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Chapter 2.
A high-throughput, quantitative cell-based screen for

efficient tailoring of RNA device activity
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Abstract

Recent advances have demonstrateduse of RNA-based control devices to
program sophisticated cellular functions; however, the efficiency with wthelse
devices can bguantitativelytailoredhaslimited theirbroader implementatiom cellular
networks Here, wedeveloped a higefficiency, hid-throughput, and quantitative two
color FACSbased screening strategy to support the rapid generatioimoalmebased
control devices with usespecified regulatory activities. The higffficiency of this
screening strategy enabled the isolation ofnglsifunctional sequence fromliarary of
over 16 variants withintwo sorting cycles. We demonstrated the versatility of our
approach by screening large libraries generated from randomizing individual components
within the ribozyme device platform to efficiently isolate neevice sequences that
exhibit increasectatalytic ativity up to 6.8-fold and increasedactivation ratios up to
160%.We alsoestablished aorrelationbetweenn vitro cleavage rates and vivogene
regulatory activities,supportingthe importance ofoptimizing RNA device activity
directly in the cellular environmentWe further demonstrated the utility of tgenerated
devices taegulate cell fate determination through a MAPK pathway associated with the
mating response in yeastighlightingour two-color FACSbased screeasan important
strategy in quantitatively tailoringeneticcontrol devices for broader integration within

biological networks.
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2.11ntroduction

The engineering of biological systems that exhibit complex functioas
significant potentialto develop solutionsddressingglobal challengesspanning health
and medicine, sustainability, and the environm@ntl). Core to the engineering of
biological systems is the ability to process infotiora within cellular networks and link
this information to new cellular behavso Synthetic biology isa rapidly growing
interdisciplinaryfield thatinvolves the application of engineeringrinciplesto support
the scalableconstruction and design @bmplexbiological systemsOne key focus of
synthetic biology is to develop engineering frameworkstli@reliable construction of
genetic control devicethatprocess anttansmit informatiorwithin living systems. Such
information processing capabilities will allow researchers to implemigetsecellular
control strategies thuslaying a critical foundation fodesigning geneticystemsthat
exhibit sophisticatedbiological functions

RNA control devicesrepresent an important class of synthetic genetic control
devices whose developmentas been fueled by advancesRNA biology, engineering,
and nucleic acidcomputing(5-9). We recently described @modularligandresponsive
ribozymebased platfornthat supports efficient tailoring of RNAevice function(10).
The ribozyme device platform specifies physical linkages between three functional RNA
components:a sensor encoded by an RNAaptamer, an actuator encoded by a
hammerhead ribozyme, aadransmitterencoded by aequence¢hat undergoes strand
displacemenevent(Figure 2.1). The dynamic range of an RNA control device, defined
as the difference between gene expression lavele presence and absence of ligasd

commonly described by two key parameté@sal activityand activation ratio. The basal
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activity is a measure of regulatory stringency, which is set by the gene expression level in
the absence of the input liggnd/hereas theactivation ratiois a measure of input
responsiveness, which is set by the ratio of expressionifetled presencto that in the
absence of input ligandlhe dynamic range exhibited by an RNA control device is
important for its effective integration within biological systeridge have previously
demonstrated a rational device tuning stratggigled bysecondary structa predictions
from an RNA folding programto direct the partitioning between the two functional
device conformation§10). While we demonstratedhe generation o& series oflevices
thatspanwide regulatoryrangesthis strategyrelieson predictions madey RNA folding
programswhichbase their computatiorms parameters acquir@ad vitro, andthusdo not
fully capturethe complex RNA folding process vivo. Therefore an dternative strategy
that enables more direct engineering of deviimamic rangesin the cellular
environmenis desiredo increase the efficiency with which RNA devices can be tailored

to cellular networks.



36

sensor transmitter actuator

components f + \D%I/ + O}(;EO
iy

) 4

ribozyme ON device

§
0

device é
T

gene
expression

Figure 2.1 Schematic representation of modular assembly and mechanism of an RNA
control device based on a ribozyme actuatdsoRymebased deviceareconstructed by
modular assembly of three functional RNA components. A sensor (RNA aptamer) is
linked to an actuato (hammerheadibozymeé through a distincinformation transmitter
sequence (which directs a strasidplacement event and insulates the sensor and actuator
components)Ribozymebased devices are integrated
(UTR) of the target gene and can adopt at least two functional device conformations,
where each conformation is associated with different actuator and sensor activities. In the
depictedexample, a ribozyme ON device {upgulation of gene expression in response

to increased input ligand concentration) adopts a ribozaectige conformation
associated with an aptamer ligamabound state, where ribozyme cleavage results in an
unprotected ranscript that is subject to rapid degradation by ribonucleases, thereby
leading to a decrease in gene expression. The ribemewave conformation is
associated with an aptamer ligabpdund state, such that ligand binding to the aptamer
stabilizes the ibozymeinactive conformation, thereby leading to an increase in gene
expression in response to ligand.

Significant research efforts have been directed toward developing high
throughputn vitro andin vivo selection and screening strategies to geadR&A control

devices with usespecified regulatory activitiesn vitro selection strategies were applied

to allosteric ribozymes to select for variants that exhibit enhahgeddresponsive

n
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cleavage activitie§l1,12). However,in one case¢he selected variants did not retain their
enhanced activities vivo, suggesting that the observed activities were sensitive to the
environment in which the selection was perforn{géd). To address potential loss of
activities in transitionng betweenin vitro andin vivo environments, researchehnswve
developedcell-basedselection andscreeningstrategiesto support direct generation of
RNA controldevicesand regulatory componeritsthe relevant environment.

A cell-based selection strategwas developed to select for more active ribozyme
variants by directly recovering cleaved ribozyme fragments from ¢(ER®s However,
this in vivo method decoupled cleavage activity from geegulatory activity, resulting
in a less quantitativeelection strategy #t did not support effective identification of
sequence variants with varying gemgulatory activities.Cell-based screeningnd
selectionstrategies have been developed RNA control devicesby introducinga
randomized regiornto the device and linking the regulatory function of the resulting
device library to a single measurable gene expression output, such as coloamztric
fluorescencdevels (14-16), motility (17), or viability (18). However, the majority of
these methods ammost effective atenriching devices from the population exhibiting
extreme (either low or high) gene expression leVigsting the recovery oflevices with
specific quantitative activitiedn addition the enrichment efficiencies (or, alternatively,
the throughput) ofscreeningmethods based on a single output can be negatively
impacted by the stochastic nature of gene expreskigrarticular when utilizing high
throughput methods thaheasureactivities within single cellssuch asfluorescence

activated cell sortingHACYS), theinability to resolvechanges irgene expression activity
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as a resulof the geneticcontrol devicerom cellular noiseamakesingleoutputstrategies
lessefficient and quantitative.

In this work we developeda new screeningtrategythat utilizes two measurable
outputs to resolvdeviceregulatoryactivity from cellular noise A high-efficiency, high
throughput,and quantitativewo-color FACSbased screeningfrategywas developed to
support rapid generation of RN#ontroldeviceswith use-specified regulatory activities.
We validated the higlefficiency of our screening strategy by performing a control sort to
isolate the original functional sequence frortibsary over 16 variants within just two
sorting cyclesWe demonstrated the versatility of our teolor FACSbasedapproach
by screeninglarge libraries generated from randomizing individual components within
the ribozyme device platform to efficiently isolate devices witmproved regulatory
properties Using this screening strategy we effectivedglated new ribozyme actuator
sequences that increase catalytic activpyto 6.8fold within the device platformand
new transmitter sequenesethat increaseactivation ratiosup to 160% By generating
variants of RNA components with varying quantitative activities, ithesivo device
screening approach was used to elucidate seqdencigon relationships of RNA
components and relationships between ribozyme cleavage rates antegdatory
activities. Last, weapplieda newly generated device from our screens to coritrel
expression of a key componeinta MAPK pathway associated with the mating response
in yeast. The new device withimproved regulatory stringency allowed for robust
rerouting of the matingphenotypen response t@ small molecule inputThese results

highlight the utility of our twecolor screen intailoring the quantitative regulatory
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properties ofRNA devicesto support more effective programngirof complex cellular

behaviors

2.2 Results
2.2.1 A two-color reporter construct supports a highefficiency, high-throughput,
guantitative, cell-based screening strategy

