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Abstract  

 
 

Detection and Utilization of Small Molecule Tailoring Groups  

for Metabolic Engineering,  

 
by  
 

Cyrus Modavi 
 

Joint Doctor of Philosophy  

with University of California, San Francisco 

in Bioengineering  

 
University of California, Berkeley 

 
Professor John E. Dueber, Chair 

 
The thesis presented here focuses on the discovery and applications of tailoring enzymes for 
metabolic engineering goals along two tracks of research. The first track is focused on enzyme 
discovery and presents a powerful assay called the DNA-Linked Enzyme Coupled Assay 
(DLEnCA). This assay is readily accessible through common molecular biology techniques, and 
has the potential be scaled to the level of next generation sequencing and microfluidics. The goal 
is that DLEnCA will enable any research laboratory to populate enzyme databases (e.g., 
BRENDA) or have access to a platform for the evolution of novel enzymes and pathways. These 
capabilities would enable the rapid application of protein engineering for biocatalysts in the 
tailoring space. 
 
The second track of research presented here is based on the in vivo application of tailoring 
enzymes for goals in metabolic engineering. On one level, this is focused on attempting to 
leverage tailoring enzymes’ role in metabolite detoxification for replacing antibiotics in 
industrial settings; on the other level, bioproducing valuable glucose-conjugates directly from 
yeast metabolism. This later focus is centered around the biosynthesis of the high value natural 
pigment betanin, which is found in select group of plants and utilized as a commercial food dye.  
 
Ultimately, the research conducted here seeks to provide tools and lessons that adds to the body 
of knowledge around the biochemistry and engineering of modified secondary metabolites.  



 i 

  
Table of Contents 

 
Chapter 1: Introduction           1 – 2 

 
Chapter 2: The DNA-Linked Enzyme-Coupled Assay (DLEnCA) 
 2.1 - Reproduction of: Sukovich, Modavi et al. (2015)      3 – 12 
 2.2 - Reproduction of: de Raad*, Modavi*, et al. (2016)    13 – 23 
 
Chapter 3: Understanding a Refactored Glucosylation “Antitoxin” system for resistance to 
                  Essential Oil Compounds 
 3.1 - Concept Overview        24 – 25 
 3.2 - Challenges Faced        25 – 31 
 3.3 - Future Directions        31 – 33 
 
Chapter 4: Bioproduction of Betalains from full biosynthesis and semi-synthesis via amine 
                 feeding 
 4.1 - Reproduction of: Modavi*, Grewal*, et al. (Manuscript)   34 – 58 
 4.2 - Expanded Betalain Semi-biosynthesis      59 – 65 
 4.3 - Rational Engineering of Tyrosine Titer For Improved Betalain Biosynthesis 65 – 70 
 
Chapter 5: Establishing a yeast strain for bioproduction of (3-deoxy) anthocyanidins from 
semi-synthesis via naringenin 
 5.1 - Motivation for a yeast bioconversion platform     71  
 5.2 - Preliminary results        71 – 78 
 5.3 - Future Directions         78 
 
Chapter 6: Conclusion & Accomplishments      79 
 
Chapter 7: Summary of Future Directions        79 – 80 
 
References/Bibliography         81 – 89 
 
Appendices: 

A1 - Methods & Materials for Chapter 3      91 – 95 
A2 - Methods & Materials for Chapter 4      96 – 99 
A3 - Methods & Materials for Chapter 5             100 – 103 

 
 
 
 



 ii 

Acknowledgements 
 
I would like to express my deepest gratitude to Professor J. Christopher Anderson for having let 
me join his laboratory after my rotations, and for having provided the initial theme of my PhD 
research. I am also very grateful to professor John Dueber for supporting my research in his lab 
and proving me with additional training as a researcher. Additionally, am grateful to Professors 
Chris Somerville and Adam Abate who served on my thesis committee and provided additional 
support. Specifically, I thank Professor Somerville for introducing the (3-deoxy)anthocyanidin 
track of inquiry and Professor Abate for support on considerations of microfluidic 
miniaturization that did not make it into this dissertation. In total, the work presented here would 
not have been possible without the input from these experienced mentors. 
 
I thank all members of the Anderson and Dueber laboratory for additional mentorship and having 
created an environment that made everyday a wonderful experience. In particular, I want to 
thank Dr. David Sukovich for having taken me under his wing when I first joined the Anderson 
Lab. I additionally want to give credit to the various undergraduates (Shyam Bhakta, Ariel 
Tennenhouse, Nicholas Bachand, Meital Avitan, and Conner Tou) that both helped to mature my 
skills as a mentor and also provided assistance in the various exploratory experiments that led up 
to the final figures. 
 
Lastly, I want to especially thank those that have supported me throughout this difficult journey 
and been the cause that I have made it this far. My family’s has been extremely pivotal in 
completing the PhD process, often helping me when the path became difficulty. In particular, I 
wish to thank Professor Lewis Feldman and Dr. Keni Jiang, who had given me the skills 
necessary to rise to the challenges in science and who have continued to provide support in my 
career. 



1 
 Chapter 1: Introduction  
 
One of biology’s defining characteristics is its ability to assemble complex structures from the 
simplest organic and inorganic compounds under ambient conditions. Such a feat is possible 
through the catalytic power of specialized enzymes, which are themselves complex 
macromolecules. Biochemical reactions routinely yield carbon backbones that enthrall and 
inspire the imagination – such as the bridged polycyclic skeleton of aconitine or the rare 
oxonium ion of delphinidin. Yet, these molecules are only the first tier of complexity seen in 
nature. After the main carbon backbone is established, many molecules undergo modification 
through the activity of appropriately named “tailoring enzymes”.1–3 
 
The largest and most generalized set of tailoring enzymes are the small molecule transferases. 
Transferases act to modify free nucleophiles on the core molecule by addition of a chemical 
moiety, predominantly through catalyzing a SN2 type reaction mechanism.2,4 Two of the most 
well studied families of transferases are the methyl- and glycosyltransferases. As their name 
suggests, they transfer a methyl or sugar (“glyco-”) fragment from the respective cofactors of S-
adenosylmethionine or various nucleoside sugars.2,5 The importance and biotechnological value 
of these enzymes lies in their substrate promiscuity, their exquisite regio- and stereo-selectivity, 
and their ability to affect the molecular properties of their target molecules.2,5  
 
Although the chemistries catalyzed by transferases pale in comparison to many of the more 
complex reactions observed in nature, these simple modifications can be the deciding factor in 
key properties. For example, different substituents on the same molecule can have radical effects 
on whether a molecule has a biological activity and the nature of that activity.2,6,7 Conjugation of 
various chemical moieties also impact physical properties such as solubility or volatility.8–10 The 
most straightforward example is how sugar-conjugated molecules (“glycosides”) often are more 
water soluble in comparison to the unglycosylated molecule (“aglycons”), sometimes with 
differences measured in orders of magnitude.8 Modifications at nucleophiles with free electron-
pairs (i.e., hydroxyl-, amino-, or sulfhydryl-groups) can also block undesired chemical reactions 
in aqueous and/or oxygenated environments.11–14 The anthocyanin and betanin family of 
molecules represent two of many cases where tying free electrons in a covalent bond is essential 
for preventing the first step of molecular decomposition.14,15 Such versatility in function perhaps 
explains why they are so entrenched within secondary metabolism. 
 
Even though our understanding of tailored molecules has greatly expanded since the first natural 
products were structurally elucidated, our knowledge of the actual enzymes involved remains 
relatively sparse. There are over 3,000 glycosides cataloged for bacteria alone, corresponding to 
~ 22% of the known chemical space of bacterial secondary metabolites;16 such a count may pale 
in comparison to the potential chemical space accessed by eukaryotes, especially in the context 
of how plants and metazoans often carry a relatively high numbers of transferases for metabolic 
detoxification processes or specialized metabolism.5,17,3 However, many of the catalyzing 
transferases either remain unidentified or have not yet had their full substrate range 
elucidated.18,19 This lack of information makes it difficult to rapidly leverage such enzymes in 
biotechnology and chemical synthesis, where they could serve as powerful tools in obtaining 
new bioactive agents from well characterized carbon scaffolds (both in metabolic engineering 
and organic synthesis).1,2,7 The stereo- and regio-selectivity of enzymes under gentle reaction 
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conditions is especially useful for modifying natural products that lack a chemical synthesis 
route and that often carry multiple chemically similar hydroxyl or amino-groups. Enzymes thus 
bypass the need for reworking complex chemical synthesis or utilizing toxic reagents.2  
 
Motivated by these considerations, the work here focused on two different themes of research 
around tailoring enzymes. The first avenue was toward developing methodologies that enable 
more efficient and high-throughput enzyme discovery. This is reported in Chapter 2 as the 
development of the DNA-Linked Enzyme Coupled Assay (DLEnCA). The second focus was 
studying the implementation of a subclade of glycosyltransferases – glucosyltransferases (GTs) 
that specifically attached glucose – in S. cerevisiae for both utilitarian purposes and as an 
enzymatic step in the biosynthesis of the glucoside food-dye betanin. Along this track of 
investigation, additional support research related to the nature of betanin analogs and titer 
improvement was also conducted. These traditional metabolic engineering goals constitute the 
remainder of the thesis and together expand the breadth of knowledge around an interesting 
natural product family. 
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Chapter 2: The DNA-Linked Enzyme-Coupled Assay (DLEnCA) 
 

2.1 - Reproduction of: Sukovich, Modavi, et al. (2015)18 
 
The following paper details the development of the DNA-Linked Enzyme Coupled Assay 
(DLEnCA), which enables rapid and economical screening of glucosyltransferases for 
determining their substrate profile. DLEnCA is unique from the majority of other in vitro 
biochemical assays because it encoded the presence or absence of enzyme activity against small 
molecules into a DNA epigenetic modification. By encoding the output as a DNA modification 
that alters stability to endonucleases, common techniques like gel electrophoresis and Förster 
resonance energy transfer probes can substitute for Liquid-Chromatography Mass Spectrometry.    
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DNA-Linked Enzyme-Coupled Assay for Probing Glucosyltransferase
Speci!city
David J. Sukovich, Cyrus Modavi, Markus de Raad, Robin N. Prince, and J. Christopher Anderson*

Department of Biological Engineering, Synthetic Biology Institute, University of California, Berkeley, Berkeley, California 94704,
United States

*S Supporting Information

ABSTRACT: Traditional enzyme characterization methods are low-throughput and therefore limit engineering e!orts in
synthetic biology and biotechnology. Here, we propose a DNA-linked enzyme-coupled assay (DLEnCA) to monitor enzyme
reactions in a high-throughput manner. Throughput is improved by removing the need for protein puri"cation and by limiting
the need for liquid chromatography mass spectrometry (LCMS) product detection by linking enzymatic function to DNA
modi"cation. We demonstrate the DLEnCA methodology using glucosyltransferases as an illustration. The assay utilizes cell free
transcription/translation systems to produce enzymes of interest, while UDP-glucose and T4-!-glucosyltransferase are used to
modify DNA, which is detected postreaction using qPCR or a similar means of DNA analysis. OleD and two glucosyltransferases
from Arabidopsis were used to verify the assay’s generality toward glucosyltransferases. We further show DLEnCA’s utility by
mapping out the substrate speci"city for these enzymes.
KEYWORDS: synthetic biology, glycosyltransferase, enzyme speci!city, biochemical assays

Enzymatic biochemical reactions have been studied for
decades, as they are responsible for the thousands of

metabolic processes required for life. With the rise of
biotechnology, synthetic biology, and metabolic engineering,
enzymes are increasingly viewed as tools to catalyze a desired
chemical reaction,1!3 even those that are non-natural.4,5 As
enzymes often act on an array of structurally related
compounds, they are often probed for activity on substrates
other than their natural one to form a structure activity
relationship (SAR).6 Additionally, when searching for the best
performing enzyme, it is often desirable either to apply protein
engineering to create new enzymes with a desired character-
istic7 or to screen several homologues.8,9

The space to mine for the best performing enzyme is quite
large. Large protein libraries can be generated in E. coli when
applying protein engineering7,10!13 and over 85 000 enzymatic
reaction observations are cataloged in the largest public
database (BRENDA).14 Even this is dwarfed by estimates of
total gene diversity in the environment.15!17 Although there are
many assays for monitoring enzymatic reactions, many
reactions can only be observed using liquid or gas
chromatography mass spectrometry (LCMS or GCMS) applied
to puri"ed protein. These are laborious and low-throughput
and therefore severely limit the space that can be
experimentally mined. As gene synthesis costs continue to
decrease, the ability to perform such assays becomes the
dominant bottleneck in mining e!orts.

