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2020), with wide-ranging applications in areas such as medi-
cine (Flores Bueso et al. 2018; Choe et al. 2020), biofuels 
(Kumar 2020), and environmental bioremediation (Jaiswal 
and Shukla 2020).  Many of these applications require meta-
bolic engineering, which is the process by which cells can be 
genetically reprogrammed to produce one or more enzymes 
that control desired metabolic pathways.  The design of ge-
netic circuits for use in metabolic engineering can be based 
on a rational approach that relies on a quantitative under-
standing of naturally occurring or synthetic gene expression 
control elements and of the impact of orthogonal metabolism 
on cell physiology. An alternative approach is to exploit evo-
lution by producing a population of genetic circuits and using 
artificial selection to optimize the desired metabolic output 
(Bali 2019, Pontrelli et al. 2018, Eckdahl et al. 2015). Meta-
bolic engineers sometimes seek to produce metabolites that 
are toxic to cells (Lu 2017) by using in vitro gene expres-
sion, in which a cellular extract is prepared that can support 
transcription and translation directed by synthetic genetic 
circuits.

In this paper, we describe our efforts to respond to the 
need for new in vitro selection methods for metabolic engi-
neering. The challenge we chose to pursue is optimization 
of the conversion by caffeine demethylase of caffeine to an 
asthma medication called theophylline. Although theophyl-
line is well tolerated by cells, we used microfluidic droplets 
in our plan so that it could be adapted for the production of 

INTRODUCTION
Introduced in the 1970s, genetic engineering changed the 
world with important applications such as the biosynthesis of 
human insulin by bacteria (Quianzon and Cheikh 2012), the 
production of genetically modified foods (Bawa and Anila-
kumar 2013), and the development of microbes that can 
perform bioremediation (Ojuederie and Babalola 2017). In 
the early 2000s, synthetic biology was developed as a new 
approach to genetic engineering that integrates advances 
in molecular biology methods with engineering concepts 
and practices (Hughes and Ellington 2017; Meng and Ellis 
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Metabolic engineers use technology and ways of thinking from traditional science and engineering disciplines as well as 
the emergent field of synthetic biology to genetically manipulate cellular metabolic pathways for applications in medicine, 
energy, the environment, and more. Two important challenges to successful metabolic engineering are how to optimize 
the metabolic output and how to make products that are toxic to cells. Our research addressed these challenges with the 
development of a new strategy for the selection of optimal genotypes for enzyme production and the use of microfluidic 
droplets for cell-free protein synthesis. We focused on a prototype metabolic reaction by which caffeine demethylase con-
verts caffeine into theophylline, and used a ribozyme-riboswitch that cleaves itself upon binding theophylline as the basis for 
selection of genetic regulatory elements that most efficiently produce caffeine demethylase. We designed and constructed a 
ribozyme chain molecule that couples caffeine demethylase gene constructs to magnetic nanoparticles in microfluidic drop-
lets so that constructs with optimal constructs can be separated from suboptimal ones with a magnet. Our results include 
demonstration of the theophylline-dependent self-cleavage of a ribozyme, successful construction of the ribozyme chain 
molecule, and improvement of an isothermal amplification method called recombinase polymerase amplification for use in 
microfluidic droplets. Although technical limitations prevented us from demonstrating the full functionality of our selection 
strategy, our proposal and results have important implications for metabolic engineering.  Our observation of a reversed 
theophylline dependence of the ribozyme-riboswitch when it was coupled to MNPs informs the use of ribozymes as tools 
for synthetic biology.



JYI | November 2021 | Vol. 40 Issue 11
© Oyler et al., 2021

40

Journal of Young Investigators Research

metabolites that are toxic to cells. Our plan is to produce 
caffeine demethylase in gene expression units that vary with 
regard to the strengths of the transcriptional promoter and 
the ribosome binding site (RBS). The goal is to introduce a 
library of gene expression units into microfluidic droplets at 
a concentration that ensures that there is no more than a 
single genotype variant in each droplet. Isothermal DNA am-
plification will be used to amplify each individual genotype 
variant within its droplet. Gene expression will then occur 
in the droplets using an E. coli cellular extract capable of 
cell-free protein synthesis that is included in the droplets. 
Droplets are expected to convert caffeine into theophylline 
at different rates depending on their genotypes. The key to 
selection of droplets that have efficiently produced theophyl-
line is a Ribozyme Chain Molecule (RCM) that we invented. 