Genetic controldeviceswith desiredregulatory activities are often generated
through celbased screening strategies by coupling the regulatory functioa to
measurableoutput However, he efficiencies otigh-throughputcell-based screening
strategiedased on measuring activities in single catlsnegatively impactedy gene
expression noise that arssieom both extrinsic (e.ggell size and shape, cell cycle stage,
plasmid copy numbégrand intrinsic (e.g.fluctuation in numbers oDNA, RNA,
transcription factors, environmental stimjuictors(19,20). To develop a more effective
and quantitativen vivo screening strategy for gemegulatorydevices we constructed a
screening plasmidomposed of two independent functional modukagure 2.2A). The
first module, the device activity reporter, utilizes a GFP reporter to measugeniee
expressioractivity associated with the regulatatgvice whereaghe second module, the
noise reporter, utilizes a mCherry reporter to provide a measure of cellular gene
expression activity that is independent of the regulatteyice We usedthe same
constitutive promoter (TEF1) in each modulg althoughother promoter pairs may be
substituted into the construas previous studiem yeastsuggest that extrinsic noise,

which is the predominant source of gengressiomoise, is not promotespecific (20).
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Different terminators for each module were used diecrease the frequency of
homologous recombination beten the two modules.

We first used the twecolor screening construct Bxaminethe basalactivities of
three previously characterizetheophyllineresponsiveribozymebased deviceq10)
based on the output from the device activity reporter (GEPHulgel (L2b1), 40%;
L2bulge5(L2b5), 70%; andL2bulge8(L2b8), 11% The reportedbasalactivitiesreferto
the GFP expressidavels relative to that of the inactive ribozyme control in the absence
of theophylline.While these three devices exhibit a wide ran§eegulatory activities,
cellular noise results in a broad distributioh GFP fluorescence lels, making it
challenging tocleanly isolate members with target activities from a library through a
FACS-based sorting stratedyased solely on one outp{figure 2.2B, C). To provide a
filter for changes ingene expressioactivity due to cellular noise, wased the noise
reporter in the twaolor screeningconstruct to assess activity that is independent of the
regulatory device. By using the output from the noise reporter (mCherry), we were able
to normalize the gene expression activities of individual cells by correlating the outputs
between the two reporters and cleanly resolve the cell populations harllomresy
different devicesKRigure 22D). For each device, the cell population exhibits a tight linear
relationship between the two outputs, such that the device regulatory activity is
associated with a distinct slop8upplementaryrigure S2.1). The increased resolution
between cell populations harboring devices with different regulatory activities enables the
development of a higkfficiency, quantitative, twaolor FACSbased screening strategy

based on the output correlation between thergporter modules (Figure 2.2E).
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Figure 2.2 A high-efficiency, quantitative celbased screening strategy for genetic
devices based on a tvamlor screening construct. (A) The twolor screening construct

is composed of two independent activity reporters. The device activity reporter measures
thegene expression activity associated with the regulatory device from GFP fluorescence,
whereas the noise reporter measures the cellular gene expression activity that is
independent of the regulatory device from mCherry fluorescence. (B) Sioigie(GFP)
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scatter plots of three ribozyrgased devices that span a wide range of activities, as
measured by their mean values, and cellular autofluorescence from a carwsitaicting

no fluorescence reporter geeghibit significant overlap due to noise associatgth

gene expression. (C) Singtelor (GFP) histograms illustrate that isolation of a device
with a specific regulatory activity based on a single reporter output is inefficient due to
overlapping population distributions. (D) The gene expression aesivitf individual

cells can be normalized by correlating the device and noise reporter outputs from-the two
color screening construct. Cell populations harboring the three ribeagsezl devices in

(B) can be cleanly resolved on a twolor scatter plot, Wwere each population exhibits a
tight linear relationship between the two outputs. TB® twacolor screening strategy is
based on the output correlation between the two reporter modules. A library of control
devices can be integrated in the taaor sceening construct and transformed into the
target cell host. The sorting gate is set by the-¢olor correlation (slope) associated
with a control device that exhibits desired activity and applied to the library to
specifically isolate a cell populationathexhibits similar activity (slope).

We demonstrated the high enrichment efficiency of our Fh&@&d twecolor
screening strategy by performing a control screen on a sensor library (3H&®N10
sensor library was generated by randomizing 1Positions in the theophylline aptamer
binding core(sensor componentithin the L2b8 devicg~1x10° varianty (Figure2.3A).

We first assessed the basal activity of the sN10 sensor library througtolovoflow
cytometry analysis and observed that mhajority of the library exhib# higher activity
(greater slope) than the parent deviEgyure 2.3B). We set a sorting gateased on the
basal activity of the parent device (negative gate) and performed a negativeesoitho

cells (~10% of the initial library) that exhibisimilar basal activitiesdameslope) We
calculatel the fold enrichment based on the percentage of the cell population isolated
from each sortln the initial negative sortwve collected 9.3% of the cell populatiomand
therefore this population was enriched ~11 times (108/9ds ~1ZXfold) for the
subsequenscreen We performed a positive sort on the recovered cells, in which the

lower bound of theorting gate was set by the activity of the L2b8 device in theepces

of 5mM theophylline Thepositivesorting gatavas expanded furthéo enrichmembers
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of the library(~7% of the enriched library}hat exhibitequal orincreasd activities in
response to theophyllirelative to the parent devitey ~15-fold. After one sorting cycle,

a distinct small suipopulation of cells that exhibit comparable basal activity to the parent
device was observed. Wenperformed another round of sorting to specifically enrich
this subpopulation (~1% of the enriched libraryhrough a negative sort by ~34old,
followed by a positive sort on the recovered cells to enrich a clearly distinct cell
population that exhibits increased gene expresasubnity (~4% of the enriched library)

in response to theophylline by ~2&ld. After two sortingcycles ~80% ofthe enriched

library exhibitsa clearpopulationshift in response to theophylliiEigure2.3C).
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Figure 2.3 Screening of a sensor library within the device platform demonstrates the high
enrichment efficiency of the twoolor sorting strategy. (A) A sensor library, sN10, is
generated by randomizing 10 nts at key positions within the aptamer component in a
previously engineered theophyllirresponsive ribozymbased device, L2b8. (B) The
sN10 library is subjected to two sorting rounds. Each round consists of one negative sort
in the absence of theophylline (light green gate set by the activity of the parent L2b8
device in the absence of theophylline), followed by one positive sort in the presence of
theophylline (dark green gate set by the activity of the parent L2b8 device in the presence
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of 5 mM theophylline). Percentage of cells collected in the sorting gatelicated on
each plot. (C) After two sorting rounds, ~80% of the enriched sensor library exhibits a
clear population shift in response to theophyllite )

Since he two rounds of sorting yielchaverall~6x1(-fold enrichmentgiven an
initial library diversity of~10° variants we expected to recover the original parent device
from the enriched libraryby screeninga small number ofindividual clones We
characterized 4dividual coloniedrom the enriched librarfor increasedheophylline
responsive activities through flow cytometry. All 48 colonies exhibit similar increases in
GFP expression levels in response to theophylline as the pa2bst device We
sequenced theecovered devices from0 coloniesandall wereverified to bethe parent
sequenceThese results demonstrate the high efficiency of ourdwlor FACSbased
screening strategyvhich can enrich a single sequence from a larg@ library to clog
to pure isolation in as few as two sorting rounds. dffieiency of our screening strategy
is a direct result of the high resolving power of our-tdor screening construdeor
example when examining the enriched library after one round of sortirey,cauld
observe a distinct cell population that exhikitsmparable basal activity to the parent
L2b8 device on a twaolor scatter plo{Supplementary Figure2). However, when
examining the cell population on a singlelor (GFP)histogram noise assaated with
the gene expression activity results in poor resolution betileedevice regulatory
activity and cellular noise, thereby significantly decreasing the enrichment efficieacy of

screening strategy based @singleoutput.

