are reported for cells 

harboring the indicated switches and controls grown in the absence (red) and presence (blue; 

tetracycline: 1 mM, neomycin: 0.1 mM) of target. Error bars represent the standard error of 

the mean over at least three biological replicates. Activation ratios are reported above each 

construct. Vertical dotted lines separate ribozyme/controls, secondary structure switches, 

and tertiary structure switches. Additional compensation was performed for samples 

containing tetracycline (see Online Methods) due to fluorescence properties of this 

molecule.
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