As illustrated in Figure 1, Panel A, the RCM includes a ri-
bozyme-riboswitch that self-cleaves upon binding theophyl-
line. The 5’ end of the ribozyme-riboswitch is ligated to the 
3’ end of a DNA linker with a 5’ thiol modification that allows 
RCM molecules to be coupled to magnetic nanoparticles 
(MNPs) derivatized with amino groups. The 3’ end of the 
ribozyme-riboswitch is ligated to a DNA spacer containing 
an internal glycol modification. Inside droplets, isothermal 
amplification will be used to increase the number of copies 
of the gene expression units, and the glycol medication will 
prevent DNA synthesis from producing an RNA-DNA hybrid 
using the ribozyme-riboswitch as a template. The isothermal 
amplification method we chose is recombinase polymerase 
amplification (RPA; Lobato and O’Sullivan 2018).  Instead of 
relying on temperature-dependent denaturation and anneal-
ing, RPA achieves primer binding with a recombinase that 
facilitates the invasion of a double-stranded target DNA se-
quence by a single-stranded primer, aided by single-strand-
ed DNA binding protein (SSB).  Figure 1, Panel B shows 
the process by which microfluidic droplets are formed by us-
ing micrometer-scale channels to control the interaction of a 
stream of aqueous solution with streams of oil.  The image 
on the right is of droplets with MNPs inside them. Figure 1, 
Panel C illustrates how a magnet can be used to separate 
“winner” genotypes that have been separated from MNPs 
after theophylline-dependent ribozyme-riboswitch cleavage 
from “loser” genotypes that have not. The image shows how 
a magnet can be used to draw the MNPs to the side of a test 
tube within seconds.

Our study has important implications for metabolic engi-
neering. Our proposal to use a ribozyme-riboswitch as a ba-
sis for selection could be adapted for the optimization of other 
metabolic pathways by switching to other aptamer specifici-
ties. Our plans to use microfluidic droplets for the synthesis 
of products toxic to cells and to use RPA for isothermal am-
plification in droplets are also generalizable. We hypothesize 
that the theophylline dependence of the ribozyme-riboswitch 
will be retained in the context of an RCM coupled to MNPs. 
Evaluation of this hypothesis in the context of our results 
contributes to the use of ribozyme-riboswitches as tools for 
synthetic biology.

MATERIALS AND METHODS

Ribozyme-Riboswitch Synthesis and Testing
We gained access to the theophylline-dependent ribozyme-
riboswitch sequence studied by Xiang et al. (Xiang et al. 
2019) by ordering the following sequence from Integrated 
DNA Technologies (IDT) as a double-stranded DNA: 5’ GCT-
GTCACCGGAATACCAGCATCGTCTTGATGCCCTTG-
GAAGTCCGGTCTGATGAGTCCCATAAGGACGAAA-
CAGC 3’. The sequence includes a promoter that enabled 
us to perform in vitro transcription using T7 RNAP Poly-
merase from New England BioLabs, Inc. (NEB). We puri-