2.2.2Screening ofan actuator library results in RNA control devices with improved

regulatory stringencies
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The implementation of RNA control devices in biologictstemsrequires
flexible tailoring of regulatory functios, where regulatory stringency of a device can be
an important property for crossing phenotypic threshdlit)s The basal activity of a
singleribozymebaseddevice dependsn both the actuator and transmitter components.
The catalytic activity of the hammerhead ribozyme (actuator) within the context of the
device platform sets lawer limit to the minimalgeneexpressiorievel a device exhibg
in the absence of ligapndvhereasthe transmitterdirectsthe partitioning betweeithe
functional conformations, which in turimpactsthe basal activity(10). The device
platform specifies the integration of a seasansmitter element through loop Il (or loop
) of the satellitetobaccoringspot virus (STRSV) ribozyme actuator. Previous sTRSV
ribozyme characterization studies have demonstrated that a tertiary interaction between
loop | and loop Il is essential for the catalytic activity of the ribozyme in cellular
environments (21). The integration of additional structural elemertwough the
ribozyme loops may negatively impact the required {mmp interaction, thus resulting
in a less active ribozyme within the device platforithe previously described
theophyllineresposiveribozymedevices (L2b1, 40%}1.2b5, 70%; L2b8, 11%) exhibita
basal expression activityhigher than that exhibited byhe ribozyme alone (1%)
(Supplementary Figure233), suggestinghat the current natural ribozyme sequence in
the device platform may limit our ability to generate RNA control devices that exhibit
tighter regulatory stringenes.

We focused initially onoptimizing the sTRSV ribozymesequencen the L2b8
device as it has the lowest basal activigmongthe series ofpreviously engineered

theophyllineresponsive deviced 0). As prior STRSV ribozyme characterization studies
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have demonstrated thatutations to either loop | or Il sequences can enhanb@nder
ribozyme cleavage activity21), we desigred a device library by randomizing loop
sequences andpplied ourtwo-color FACSbased screening approach to seafmh
improved looploop interactionsthat supportlower basal activity.We generated an
actuator library (aN7) by randomizing 7 nts in loop | within the L2b8 defiee10’
variants)(Figure 2.4A). Loop | wastargetedfor randomization as it is isolated from the
conformational change that is facilitated by the transmitter component, which is
integrated via loop IIWe analyzed the initial aN7 actuator library by teaor flow
cytometry analysigandobservedhat~99%of the libraryexhibits a higher basal activity
(greater slope) than the parent L2b8 device, indicating thah#perity of loop | library
sequences have deleterious effects on ribozyetedyticactivity (Figure 2.4B). The two
color approach also enables usdearly distinguish cells with low gene expression
activity fromcells that lave lost or mutated the plasmwhereashe twocell populations

are almost indistinguishablé GFP is used as the onlyneasureof device regulatory
activity (Supplementaryigure S2.3). We set a sorting gate based on cells harboring the
parent L2b8 device and collected cells that exhibiéereasedloperelative tothe parent
device(~0.4% of the initial library) to enricliibrary members with enhanced lodgop

interactions that support lower device basal activity.
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Figure 2.4 Screening of an actuator library within the device platform results in ribozyme
variants that exhibit improved geinegulatory stringencies and cleavage raf83.An
actuatodibrary, aN7, is generatetdy randomizing7 nts atkey positionswithin theloop |
region of the ribozyme actuator the L2b8 device (B) The aN7 library is subjected to a
single sort to enrich for devices that exhibit lower basal gene expression levels than the
parent L2b8 device. The majority (~99%) of the aN7 library exhibiteater slope than
that of the parent L2b8 device, such that one sort is sufficient to isolate members that
exhibit improved regulatory stringenc{C) Ribozyme variantssolated from the aN7
library screen exhibit lower basal activities relative to the ngat@b8 device.Gene
regulatory activities are reported the geometric mean of the GFP fluorescence of the
indicated sample normalized to thatafositive control (STRSV Contl, a noncleaving
STRSV ribozyme with a scrambled core) that is grown undertici ligand conditions

and is set to 100%Reported valueare the mean and standard deviation of at least three
independent experimentf)) The recovered ribozyme variants (L2&i§ -al4) exhibit
faster cleavage rates than the parent device (LZH8avage assaysere performed at
37 C wi t h 5 0,01000mW N&IQ,80I mM TrisHCI (pH 7.0). Cleavage rate
constants ) and errors are reported as tmean and standard deviation frah least
three independent assay{i) In vitro cleavage kinetics dhe ribozyme variants (L2b8l,
-al4) and the parent device208). The projectedtleavage kineticare generated from

the singleexponential equatioR; = Fo+ (FoT o X(11 € ), setting the fractiosleaved
beforethe start of the reactior)) andat reaction endpoinf{) to 0 and 1respectively

andk to theexperimentally determined valéer each RNA device.

Due tothe relatively small sequence space of the library lagh-efficiency of

our screen we directly platd the sorted cellgo obtain single colonies fofurther
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characterizationWe recovereda total of 22 clones and identified 22 uniqukevice
sequences fronthe recovered clonesHowever, onlyeight of the recovered devices
maintained low basal activities upon-g@ning (Figure 2.4C), while the remaining
deviceslikely had mutations within the recovered plasmid backbone. The basal activities
exhibited by the recovered devices are up.5ef@d lower than that of the parent device,
while five of the devices retainedinctional switching (i.e., responsiveness to ligand)
(Supplementaryrigure S2.4).

We performed a sequence analysis to ideritigy loop Isequence requirement
that support high ribozyme catalytic activity within the device platfgkmseries of pint
mutations tothe recoveredoop | sequencesvere designedandthe activities of these
loop | sequences were characterizetbugh flow cytometry analysis(Supplementary
Figure S2.5). Two distinct consensusequences were identifiekdat support lower basal
activitiesthan the parent2b8 device RNA devices with a loop | heptaloop adhering to
the consensusequence UNNRRG, where N is any nucleotide base and R is a purine
base,exhibit basal activies that are lessthanor equal to that of the pare(t1%). A
subsetof these devices with the loopcbnsensusequenceAU(C/U/G)NARG exhibit
basal activies less than80% of that of the L2b8 parerdevice Furtherrestricting the
loop | consensus sequenceM0CNARG results in additional improvements to thasal
activity, to 40% of that of the parent RNA devices with asecond, distinct loop |
consensus sequenpeedicted to form a triloopl;UN,GGGNy!, where N and N! are any
WatsonCrick base pairexhibit improved basal actities less than70% of that ofthe

L2b8 parent
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2.2.3Engineered actuator components result in optimized ribozyméaseddevices
exhibiting faster cleavage rates

In vitro kinetic analysis ofselect ribozymebaseddevices harboring loop |
sequence modificationwas performedto asseswhetherthe improvedin vivo basal
activitieswere aresult of increasd catalytic raterelative tothe parentdevice. Cleavage
rates k) were determined at physiologicaltglevant reaction conditior{800 eM MgCl,,
100 mM NaCl, and 50 mM TrBICI (pH 7.0) at 37C, where thesubmillimolar
magnesium concentratiors within the range estimated fantracellular magnesium
concentratior(22). Cleavage rate constants were obtaifeedhe L2b8 parent devicand
the L2b8-al and-al4engineered devicesigure 24D, E) by quantifying relative levels
of full-length and cleaved radiolabeled transcripts through polyacrylamide gel
electrophoresis analysiSupplementaryFigure S2.6). Comparedto the cleavage rate
constant of L2b8 (0.14 mib), thecleavage rates associated with émgineeredievices
are increased-%nd 6.8fold for L2b8-al (0.70 mirt) and-al4 (0.92 mift), respectively.
The cleavage rate of the sTRSV hammerhead ribozyn3emin™) was determined at
these conditions to be 46ld greater than L2b§Supplementary Figure 23%), in
agreement wittprior analyses othis ribozyme(21) and other well characterized natural
ribozymes under physiologically relevant conditid@8). The resultsindicate that the
modified loop | sequencesroduceribozymebased devices exhibiting faster cleavage

rates and thus lower basal expression levels.
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2.2.4Screening of transmitter libraries results in RNA devices exhibiting improved
activation ratios