One generalized method to circumvent LCMS and GCMS
analysis in the preliminary screening phase is to indirectly
monitor enzymatic activity on a given substrate through
turnover of a required cofactor. For example, numerous assays
have been developed to follow the production or depletion of
NADH or NADPH utilizing the absorbance spectra of these
cofactors or alternative reaction products.18!20 In terms of
glycosyltransferases, cofactor-monitoring assays may follow the
production of nucleotide formation during glycosyltransferase
reactions. For example, BellBrooks Lab has developed a
glycosyltransferase assay that utilizes an UDP-antibody and
#uorescence polarization readout.21 When UDP is released
through a glycosyltransferase activity, the free UDP displaces an
UDP-#uorophore from an immobilized antibody, resulting in a
#uorescence-detectable readout. Similarly, Kumagai et al.
described a #uorescent assay that follows glycosyltransferase
activities by detecting nucleotide production after the glycosyl-
transfer reaction.22 While these particular assays are bene"cial
in that one can identify enzymatic activity in a multiwell setting,
one remains unable to link this activity to a particular protein in
a mixed multienzyme library.
We sought to develop methodology to improve throughput

and cost of enzyme characterization that matched the scalability
of new DNA synthesis methods. Here, we describe a DNA-

Received: October 21, 2014

Research Article

pubs.acs.org/synthbio

© XXXX American Chemical Society A DOI: 10.1021/sb500341a
ACS Synth. Biol. XXXX, XXX, XXX!XXX
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linked enzyme-coupled assay (DLEnCA) to monitor enzyme
reactions in a manner amenable to multiplex gene syn-
thesis23!25 linked to multiplex readout in droplets and deep
sequencing instrumentation.26,27 The sample preparation steps
of cloning plasmid DNA, transformation, and protein
puri!cation are eliminated, as is LCMS for analytics. We
achieve this by uniting PCR and cell-free transcription/
translation systems to generate protein and link the enzymatic
output to modi!cations in DNA for easy analysis with agarose
gels, quantitative PCR (qPCR), "uorescence resonance energy
transfer (FRET) probes, or potentially next generation
sequencing.28!30

DLEnCA is based on a competition between two enzymatic
reactions for a common cofactor. The reactions are separated
temporally, such that depletion of the cofactor in the !rst
reaction results in no modi!cation in the second reaction. In
DLEnCA, the second reaction results in a DNA modi!cation.
In the case of a glucosyltransferase version of DLEnCA, the
assay employs the enzyme T4-!-glucosyltransferase (TbGT).
TbGT modi!es 5-hydroxymethyl-cytosine (5-hm-cytosine)
residues in a DNA with the glucose moiety from uridine
diphosphate glucose (UDP-Glc).28,30!33 This atypical base can
be incorporated into DNA using PCR containing 5-
hydroxymethyl-dCTP34 or by phosphoramidite synthesis.35,36

Therefore, the 5-hm-cytosine-modi!ed DNA, referred to as the
“probe” DNA within this publication, can be a small linear
DNA fragment, modi!ed FRET probe, or even the original
DNA template that initiates the assay. The modi!cation of the
5-hm-cytosines of probe can be detected because glucosylation
of double-stranded DNA can block recognition by other DNA
modi!cation enzymes, including restriction endonucleases.28,30

Therefore, depletion of the cofactor in the !rst reaction is
recorded as an absence of a chemical modi!cation to the DNA
probe, and this di#erence can be translated into an easily
observed signal by DNA digestion, followed by agarose gel
analysis, qPCR, "uorescence, or deep sequencing.

A schematic overview of the DLEnCA assay is shown in
Figure 1. Two work"ows were developed to follow an
enzymatic reaction using a cell-free transcription/translation
system: (1) a qPCR-amenable work"ow and (2) a
"uorescence-amenable work"ow. Both assay schemes are
initiated upon the addition of linear DNA encoding a promoter
and an enzyme of interest to a cell-free transcription/translation
system. After an initial incubation period, UDP-Glc and
chemical are added to the reaction. If the enzyme of interest
is able to glucosylate the substrate, UPD-Glc concentrations
within the reaction are depleted (Figure 1, i). The opposite is
true if the enzyme of interest is not able to glucosylate the
substrate (Figure 1, ii). After a second incubation period, TbGT
and DNA probe are added to the reaction. The probe is a linear
DNA fragment where all cytosines have been modi!ed to 5-
hm-cytosine (qPCR readouts) or a hairpin DNA oligonucleo-
tide modi!ed to contain two 5-hm-cytosines within an MfeI
recognition site, a 5! "uorophore, and a 3! quencher
("uorescence readouts). After a third incubation period is
completed, MfeI restriction endonuclease is added to the assay
and the results are read using qPCR or "uorometry,
respectively.

! RESULTS AND DISCUSSION
In order to verify that DNA protection using TbGT could be
used to follow an enzymatic reaction under conditions
amenable to downstream DNA analyses, the ability of
recombinant OleD to reduce concentrations of UDP-Glc
while in the presence of the substrate kaempferol was !rst
tested. OleD is a well-characterized enzyme of interest to
biotechnology due to its ability to glucosylate pharmaceuticals
and, as a result, modify their physical properties.2,37!40 In
particular, OleD has been shown to glucosylate kaempferol.
The schematic of this reaction is shown in Figure 2A. To
identify if this reaction could be monitored by modi!cation of
DNA, recombinant OleD was puri!ed (Supporting Information
Figure S1) and incubated with 5-hm-cytosine-modi!ed probe

Figure 1. DNA-linked enzyme-coupled assay (DLEnCA). An overview of DLEnCA where the end readout is either qPCR or "uorescence using
FRET. (i) A functional pairing of enzyme A and substrate S, leading to depletion of UDP-Glc and no modi!cation of either qPCR or FRET probe by
TbGT. The end result is the digestion of probes upon restriction enzyme addition. (ii) A nonfunctional pairing of enzyme B and chemical S, leading
to no depletion of UDP-Glc and no modi!cation of probes by TbGT. The end result is the protection of the probes from restriction enzyme
digestion. Key: TbGT = T4-!-glucosyltransferase; Glc = glucose.

ACS Synthetic Biology Research Article

DOI: 10.1021/sb500341a
ACS Synth. Biol. XXXX, XXX, XXX!XXX

B
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DNA (4.5 nM probe DNA representing 2.5 !M modi!ed 5-
hm-cytosines, with the expectation that all cytosines in the
probe were modi!ed to 5-hm-cytosine, as described in
Methods), kaempferol (0.5 mM), and UDP-Glc concentrations
varying from 10 !M to 1 mM in a bu"ered solution. As
controls, probe DNA was also incubated under identical
conditions with no UDP-Glc or 10 mM UDP-Glc. Following
TbGT incubation and MfeI digestion, DNA integrity was

identi!ed using standard agarose gels (Figure 2B). As expected,
when less UDP-Glc was present at the start of the assay, more
probe DNA was digested using the restriction enzyme MfeI. To
determine whether an enzymatic reaction!and not sponta-
neous UDP-Glc hydrolysis!was being followed, the assay was
performed under identical conditions using a di"erent UDP-
Glc acceptor (4-hydroxybenzoic acid) (Figure 2C). Under
these conditions, no DNA was digested after the UDP-Glc

Figure 2. DNA-linked enzyme-coupled assay using puri!ed model enzyme (OleD). (A) The OleD-catalized glucosylation of kaempferol using UDP-
Glc as a donor-molecule. (B) Puri!ed recombinant OleD (0.5 !M) was incubated with probe DNA (4.5 nM) in the presence of kaempferol (0.5
mM) and various concentrations of UDP-Glc at 37 °C for 1 h. Following incubation with TbGT, DNA was digested with MfeI. Digests were
analyzed on a 2% agarose gel. (i) % recovery of intact probe DNA was identi!ed using band intensities quanti!ed by ImageJ and compared to
completely protected probe intensities (n = 4, error bars = standard error). (ii) A representative gel of the UDP-Glc titration reaction, as-well-as a
“ladder” depicting expected DNA digestion sizes, is shown. (C) Puri!ed recombinant OleD (0.5 !M) was incubated with probe DNA (4.5 nM) in
the presence of 4-hydroxybenzoic acid (0.5 mM) as acceptor and various concentrations of UDP-Glc at 37 °C for 1 h. Following incubation with
TbGT, DNA was digested with MfeI. Digests were analyzed on a 2% agarose gel (n = 4). A representative gel of the titration, along with a “ladder”
depicting expected DNA digestion sizes, is shown. (D) Puri!ed recombinant OleD (0.5 !M) was incubated with probe DNA (4.5 nM) in the
presence of kaempferol (0.5 mM) and UDP-Glc (20 !M) at 37 °C for 1 h. Following incubation with TbGT, DNA was incubated with MfeI. Digests
were analyzed on a 2% agarose gel (n = 4). A representative gel, including component knockdown reactions, along with a “ladder” depicting expected
DNA digestion sizes is shown. Key: (P) = protected DNA after digestion with MfeI; (UP) = unprotected DNA after digestion with MfeI; (+) =
presence of component in reaction; (!) = absence of component in reaction.

ACS Synthetic Biology Research Article

DOI: 10.1021/sb500341a
ACS Synth. Biol. XXXX, XXX, XXX!XXX

C
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restriction enzyme MfeI, the amount of intact DNA probe was
determined using qPCR (Figure 3C). As expected, greater
starting concentrations of UDP-Glc resulted in greater
protection of the probe DNA, with the threshold for protection
identi!ed as a 20:1 molar ratio of UDP-Glc to total 5-hm-
cytosine in probe DNA. This UDP-Glc amount was used as the
starting concentration of UDP-Glc for all qPCR experiments.
To test the feasibility of qPCR DLEnCA, OleD was again
tested upon the substrate kaempferol (Figure 3D), using DNA
encoding a T7 promoter and OleD as starting material. As
expected, when all components of the assay were present, 27%
of intact probe DNA was recovered. Under conditions where
negligible protection of the probe DNA was expected (i.e., no
UDP-Glc or TbGT conditions), only 17% and 18% of the
probe was recovered, as compared to 97% and 94% recovery
under conditions where substantial protection was expected

(no OleD or kaempferol, respectively). LCMS was used to
verify that glucosylated products were produced under expected
conditions (Supporting Information Figure S2).
Further veri!cation of qPCR DLEnCA capability was shown

when OleD was tested against other known OleD substrates
(Figure 4A, i).2,37,40 Using the previously described protocol,
DNA encoding OleD was incubated with kaempferol (I),
apigenin (II), 4-methylumbelliferone (III), 7-hydroxycoumar-
in-4-acetic acid (IV), and 7-hydroxycoumarin-3-carboxylic acid
(V). Results to this assay are shown in Figure 4B as percent
DNA recovery. A threshold of activity can be seen when one
takes into consideration the lower activity rate of OleD against
substrates II and III. In previous studies, OleD was reported to
glucosylate these substrates at a reduced rate or with less
e"ciency than with I.2,37,40 Consistent with earlier observa-
tions, while LCMS analysis identi!ed the chemicals as

Figure 4. qPCR DLEnCA and substrate speci!city studies. (A) Chemicals used as substrates in subsequent assays: (i) known substrates of OleD; (ii)
#avone library; (iii) known substrates of GT05 (UGT72B1 (Q9M156)) and GT06 (UGT89B1 (AT1G73880)). (B) DNA encoding OleD (5 nM)
was incubated in a cell-free transcription/translation system for 3 h at 37 °C, followed by the addition of chemical (1 mM) and UDP-Glc (2 !M).
After a subsequent incubation of 3 h, TbGT and probe (0.2 nM) were added. After probe puri!cation and MfeI digestion, probe integrity was
identi!ed using qPCR. Percent recovery of probe is reported (n = 8; error bars = standard error). (C) DNA encoding OleD (5 nM) was incubated
for 3 h at 37 °C in a cell-free transcription/translation system, followed by the addition of #avone (1 mM) and UDP-Glc (2 !M). After a subsequent
incubation of 3 h, TbGT and probe (0.2 nM) were added. After probe puri!cation and MfeI addition, probe integrity was identi!ed using qPCR.
Percent recovery of probe is reported (n = 8; error bars = standard error). (D) DNA encoding OleD, GT05, or GT06 (5 nM) were incubated for 3 h
at 37 °C in a cell-free transcription/translation system, followed by the addition of chemical (1 mM) and UDP-Glc (2 !M). After a subsequent
incubation of 3 h, TbGT and probe (0.2 nM) were added. After probe puri!cation and MfeI digestion, probe integrity was identi!ed using qPCR.
Percent recovery of probe is reported as a heat map (n = 8) (speci!c recovery !gures and percent error can be found in Supporting Information
Figure S12). * = p < 0.05 vs no chemical control.