Figure 1. RCM Selection Strategy. A. Magnetic nanoparticles 
with amino derivatives are coupled to Ribozyme Chain Molecules 
(RCMs) that are composed of a thiol DNA linker (Thiol), the mam-
mal ribozyme-riboswitch, and a glycol DNA spacer (Glycol).  RCMs 
are used as primers to amplify a eCDM8 gene expression units that 
include a variable promoter and a variable ribosome binding site 
(RBS). B. MNP-RCM complexes are introduced into microfluidic 
droplets. The images show the PDMS droplet-generation microchip 
with aqueous and oil phases flowing and droplets produced with 
MNPs inside them. C. Selection is achieved by using a magnet to 
separate RCM genotypes that have been released from MNPs by 
theophylline-dependent ribozyme cleavage.
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fied the ribozyme-riboswitch RNA products of the reaction 
with the Monarch RNA Purification Kit from NEB. After as-
sessing the quality and quantity of the preparation with UV 
absorbance, we perform self-cleaving reactions in the pres-
ence and absence of 1 μM MgCl2 and 5 μM theophylline and 
analyzed the products with 7% denaturing polyacrylamide 
gel electrophoresis (PAGE). We used polyacrylamide gel 
electrophoresis instead of agarose gel electrophoresis be-
cause we need the increased ability of polyacrylamide gels 
to resolve relatively small differences in RNA size. We used 
6 M urea during electrophoresis to establish denaturing con-
ditions that prevent folding of the ribozyme-riboswitch RNA 
by base pairing. The DNA molecular weight marker used 
was the Hi-Lo DNA Marker from Bionexus, Inc and the RNA 
marker used was the Low Range ssRNA Ladder from New 
England Biolabs, Inc.

RNA Folding Analysis
RNA folding analysis was conducted with ViennaRNA (Vi-
enna RNA, 2005), which uses a traditional computing ap-
proach to RNA folding and Qfold, a new approach based 
on a Quadratic Unconstrained Binary Optimization (QUBO) 
modeling paradigm (Lewis et al. 2021). Both approaches 
use the canonical Watson-Crick base pairing rules of C par-
ing with G and A pairing with U as well as the non-canonical 
base pair rule of G pairing with U.

Synthesis of the Ribozyme Chain Molecule
This section describes how we synthesized the ribozyme 
chain molecule (RCM) shown in Figure 1A.  We obtained the 
Thiol and Glycol DNAs from IDT by ordering 5’ /5ThioMC6-D/
AATAGAACTTATGAC 3’ and 5’ /5Phos/ CTACCATGCATG-
GAC/iSp9/GAATTCGCGGCCGCTTCTAGAGTTGACA 3’, 
respectively.  The thiol medication enables coupling to ami-
no-derivatized MNPs and /iSp9/ is a triethylene glycol spac-
er. We used T4 RNA ligase from NEB to ligate the 5’ end of 
the ribozyme-riboswitch RNA to the Thiol DNA and the 3’ 
end to the Glycol DNA, and analyzed the products with 7% 
denaturing PAGE. The DNA molecular weight marker used 
was the Hi-Lo DNA Marker from Bionexus, Inc and the RNA 
marker used was the Low Range ssRNA Ladder from New 
England Biolabs, Inc.

Magnetic Nanoparticle Coupling
The MNPs we used were 200 nm Super Mag Amine Beads 
from Ocean Nanotech. RCMs were prepared for coupling to 
MNPs by reduction with 50 mM DTT, and purification on a 
NAP-25 column. We coupled the MNPs to RCMs with sulfo-
succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carbox-
ylate, prepared as a 25 mg/ml solution in DMSO. We used 
a strong conventional magnet to draw coupled MNP-RCMs 
to the side of a microcentrifuge tube, removed the remaining 
liquid, and Resuspend the MNP-RCMs in TE buffer.

Testing Ribozyme-Riboswitch Function

We tested theophylline-dependent ribozyme-riboswitch 
self-cleavage of RCMs using two different CDM gene con-
structs with sequences that can be found as J119302 (me-
dium promoter, medium RBS) and J119303 (high promoter, 
high RBS) in the Registry of Standard Biological Parts (MIT 
Working Group, 2005). We used GoTaq Green from Pro-
mega Corporation for these traditional PCRs using Spacer 
(5’ GAATTCGCGGCCGCTTCTAGAGTTGACA 3’) as the 
forward primer and Short Rev 2 (5’ CTGCAGCGGCCGC-
TAC 3’) as the reverse primer. We conducted 20 cycles of 
94°C for 15 seconds, 55°C for 15 seconds, and 94°C for 30 
seconds. Products were analyzed with 1% agarose gel elec-
trophoresis using the Hi-Lo DNA Marker from Bionexus, Inc.