The dynamic range of an RNA control device depends on many parameters,
including irreversible rate (e.g., ribozyme clagy activity), intracellular ligand
concentrationand mechanism by whidhinding informationat the sensois transmitted
to an activity change in the actuate.g., transmitter designjVe appliedour two-color
FACS-based screening strategy erplorea greater functioa space tosearch for new
transmitter sequencdisat support improved activation ratios given the designated sensor
and actuator componepairs We generated two transmitter libraries, tN11 andNl1,
based ontwo theophyllineresponsive ribozymbaseddevices, L2b8 and L2bh&1,
respectively with ribozyme components that exhibit varying catalytic activitisth
libraries were generated by randomizing 11 nts in the transmitter component within the
corresponding parent devi¢e4x10® variants) Eigure 2.5A). We limited thenumber of
randomized nucleotides in the transmitter compa@entesult in librarieghat could be
completelysearchedased on the efficiency of our yeast librargnsformationrmethod
(see Materialsand Methods Both librarieswere screenedo identify devices with
comparable basal activities but wiheater activation ratia®lativeto the corresponding
parent devicegFigure 2.5B, D). We first performed a negative sort on both libraries by
setting the sorting gates basedtba basal actiwt of the respectiveparent deviceThe
negative sort enriched members of the librag6-of the initial tN11 library ~5% of the
initial al-tN11 library) hat exhibit lower or comparablebasal activies as the parent
device A subsequent positive sort was performed on the recovered cell populations by

setting sorting gatbasedon the gene expressiaativity of therespectivegparent dewe
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in the presence of 5 mM theophyllin€o enrich members of the library that exhibit
improvedactivation ratios cells that exhibit equal or higher gene expression desvit
(~0.3% of the enriched tN11 library; 8.4% of the enriched aiN11 library) were
isolated One additimal positive sort was performezh the enriched tN11 librario
further enrich for cellghat exhibitactivation ratie@ greater than or equal to the parent

device(~24% of the enriched libragy
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Figure 25 Screening of transmitter libraries within the device platform results in
transmitter variants that exhibit improved activation ratios. (A) Two transmitter libraries,
tN11 and aiN11, are generated by randomizing 11 nts within the transmitter
componentsri the L2b8 (wildtype ribozyme actuator) and L2188 (enhanced ribozyme
actuator) devices, respectively. (B) The tN11 library is subjected to one sorting round
(negative and positive sort), followed by an additional positive sort to further enrich
memberof the library that exhibit equal or greater increases in-gegelatory activities

in response to theophylline. The negative (light green) and positive (dark green) sorting
gates are set based on the activity of the parent L2b8 device in the absepoesande

of 5 mM theophylline, respectively. (C) Transmitter variants isolated from the tN11
library screen exhibit improvedctivation ratie. Generegulatory activities are reported

as described in Figure 2.4Reported values are the mean and standavehtion of at

least three independent experimeiiiise activation ratio (AR}s determined as the ratio

of gene expression levels in the presence and absence of theepllliThe attN11

library is subjected to one sorting round to enrich memberdeflibrary that exhibit
equal or greater increased in geagulatory activities in response to theophylline. The
negative (light green) and positive (dark green) sorting gates are set based on the activity
of the parent L2b&1 device in the absence andegence of 5 mM theophylline,
respectively. (E)Transmitter variants isolated from the-#l11 library screen exhibit
improved activation rat® Generegulatory activities are reported as described in Figure
2.4C.Reported values are the mean and standavehtion of at least three independent
experiments

We plated the recovered cells frdmthfinal enrichedibrariesand screened87
and 207individual coloniesfrom the tN11 and aiN11 libraies respectivelythrough
flow cytometry in the absence and presence of 5 mM theophwltideserified improved
deviceactivation ratiosby re-cloning. We identified a total dive (t11, t24, t47,1197,
t241) andthree(al-t41, a%t55, att64) transmitter variants frorthe tN11 and a&iN11
library screen, respectively, that exhilitoderatelyimproved activation ratiosup to
160%relative tothe parentevices (Figure 2.5C, E). We speculatedhatthe intracellular
theophylline concentratiom yeastmight limit the maximumactivation ratioachievable
by a device as previous studies havestimatedan 1000fold drop in theophylline

concettration across thdescherichiacoli cell membrang24). We tested this hypothesis

by characterizing the activation ratios of the transmitter variairashigher theophylline
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concentration (40 mM) and observe@vices with activation ratios up to 1@aid,
corresponding taup to a 290%improvement in activation ratioselative to 5 mM
theophylline SupplementaryFigure S2.7, 2.10). No difference in cell viability was
observed under all theophylline conditiongested (Supplementary Figure 238A),
althoughthe higher theophylline concentration resulted in skwveell growth, possibly
due to the ligand cytotoxicity, thysotentially rendering the implementation of these

devices at higér ligand concentratiasless effective for cellular applications.

2.2.5 Modular assembly of optimized actuator components results in devices
exhibiting improved regulatory stringencies

The modular composition framework of our ribozyme device platform supports
modular assembly fofunctional RNA components to generate new device functions
without significant redesig(iL0,25). We examined the ability of the optimized ribory
sequences to be used to build new device regulatory functions, by coupling two of the
recovered ribozyme variants (al, al4) with different sensor and transmitter components.
We coupled the new actuator sequences with the transmitter and sensor cosnjpoment
two theophyllineresponsive ribozyme ON devices (L2bl, L2b5), daheophylline
responsiveOFF device (L2bOFF1), and one tetracycliesponsive ON device (L2b8tc)
to generate eight new deviceésl newly generated devices exhibit lower basal activities
relative to their respective parent, and the majority of them retain switching activity
(Supplementary Figur82.9A-D). The ribozyme variants were also coupled with selected
transmitter variants to generateew functional devices with varying regulatory

stringencies and activation ratiSupplementary Figurg2.10). The results indicate that
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the improved ribozyme variants are relatively insensitive to the sequence identities of the
other device components (transmitter, sensor) lagtlight that the modular device
platform can be used in combination with improved components to program RNA
devices exhibiting desired activities. Finally, we examined the activities of the loop
sequences outside of the device context by replacing thetypddloop | sequence of
STRSV to generate two ribozyme varian&upplementary Figur&2.9E). The gene
expression activities of the resulting ribozyme variants were substantially higher than that
of wild-type sTRSV, indicating that the improvement in regulatory stringencies
associated with these loop sequences were specific to the contextelite platform,

thus supporting thémportance of optimizing component functions directly within the

device platform.

2.2.6In vitro cleavage kinetics reflectn vivo RNA devicegeneregulatory activities
Theobservatiorthatloop | modifiedribozymebaseddevicesexhibitimprovedin
vivo basal activities angh vitro cleavage rateelative to the_2b8 parent device suggests
a correlation between thes®o measures of activityHowever, previoustudies had
shown that allosteric ribozymes exhibiting enhanceditro cleavage rates through
vitro selections failed toexhibit enhancedin vivo generegulatory activities(11).
Therefore, weexaminedhe relationship between vitro cleavage rates and vivogene
regulatory activities for a set of RNA devices generated through thediwo screening
and rational tuning strategiesle@vage assaywere performed under the previously
described physiolgically-relevantreactionconditionsin the absence and presence of 5

mM theophylline (Supplementary Figur&2.6). The ribozymebased devices exhibit
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cleavage rates that span approximately two orders of magriitrded.01 min' (L2b5)

to 1.0 min' (L2b8-al, al4)Figure2.6A, B). Nearly all of the examined RNA devices
exhibit reduced cleavage rates in the presence of theophylline, excep2li8ral4
which did not exhibit change®s generegulatory activity in response to theophylline
(Supplementary Figure231). The rank ordering ofhe examinedRNA devices andhe
STRSV ribozymecontrol by in vitro-determinedcleavage ratesnatchesthe inverse
ranking by in vivo generegulatory activities (Figure 2.6C). A correlation analysis
betweenthese two measures of activitydicates a strang negativecorrelation(Pearson
coefficient, r =-0.9018 betweenthe cleavage rate®.007 and 0.5 min, where at a
cleavage rate d8.16 min™ near background leveld gene expression are reacteeth

that further decreases generegulatory activityare not observed with faster cleavage

rates.
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Figure 2.6 In vitro cleavage kinetics of selected ribozyimesed devices and controls.
Cleavage assayserep er f or med at 37 eCQ00wiMNBCI &Sh@ 5D mRAM Mg C
Tris-HCI (pH 7.0) and in the presence of 5 mM theophylline when indicated. (A)
Ribozymebased devices exhibit decreased cleavage rates in the presence of ligand.
Cleavage assays were performed as described in FigliDein the absece or presence

of 5 mM theophylline. (B)In vitro cleavage kinetics of ribozymigased devices in the
absenceindpresence of ligand. Projected cleavage kinetics are generated as described in
Figure 24E. Solid lines: 0 mM theophylline; dashed lines: 5 nifMophylline. (C)
Correlation analysis of normalized gene expression levels and cleavage rate constants
indicates a strong correlation between thevivo generegulatory activity andn vitro
cleavage ratePearson correlation coefficient (r) €9.9018.A semtlog line is welkit