ACS Synthetic Biology Research Article

DOI: 10.1021/sb500341a
ACS Synth. Biol. XXXX, XXX, XXX!XXX

E



8 

substrates (Supporting Information Figure S3!S4), the assay
was only able to recover 42% and 60% of the probe DNA,
respectively. Other substrates tested include IV and V. Both
were found in previous publications to be very weak substrates
of OleD.2,37,40 This observation was veri!ed using both qPCR
DLEnCA (82% and 97% recovery of probe respectively) and
LCMS (Supporting Information Figure S5!S6). From this, it
was concluded qPCR DLEnCA could be used to follow an
enzymatic reaction.
During the initial veri!cation of the assay, it was observed by

LCMS that two predominant glucosides were produced when
kaempferol was incubated with OleD (Supporting Information
Figure S2). Kaempferol has four hydroxyl-motifs amenable for
glucosylation in its structure. To help identify which hydroxyl
groups were being preferentially glucosylated, qPCR DLEnCA
was employed using four monohydroxylated "avones as
substrates for the enzyme (Figure 4A, ii). As shown in Figure
4C, 3-hydroxy"avone (VI) and 7-hydroxy"avone (IX) resulted
in a signi!cant loss in protection of the DNA probe, at 42% and
39%, respectively. This was not the case with 4!-hydroxy"avone
(VII) and 5-hydroxy"avone (VIII). Flavone glucosylation was
also veri!ed by LCMS (Supporting Information Figure S7!
S10). It was concluded that the 3-hydroxy and the 7-hydroxy
positions of kaempferol were the preferential glucosylation
motifs of OleD. This observation was veri!ed by use of
glucoside standards (Sigma-Aldrich) on LCMS. As shown in
Supporting Information Figure S11, the purchased kaempferol-
3-glucoside standard eluted from LCMS at the same time as the
!rst product peak in the experimental reaction, while the
elution time of the kaempferol-7-glucoside standard was
identical to the second peak.
Finally, to demonstrate the assay’s generalizability to the

glucosyltransferase enzyme class, qPCR DLEnCA was used to
test the activity of two Arabidopsis glucosyltransferases against
previously identi!ed substrates (Figure 4A, iii).41,42 GT05
(71B2) and GT06 (89B1) were cloned from cDNA obtained
from Arabidopsis thaliana and used as starting material for the
cell-free transcription/translation assays; OleD was also
included for veri!cation reasons (Figure 4D). As expected,
OleD only showed activity with I. This was identi!ed by qPCR
DLEnCA and veri!ed with LCMS (Figure 4D, Supporting
Information Figures S12!S16). GT05 was shown to not only
have activity with 3-hydroxybenzoic acid (X) (33% recovery)
and 3,4-dihydroxybenzoic acid (XII) (40% recovery) but was
also found to interact with I (32% recovery) (Figure 4D;
Supporting Information Figures S12!S16). Finally, as
expected, GT06 was found to interact with 4-hydroxybenzoic
acid (XI) (25% recovery) and (XII) (30% recovery) (Figure
4D; Supporting Information Figures S12!S16). This high-
lighted that qPCR DLEnCA could follow glucosyltransferase
activities from eukaryotes.
Three enzyme assays that utilize DNA modi!cations as a

!nal readout were described herein with similar results. Each
has its own advantages and disadvantages. For example, the !rst
assay described is relatively easy and uses equipment most
laboratories have access to, though the need to purify protein
makes it more time-consuming than the others. In contrast,
FRET DLEnCA and qPCR DLEnCA are relatively quicker
assays, with FRET DLEnCA using less hands-on time than the
others. This results in less error due to human and mechanical
errors. Unfortunately, due to the 5-hm-cytosine modi!cations
in the "uorescent probe, FRET DLEnCA is a more costly assay.

The technology described also has a number of advantages
over existing methods for the biochemical analysis of
glucosyltransferases. For example, DLEnCA can alleviate the
need to purify proteins or use time-consuming analytics. At the
same time, the speed of the assay allows for a quick screen of
either substrate speci!cities of an enzyme of interest or testing
di#erent enzymes for activity on a given substrate. For example,
in the course of a single day the glucosylation-speci!city of
OleD was mapped to the 3- and 7-hydroxy-motifs found on
kaempferol. This mapping was later veri!ed using LCMS and
glucoside standards.
The ability to link an enzymatic reaction to a DNA

modi!cation is a signi!cant advantage for DLEnCA. This
advantage permits a researcher to link a protein’s activity to its
encoding DNA, allowing for the potential use of multiplexed or
mixed enzyme libraries in a single assay. Additionally, the
throughput of the assay could be further improved by coupling
the assay with liquid handling robotics and/or emulsion
technologies, and next generation sequencing techniques.
Indeed, additional work beyond the scope of this manuscript
has technically demonstrated the ability to connect DLEnCA
with deep sequencing (manuscript in preparation).
FRET DLEnCA and qPCR DLEnCA are dependent upon

the use of the PURExpress cell-free transcription/translation
system. While this is bene!cial, giving a researcher the ability to
study the enzymatic activities of toxic or chronically insoluble
proteins without the need for protein puri!cation and/or
concentration, some issues of note should be mentioned. For
example, less-puri!ed commercially available transcription/
translation systems were attempted, but their background
levels of enzymatic activity with the cofactor and DNase activity
were too high for e$cient use in this assay (data not shown).
The assays are also dependent upon the ability of the
transcription/translation system to produce protein e$ciently
and consistently; low protein yields due to transcription/
translation reagent variability or starting DNA material integrity
can result in problems with assay activity or assay
reproducibility. Enzymatic rate determination and di#er-
entiation between a weak enzymatic reaction or the absence
of an enzymatic reaction are also di$cult using DLEnCA. One
way to circumvent these issues is to use puri!ed protein as a
starting material. Though this diminishes FRET DLEnCA and
qPCR DLEnCA’s advantages of speed, it still circumvents the
need for LCMS during initial screens. The assay also depends
upon the e$cient activity of a restriction endonuclease. While
MfeI was used in this study to follow glucosylation of the probe
DNAs, it was found to be ine$cient in our hands. Even when
no protection of the probe was expected, the assay was able to
recover a fraction of intact probe DNA. While this causes
di$culty if one wants to identify enzymatic rates for the protein
of interest, it did not inhibit the analysis of overall activities of
the glucosyltransferases of interest. It should also be noted that
many chemicals are known to interact with double stranded
DNA, modifying enzymatic reactions in a bene!cial or
potentially adverse manner.43,44 While this is a phenomenon
that could a#ect the enzyme assay described here, the
subsequent LCMS analyses performed in the study show the
presence or the lack of glucosylation of the chemical of interest.
Most of the chemicals used had also been previously tested for
enzyme speci!city. Therefore, given the phenomenon described
above, while the assay could be used for an initial screen of a
large library of chemicals, subsequent analysis is important for
con!rmation of activity. Finally, poor substrate purity could
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result in false positive signals caused by reactions of
contaminating compounds. However, because the assay is
stoichiometric, the contaminant would need to be present in
excess of !10 !M to see such false signals.
In summary, DNA-linked enzyme-coupled assays can

monitor the glucosyltransferase reactions of known or
unknown enzymes with diverse substrates. A major challenge
in screening large numbers of genes for function has been the
ability to connect genotype with phenotype. By linking
enzymatic function to chemical modi!cations of DNA,
DLEnCA provides the solution toward screening and character-
izing a large class of genes encoding enzymes relevant to
constructing microbial chemical factories.

! METHODS
Enzymes and Reagents. T4 Phage "-glucosyltransferase

(M0357L), MfeI (R0589L), UDP-Glucose (S2200S), dNTP
mix (N0447L), and the PURExpress in vitro Protein Synthesis
Kit (E6800L) were purchased from NEB. The glucosyltransfer-
ase was dialyzed against PBS for 2 h prior to use. All other
reagents were employed without further puri!cation. 5-
Hydroxymethylcytosine dNTP mix (D1040) was purchased
from Zymo Research. Phusion High-Fidelity DNA polymerase
(F-530L) was purchased from Thermo Scienti!c. One Shot
TOP10 Chemically Competent E. coli (404003) was purchased
from Invitrogen. L-Arabinose (A3256), kaempferol (60010-
25MG), kaempferol-3-glucoside (68437-5MG), kaempferol-7-
glucoside (18854-1MG), 3-hydroxybenzoic acid (H20008-
100G), 3,4-dihydroxybenzoic acid (37580-25G-F), and 5-
hydroxy"avone (H4405-250MG) were purchased from
Sigma-Aldrich; 4!-hydroxy"avone (H-411) was purchased
from Indo!ne Chemical Company Inc.; 7-hydroxy"avone
(H0852) was purchased from TCI America; 3-hydroxy"avone
(A18110) and 4-hydroxybenzoic acid (10170920) were
purchased from AlfaAesar; apigenin (sc3529A), 4-methylum-
belliferone (sc206910), and 7-hydroxycoumarin-4-acetic acid
(sc210628) were purchased from Santa Cruz Biotechnology; 7-
hydroxycoumarin-3-carboxylic acid (81215) was purchased
from AnaSpec. Plates for qPCR were purchased from Bio-
Rad (2239441). Water Optima-LCMS (W6-4), Formic Acid
Optima-LCMS (A117-50), and Acetonitrile Optima-LCMS
(A955-4) were purchased from Fisher Scienti!c. All oligonu-
cleotides were purchased from Integrated DNA Technologies.
Cloning of oleD. Genetic constructs for expression of

glucosyltransferases were fabricated as clonal plasmid samples
from preexisting DNAs. Each construct contained the
glucosyltransferase under the transcriptional control of a T7
promoter and a TrrnB terminator. The sequences of primers
used in this study are listed in Supporting Information Table
S1. For the OleD construct, genomic DNA was extracted from
Streptomyces antibioticus using the UltraClean Microbial DNA
Isolation Kit (MO BIO Laboratories). The gene encoding
OleD (accession #DQ195536.2) was PCR ampli!ed with
primers P01 and P02 using Phusion polymerase. The pET15B
backbone containing the T7 promoter, origin of replication,
and ampicillin-resistance gene was ampli!ed using primers P03
and P04. The PCRs were carried out using a PTC-200 Peltier
Thermo Cycler at the following temperatures for OleD; 98 °C
2 min followed by 35 cycles at 98 °C 30 s, 60 °C 30 s, and 72
°C for 1.5 min, with a !nal single extended elongation phase at
72 °C for 10 min. For the backbone, the elongation time was
extended to 5 min. The ampli!ed DNA was gel puri!ed and
added to Gibson Assembly Master Mix (NEB E2611S) and

assembled using the recommended protocol. Plasmid was
transformed into chemically competent E. coli strain DH10B.

Cloning of Other GTs. Arabidopsis thaliana cDNA was
kindly donated by the Feldman laboratory of UC Berkeley.
GT05 (accession #UGT72B1) was ampli!ed using primers P05
and P06, while GT06 (accession #UGT89B1) was ampli!ed
using primers P07 and P08. The PCRs were carried out using
the following temperature program; 98 °C 2 min followed by
35 cycles at 98 °C 30 s, 62 °C 30 s, and 72 °C for 1.5 min, with
a !nal single extended elongation phase at 72 °C for 10 min.
DNA was then digested using Restriction Enzymes NcoI and
BamHI and cloned into a predigested pET15b vector.

DNA for Assay. Linear DNA was ampli!ed from sequence-
veri!ed plasmids with primers P09 and P10 using the following
temperatures: 98 °C 2 min followed by 35 cycles at 98 °C 30 s,
62 °C 30 s, and 72 °C for 1.5 min, with a !nal single extended
elongation phase at 72 °C for 10 min. DNA was puri!ed using
DNA Clean & Concentrator (Zymo Research). DNA was
quanti!ed using NanoDrop.

Production of Probe DNA. The araC gene was ampli!ed
from pNE2001, a derivative of pBAD/Myc-His A (Life
Technologies) using primers 011 and 012, Phusion DNA
polymerase, and the 5-hydroxymethylcytosine dNTP mix. The
PCR was carried out using the following temperatures; 98 °C 2
min followed by 35 cycles at 98 °C 30 s, 60 °C 30 s, and 72 °C
for 1 min, with a !nal single extended elongation phase at 72
°C for 10 min. DNA was gel puri!ed using the Zymoclean Gel
DNA recovery Kit (Zymo Research).

Puri!cation of OleD. A pre-existing plasmid containing
OleD under the transcriptional control of a pBAD promoter
was used. Recombinant protein was expressed in TOP10 E. coli
cultures using 0.2% arabinose for induction. Cultures were
grown at 30 °C, induced during logarithmic phase, and allowed
to reach saturation before cells were collected and frozen at
"80 °C for future use. Protein was puri!ed using the B-PER
6xHis Fusion Protein Spin Puri!cation Kit as described by the
user manual. Eluted protein was dialyzed 3! overnight in bu#er
(50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 10% glycerol,
pH 7.9) using the Slide-A-Lyzer MINI Dialysis Device
(Thermo Scienti!c 88402). Protein purity was veri!ed using
Bio-Rad Mini-Protean TGX Gels (456-1096), and the protein
concentration was identi!ed using the Bradford Protein Assay.