Recombinase Polymerization Amplification
We used a kit from TwistDX for Recombinase Polymeriza-
tion Amplification (RPA) experiments (TwistDX 2005). RPAs 
were conducted in a 37°C-water bath for 20 minutes with 1 
ng of starting template, using Prefix_for (GAATTCGCGGC-
CGCTTCTAGAG 3’) as the forward primer and Short Rev 2 
(5’ CTGCAGCGGCCGCTAC 3’) as the reverse primer. The 
products were analyzed with 1% agarose gel electrophore-
sis using the 1 kb Plus DNA Ladder from New England Bio-
labs, Inc.

Microfluidic Droplet Production
Because we wanted to develop a system for optimizing in 
vitro metabolic output, we learned how to produce microflu-
idic droplets that serve as artificial cellular compartments. 
Droplet formation occurs by the partitioning of a water-based 
(aqueous) mixture containing all of the components for our 
optimization system into numerous micrometer-sized drop-
lets as an emulsion in oil. The droplets are formed by polar-
nonpolar interactions of fluids and stabilized with the use of 
biocompatible surfactants that are dissolved in the oil. As 
seen in Figure 1B, the droplets are formed by using microm-
eter-scale channels to control the interaction of a stream of 
the aqueous solution with streams of the oil.  We used the 
OB1 MK3 Microfluidic Flow Control System from Elveflow 
to make the droplets. The oil (continuous phase) reservoir 
was filled with droplet stabilization oil from Droplet Genomics 
(cat. no. DG-DSO-20). Both the dispersive (aqueous) and 
continuous (oil) channels were set on 600 mbar and droplets 
were collected in 1.5 ml tubes.

RESULTS
As illustrated in Figure 1, the key to our selection strategy 
is the ribozyme-riboswitch that engages in theophylline-de-
pendent self-cleavage. This enables the magnetic separa-
tion of optimal CDM genotypes that have been freed from 
their MNPs by ribozyme-riboswitch self-cleavage from sub-
optimal ones that have not. The ribozyme-riboswitch we 
chose was discovered with a screen in mammalian cells of 
synthetic ribozyme-riboswitch libraries (Xiang et al. 2019). 
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Figure 2A shows the sequence of the ribozyme-riboswitch 
and the manner in which it uses intramolecular base pairing 
to achieve a folded secondary structure known as a ham-
merhead.  The structure in Panel A was determined by Vi-
ennaRNA, which uses a traditional computing approach to 
evaluate the large space of possible structural solutions and 
report those that are predicted to be the most stable (Vienna 
RNA, 2005). Panel B shows the results from a new approach 
to RNA modeling called Qfold that is based on a Quadratic 
Unconstrained Binary Optimization (QUBO) modeling para-
digm that fits naturally with the parameters and constraints 
required for RNA folding (Lewis et al. 2021).  Even though 
two different approaches to this RNA folding problem were 
taken, the fact that the two ribozyme-riboswitch structures 
are only slightly different provides confidence in their accu-
racy. For each structure, the point of cleavage is indicated, 
which converts the 76 nt ribozyme-riboswitch into 70 nt and 
6 nt products..

We produced the ribozyme-riboswitch as an RNA prod-
uct of the T7 RNA polymerase-dependent in vitro transcrip-
tion of a synthetic DNA template. Figure 2B shows the image 
of a denaturing polyacrylamide gel that we used to analyze 
the ribozyme-riboswitch. Lane 3 shows a band at 76 nt for 
the full-length ribozyme-riboswitch. It also shows bands at 
70 nt and 6 nt, demonstrating background cleavage of the ri-
bozyme-riboswitch in the absence of theophylline. Because 
ribozyme-riboswitch cleavage depends on both MgCl2 and 
theophylline, we incubated it in the presence and absence of 

each. Lanes 4-6 show both cleaved and uncleaved RNA, but 
lane 7 shows much less of the uncleaved RNA, as well as an 
increase in the intensity of the cleavage products. There are 
extra bands in lane 7 between 70 nt and 76 nt that are likely 
due to alternative folding structures of the 70 nt product that 
were allowed to form because of incomplete denaturation.  
This result encouraged us to proceed with construction of 
the RCM.