(R? = 0.94) for cleavage ratdsss than or equal @16 min® (black data points). Devices
excluded from this analysis are indicated in red.
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2.2.7 RNA control devices with improved regulatory stringency allow for robust
redirecting of yeast mating fates

To achieverobust control of cell fatehe dynamic rangef a geneticdevicemust
cross the thresholdctivity of the geneassociated with the phetypic changein the
absence and presence of input moledgl¢A control devices have been integrated with
biological systems to program complex cellular behaviors, such as proliferation and
apoptosis(1,2). In theseand other systemsdevices with rore stringent regulatory
activities are necessary tsufficiently reduce background expressioto achieve the
desired control over the targeted phepetyrom our twecolor FACSbased screens, we
isolatednew devicevariants that exhibit more thans3old lower basal activities relative
to the parent devicelTo demonstrate the utility of devices with improved regulatory
stringency, v applied these devices ¢ontrol cell fate determination through a MAPK

pathway associated with the mating response in yEagire2.7A).
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Figure 2.7 Fate routing in the yeast mating pathwaigh RNA devices.(A) Signaling
through the yeast mating pathway starts with pherompnractor) binding to a
transmembrane receptor. Receptor binding is transmitted to the sdadtold canonical
threetiered MAPK cascade via a phdgpylation relay. Msg5 antagonizes signaling by
dephosphorylating Fus3. Translocation of the phosphorylated MAPK, Fus3, to the
nucleus initiates transcription at mating genes. Pathaetjyation is indicated by
increased GFP levels (from a transcriptional fusionht® matingresponsive promoter
FUS1p andcell cycle arres{observed via halo assayéB) Schematic representation of
fate routing constructs, where ribozyresed devices and controls are placed
downstream of aTEFIm7p-Msg5 cassette(C) Generegulatory activitiesof RNA
devices and contfs utilized to regulate the yeast mating pathw&gneregulatory
activities are reported as described in Figure 2Ré€ported valuesre the mean and
standard deviation of at least three independent experin{@)tStringent control of a
negative regator component in the yeast mating pathway is necessary to regulate
pathway activation. Normalized pathway activity éportedas thegeometric mean of
three biological replicates normalized to FUSHGFR expression in the absence of
MSG5 expressignard error bars represent the standard deviation of the repli¢&)es.
Stringent control of a negative regulatory component in the yeast mating pathway is
necessary to route cellular fal¢alo formation is a direct reaaut of pheroroneinduced

cell cyclearrest, whereaduced halo formation in the presence of pheromone indicates
pathway inhibition. Notably, halo formation is inhisit for the systems implementing
L2b8 and sTRSV Cohtas controlleran the absencer presence of theophyllindn
contrast, lhe system implementing2b8-al exhibitsnormal halo formation in the absence

of theophylline(comparable to sTRSVandsignificantly reducs halo formationin the
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presence of theophyllineRepresentative images from three biological replicates are
shown.

We targeteda keynegativeregulatorin the mating pathwayMsg5, whch is a
MAPK phosphataes that inactiatessignaling through this pathwdyy dephosphorylating
the MAPK Fus3(26). We first examined thampact oncell fate byectopically expressing
Msg5 regulated by either thavild-type ribozyme (STRSV) or the inactive ribozyme
(STRSV Contl)controls(Figure2.7B, C). These two controls represahe minimal and
maximal expressionevels of Msg5 in our synthetic systemand the corresponding
pathway activation wasanalyzed througha fluorescentreporter assaythat measures
transcriptional activation of the pathwagda phenotypic assay that measures cell cycle
arrest in the presence of pherom@hmure2.7D, E). The low expressiofevel of Msg5
associated with the sSTRSV constradiowed pathwayactivaion in the presence of the
pheromonethereby leading thigh GFPlevels andvild-typehalo formationIn contrast
the highexpressiorlevel of Msg5 associated with the STRSV Contl constrinttibited
pheromonenduced pathway activation thereby eliminating cell cycle arrestand
resulting in lowGFPlevels

To redirect yeast matingbehavior in response to an exogenously applied
molecular input we implementedtwo theophyllineresponsive ribozyme ON devices,
L2b8 and L2b&1, toconditionally regulateexpressiorof Msg5 (Figure2.7B, C). The
L2b8 device exhibits the lowest basal expression actidifiyo) among the devices
previously engineered through a rational design stratd§y. However, the basal
expression level of Msgassocated with the L2b8 devicamhibited pathwaysignaling

sufficiently to eliminate cell cycle arresih the presence of pheromom®en in the
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absence of theophylling-igure2.7D, E). In contrast, the newly selected L2b& device
exhibits amore stringentontrol profile than thaof theL2b8 deviceand when applied to
the regulation of Msg5 achievedroutng of cell fate in response to the small molecule
input. In the absence of theophyllinke basal expression level of Msg5 associated with
the L2b8al device was sufficiently low tpermit elevategpathway activityin response
to pheromonandcharacteristitialo formation ass observedor thewild-typeribozyme
control In the presence of theophylline, the increased expression level ofiisigied
pathway activation sufficiently to reduce pheromor@&duced cell cycle arrest
diminishing the appearance of the hakisobserved for thénactive ribozyme control
These resulthighlight the importance ofunable controllers, including those exhibiting
stringent profiles, irtargeting threshoklof key pathway components achieve desired
phenotypic switching. Although the L2b8 device exhibits greateractivation ratio
relative to that of the L2b81 devce (Supplementary Figure231), the higher basal

activity of the L2b8 device renderedneffectivein redirecting cell fatén this system

2.3 Discussion

We developed a twoolor FACSbased screening approach that enables the
efficient isolation ofdevices with targeted regulatory activitiegenriching a single
sequence from a largel(® library to close to pure isolation in two sorting rounds
providing a substantial improvement over the enrichment efficienciesd commonly
used single output screening strategies tle@n be negatively impacteldy noise
associated withgene expression. Wapplied ourtwo-color screening approach to

optimize theactuator and transmittercomponerd directly within the context of the
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ribozyme device platform in the relevant cellular environment, thergbaddressing
challengegreviously encountered withptimizing component activities through vitro
strategieq11). The highly quantitative nature of our screening approach allowed us to
efficiently isolate ribozymeand transmittervariants that exhibit specified regulatory
activities Our two-color screening approach is also fully complemented by the modular
compositon framework of the ribozymbased platformWe demonstrated a pltand
play device construction strategy by linking components with varying activities to
generate new RNA devices that span wide regulatory ramgesomparison to the
previouslydemonstrated computationgiided device tuning strategy, which is restricted
to experimentally sampling a smaller sequence space, owrdlop screening approach
offers greater flexibility and highdghroughput in quantitatively tailoring device
regulatey properties

We further characterized # isolated ribozyme and transmittgariants in
addition to the devices generated previoustyrational desigrthrough bothin vivo and
in vitro assaysnd found astrongnegativecorrelationbetween geneegulatory activies
and cleavage ratefor cleavage ratesithin therange of 0.007 and 0.I6in™ (measured
at the specified reactiorcondition of 500 nM MgCl,). Gene expression levels reach
background values at ~0.16in, such that that increases in cleavage rate above this
value haveminimal impact on expression levels. In addition, our analgsSigure 2.6C)
indicates thatbelow cleavage rates of ~0.007 mirmgene expression levels reach
saturatingfully ON) levels swch that further decreases in cleavage baew this value
donat significantlyimpact gene expressio@ur work demonstrates that there is a narrow

window of in vitro cleavage rategspanning less than two orders of magnituthet
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correspond to titratable vivo generegulatory activitiesThis observation may explain
previouswork in the field that observed no changes in gawilatory activities between
ribozyme variantexhibiting different cleavage rateg the changes in ckvage rates
were occurring outside dfietitratable window(13).