Puri!ed Protein Assays. Dialyzed recombinant OleD (0.5
!M) was incubated with UDP-glucose and kaempferol (0.5
mM) in a bu#ered solution (50 mM NaCl, 10 mM Tris-HCl,
10 mM MgCl2, pH 7.9). Samples were incubated for 1 h at 37
°C. One unit of T4 Phage "-glucosyltransferase and probe
DNA at a concentration of 4.5 nM were added, followed by a 2
h incubation at 37 °C. One unit of MfeI was then added
followed by a 4 h incubation at 37 °C. DNA was visualized on a
2% agarose gel with 0.1% GelGreen Nucleic Acid Stain
(Biotium; 41004) and blue light. DNA band intensities were
identi!ed using ImageJ. Intensities were compared to protected
or unprotected samples.

qPCR Assay Protocol. PCR tubes were used for most
reactions. All incubations were performed at 37 °C. Assays were
initiated upon the addition of linear DNA (5 nM !nal
concentration) to 4 !L PURExpress Solution A and 3 !L
PURExpress Solution B. Samples were incubated at 37 °C for 3
h prior to addition of UDP-Glucose and chemical (1 mM !nal
concentration) in DMSO. Samples were incubated for an
additional 3 h prior to addition of 1 unit T4 Phage "-
glucosyltransferase containing 0.2 nM probe. Samples were
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incubated an additional 3 h before DNA was puri!ed using the
Zymo DNA Clean and Concentrator Kit. Samples were
digested overnight with MfeI prior to analysis. Concentration
of intact DNA probe was identi!ed using the iQ SYBR Green
Supermix (1708880) with probe DNA as standards. qPCR was
carried out on the Bio-Rad iQ5Multicolor Real-Time PCR
Detection System using primers P13 and P14 with the
following temperatures; 94 °C 30 s followed by 40 cycles of
94 °C 10 s and 55 °C for 30 s. All results were compared to
uncut probe DNA that had been carried through the process as
negative controls (considered full recovery of probe).
Fluorescence Assay Protocol. Assays were performed

using 250 nM "uorescent probe (Sequence provided in
Supporting Information Table S1) in place of the linear
probe. Fluorescence was detected using a Tecan Sa!re2 using
the following settings: excitation wavelength 550 nm, emission
wavelength 564 nm, excitation bandwidth 5 nm, emission
bandwidth 5 nm, gain (manual) 120, number of reads 10,
FlashMode High Sensitivity, integration time 100 !s, lag time 0
!s, Z-position 12 000 !m, temperature 37 °C. Development of
"uorescence after MfeI addition was monitored over an 8 h
period.
LCMS. Determination of glucosylation was accomplished by

means of an LCMS system consisting of an Agilent
Technologies 1200 series HPLC with an Agilent Technologies
6520 Accurate Mass qTOF LC/MS. An Eclipse Plus C18 (4.6
mm ! 100 mm inner diameter, 3.5-!m packing, Agilent
Technologies) reverse-phase column with a guard Zorbax
Eclipse Plus C18 column (4.6 cm ! 12.5 cm, 5 !m packing,
Agilent Technologies) was used for separating the samples.
Water + 0.1% formic acid and acetonitrile + 0.1% formic acid
were used as mobile phases at a "ow rate of 500 !L/min. The
elution gradient water/acetonitrile ratio) was ramped as
follows: 98:2 (v/v) (0!2 min), 98:2!5:95 (v/v) linearly (2!
17 min), 5:95 (v/v) (17!27 min), and 5:95!98!2 (v/v) (27!
28 min). Full scanning mode (50!750 m/z) was used for data
acquisition in a positive-ion mode, and the operation
parameters were as follows: ESI probe capillary voltage, +3.5
kV with a scan rate of 1.01 scans/second. The nebulizer gas
"ow rate was 7 L/min. During the analysis two references
(121 . 0509 m/ z (C 5H4N4 ) and 922 . 0098 m/ z
(C18H18O6N3P3F24)) were continuously measured to allow
constant mass correction.
Samples were prepared directly from cell-free reactions.

Equal-molar amounts of chemical and UDP-glucose were
incubated with DNA encoding the glucosyltransferase of
interest or water in PURExpress for 3 h at 37 °C. Then, 10
!L reactions were combined with 20 !L 100% ethanol,
followed by centrifugation at 13.4 krpm for 5 min. Supernatant
was added to 20 !L water in LCMS vials. The reaction/water
mixture (10 !L) was injected onto the LCMS per run.
Compound presence was identi!ed using MS parent ions.
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2.2 - Reproduction of Paper: de Raad*, Modavi* et al. (2017)19 
 
This next paper is a co-first-authored expansion of DLEnCA principles to methyltransferases. 
Beyond profiling the substrate range of another space of important tailoring enzymes, DLEnCA 
is shown to be applicable towards mid-throughput screening of kinetic parameters and as a tool 
for in vitro screening of biochemical pathway construction, an area of growing interest.20 The 
latter functionality takes advantage of tailoring enzymes’ natural position near or at the end of 
biosynthetic pathways.2,5 Most importantly, the work here shows how the principle of coupling 
enzyme activity to DNA modifications enables DLEnCA to be one of the few (if not, only) 
enzymatic assays that can be linked to next generation sequencing. 
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ABSTRACT: Currently, the identi!cation of new genes drastically outpaces
current experimental methods for determining their enzymatic function. This
disparity necessitates the development of high-throughput techniques that
operate with the same scalability as modern gene synthesis and sequencing
technologies. In this paper, we demonstrate the versatility of the recently
reported DNA-Linked Enzyme-Coupled Assay (DLEnCA) and its ability to
support high-throughput data acquisition through next-generation sequencing (NGS). Utilizing methyltransferases, we highlight
DLEnCA’s ability to rapidly pro!le an enzyme’s substrate speci!city, determine relative enzyme kinetics, detect biosynthetic
formation of a target molecule, and its potential to bene!t from the scales and standardization a"orded by NGS. This improved
methodology minimizes the e"ort in acquiring biosynthetic knowledge by tying biochemical techniques to the rapidly evolving
abilities in sequencing and synthesizing DNA.

The pace of enzyme function elucidation lags far behind the
rate of gene and protein sequence discovery.1 Currently,

only a small fraction of all known and predicted enzymes have
had their computationally predicted function con!rmed or
substrate range identi!ed in any detail.2 For example, about
20% of entries in the Enzyme Commission classi!cation are
“orphan enzymes” (known enzyme activities lacking an
associated protein sequence);3 furthermore, the COMBREX
project determined that only 0.4% of the 3.3 million proteins
identi!ed from the genome sequencing of microbes have had
their computationally predicted function con!rmed.4 Such a
gap between empirical data and the number of deposited gene
sequences can only increase with mining of metagenomic
sequences.5,6

The need for empirically determined function is especially
important for the generation of novel biosynthetic pathways in
metabolic engineering. One factor hindering the high-
throughput characterization of enzymes, or related pursuits in
enzyme engineering, is the available suite of biochemical
monitoring methods. Liquid or gas chromatography coupled to
mass spectrometry (LC/GC-MS) continues to be the
prevailing (and, in many cases, the only) method available for
detecting a chemical transformation. However, LC/GC-MS
methods are often laborious and low-throughput and therefore
severely limit the throughput that can be experimentally
achieved. For this reason, various protocols that indirectly
monitor the consumption of a reaction cofactor!through
leveraging phenomena such as spectrophotometric shifts,7!9

colorimetric/#uorescent indicators,10!13 or biolumines-
cence14!have been developed.
Although powerful, the current suite of coupled assays has

drawbacks. The !rst is a frequent need to use reagents that are
not commercially available en bulk. Specialized and expensive
reagents present cost barriers for scaling an assay past the

hundreds of samples range. Compensating by reducing reaction
volumes is only possible if the signal’s limit of detection and
precision are not compromised. The second drawback is that
typical enzyme coupled assays utilize a cyclical/catalytic
detection chemistry that increases signal variability and
propensity for false positives. Last, almost all current non-
LCMS biochemistry methods are based on utilization of
puri!ed proteins, which can be a major hurdle in throughput.
To address these limitations, we previously developed the

DNA-Linked Enzyme-Coupled Assay (DLEnCA) method-
ology,15 which is compatible with puri!ed in vitro tran-
scription-translation (TxTl) mixtures and records enzymatic
activity as a DNA modi!cation in a linear/stoichiometric
fashion. This paradigm enables a #exible setup where signal
readout!in a form lacking a cyclic/catalytic component!can
be tied to any method of detecting DNA cleavage: gel
electrophoresis, quantitative PCR, Fo!rster resonance energy
transfer (FRET) using a DNA-hairpin probe, and, in the work
here, next generation sequencing (NGS). As such, while the
individual reactions must still be compartmentalized by some
method, the leveraging of NGS technology enables the output
of hundreds of reactions to be simultaneously processed using a
single piece of equipment.
The general concept of DLEnCA (as illustrated in Figure 1)

is based on detecting the depletion of a cofactor pool utilized
by both the substrate-modifying enzyme of interest and a DNA-
modifying protein. First, an enzyme is either generated in situ
with a TxTl reaction or added as puri!ed recombinant protein
and then incubated with substrate and cofactor. If the enzyme is
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active against the substrate, it will consume the cofactor; this
will preclude modi!cation of a DNA probe when the DNA-
modifying enzyme is subsequently added. Conversely, if the
enzyme failed to show activity against the substrate, the DNA-
modifying enzyme will utilize the cofactor to “protect” a
restriction site on the DNA probe. In this way, enzyme activity
is converted into a DNA modi!cation that can then be read out
using restriction endonucleases. In FRET-DLEnCA, a positive
signal is given by DNA cleavage that separates a "uorophore
from a quencher (yielding a classical "uorometric signal); in
NGS-DLEnCA, the DNA cleavage instead allows a barcoded
DNA probe to be “tagged” with NGS adaptors that enable
generation of a sequencing read.
By exploiting the DLEnCA work"ow "exibility, it is further

possible to establish an indirect assay for sensing the
production of a target molecule (or class of molecules) from
either a biosynthetic enzyme or a cluster of enzymes. We refer
to this implementation as pathway-DLEnCA (pDLEnCA).
Although DLEnCA can only monitor cofactors that can be
coupled to a DNA modi!cation reaction, the speci!c reactions
currently detectable with the assay (glucosylation and
methylation) are often terminal tailoring steps within
biosynthetic pathways.16 Additionally, the speci!city of these
transferases ranges from being highly selective to broadly
promiscuous; it is often possible to !nd or engineer an enzyme
with activity against a substrate if an appropriate nucleophile is
present in the molecule.17,18

In this study, we have adapted the DLEnCA protocol for
pro!ling S-adenosylmethionine (SAM)-dependent methyltrans-
ferases to expand the scope of accessible chemistries. Beyond
demonstrating the extensibility of DLEnCA as a generic
method for detecting enzymatic formation of a target chemical,

we have also illustrated how an enzymatic assay can be coupled
to a deep-sequencing read-out.

! RESULTS AND DISCUSSION
Our work is motivated by the need for a scalable methodology
that would enable both the pro!ling of uncharacterized
enzymes and the prototyping of enzyme combinations for
building biosynthetic pathways in a high-throughput manner.
Noting the prominence of tailoring reactions, along with the
promiscuity inherent in some of these enzymes, we chose to
test whether such reactions could be utilized as a biosensor
system. SAM-dependent methyltransferases were chosen as a
model system because of their large diversity in terms of family
size and the range of chemical targets.18

Adapting DLEnCA for Detecting Methylation. Taking
advantage of the S-adenosyl methionine (SAM)-dependent
nature of restriction-modi!cation systems, we developed a
DLEnCA scheme based on the depletion of the common
cofactor SAM (Figure 1). For this variant of DLEnCA, DNA-
probe protection is accomplished with the EcoRI DNA
methyltransferase (M.EcoRI); the cognate EcoRI restriction
enzyme (R.EcoRI) serves as the enzyme detecting whether the
probe was protected or not. In FRET-DLEnCA, the probe is a
hairpin forming oligonucleotide conjugated with a 5!
"uorophore and 3! quencher; in NGS-DLEnCA, the probe is
a double-stranded DNA carrying a unique barcode. Digestion
by R.EcoRI leads to "uorescence or downstream compatibility
with sequencing adaptors, respectively.
With the basic protocol framework established, we next

identi!ed functional parameters for the assay and conducted
preliminary validation reactions (Supporting Information
Figure S1). In brief, we found working concentrations of 10
!M of SAM and a 0.5 !M concentration of DNA FRET-probe
to be an optimum trade-o# between detection sensitivity and
robustness against noise from potential enzymatic (and
nonenzymatic) hydrolysis of the cofactor; additionally, we
noted that our choice of DMSO solvent slowed down
degradation of the FRET-probe by an unknown component
of the TxTl kit (Supporting Information Figure S2). For NGS-
DLEnCA, which operates on a slightly di#erent principle, we
also found using 10 !M of SAM and 0.5 !M of DNA barcode
to be su$cient. Furthermore, we identi!ed that a 101-cycle
protocol of digestion/ligation (for adding the sequencing
adaptor) followed by 22 cycles of PCR provided su$cient and
nonsaturating quantities of DNA for MiSeq reactions (data not
shown).