Our first step in building the RCM was to build an amplifi-
cation primer from the ribozyme-riboswitch and two synthet-
ic DNAs. We used T4 RNA ligase to connect the 5’ end of the 
ribozyme-riboswitch to the 3’ end of the Thiol DNA linker and 
the 3’ end to the Glycol DNA spacer. The denaturing poly-
acrylamide gel image in Figure 3A shows the construction 
steps. Lanes 3 and 4 contain the 15 nt Thiol DNA and the 
43 nt spacer DNA, respectively. Lanes 5-8 show the results 
of reactions with T4 RNA ligase using an increasing number 
of RCM components. Although the full product of 76 nt is 
visible in lane 8, there are several smaller bands in all of the 
lanes with ligation products. Because there is both a 5’ and a 
3’ end available for ligation on both the ribozyme-riboswitch 
and the spacer DNA, and an available 3’ end on the Thiol 
DNA, there are several ways in which the fragments can be 
ligated to produce bands smaller than 76 nt. The band in 
lane 8 that is just smaller than 76 nt could be a ligation prod-
uct that includes the 70 nt self-cleaved riboswitch-ribozyme 
RNA.

Our next step was to couple the RCM primer to MNPs 

Figure 2. Ribozyme Structure and Function. A. The most stable 
structure predicted for the ribozyme by ViennaRNA (Vienna RNA, 
2005). B. The most stable structure predicted for the ribozyme by 
Qfold (Lewis et al. 2021).  C. Image of a 12% denaturing poly-
acrylamide gel showing cleavage of the ribozyme. The DNA mark-
er includes 50, 100, 200, 300, 400, and 500 bp fragments.  The 
single stranded RNA ladder includes 50, 80, 150, 300, and 500 nt 
fragments. The last lane shows ribozyme-riboswitch self-cleavage 
products dependent on magnesium and theophylline.

Figure 3. Construction and Testing of the Ribozyme Chain 
Molecule (RCM). A. 12% denaturing polyacrylamide gel showing 
successful ligations of mammal ribozyme to thiol and spacer DNA 
to produce the RCM primer.  The DNA marker includes 50, 100, 
200, 300, 400, and 500 bp fragments.  The single stranded RNA 
ladder includes 50, 80, 150, 300, and 500 nt fragments.   B. Incuba-
tion of RCMs with or without 5 uM theophylline followed by PCR. 
The DNA marker includes bright bands at 500, 1000, and 3000 bp.
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using the thiol group on the 5’ end of the RCM and the amino 
derivative on the MNPs. We tested the resulting product by 
using it in standard PCR with a DNA reverse primer and ei-
ther of two CMD gene expression units as templates. We 
incubated the PCR products in the presence and absence of 
ribozyme-riboswitch self-cleavage conditions, which include 
both MgCl2 and theophylline, and separated the MNPs with 
a magnet before conducting PCR again to quantitate ribo-
zyme-riboswitch self-cleavage. If self-cleavage of the ribo-
zyme-ribozyme occurs, the RCM cannot serve as a primer 
for PCR of the CDM units. If the RCM remains intact, it can 
be used during PCR to produce a product of 3346 bp. This 
product is highlighted by the red box in Figure 3B. There is 
more of the product in lane 3 than in lane 2, and much more 
in lane 5 than in lane 4, indicating that ribozyme-riboswitch 
self-cleavage occurred more often in the absence of the-
ophylline than in its presence. Combined with the results of 
Figure 2C, this indicates that the behavior of the ribozyme-
riboswitch was reversed when it was coupled to MNPs. We 
consider this unexpected result further in the Discussion 
section. Figure 3B also shows extra bands that are likely 
due to nonspecific annealing of primers during PCR.