Our results also highlight the importance of optimizing individual components
within the ontext of device platform&.he parentictuator componensRSVribozyme)
is a typelll hammerhead ribozymen whichthe56 and 36 ends of vir
from stem Ill. The tertiary interactions essential for cleavage activity at physiological
conditionsareformed by aWatsel®r i ck base tr i pflloep|mexttowe en t |
lastUofloopJand t he 3lloRedent stiucturalcanaps hase shown thathese
essential tertiary interactionare conserved across sagnificant fraction of natural
hammerhead ribozymg27). As the loop | sequence of tbaginally desigedribozyme
based devices, including the parent de\i2é8, is unchanged from theative STRSV
ribozyme (UGUGCUU), it was assumedhat aptamer integration into loop Would
maintain the same tertiary interactiaesjuiredfor cleavage activity10). However, both
the heptaloopAUCNARG) and triloop N;UN,GGGN,) consensus sequenddsntified
through the actuator library scretiratresult in devices exhibitintpwer basal activies
than the L2b8 parentdevicedo not follow the common tertiary motif of the STRSV
ribozyme The divergence of the improvédop | sequencefrom the L2b8 andsTRSV
parens are not necessarilgurprising, given recent worklentifying thousands of new
hammerhead ribozymsen all domains of life with unique tertiary motif@7-29). In
particular, thentegrationof the transmitteaptamer elemennto loop Il of the sSTRSV

hammerhead ribozyme in the devipdatform makes the overall structure of the
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ribozymebaseddevices more similar to otherless well-characterizedhammerhead
ribozymes(SupplementaryFigure 2.11). Interestingly, the improved loop | consensus
sequences identified in our screen share similarities to these other natural ribangmes
do not exhibit improved activities in the context of the STRSV ribozyme alone

Finally, we demonstrated the utility ajur newly selected deviceariantsto
control the expression level of a keggativeregulator in the yeast mating pathway
through an exogenously applied molecular infputthis particularsystem the regulated
pathway component exhibits a low threshold level, thus requiring a regulatory device
with low background activity to permit pathway activation in the absence @affibetor
molecule We applied one of theelecteddevice variants with impred regulatory
stringency taachievephenotypic switchingn response to thexogenous moleculanput,
whereas the original devieeasineffective in redirecting cell fatd hese resulthighlight
the importancef fine-tuning regulatory properties ajeneregulatoryelemens for ther
successful integration within biological syster®ecent examples have relied on using
low-throughputand inefficientsingle-color screening strategies on individual clones from
libraries of control elements, includimyomotes and RNase cleavage si¢o identify
new elementshat exhibitvarying activitiesin different organism¢30-32). In contrast,
our two-color FACSbasedscreening approacis based on the correlation between the
gene outputs from two independent functional modules. Similarrdpalter screening
plasmid systems can be constructed dather organisms, including bacteria and
mammalian cells, to suppothe efficient generation of new gene control elements,
including those aatg through transcriptional and posttranscriptional mechanisms. Our

strategyoffers a highthroughput and higlefficiency alternative toapidly screen through
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diverse libraries of control elements for members exhibiting specified quantitative
activities thereby addressing key challenge imuantitatively tailoring these control

elementgo specific genetic systems

2.4 Materials and Methods
2.4.1Plasmid and strain construction

Standard molecular biologyloning techniqueswere used to construct all
plasmids (33). DNA synthesis was performed by Integrated DNA Technologies
(Coralville, 1A) or the Protein and Nucleic Acid Facility (Stanford, CA). All enzymes,
including restriction enzymes artigases, were obtained throufyew England Biolabs
(Ipswich, MA). Ligation products were electroporated with a GenePulser XCelR&ib
Hercules, CA) intoan E. coli DH10B strain (Invitrogen, Carlsbad, CA), where cells
harboring cloned plasmids were maimedin Luria-Bertani media containing 50 mgim
ampicillin (EMD Chemicals Philadelphia, PA All cloned constructs were sequence
verified by Elim Biopharmaceuticals (Hayward, CA).

The twoacolor screening plasmid pCS1748 (Supplementagure 2.12) was
constructed by inserting an open reading frame (ORF) encoding aoptiasized
mCherry gengdymCherry flanked by a TEF1 promoter and a CYC1 terator upstream
of the existing ORF encoding a yeasthanced GFP gengHGFP3) flanked by a GAL1
10 promoter and an ADH1 terminator in the pCS321 backfit®)eThe TEF1 promoter
was PCR amplified from pG2NB4) using forward and reverggimers SacllTEF1-fwd
( 5SEGAGAGCTCAAGCTTCAAAATGTTTCTACTCC) and SdtTEFlr ev - (56

GGCCGCGGCAAAACTTAGATTAGATTGCTATGC), respectively, anihserted into
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pCS321 via the unique restriction sites Sacl and Sacll.yim@herrygene was PCR
amplified fromBBa_E2060obtained from the iIGEM parts regist($5) using forward

and reverse primers SactiCherryfwd 506
GACCGCGGGAAATAATGTCTATGGTTAGTAAAGGAGAAGAAAATAACATGG

C) and NottmCherryr e v - (560
GGGCGGCCGCTTATTATTTGTATAGTTCATCCATGCCACCAGY; respectively, and
inserted downstream of the cloned TEF1 promoter via the emegtriction sites Sacll

and Notl. The CYC1 terminator was PCR amplified from pCM{3§ using forward

and reverse primers Ne@YC1ltf wd -GAGAIGCCGCGAGGGCC
GCATCATGTAATTAG) and XbaiCYC1tr e v - (5606
GGTCTAGAGGCCGCAAATTAAAGCCTTCQG, respectively, and inserted
downstream of the clonegdnCherrygene via the unique restriction sites Notl and Xbal.

A spacer sequence was amplified from pCS74
Research Institute) usingorward and reverse primers Xb8paceif wd - ( 50
GGTCTAGACGCCTTGAGCCTGGCGAACAGTTEL and Spacer e v -AGTARAA
AAGGAGTAGAAACATTTTGAAGCTATCGATGACAGGATGAGGATCGTTTCGC

ATG), respectively. A TEF1 promoter fragment was amplified from pG2M using
forward and reverse primers SpacelEF1-f wd - (50
CATGCGAAACGATCCTCATCCTGTCATCGATAGCTTCAAAATGTTTCTACTCC
TTTTTTACT) and BamHITEF1r e v -GGEEATCCCAAAACTTAG
ATTAGATTGCTATGCTTTCTTTC), respectively, and PCR assembled with the spacer

fragment. The assembled spa@&fr1 promoter figment was inserted into the modified
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pCS321 backbone to replace the GALO promoter via the unique restriction sites Xbal
and BamHI.

Two singlecolor plasmids harboring GFP (pCS1585) and mCherry (pCS1749)
were constructed as compensation controls for FAaBalysis. A fragment harboring the
TEF1 promoter was PCR amplified from pGM2 using forward and reverse primers Sacl
TEF1f wd -GAGAGBCTCATAGCTTCAAAATGTTTCTACTCC) and EcoRTEFI-

r ev-GGEAATTCT TTGTAATTAAAACTTAGATTAGA), respectively. The GFP

only plasmd pCS1585 was constructed by inserting the TEF1 promoter fragment into
pCS321 to replace the GALIO promoter via the unique cloning sites Sacl and EcoRI.
The mCherryonly plasmid pCS1749 was constructed by inserting the THRiPherry

CYC1t cassette fronppCS1748 into a modified version of pRS3(B37) via the unique
restriction sites Sacl and Xbal. The modified version of pRS316 (pCS4), containing no
fluorescence reporter gene, was used as the negatinel| construct.