Leveraging DLEnCA for Pro!ling Substrate Speci!c-
ity. To demonstrate the potential of DLEnCA’s capabilities and
its utilities to researchers, we undertook a benchtop scale
analysis of the well-characterized human soluble catechol
methyltransferase, HsS-COMT,19 using FRET-DLEnCA (Fig-
ure 2a). To ensure extensibility, the initial substrate speci!city
testing was also conducted on eight other previously
characterized methyltransferases (Supporting Information
Figure 3). Our choices covered three of the four possible
chemistries (i.e., O-, N-, and S- methylation), and also spanned
both eukaryotic and prokaryotic sources. All known substrate-
enzyme pairs and obtained positive signals were further assayed
by LC-MS (Supporting Data). Overall, DLEnCA was found to
have excellent correlation with previous biochemical character-
ization.

Adapting DLEnCA for Analyzing Relative Turnover
Rate. Complementing the ability to qualitatively pro!le

Figure 1. DLEnCA overview. A positive or functional pairing of
methyltransferase A and substrate S results in "uorescence via probe
cleavage. Alternatively, a negative or nonfunctional pairing of
methyltransferase B and substrate S does not consume SAM cofactor;
the probe is modi!ed, protected from digestion, and remains unable to
provide a signal (such as having "uorescence remain quenched via
FRET or being unable to accept a sequencing adaptor). The !rst (in
vitro translation) step is only for cases where puri!ed protein is not
being directly used. Technical abbreviations used: S = substrate; SAM
= S-adenosylmethionine; dMT = DNA methyltransferase; Probe =
DNA FRET- or NGS-probe oligonucleotide; Me = methyl group.
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substrate speci!city, we also established that DLEnCA can be
used to analyze an enzyme’s relative activity against various
substrates. We refer to this implementation as kinetic-DLEnCA

(kDLEnCA). This secondary pro!ling modality is accessed by
slightly modifying the DLEnCA protocol to expand the assay’s
dynamic range. The cornerstone theory is that at saturating
substrate concentrations, turnover rate is the limiting factor in
product formation (and, hence, substrate/cofactor removal).
Thus, at increasing concentrations of SAM, slower rates of
catalysis will be unable to su"ciently deplete the cofactor pool
(within the allotted time) past the threshold required for probe
protection.
Visualizing such turnover di#erences is accomplished using a

titration of SAM in combination with a shortened incubation
time and reduced amounts of enzyme. For HsS-COMT,
preliminary dilution experiments identi!ed that a 30 min
reaction period using only 5% (v/v) of the TxTl-generated
protein was su"cient to generate a di#erence in the degree of
probe protection observed between two substrates previously
characterized with di#ering catalysis rates: 3,4-dihydroxyben-
zoic acid and 4-nitrocatechol.20 By using the relative di#erence
in signal as a “calibration” for rate di#erences, we then assayed
6,7-dihydroxycoumarin, as a test substrate. This chemical is
known to be methylated by HsS-COMT at an intermediate rate
relative to the two chosen “calibration” chemicals.20 By
benchmarking the assay reference substrates, we were able to
distinguish the relative turnover rate of another substrate
(Figure 2b). In this way, it becomes possible to rapidly place all
substrates of a promiscuous enzyme into a relative hierarchy
once at least two kinetically di#erent chemicals have been
identi!ed (most likely through normal enzymology techni-
ques).

Detecting Compound Biosynthesis with DLEnCA.
With a methodology in place to identify and characterize
terminal methyltransferase reactions, we last veri!ed the ability
to utilize such enzymes to observe a putative biosynthetic
pathway. The pathway-DLEnCA (pDLEnCA) setup is based
on expressing a methyltransferase of known speci!city with a
variable set of putative biosynthetic enzymes. The major
modi!cation to DLEnCA is how the methyltransferase’s
substrate must now be generated from a provided precursor
chemical and auxiliary cofactors (such as NADPH and FAD).
From here, the assay would once again directly feed into the
SAM-dependent nature of the probe-based output.
The model system chosen to demonstrate this concept was

the production of 3,4-dihydroxybenzoic acid from 4-hydrox-
ybenzoic acid through the activity of an oxidase gene involved
in aromatic metabolite catabolism. Speci!cally, we chose the
reported Pseudomonas aeruginosa gene (PaPobA)21 and its close
homologue from P. protegens Pf-5 (PfPobA). Strains of P.
protegens (previously, P. f luorescens)22 have previously had their
pobA gene con!rmed, but not for the one we choose to work
with. The selection of this reaction was also motivated by the
fact that it is an oxidative bond formation reaction!one of the
major reaction types in metabolism!and also involves an
enzyme utilizing multiple cofactors. As illustrated by our results
(Figure 2c and LC-MS Supporting Data), FRET-pDLEnCA is
able to monitor biosynthesis of the target molecule.
Furthermore, all controls yielded the correct outcomes, except
for the FAD dropout. For this one unexpected result, we
suspect that the PURExpress kit may contain traces of FAD
that are su"cient to promote catalysis. Personal communica-
tion with New England Biolabs found that they measure for
neither the presence nor absence of this chemical. However,
considering that this behavior was seen in both oxidoreductase
homologues tested, along with the fact that the NADPH

Figure 2. Characterization of HsS-COMT using di#erent modalities of
DLEnCA. (a) Substrate speci!city heatmap generated with FRET-
DLEnCA. Boxes shaded gray represent previously known substrate!
enzyme pairs; gray circles indicate reactions that showed signi!cance
of p = 0.01 against the DMSO blank, as determined by a two-sided
Welch’s t test on the raw RFU values. All data points represent the
average of three technical replicates, with standard deviations too small
to illustrate in the !gure. Values within each box represent the average
RFU value ± standard deviation from three technical replicates. (b)
kFRET-DLEnCA output for HsS-COMT against three substrates.
Final Min!Max normalized RFU values are based on reacting three
di#erent HsS-COMT substrates, each having a turnover rate di#ering
by an order of magnitude, against a titration of SAM and comparing
against the appropriate “no chemical” and “no M.EcoRI” reactions.
Solid circles present the average of three replicates, and the outer rings
represent the standard deviation after accounting for error propagation
from the normalization. Values within each box represent the Min!
Max normalized RFU values ± propagated standard deviation. (c)
Schematic of the pathway reaction followed (Oxidase) and the
detecting methyltransferase step (MT), with drop out reaction results
below. The tDNA, chemical, SAM, and probe concentrations were 50
ng/reaction/gene, 1 mM, 10 !M, and 0.5 !M, respectively. Data are
provided as the average (raw) RFU values, with error bars representing
the standard deviation of three technical replicates. Black bars
correspond to PaPobA oxidase. Gray bars correspond to PfPobA
oxidase, and white bars refer to control runs with only HsS-COMT.
Chemical abbreviations used: DBA = 3,4-dihydroxybenzoic acid; QUR
= quercetin; IAA = indole-3-acetic acid; HIS = histamine; NCA =
nicotinamide; XAN = xanthosine; TPA = tryptamine; NCT =
(!)-nicotine; 6-MP = 6-mercaptopurine; DHC = 6,7-dihydroxycou-
marin; 4-NC = 4-nitrocatechol; HBA = 4-hydroxybenzoic acid; DmBA
= 4-hydroxy-3-methoxybenzoic acid. Technical abbreviations used:
R.EcoRI = EcoRI restriction endonuclease; M.EcoRI = EcoRI DNA
methyltransferase; Probe = DNA FRET-Probe; SAM = S-adenosylme-
thionine; NADPH = reduced nicotinamide adenine dinucleotide
phosphate; FAD = $avin adenine dinucleotide; (+) = component
present in reaction; (!) = component absent from reaction.
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cofactor and gene dropouts consistently lack activity, we are
con!dent in attributing 3,4-dihydroxybenzoic acid production
to the enzymes under study.
Improving Throughput of DLEnCA: Coupling to Next

Generation Sequencing. In order to improve the throughput
of DLEnCA, we developed a DLEnCA assay variant based on
next generation sequencing (NGS) as a read-out. As with all
formulations of DLEnCA, a positive signal is read o" as
cleavage of the unprotected probe. Unique to NGS-DLEnCA
are some modi!cations and additional processing steps that are
required for making the output compatible with deep-
sequencing. At the most fundamental level, we chose to utilize
recombinantly expressed and puri!ed methyltransferases
instead of TxTl-generated protein. This was motivated by the
fact that the number of reactions undertaken and the current
costs of puri!ed TxTl would together have been prohibitively
expensive. Thus, methyltransferases were individually combined
during the reaction with a mixture containing chemical and a
chemical-speci!c DNA probe. These probes consisted of a
linear dsDNA molecule containing the left-edge sequencing
adaptor (for us, the illumina P5 sequence), a barcode unique to
each chemical (to facilitate analysis after sequencing, as based
on the method of Wetmore et al.23), and an EcoRI restriction
site (used as the DNA-based output of DLEnCA).
Beyond these basic protocol changes, the additional

processing steps of NGS-DLEnCA begin with quenching and

pooling all reactions involving a particular methyltransferase
after the M.EcoRI treatment. Next, the DNA probes in each
pool are processed for deep sequencing by enzymatic digestion
with EcoRI, so as to cleave unprotected probes representing a
positive signal. This is followed by ligating on the right-edge
sequencing adapter (the illumina P7 sequence), thereby making
only barcodes associated with chemical substrates of the
methyltransferase compatible with the NGS reaction. These
products were enriched for using a PCR ampli!cation step,
which was also utilized to add an indexing sequence unique to
that methyltransferase (Supporting Information Figure S4).
Finally, the processed pools for each methyltransferase are
puri!ed, combined, and subjected to a single run of deep
sequencing.
To test the ability of NGS-DLEnCA to monitor enzymatic

reactions, we chose to focus on the substrate speci!city of three
O-methyltransferases!human soluble catechol methyltransfer-
ase (HsS-COMT),19 Arabidopsis thaliana #avonol 3!-O-
methyltransferase (AtOMT1),24 and Arabidopsis thaliana IAA
carboxyl methyltransferase 1 (AtIAMT1)25!against a 68-
member chemical library that contained known and probable
substrates (Supporting Information Table S1). After subse-
quent DLEnCA-NGS, we used an Illumina MiSeq sequencing
instrument to identify methyltransferases capable of substrate
methylation (Figure 3).

Figure 3. Substrate speci!city mapping using NGS-DLEnCA. Three recombinant O-methyltransferases (AtIAMT1, HsS-COMT and AtOMT1) and
E. coli TOP10 background were screened against 68 chemicals. Tests were conducted with three biological replicates. The results were normalized, as
described in the Methods section, so that the scatter plots measure the percentage of sequence reads per chemical for each individual
methyltransferase or E. coli TOP10 background. Dashed line indicates the average percentage of sequence reads per chemical. Triangles represent
known substrates; closed circles/triangles represent substrate methylation con!rmed by LC-MS. Closed square = positive control; closed diamond =
negative control.
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We were able to identify the previously reported substrates
for all three O-methyltransferases using DLEnCA-NGS, and all
were con!rmed by LC-MS (Table 1 and Supporting

Information). Additionally, we were able to identify several
previously unidenti!ed substrates. AtIAMT1 showed activity
with indole-3-propionic acid [7] and indole-3-butyric acid [8],
both similar to the known substrate indole-3-acetic acid [6].
HsS-COMT methyltransferase showed activity with the
"avonoids myrcetin [13] and luteolin [15], both similar to
the known "avonol substrate quercetin [14]. AtOMT1
methyltransferase showed activity with protocatechuic acid
[2] and 4-nitrocatechol [5], which mimic the catechol region of
quercetin [14] acted upon by AtOMT1. Last, both HsS-COMT
and AtOMT1 showed activity with crocin [26], a carotenoid,
with no similarities to previous reported substrates. However,
we were unable to con!rm the methylation of crocin by either
HsS-COMT or AtOMT1 using our LC-MS setup.
A consequence of our puri!cation setup was the copur-

i!cation of E. coli TOP10 proteins with the recombinant
methyltransferases (Supporting Information Figure S5). As a
control, the methylation activity of the coeluted E. coli proteins
was determined. To obtain the coeluted proteins, non-
transformed E. coli TOP10 cell lysate was subjected to the
a#nity puri!cation protocol. These coeluted E. coli TOP10
proteins generated a NGS signal for multiple substrates,
including curcumin [11], kaempferol [12], 2-thiobarbituric
acid [19], 2-amino-5-(4-methoxyphenyl)-1,3,4-thiadiazole [20],
menadione [22], !-carotene [23], biotin [24], and 4-amino-
4H-1,2,4-triazole [25]. The utilized LC-MS setup was only able
to detect methylation activity of the coeluted E. coli proteins
toward curcumin (Supporting Information); other chemicals
yielded either no or inconclusive results.
As a result of this observation, any hits found for both E. coli

TOP10 background and the puri!ed methyltransferases were
considered E. coli background-positives (kaempferol [12], 2-
thiobarbituric acid [19], menadione [22], and biotin [24]). For
AtIAMT1, the limited sequence counts for "-lipoic acid [9],
phenol [10], N-acetylserotonin [16], xanthosine [17], 2-
mercapto-5-nitrobenzimidazole [18], and 2-mercapto-5-nitro-

benzimidazole [21] led us to consider these compounds as
background activity. Considering all these facts, NGS-DLEnCA
was able to con!rm all previously reported substrates and
identify !ve novel substrates for the three methyltransferases
assayed.