Our plan is to use the ribozyme-included and MNP-
coupled forward primer inside a given microfluidic droplet 
to amplify a single caffeine demethylase gene expression 
cassette genotype. Because there are enzymes and other 
temperature-sensitive molecules in the microfluidic droplets, 
we cannot use the extreme temperature (94°C) needed for 
the denaturation step in standard PCR. Recombinase Poly-
merase Amplification (RPA) is an isothermal DNA amplifica-
tion method that achieves denaturation with the strand inva-

sion activity of a recombinase (Lobato and O’Sullivan 2018). 
The results of our experiments to optimize RPA are shown in 
Figure 4. The main technical barrier to the use of RPA for our 
project is the amplification of the CDM gene expression cas-
sette, which is 3274 bp. Although TwistDX, the manufacturer 
of the RPA kit we used, advertises that RPA has been used 
to amplify at most 500 bp, we were able to improve upon 
that (TwistDX 2005).  Figure 4 shows that we were able to 
use RPA to amplify a series of increasingly larger templates. 
Although the longest of these is 1186 bp, it is still short of our 
goal of amplifying 3000 bp. We consider this technical limita-
tion further in the Discussion section.

DISCUSSION

Conclusions
Although successful implementation of our RCM selection 
strategy is a considerable biological engineering challenge, 
we made some significant progress toward it. We were able 
to build a primer composed of a Thiol DNA linker, a ribo-
zyme, and a Glycol DNA spacer, to couple the primer to an 
MNP, and to use it for PCR amplification of a gene expres-
sion cassette. We measured theophylline-dependent behav-
ior of a ribozyme-riboswitch alone and in the context of an 
RCM. We were able to make microfluidic aqueous droplets 
in an oil suspension, include MNPs in the droplets, and use 
a magnet to separate them. We learned how to conduct iso-
thermal DNA amplification using RPA in support of our plan 
to amplify a single gene expression genotype in each micro-
fluidic droplet.

Technical Limitations and Sources of Error
Although our experimental results provide preliminary sup-
port for the feasibility of using a self-cleaving ribozyme-ribo-
switch as the basis of a new selection strategy for metabolic 
engineering, we encountered several technical barriers to a 
complete demonstration of it. We were encouraged by our 
ability to optimize RPA and increase product size from about 
500 bp to almost 1500 bp, but a technical barrier to the suc-
cessful demonstration of our RCM strategy is our inability to 
use RPA to amplify full-length CDM gene expression units, 
which are more than 3000 bp. Variables in the standard RPA 
protocol that could be explored to increase product size in-
clude the reaction temperature, which affects the amount 
of thermal energy available for DNA denaturation, the con-
centration of magnesium, which impacts DNA denaturation 
via shielding of phosphates by magnesium cations, and 
the ratio of primer to template DNA, which affects the abil-
ity of recombinase to facilitate primer binding. Alternatively, 
we could transition to the use of a smaller gene expression 
cassette, although this would require finding a new meta-
bolic reaction to optimize and a ribozyme-riboswitch that can 
transduce its output.

Another technical barrier to successful implementation 

Figure 4. Recombinase Polymerase Amplification (RPA).  Im-
age of a 1% agarose gel showing successful Recombinase Poly-
merase Amplification (RPA) using a kit from TwistDX (TwistDX 
2005).  The DNA marker includes 50, 100, 200, 300, 400, 500, 750, 
1400, 1550, 2000, 3000, 4000, and 6000 bp fragments.
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of our strategy for optimization of metabolic pathways re-
lates to our growing understanding of the nature of highly 
concentrated solutions of small and large molecules that oc-
cur inside cells. There is a growing appreciation that densi-
ty-dependent phase separation in cells leads to liquid-like 
non-Newtonian biomolecular condensates that play both 
structural and metabolic roles and that metabolites such as 
ATP serve as hydrotropes to maintain the solubility of pro-
teins (Banani et al. 2017). This increasingly sophisticated 
view of a saturated solution of molecules in the cytoplasm 
of cells might also apply to aqueous microfluidic droplets. 
If density- and temperature-dependent phase separation 
happens in droplets, it could dramatically affect both gene 
expression and metabolic output. In fact, we previously ob-
served a large dynamic range of GFP output from droplets 
that were made with a gene expression cassette and an E. 
coli cellular extract (Koucky et al. 2021). Although the effects 
of phase separation could confound efforts to use selection 
to optimize metabolic output, a better understanding of it 
might lead to ways that it could be controlled.