Ribozymebased devices and ppr opri ate <controls were
untranslated region (UTR) ofEGFP3 in pCSL748 through appropriate restriction
endonuclease and ligationediated cloningDNA fragments encoding the ribozyme
based devices and controls were PCR amplifiedguisirvard and reverse primers{21

f wd -GAGCTAGGAAACAAACAAAGCTGTCACC) and L¥2rev - (560

GGCTCGAGTTTTTATTTTTCTTTTTGCTGTTTCGQ, respectively, andnserted into
pCS1748 viathe uniquerestriction sites Avrll and Xholwhich are located 3 nts
downstreamof the yEGFP3 stop codon.Cloned plasmids were transformed into the
budding yeasBaccharomyces cerevisiagrain W30& (MAT &is311, 15 trptl leu2

3 ura3l ade2l) througha standard lithium acetate meth@88). All yeast strains
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harboringcloned plasmids were maintained on synthetic complete media wathcd
dropout solution containing 2% dextrd&CURA) and grownat 3C°C.

The mating fate routingplasmid pCS2293 was constructed by cloning TEF1
mutant 7(TEFLm7) promoter(31), and the coding region foMsg into the pCS321
backbong10). The TEAmM7 promoter was PCR amplified fropCS1142using forward
and reverse primers pTEF7wd -AAGAGCTCATAGCTTCAAAATGTCTCT
ACTCCTTTTT) and PTEF# e v - (560
AAAGGATCCAACTTAGATTAGATTGCTATGCTTTCTTTCC), respectively, and
inserted intopCS321 via the unique restriction sites Sacl and Barmhki.MSG5gene
was PCR amplified from genomic DNA using forward and reverse primers Ms@ivdK?2
( SANAGGATCCAATTAA TAGTGCACATGCAATTTCAC) and Msgsrev ( 5 6
AAAA CCTAGGTTAAGGAAGAAACATCATCTG), respectivelyand inserted via the
unique estriction sites BamHI and Avrll. Ribozynimsed devices and appropriate
controls wer e UTRyiathd unidquerestmctiom siteshAerll &d Xhol
locatedimmediatelydownstreanof theMSG5stop codon as described previously.

The mating reporter constru¢pCS1124)wasbuilt by cloning FUS}p, a mating
responsive promoteiinto the pCS321 backbon€l0). The FUS1 promoter was PCR
amplified from pDS71 (39) using forward and reverse primgp®S71.Fusiwd ( 5 0

TTTGCGGCCGECCAATCTCAGAGGCTGAGICT) and pDS71.Fusie v -( 56

TTTGGATCCTTTGATTTTCAGAAACTTGATGGCO), respectively, and inserted
upstream ofyEGFP3 in pCS321via the unique restriction sites Notl and BamMhe
FUSIp-yEGHP3-ADH1t cassette from pCSl1l12#as cloned into pCS1391a loxP

integrating vectof40), via the unique restriction sites Sacl and Kpnl to mak&2292
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FUS1pyEGHP3-ADH1t was chromosomally integrated intgeast strainEY1119
(W303a @&s st 1(dlpkahanblogoud Fe@Bbinatiorsing the gene cassette

from pCS2292 to construct yeast strain CSY840 ( W3 0 3 a esstl &k ss
trpl::FUSIp-yEGFR3-ADH1t-loxP-KanR). Briefly, the FUS1pyEGFR3-loxP-KanR
cassette was PCR amplified using Expand High Fidelity PCR system (Roche,
Indianapolis, IN) from pCS2292using forward and reverggimers TRP1.INT.allfwd

(560

GTATACGTGATTAAGCACACAAAGGCAGCTTGGAGTATGTCTGTTATTAATTT
CACAGGAAGATTGTACTGAGAGTGCAQ and TRP1.INT.all r ev - (560
TTGCTTTTCAAAAGGCCTGCAGGCAAGTGCACAAACAATACTTAAATAAATA
CTACTCAGCGACTCACTATAGGGAGACQ, respectively,each cartying 60 nts of
homologoussequencéo theTRP1locus Yeast strairEY1119was transformed with 12

ny of gel purified PCR product and plated on G418 platdmiilol yeast strairtSY84Q

All plasmids and yeast strains construdtethis studyaresummarized in Supplementary

Table 2.1.

2.4.2Library -scale yeast transformation

Device Ibraries(Supplementary Figure23l3) wereamplified using forward and
reverse primers GAP-L1-2-fwd (56
TCCATGGTATGGATGAATTGTACAAATAAAGCCTAGGAAACAAACAAAGCTG

TCACC) and GARL1-2-r e v -AAGABATTCGCTTATTTAGAAGTGGCGCGC

CCTCTCGAGTTTTTATTTTTCTTTTTGCTGTTTCG, respectively. The library was

inserted into pCS1748 throudiomologous recombinatiemediated gapepair during
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transformation into yeast strain W30®&). Briefly, an 800nL library PCR reaction was
performed with 160 pmol of each primer and 16 pmol of the library templatg o8 the
plasmid pCS1748 was digested with Avrll and Xhol. The digested vector was combined
with the library PCR product, extracted with phenol chionm, and precipitated into a

dry pellet with ethanol. A Tri®TT buffer (2.5 M DTT, 1 M Tris, pH 8.0) was added to a

50 mL yeast culture (Odgp 1.3-1.5) and incubated &0°C for 1615 min. The yeast were
pelleted, washed with chilled Buffer EQ mM Tris, pH 7.5, 2mM MgCl,, 270 mM
sucros@ and resuspended in Buffer E to a final volume of 800The yeast mixture

was directly added to the precipitated DNA pellet and n&0of the mixture was
transferred to a chilled 2 mm gap cuvette for electroporation (540 MF25 1000 Y) .
Following transformation, the cells were resuspended in 1 mL warmed YPD media and
incubated at 30°C for 1 hr. Multiple transformations (~5) wereopmdd to cover the
desired library diversity (~P010"). Transformation efficiencies were determined by
plating serial dilutions of the transformants, and transformed cells were propaygated

SCG-URA mediafor FACS.

2.4.3Two-color FACS-based screen

Cells harboring the RNA device libraries amantrol constructswere washed
reuuspended in FACS buffed% BSAin PBS, and staired with a DAPI viability dye
(Invitrogen). The cell suspension widtered througha 40nM cell strainer (BDSystems,
San Jose, CAprior to analysis on &ACSAria Il cell sorter BD Systems)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 a
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bandpass filter of B0/20 nm. DAPI was excited at 355 nm and measured with a bandpass
filter of 450/50 nm A scatter gate was set based on the forward anessateer area of

cells harboring the negatientrol plasmid (pCS4) to exclude debrisllowed by a
DAPI-(-) viability gate to exclude dead celis the DAP}I(+) gatefrom the analysis.