Experimental Considerations. The work presented here
builds on our previous report of the DLEnCA methodology (as
originally implemented for glucosyltransferases)15 and adapts
the technique toward another major clade of transferases.
Complimenting this, we have demonstrated the extensibility
and "exibility of the DLEnCA assay in the context of enzyme
kinetics (kDLEnCA), pathway detection (pDLEnCA), and as a
high throughput method coupled to NGS systems. These
qualities together enable DLEnCA as a f irst-pass platform for
enzymology, protein engineering, and pathway engineering.
Furthermore, by coupling DLEnCA to a deep sequencing read-
out, the throughput of the assay can be improved.
For a majority of the initial FRET-DLEnCA work associated

with kDLEnCA and pDLEnCA, we opted to use a TxTl system
based on how such kits enable rapid combinatorial testing and
prototyping. Our particular selection of PURExpress!which is
composed of de!ned recombinant factors!was to avoid the
exonuclease activity and any secondary confounding reaction
found in more crude cell-free extracts.15 However, the use of a
de!ned system presents some drawbacks. Beyond the current
costs of such systems, there is the absence of known or
unknown chaperonins/post-translational maturation proteins
required by some enzymes for their folding/activity. As such,
there is potential for false-negatives that result from low
enzymatic activity of some gene products. It is likely that many
potential cases of false-negatives could be ameliorated with the
addition of commercially or laboratory-produced recombinant
factors, such as GroEL/ES.26 The addition of either AdoHcy
hydrolase or AdoHcy nucleosidase might also improve the
general performance of the assay because these reagents have
been used in previous assays to reduce product inhibition
caused by spent cofactor.10,11 Although the existing de!ned
translation system is e$ective in this assay, DLEnCA could be
improved with new TxTl formulations from other organisms or
other preparation methods that may reduce cost, decrease
noise, and increase robustness.
As previously observed by Sukovich et al.,15 one of the major

issues encountered with TxTl systems is the propensity for
batch-to-batch variation. Although the degree of variation does
not a$ect standard screening, this limitation is noteworthy for
FRET-kDLEnCA due to the need for more standardization and
dynamic range than normal DLEnCA. Consequently, we did
not attempt to control protein/activity levels through titrating
the amount of DNA expression cassette nor do we recommend
this approach since protein yield versus DNA added is often
nonlinear. Instead, it was found that diluting the completed
TxTl incubation with bu$er (e.g., PBS) was a decent approach
for adjusting enzyme activity to match experimental parameters.
The kDLEnCA protocol has a few more speci!c consid-

erations to be aware of. The ability to screen turnover is
dependent on initially having at least two reference substrates
with known rates for “calibrating” the dynamic range and
benchmarking the analysis. In considering the batch-to-batch
variance (especially when using TxTl), it is advisible to run
reference substrates for any experiment meant to involve
comparisons. Another point of partial concern is that previous
work27 indicates dsDNA can alter kinetic rates by interacting
with chemical substrates, emphasizing the point that DLEnCA

Table 1. List of Known and Identi!ed Substrates for Each
Individual Methyltransferase and E. coli TOP10 Background
Con!rmed by Both DLEnCA-NGS and LCMS (K = Known
Substrate; O = Novel Substrate)

compound
E. coli TOP10
background AtIAMT

HsS-
COMT AtOMT1

[1] ca$eic acid K K
[2] 3,4-dihydroxy-
benzoic acid

K O

[3] L-DOPA K
[4] dopamine K
[5] 4-nitrocatechol K O
[6] indole-3-acetic
acid

K

[7] indole-3-propionic
acid

O

[8] indole-3-butyric
acid

O

[11] curcumin O
[13] myricetin O K
[14] quercetin K K
[15] luteolin O K
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is meant only to provide a high-throughput !rst-pass at analysis
and does not replace traditional enzyme kinetic methodologies.
Furthermore, we are uncertain about the maximum dynamic-
range that can be obtained in FRET-kDLEnCA; however, we
do suspect that adjusting the baseline DNA probe and SAM
concentration could potentially help increase the sensitivity to
turnover di"erences, even for normal FRET-DLEnCA.
With regards to the types of chemistries that can be studied

in pDLEnCA, we note that only iron!sulfur or membrane
anchored enzymes (such as eukaryotic P450s) could currently
be considered incompatible with the assay due to cofactor
loading or solubilization issues. However, there are publica-
tions28!31 suggesting that in vitro reconstitution of such systems
is not impossible. Regardless, our success with #avoprotein
oxidoreductases in cell-free, similar to others,32 indicates that a
large subspace of anabolic reactions can be easily reconstituted
and assayed with basic TxTl systems.
Overall, DLEnCA can be viewed as a complete methodology

for implementing the “design-build-test” cycles needed for the
discovery of enzymes involved within a biosynthetic pathway or
that function as the !nal tailoring step. First, where necessary,
DLEnCA can be used in a forward screening capacity to
identify/engineer and, where desired, characterize methyltrans-
ferases that act on a substrate or structural moiety of interest.
The obtained biochemical information then enables the
screening process to be reversed, whereby the obtained
methyltransferase is used as a sensor element for detecting
biosynthesis of the chemical substrate. In both cases, this would
involve the parallel screening of thousands-member libraries for
productive reactions. Such a system is supported by how the
assay can be linked to high-throughput next generation
sequencing (i.e., NGS-DLEnCA)!a major quality setting it
apart from other assays in enzyme discovery.
Using NGS-DLEnCA, we have screened three recombinant

O-methyltransferases against a small substrate library, obtaining
results that match with all previous known substrates in
addition to identifying seven novel substrates. By linking an
enzymatic reaction to a deep sequencing read-out, NGS-
DLEnCA allows the screening of massive enzyme and substrate
libraries in a rapid and high-throughput manner. In order to
reduce costs, we used E. coli TOP10 to recombinantly express
the methyltransferases instead of using puri!ed TxTl. The
methyltransferases were a$nity puri!ed using a commercially
available protein miniprep kit (Thermo Fisher Scienti!c),
avoiding time-consuming preparative chromatography and
dialysis. As a consequence, E. coli proteins and other
contaminants were present, which resulted in background
methylation activity. By using TxTl as a source of recombinant
enzymes, puri!cation and the presences of impurities can be
avoided.
To enable the deep sequencing, NGS-DLEnCA requires

linking a barcode/index to both the monitored methyltransfer-
ase and substrate. Both can be generated using conventional
DNA assembly strategies, although large libraries will require
large-scale DNA fabrication; with the declining cost of DNA
synthesis, this will become increasingly accessible to the average
research group. Furthermore, by using DNA methyltransferases
that modify cytosines, the output could be made compatible
with disul!de sequencing outputs if desired. Such a scenario
enables more semiquantitative high-throughput data. Overall,
the ability of NGS-DLEnCA to consolidate and pool many
reactions signi!cantly streamlines the discovery process while
also increasing the maximum theoretical throughput that can be

achieved. Most importantly, a NGS output can theoretically
detect (or be made compatible) with a single-molecule event
and, thus, enable drastic volume reductions without com-
promising the output signal.
In summary, we have expanded the DLEnCA methodology

toward monitoring biosynthetic pathways and utilizing deep
sequencing read-out. This makes DLEnCA an ideal platform
for high-throughput gene function elucidation/characterization
and for monitoring biosynthetic pathways. By linking enzymatic
function to chemical modi!cation of DNA and deep
sequencing analysis, this assay can provide the solution toward
the screening and characterization of large classes of known,
unknown, and de novo designed enzymes or biosynthetic
pathways. To further expand toward the level of massively
scaled screening needed for next-generation biochemical
production, it will be necessary to implement the work
developed here with automated or micro#uidic platforms.

! METHODS
Materials. EcoRI methyltransferase, EcoRI-HF endonuclease, MfeI-

HF endonuclease, AlwNI-HF endonuclease, S-adenosyl-methionine
(SAM) solution, T4 DNA ligase, Gibson Assembly Master Mix,
Phusion High-Fidelity DNA polymerase, dNTP mix, and PURExpress
were purchased from New England Biolabs (Ipswich, MA, USA). B-
PER Protein Extraction Reagent and HisPur Ni-NTA Resin were
purchased from Thermo Fisher Scienti!c (Waltham, MA, USA). One
Shot TOP10 chemically competent E. coli was purchased from Life
Technologies (Carlsbad, CA, USA). L-Arabinose was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Water Optima-LCMS, Formic
Acid Optima-LCMS, and Acetonitrile Optima-LCMS were purchased
from Fisher Scienti!c (Waltham, MA, USA). All used chemicals are
listed in Supporting Information Table S2. All oligonucleotides were
purchased from Integrated DNA Technologies (Coraville, IA, USA).
Sequences of all oligonucleotides and DNA templates used in this
study are listed in the Supporting Information. Fluorescence
measurements for all experiments were obtained with a Tecan Sa!re2,
using CoStar (black, transparent bottom) 384-well plates covered with
a Bio-Rad PCR-plate transparent seal.

FRET-DLEnCA Probe. The DNA probe was synthesized by
Integrated DNA Technologies as a 60 nucleotide hairpin forming oligo
containing a 5! Cy3 #uorophore and 3! Iowa Black Fluorescent
Quencher, with an EcoRI site located 4 bp from the hairpin’s terminus
(Supporting Information Table S3). The probe was resuspended and
stored in water as a standard 100 !M stock solution. Prior to use,
aliquots of the probe were diluted 10-fold and adjusted to match IDT’s
Duplex Bu"er (100 !M potassium acetate and 30 !M HEPES bu"er)
before being reannealed.

Cloning of Plasmids for TxTl Expression of Methyltrans-
ferases. All methyltransferase genes used in TxTl were cloned into
the pET-15b expression vector between the NcoI and BamHI sites,
using either the NcoI/BamHI enzymes themselves or BsaI (a type IIs
restriction enzyme) to generate compatible cohesive ends. The
sequences of the human and Arabidopsis methyltransferases were
ampli!ed from mesenchymal stem cell and leaf cDNA, respectively.
Cof fea arabica’s xanthosine methyltransferase was isolated from the
iGEM repository part BBa_K801070. All bacterial genes were isolated
from genomic DNA. All PCR primers are provided in Supporting
Information Table S3. In all cases, silent point mutations were made
where necessary to facilitate cloning. All vectors were sequence
veri!ed. Information and major literature citations relevant to the
genes utilized in study are listed in Supporting Information Tables 4
and 5.

Production of Template DNA for TxTl Expression of
Methyltransferase. pET vectors were used as templates for
generating the gene expression cassettes (DNA template) utilized in
all TxTl experiments. This was accomplished using primers bracketing
the region around the T7 promoter and terminator. Final PCR
product purity was assessed using gel electrophoresis. For any gel
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puri!cations of TxTl template DNA, direct use of an intercalating
agent on the target DNA (for gel visualization) was avoided, as it is
reported in the PURExpress manual that these agents can impact cell-
free performance. All DNA was standardized to a working
concentration, as reported in the sections below.
Cloning of Plasmids for Recombinant Expression of

Methyltransferases. Genetic constructs for recombinant expression
of methyltransferases were fabricated as clonal plasmids from pre-
existing DNA. All genes were cloned into the pBAD/myc-His A vector
(Life Technologies) using Phusion polymerase. Each construct
contained the methyltransferase under the transcriptional control of
a pBAD promoter and a TrrnB terminator. The PCRs were carried out
using a PTC-200 Peltier Thermo Cycler at the following temperatures:
98 °C and 1 min followed by 35 cycles at 98 °C and 20 s, 60 °C and
30 s, and 72 °C for 45 s, with a !nal single extended elongation phase
at 72 °C for 10 min. The ampli!ed DNA was gel puri!ed and added to
Gibson Assembly Master Mix (New England Biolabs) and assembled
using the recommended protocol. Plasmids were transformed into
chemically competent E. coli strain DH10B and sequence veri!ed.
Cloning and Production of Probe DNA for NGS-DLEnCA.