Our hypothesis that the theophylline dependence of 
the ribozyme-riboswitch will be retained in the context of an 
RCM coupled to an MNP was not supported by our results. 
The theophylline dependence of ribozyme-riboswitch self-
cleavage was reversed when the ribozyme-riboswitch was 
incorporated into the RCM. Although this means that our 
selection strategy will not work as originally designed, we 
can conceive of a reversed strategy in which optimal geno-
types coupled to MNPs are attracted to a magnet because 
their ribozyme-riboswitches are prevented from self-cleaving 
by theophylline. Our observation also has implications for 
the understanding of ribozyme-riboswitch function. In the 
context of an RNA molecule such as an mRNA transcript, 
intramolecular base pairing drives the aptamer of the the-
ophylline ribozyme-riboswitch to fold in a manner that pre-
vents ribozyme self-cleavage. Noncovalent interactions with 
theophylline alter the pattern of base pairing to generate a 
three-dimensional structure that supports this reaction. Ac-
cording to our evidence, the reaction is affected by having 
the ends of the ribozyme-riboswitch RNA constrained differ-
ently in the RCM than they are in an RNA molecule. The 
effect of the MNP on altering the process by which theophyl-
line alters RNA folding might be especially large.

There are potential sources of error in our experiments 
that should be pointed out to place our results in the proper 
context. Because we did not clone and sequence the ribo-
switch-ribozyme, we must assume that in vitro transcription 
faithfully reproduced the correct RNA sequence from the 
synthetic DNA template. If changes in the sequence were in-
troduced, then we produced a population of riboswitch-ribo-
zyme sequences instead of a single sequence.  This would 
affect each of our downstream ribozyme-riboswitch experi-
ments. Another source of error comes from the background 
self-cleaving activity of the ribozyme-riboswitch. Both the 70 

nt and the 6 nt cleavage products can participate in the T4 
RNA ligase reactions for RCM construction, which means 
that we produced not only the full-length RCM, but a variety 
of other products that cannot function as RCMs. Inefficient 
magnetic separation of the RCMs, background self-cleav-
age in the absence of theophylline, and nonspecific primer 
annealing are potential sources of error in the experiment in 
which we subjected RCMs to self-cleavage conditions be-
fore we used them in standard PCR.

Significance and Implications
The significance of our study derives from its implications 
for the advancement of metabolic engineering. Our idea of 
transducing metabolic output into fitness by using a ribo-
switch-ribozyme that binds to the product of the reaction by 
which caffeine demethylase converts caffeine to theophyl-
line could be generalized to other single or multistep ana-
bolic or catabolic reactions, as long as riboswitch-ribozymes 
with appropriate specificities are available. Our proposal to 
carry out selection in microfluidic droplets enables the simul-
taneous evaluation of many possible genotypes and allows 
for the inclusion of metabolites that are toxic to cells. Our 
observation of reversed riboswitch-ribozyme behavior in the 
MNP context compared to the RNA context has implications 
for metabolic engineering in terms of how we understand 
the science of ribozyme-riboswitch function and how we ex-
ploit that knowledge for metabolic engineering. Our overall 
approach to the use of selection for optimization of metabo-
lism could lead to metabolic engineering applications in a 
variety of areas, including biosynthesis of pharmaceuticals, 
production of biofuels, chemical commodity synthesis, and 
bioremediation.
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