Cells harboring the singleolor control plasmids (pCS1585, pCS1749) were analyzed to
compensate spillover from GFP to the mCherry detector. A general sorting strategy was
followed in which cells harboring devices with targesetivitieswere analyzedo seta

sorting gateon a twoedimensional scatter plot that correlates GFP and mCherry
fluorescence. Cells within this gateere collected int&G-URA mediaandpropagated to

sufficient densityfor furtherscreening oanalysis

2.4.4Ribozyme-based device characterizationhrough flow cytometry analysis

Enriched device libraries from FACS were directly plated onteURA solid
medium. Individual colonies were screened ahdracteriedfor generegulatory activity
of the devices based on flow cytometry analysis. The GFP fluorescence was measured on
a Quanta flow cytometer (Beckman Coulter, Fullerton, CBFP was excited at 488 nm
and measured with a splitter of 488 nm amdandpass filter of 525/40 nm. Cells
harboring the negativeontrol plasmid (pCS4) were analyzed to set the -G}-Rnd
GFP(+) gate. Activities were determined as the geometric mean of the GFP fluorescence
based on the GFf&) population usingFlowJo (Tree Star), and normalized to the
geometric mean of the GFP fluorescence of a positive codmRSYV Contl, a
noncleaving sTRSV ribozyme with a scrambled core) that is grown under identical ligand

conditions run in the same experiment, aset to 100%.
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Devices that exhibited desired activities were amplified by colony PCR using
forward and reverse primers CS653 54
GGTCACAAATTGGAATACAACTATAACTCT) and CS654 %0
CGGAATTAACCCTCACTAAAGGG), respectively, and sequenced. The recovered
devices were resynthesized and recloned into the vector backbone to confirm the
observed activity. DNA oligos were synthesized and amplified for insertion into
pCS1748 using forward and reverse primers -2itvd 5o

GACCTAGGAAACAAACAAAGCTGTCACC) and L2-r ev - ( GG@GCT

CGAGTTTTTATTTTTCTTTTTGCTGTTTCG, respectively. The resynthesized devices
were inserted into pCS1748 via the unique restriction sites Avrll and Xhol. The
reconstructed device plasmids were transfornméol the W303 yeast strain through a
standard lithium acetate metho@8). Cells harboring the selected devices and
appropriate controls were prepared as described above for the sorting experiments and
analyzed on ahSRIl flow cytometer BD System}to characterize the gemegulatory

activity of each deviceGFP was excited at 488 nm and measured with a splitter of 505
nm and a bandpass filter of 525/50. mCherry was excited at 532 nm and measured with a
splitter of 600 nm LP and a bandpass filtet6@b/20 nm. DAPI was excited at 405 nm

and measured with a bandpass filter of 450/50 FiowJo was used to process all flow
cytometry dataCells harboring pCS4 and pCS1749 were analyzed to set the mGherry

and mCherry(+) gates Activities in the absece or presence of ligardere determined

as the geometric meanthie GFP fluorescendmsed onlte mCherry(+) population, and
normalized to the geometric mean of the GFP fluorescence of a positive ¢ehR&V

Contl, a noncleaving sTRSV ribozyme wadhscrambled corai the absence opresence
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of ligand, respectivelyto correct for any nospecific effects of ligand othe measured
fluorescence (Supplementary Figur2.8). Reported device activities are the meard

standard deviationf at leasthree independent experiments.

2.4.5In vitro transcription and purification of ribozyme-baseddevices
Selectedribozymebased devices and ribozynaed noncleaving controls were

PCR amplified to include an upstream T7 promoter site and spacer sequence and

downstream spacer sequence using forward and reverse primérs-ZH/ wd - ( 50

TTCTAATACGACTCACTATAGGGACCTAGGAAACAAACAAAGCTGTCACC)

and LE2-rev 6 -&GCTCGAGTTTTTATTTTTCTTTTTGCTGTTTCG), respectivelyA
total of 12 ngof PCR product was transcribed in a @breaction,consistingof the
following components: ARNA Pol Reaction Bifer (New England Biolabs), 2.5 mM
rATP, 2.5 mM rCTP, 2.5nM rUTP, 0.25mM rGTP, 1m RNaseOUT (Invitrogen), 10

mM MgCl,, 1 m T7 Polymerase (New Englarigiolabs) and0.5 nCi @ -*P-GTP (MP

Biomedicals, Solon, OH¥00 pmol & antisense DNA oligonucleotidéeviceblocking

(5 ®GTGACAGCTTTGTTTGTTTCCTAGGTCCCCC) and sTRSWlocking ( 5 6
GCTGTTTCGTCCTCACG)was addedo each reactioto inhibit cleavage of th&NA
devices andsTRSV hammerhead ribozymeespectively,during transcription. After
incubation at 37°C for 2 hNucAway Spin Columns (Ambion, Austin, TX) veeused to
remove unincorporated nucleotides from the transcription reactamterding to
manuf act ur er B0 aliguoss of rthe cetoveoed RNAvere mixed with 3
volumes of RNA stoffoad buffer (95% formamide, 36M EDTA, 0.25% bromophenol

blue,0.25% xylene cyarl heated at 95°C for 5 mirsnap coole@n ice for 5 minand
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sizefractionatedon adenaturing(8.3 M urea) 10% polyacrylamide get 25 Wfor 45
min. Gels wereimagedby phosphorimaging analysis on a FX Molecular Imago-(
Rad). Uncleavedranscriptswvere gel extracted and recovered with the ZR SRall A E
PAGE Recovery Kit (Zymo ResearcHrvine, CA) according tomanuf act ur er
instructions.Samples were stored in sterile, nusketiee, deionized water aB0°C to

limit the extem of RNA seli-cleavage prior tperforming thecleavage assays.

2.4.6In vitro ribozyme cleavage assay

The purified uncleaved transpts were incubated in 100 mM NaCl, 50 mM Tris
HCI (pH 7.5) at 95°C for 5 mircooled at a rate 6f..3°C to 37C, and held theréor 10
min to allow equiliration of secondary structur@. zero timepoint aliquot was taken
prior to initiating the selfcleavage eaction at 37C with the addition of MgC} to a final
concentration 0600 mM. Reactions were quenchedsgiecified time points with addition
of 3 volumes of RNA stop/load buffer on icGamples were heat&b°C for 5 min, snap
cooled on ice for 5 min, andizefractionated on a denaturing@.3 M urea) 10%
polyacrylamidegel at 25 W for 480 60min. Gels wereexposed overnight on a phosphor
screenandanalyzed for relativéevels of the fullengthtranscriptand cleaved products
by phosphorimaging analysis. The cleaved product fraction at each time ppuwagHit
to the single exponential equationr=o+ (FoT o J%(11 € ) using Prism 5@raphPad)
where | and F are the fractions cleaveoefore the start of the reactiand at the
reactionendpoint respectively, ath k is the firstorder ate constant of setfleavage.

Reported values are the mezrat leasthree independent experiments.
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2.4.7 Measuring mating pathway activity via a transcriptional reporter and halo
assay

The mating &te routing plasmids withilbozymebased devices and appropriate
controk were transformed into yeast stra@S5Y84Q Cells were inoculated into the
appropriate drojput media, grown overniglat 30°C, and bacldiluted irto fresh media
in the presence or absence of 5 mM theophytilnan ORQyo0f <0.1 After growing for3
hr at 30°C, cells were stimulated wi saturating pheromone levelsp a final
concentration ot 0 0  rmitingfactoracetate saltSigmaAldrich, St. Louis, MQ, to
activate the mating pathwaxfter 3 hr of stimulation,GFP fluorescenckevelsfrom the
pFustyEGFR reporterwere evaluatedia flow cytometryusing a Cell Lab Quanta SC
flow cytometer (Beckman Coulter, Fullerton, CAllormalized pathway activity is
calculatedasthe geometric mean of three biological replicates of each sample normalized
to the blank plasmid control (MdSG35 in the absence of theophyllindating associated
cell-cycle arrest was evaluated via halo ass@B. Halo assays were performexh
culturesgrown overnight, back diluted into fresh medrathe absence of theophylline
and grown another 6 hr. 208 of each replicate was plates the appropriate drequt
plates in theabsenceor presenceof 5 mM theophylline A gradient ofU mat i ng f ac:
wasestablishedy saturatinga filter disk (2 mm diameter) of Watman papewith 9 i
of 0.1 mg/mLUmating factorand placing the disk on tteenter of theplate. Cells were
grown for 18 hr at 30°C and imagedvia epiwhite illumination with a GelDoc XR+
System (BieRad) To control for any possible differences in growth rate between

replicates, plates are compared within one biological replicate ensuring differences in
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growth rate arise from divergence following plating in thiesenceor presenceof

theophylline.
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2.5Supplementary Information

Supplementary Figure S2.1Linear correlation between mCherry and GFP fluorescence
for L2b1 (A), L2b5 (B), and L2b8 (C) devices within the tamlor construct. For each
device, 2,000 cells are plotted from a single reprasieet experiment at 0 and 5 mM
theophylline (theo). Linear regression antVRlues are reported and support a distinct
slope for different device regulatory activities.

















































