Genetic constructs containing NGS-DLEnCA DNA probes were
fabricated as clonal plasmids (pGG001-Barcode) using Golden Gate
assembly. The DNA probe contained a 43 bp common part, a 20 bp
barcode, and an EcoRI site (Supporting Information Tables S3 and
S5). In total, 70 individual plasmids with unique barcodes were
sequence veri!ed and selected for this study (Supporting Information
Table S4). Linear probe DNA (604 bp) was ampli!ed 235 bp
upstream of the common part and 299 bp downstream of the EcoRI
site. Linear probe DNA was ampli!ed using Phusion polymerase with
primers P09 and P10 using the following temperatures: 98 °C and 1
min followed by 35 cycles at 98 °C and 20 s, 55 °C and 30 s, and 72
°C for 50 s, with a !nal single extended elongation phase at 72 °C for
10 min. DNA was puri!ed using DNA Clean & Concentrator (Zymo
Research, Irvine, CA, USA) and eluted in H2O. DNA was quanti!ed
using NanoDrop.
Cloning and Production of P7.1 Adapter for Illumina

Sequencing. A genetic construct containing the P7.1 adapter was
fabricated as a clonal plasmid pGG001-P7.1 using Golden Gate
assembly (Supporting Information Table S5). The P7.1 contained a
MfeI site, the Illumina P7 adapter, and part of the origin of replication
element ColE1. The P7.1 adapter (532 bp) was digested from vector
pGG001-P7.1 using MfeI-HF and AlwNI-HF. DNA of expected size
was gel puri!ed using the Zymoclean Gel DNA recovery kit (Zymo
Research) and eluted in H2O. DNA was quanti!ed using Nanodrop
and sequence veri!ed.
FRET-DLEnCA. Operationally, FRET-DLEnCA involves iterative

additions of liquids to a microtiter plate followed by a "uorescence
measurement. To avoid plate evaporation during each step, the
experimental wells were bordered by wells !lled with 10 !L of water.
Additionally, the entire plate was sealed with a transparent sealing !lm
(Phenix) during all incubation steps. The protocol contains four
sequential rounds of reagent addition each followed by incubation:
(1) In vitro transcription and translation. A master mix of PURE bu#er
A and B (at 4 !L/reaction and 3 !L/reaction, respectively) was
prepared and dispensed into reaction wells (7 !L/reaction) on ice.
Next, 1 !L of DNA template at 50 ng/!L was added. Reactions were
then incubated at 37 °C for 3 h to produce the encoded enzymes.
(2) In vitro activity testing. After in vitro translation, 1 !L of a 80% (v/
v) DMSO solution containing 10 mM chemical substrate and 100 !M
SAM was added. The mixture was then incubated at the enzyme’s
optimum temperature for 3 h to produce the product and deplete
SAM.
(3) Probe protection. Reacted mixtures were augmented with a 1.5 !L
solution made from premixing DNA probe and EcoRI DNA
methyltransferase (at a ratio of 0.5 !L of 10 !M probe and 1 !L of
40 units/!L enzyme). This was left to incubate once more at 37 °C for
3 h. After this step, the result of the reaction in step 2 is recorded as a
DNA modi!cation of the probe.
(4) Restriction analysis. Finally, 1 !L of 20 units/!L EcoRI
endonuclease was added on ice. The plate was then incubated at 37

°C in a Tecan Sa!re2. Fluorescence measurements were collected
every 10 min for a total of 500 min with 5 nm bandwidth !ltering set
to 550/564 nm wavelengths for excitation/emission. The 2 h (120
min) time point was chosen as the !nal reported value for all
experiments. In all cases, drop-out controls were included in which one
of the reagents was replaced by an equal volume of water.

Kinetic and Pathway Experimental Modi!cations. For the
kinetic FRET-DLEnCA experiments, the protocol was altered in four
ways. First, step 1 involved a master-mix of PURExpress with DNA
maintaining the same PURE bu#er A, PURE bu#er B, and DNA
proportions of 4:3:1. The mix was incubated for 3 h at 37 °C before
being diluted to 5% (v/v) with 1 ! PBS (pH 7.5) and 8 !L aliquots
were transferred to wells. Second, step 2 involved varied SAM
concentrations of 100!300 !M corresponding to !nal solution values
between 10 and 30 !M. Third, the incubation time in step 2 was
reduced to 30 min. Fourth, the dispensing steps in 2 and 3 were
performed on ice to keep all the reactions synchronized. For the
pathway FRET-DLEnCA experiments, two noteworthy changes were
made to the original protocol: 50 ng of each of the two genes were
used in each reaction, and FAD/NADPH (both at 5 mM) was added
along with the SAM.

Recombinant Production of Methyltransferases. Plasmids
containing methyltransferases under the transcriptional control of a
pBAD promoter and a TrrnB terminator were used. Methyltrans-
ferases were expressed in TOP10 E. coli cultures and induced using
0.2% (w/v) arabinose. The cells were grown at 37 °C in 50 mL of 2YT
medium with 100 !g/mL ampicillin to an OD600 of 0.4!0.8. The
cells were cooled on ice for 5 min and induced for 16!20 h at 16 °C.
The cells were harvested by centrifugation (5000g, 5 min, 4 °C), and
stored at !20 °C. The bacterial pellets obtained were thawed at RT;
resuspended in 10 mL/g wet pellet B-PER Protein Extraction Reagent
containing 0.1 mg mL!1 lysozyme, DNase I (1 U/mL), and RNase A
(10 ug/mL); and incubated at RT for 10 min on a horizontal shaker.
Cellular debris was removed by centrifugation (10 000g, 15 min, 4 °C).
Ni-NTA agarose resin was added to the supernatant (0.15 mL per 50
mL of culture), and the solution was incubated at RT for 15 min. The
protein!resin mixture was collected using centrifugation (1200g, 5
min, RT), resuspended in 0.25 mL of wash bu#er (50 mM Tris, 300
mM NaCl, 25 mM imidazole, 10% (v/v) glycerol, pH 6.8), and loaded
onto a Pierce spin column. To remove unbound proteins, 0.5 mL of
wash bu#er was added to the spin column, incubated for 5 min, and
centrifuged at 1000!2000g for 5 min at RT and repeated twice for a
total of three washes. To elute the His-tagged proteins, 0.15 mL of
elution bu#er (50 mM Tris, 300 mM NaCl, 200 mM imidazole, 10%
glycerol, pH 6.8) was added to the spin column, incubated for 5 min,
and centrifuged at 1000!2000g for 5 min at RT and repeated twice for
a total of three elutions. Protein purity was veri!ed using SDS-PAGE.

NGS-DLEnCA Assay. Eluted recombinant methyltransferases were
directly used without normalization. All reactions were performed in
triplicate. One microliter of eluted methyltransferase was added to
SAM (40 nM), DNA probe (1 nM), and chemical (100 !M, listed in
Supporting Information) in a bu#ered solution (50 mM potassium
acetate, 20 mM Tris-acetate, 10 mM magnesium acetate, 100 !g/mL
BSA, pH 7.9). The !nal reaction volume was 10 !L. For both negative
and positive controls, no chemical was added. Reactions were
incubated for 3 h at 37 °C for E. coli TOP 10 background and HsS-
COMT, at 30 °C for AtIAMT1 and AtOMT1. Four units of EcoRI
DNA methyltransferase (M.EcoRI) were added, followed by a 3 h
incubation at 37 °C. To the positive control, no M.EcoRI was added.
Reactions were terminated by the addition of ADB bu#er (Zymo
Research) and pooled for each individual methyltransferase. Probe
DNA was recovered using DNA Clean & Concentrator and eluted in
H2O.

Illumina Sequencing. Sequencing adapter P7.1 was ligated onto
the recovered and individually pooled nonmethylated probe DNA.
Probe DNA and adapter P7.1 were digested with EcoRI and MfeI,
respectively, in order to create compatible sticky ends. Digestion and
ligation reactions were carried out in a serial manner by cycling
between 37 and 16 °C, as commonly used in DNA assembly methods,
including “Golden Gate” assembly.33 To the recovered and puri!ed
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probe DNA form the DLEnCA assay, 10 mM ATP, 15 units of EcoRI-
HF, 15 units of MfeI-HF, 1200 units of T4 DNA ligase, and 1050 ng of
P7.1 adapter were added. Total volume was 35 !L, and reactions were
performed in CutSmart bu!er (NEB). Reactions were carried out
using a PTC-200 Peltier Thermo Cycler at the following temperatures:
100 cycles at 37 °C for 2.5 min and 16 °C for 5 min, with a "nal single
step at 37 °C for 2.5 min.
Sequencing/indexing adapters were added to probe DNA using

PCR ampli"cation. Each individual methyltransferase was assigned a
unique index sequence previously used by Wetmore et al.,23 which was
placed within the forward ampli"cation primer (Supporting
Information Table S1). Probe DNA was ampli"ed using Phusion
High-Fidelity DNA polymerase with either primer SI1 for E. coli
TOP10, SI2 for HsS-COMT, SI3 for AtIAMT, or SI4 for AtOMT1
and SI5. The PCRs were carried out using the following temperature
program: 98 °C for 30 s followed by 30 cycles at 98 °C for 10 s, 60 °C
for 30 s, and 72 °C for 30 s, with a "nal single extended elongation
phase at 72 °C for 10 min. DNA of expected size (198!201 bp) was
gel puri"ed using the Zymoclean Gel DNA recovery kit (Zymo
Research) and eluted in H2O. DNA was quanti"ed using the Qubit
(Life Technologies) according to the manufacturer’s protocol. Equal
amounts of eluted DNA were combined and sequenced on the
Illumina MiSeq using a 150 cycle, dual read protocol.
Analysis of Illumina Data. Sequence data were analyzed using

Python software. First, all sequencing reads containing the common
part (42 nt) were identi"ed and pooled. No mismatches were allowed.
Next, sequencing reads containing the common part were clustered
per methyltransferase group using the indexing barcodes (SI1 for E.
coli TOP10, SI2 for HsS-COMT, SI3 for AtIAMT, or SI4 for
AtOMT1). No mismatches were allowed. Then, all reads for each
individual methyltransferase group were clustered per chemical group
using the chemical barcodes (Supporting Information Table S4). The
percentage of reads assigned to a speci"c chemical group from the
total number of reads for a speci"c methyltransferase group was
calculated.
LC-MS Con!rmation. To con"rm the validity of DLEnCA results,

determination of methylation was accomplished by means of an LC-
MS system consisting of an Agilent Technologies 1200 series HPLC
with an Agilent Technologies 6520 Accurate Mass qTOF MS. A
Zorbax Eclipse Plus C18 guard column (4.6 cm ! 12.5 cm, 5 !m
packing, Agilent Technologies) connected to an Eclipse Plus C18 (4.6
mm ! 100 mm i.d., 3.5-!m packing, Agilent Technologies) column
was used for sample separation. Water and acetonitrile mobile phases
(run at a #ow rate of 500 !L/min) were supplemented with 0.1% (v/
v) formic acid or 0.05% (v/v) ammonium hydroxide for the positive
and negative mode runs, respectively. The elution gradient (water/
acetonitrile ratio) was ramped as follows: 98:2 (0!2 min), 98:2!5:95
linearly (2!17 min), 5:95 (17!27 min), and 5:95!98!2 (27!28
min). Full scanning mode (50!750 m/z) was used for data acquisition
in either positive-ion or negative-ion mode, with operation parameters
set as follows: ESI probe capillary voltage, + 3.5 kV with a scan rate of
1.01 scans/second. The nebulizer gas #ow rate was 7 L/min. During
the analysis, two references (121.0509 m/z (C5H4N4) and 922.0098
m/z (C18H18O6N3P3F24)) were continuously measured to allow
constant mass correction.
For FRET- and pathway-DLEnCA, LCMS incubations contained 10

mM substrate, 3 mM SAM, and 50 ng of DNA in 10 !L PURExpress
reaction. For NGS-DLEnCA, 1 !L of eluted methyltransferase was
added to SAM (3.2 mM) and substrate (10 mM) in a bu!ered solution
(50 mM potassium acetate, 20 mM Tris-acetate, 10 mM magnesium
acetate, 100 !g/mL BSA, pH 7.9) for a total volume of 10 !L. After
3!16 h incubation at the optimal temperature for each enzyme, 10 !L
of water was added and samples were quenched with 20 !L of ethanol.
Precipitated protein was removed by centrifugation (14 000g, 5 min).
Supernatant was added to LC-MS vials, and 10 !L of supernatant was
injected onto the LC-MS per run. Compound presence was identi"ed
searching for MS parent ions.
Statistical Analyses. All data were processed manually without

specialist software. For comparison between the sets of data points in
Figure 2 and Supporting Information Figure S2, a two-sided Welch’s t

test was utilized so as to account for possibly unequal variances. For
the error propagation after Min!Max normalization in Figure 2b,
standard formulas recommended by the National Institute of
Standards and Technology34 were used. P-values chosen for each
analysis are reported in the appropriate "gures.
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Chapter 3: Understanding a Refactored Glucosylation “Antitoxin” System For Resistance to 
Essential Oil Compounds 
 

3.1 - Concept Overview 
A major hurdle in achieving long-duration or continuous fermentation processes is 
contamination by wild microbes that outcompete the production strain.21 A common 
contamination-control strategy is the utilization of antibiotics, which is undesirable due to 
economic constraints of their costs and the growing global health problem of antibiotic resistant 
pathogens.22 An alternative is the utilization of broad-spectrum antimicrobial compounds (such 
as those found in plant essential oils).23 An advantage of the general antimicrobial strategy over 
antibiotic use is that such compounds would also be effective against yeast contaminants;24,25 
however, this consideration requires 
engineering the Saccharomyces 
cerevisiae production host with 
tolerance to such compounds. The 
general scheme of such a paradigm is 
outlined in Figure 3.1. 
 
In many organisms, processing of 
noxious or xenobiotic molecules is 
achieved through variations on a three 
phase system: Phase 1 is the 
installation of a nucleophilic group on a 
molecule through the activity of 
oxidases.26,27 This phase provides a 
chemical handle for transferase 
reactions on otherwise chemically inert 
compounds. Phase 2 is the addition of a 
solubilization group – such as a 
sulfonyl, glutathionyl, or glycosyl-
moiety – to the xenobiotic at a free 
amine or hydroxyl group. 28–30 Finally, 
phase 3 is the active efflux of the molecule either into the vacuole (for sequestration) or 
extracellular environment (as part of excretion in metazoans).31,32  
 
For the purposes of an engineered antitoxin system against essential oils, glucosyltransferases 
(GTs) were chosen for three reasons. First, GTs are the enzymes primarily utilized by plants for 
processing these types of chemicals.3,33 Second, understanding the dynamics of a glycosylation 
toxin/anti-toxin system provides foundational knowledge for additional engineering utilities. 
Because glycosylation a modification that can be enzymatically reversed in a facile manner by 
hydrolyases,34 it can theoretically be applied to metabolic engineering goals where modification 
of the product molecule is only a temporary alteration – such as for countering product toxicity, 
removing pathway feedback-inhibition, or countering the challenge of fermentation foaming35 
caused by product precipitation. Third, previous research has provided precedence for 
glucosylation as a generic method of reducing small-molecule toxicity in yeast. For example, 2-

 
Figure 3.1 Conceptual premise of goal. Essential oil 
compounds (such as: eugenol) are known to exhibit anti-
microbial properties against various bacteria and fungi. 
Expression of a glucosyltransferase (green pacman), 
possibly coupled with efflux (purple bars) endows the 
production host with resistance, enabling it to 
outcompete contamination. 
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phenylethanol (a fragrance molecule from plants) is known to reduce liquid growth of S. 
cerevisiae starting at 4 mM, while chemically synthesized xylosyl-2-phenylethanol showed no 
effect on growth until over 78 mM.36 A similar result was also demonstrated by Hansen et al. 
(2009)37 for vanillin glucoside,  with the claim that the glucoside was able to permeate into the 
cell and still remain non-toxic. On a more functional level, Xu et al. (2013)38 also showed that P. 
pastoris cells expressioning a GT were able to grow on agar plates supplemented with various 
simple aromatic phenolics. For these reasons, glucosylation was selected as the antidote system 
to counter a small molecule toxin.  
 

3.2 - Challenges Faced 
With a system in mind, initial work was focused on identifying glucosyltransferases/chemical 
pair that would work well as a natural product “resistance gene” and “selective agent”. 
Compounds were screened against a palette of different essential oil compounds and plant 
natural products that have previously been reported to be toxic to microbes. A full list of tested 
glucosyltransferases and compounds are reported in Table 3.1.  
 

                          Glucosyltransferases 
AtUGT84A3,39 AtUGT73C5,40 AtUGT73C6,40,41 AtUGT72B1,33,42 
AtUGT84A1,39,42 AtUGT71B1,42 AtUGT89B1,42 AtUGT85A1,40 
AtUGT85A2,42 ASP-SaOleD,43 VvGT14,44 AtUGT89B1,42 RsAS45 
 

Essential Oil & Plant-derived chemicals 
Vanillin, 3,4-dihydroxybenzaldehyde, p-Coumaric acid, Ferulic acid, 
Eugenol, Thymol, Carvacrol, Menthol, 2-Phenylethanol, Geraniol, 
Hydroquinone, Sesamol, 2',4'-Dihydroxychalcone, Plumbagin, 
(trans,trans)-Farnesol, Tyrosol,  
 
Table 3.1. Inventory of major glucosyltransferases and chemicals 
assayed. References for each GT is provided within the table, with 
chemicals selected based on pricing considerations and reported enzyme 
substrate ranges. Note: not all possible GT-chemical pairs were tested. At 
= Arabidopsis thaliana; Sa = Streptomyces antibioticus; Vv = Vitis vinifera; 
Rs = Rauvolfia serpentina 

 
A persistent issue that quickly arose and would percolate throughout all the work on the GT-
antidote work was the phenomenon of enzyme induced sensitivity. This is essentially the 
behavior of a counter-selection marker, which acts to kill off cells carrying the marker under the 
applied conditions – the exact opposite of the desired behavior. Figure 3.2 provides an 
illustrative with eugenol, which shows how strains carrying the appropriate GT experience a 
stronger growth defect only in the presence of chemical over cells without a targetting GT. 
During the course of additional testing, similar effects were seen for other common chemicals, 
such as: 2-phenylethanol (with VvGT14), vanillin (e.g., AtUGT72B1 and AtUGT73C5), 
hydroquinone (with RsAS), and carvacrol (with ASP-OleD). 
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Figure 3.2. Appropriate glucosylation activity leads to reduced yeast growth only in the presence 
of essential oil substrate (eugenol). Representative growth curve demonstrating sensitization of S. 
cerevisiae when exposed to 2 mM or 0 mM (solvent only condition) of eugenol. AtUGT72B1 is known to 
have broad-substrate promiscuity to small phenolics.33,42 AtUGT73C5, AtUGT73C6, AtUGT72B1, (No GT) 
respectively refer to strains yCM002, yCM003, yCM004, and yCM009. All enzymes are expressed off of a 
Cen6-plasmid. For clarity, error bars representing the standard deviation of 3 technical replicates are only 
shown for curves with significant error. 
 
The initial hypotheses to explain the counter-selection behavior was that of cofactor availability. 
GTs utilize the sugar cofactor uridine diphosphate glucose (UDP-Glc), which is a major building 
block of the cell wall.46 Depletion of UDP-Glc might lead to defects in cell wall biosynthesis and  
increased permeability. In turn, this would lead to more compound entering the cell – a negative 
feedback “death spiral”. To test the cofactor-depletion hypothesis, different approaches regarding 
cofactor augmentation were tested (Figure 3.3). In all cases, no improvement was seen with 
excess sugar or cofactor; another result that emerged in the final stages of the project was that 
improved UDP-Glc flux only seemed to increase toxicity in certain cases, likely through driving 
more GT activity. This effect was seen to varying levels for both hydroquinone (Figure 3.4) and 
Euganol (data not shown). These outcomes led to asking a question that is often glossed over in 
the discussion of detoxification: is the glucoside itself still toxic?  
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Figure 3.3. Supplementing cofactor pool through various means provides no rescue from the 
counter-selection phenotype. a) Overview of supplementations and their relative location in metabolism 
b) Final OD after 24 hours of growth with the supplementing conditions when fed hydroquinone (HQ); the 
same outcome was seen for 3 mM HQ. Data is average of three technical replicates; error bars were too 
small to display. Supplement conditions (1) and (2) use the strain yCM029 (carrying the HQ 
glucosyltransferase RsAS on a Cen6-plasmid) and yCM009 (No GT), while supplement condition (3) uses 
yCM054 (RsAS) and yCM052 (No GT).   
 
a) 

 
b) 

 
Figure 3.4. Extreme example of how increasing cofactor flux leads to increased counter-selection 
phenotype in strains. Strains carrying an integrated copy of RsAS glucosyltransferases and either a) 
lacking (strain yCM415) or b) containing (strain yCM235) a set of related modifications reported to 
increase UTP and UDP-Glucose flux in other microbes.47–49 These genes were: E. coli Cmk, S. 
cerevisiae YNK1, Xanthomonas campestris UDPGlcPPase, and E. coli PyrH D93A mutant. All curves 
rpresent the average of three technical replicates. Error bars are omitted for clarity of presentation, with 
no curve displaying high variance. Concept of flux improvement is touched on later in Figure3.10. 
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The perception of glucosides as being non-toxic comes from well-studied compounds like 
cyanogenic glucosinolates11 and model chemotherapeutics / antibiotics like erythromycin.50 
Indeed, a confirmation experiment using erythromycin – which targets mitochondrial ribosomes 
in yeast51 – and its cognate GT50 in S. cerevisiae yielded the desired resistance phenotype (Figure 
3.5) when grown in media using a glycerol carbon-source that selects for mitochondrial 
viability.51 The disconnect between these results and the essential oil GTs studied here perhaps 
arise as a result of a quirk in the literature. Feeding experiments are the primary method used to 
ascertain or “demonstrate” glycoside non-toxicity (e.g., Hansen et al. [2009], Zhang et al. [2013], 
Suzuke & Iwah [2015]).37,38,52 However, research has also demonstrated that S. cerevisiae is 
seemingly impermeable to beta-glucosides.53,54 This fact leads to a major caveat where feeding 
experiments end up testing only extracellular tolerance, rather than a molecule’s true toxicity on 
cellular processes.  
 

 
Figure 3.5. Growth curves for erythromycin (antibiotic) resistance using the cognate GT (SaOleD) 
shows the desired phenotype. Cells grown in synthetic complete media with 2% glycerol (a non-
fermentable carbon source) are vulnerable to erythromycin, which causes the loss of mitochondria. Cells 
expressing the glucosyltransferase are able to detoxify the antibiotic and grow. SaOleD and (No GT) 
respectively refer to strains yCM019 and yCM009. Error bars represent the standard deviation of four 
(SaOleD curves) or eight (No GT) technical replicates and are illustrated as light shading under the lines.  
 
Taking advantage of the Neurospora crassa CDT1 gene, which has been shown to make S. 
cerevisiae permeable to beta-glucosides,53,55 glucoside toxicity was tested against the model 
compound hydroquinone !-D-glucopyranoside. The results from feeding experiments in wild-
type and NcCDT1+ strains suggest that the smaller essential oil glycosides may retain general 
toxicity when present in the cytosol or are reactivated by unknown intracellular hydrolyses 
(Figure 3.6). Previous works leveraging beta-glucosides and transport phenomena have shown 
that yeast lacks appreciable beta-glucosidase activity against the aromatic glucosides X-glucose53 
and esculin.54 However, it would be worthwhile to use LCMS to analyze if the same is true for 
compounds like hydroquinone !-D-glucoside or vanillin !-D-glucoside. Other non-commercial 
natural product glucosides could be synthesized directly from the aglycon using the Koenig-
knorr method.56 
 
In considering undesired hydrolysis of the glucoside, it is interesting that resistance to 
extracellular hydroquinone glucoside was confirmed in the wild-type strain of S. cerevisiae. 
Yeasts are known to have extracellular beta-glucosidase activity – a property principally 
attributed to cell wall remodeling proteins with emphasis on the gene EXG1 (also known as, 
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BLG1).37,57–59 Repeats of Figure 3.6 at incubations 50 and 100 mM of hydroquinone !-D-
glucopyranoside continued to generate growth curves comparable to the media-only conditions 
(data not shown), which suggests that very little hydroquinone is liberated. Follow-up 
experiments with eugenol, vanillin (using UGT72B1) and hydroquinone growth assays in a 
strain lacking EXG1 failed to provide improvements, suggesting that the problem might be more 
than just a futile cycle. Irrespective, EXG1 knockouts became a standard part of all subsequent 
tests to ensure hydrolysis outside the cell would not be an issue. A future alternative is to explore 
whether less obvious hydrolase are at work or if combinatorial knockouts improve the situation. 
 

 
Figure 3.6. Some glucosides may be non-toxic only by virtue of extracellular 
compartmentalization. Growth curves of WT (yCM079) and NcCDT1 (yCM078) grown in media with 25 
mM hydroquinione (HQ), 25 mM Hydroquinone (HQ-G), and empty solvent (Media only). Error bars 
represent the standard deviation of four technical replicates and are illustrated as the light shading under 
the lines. Images on the right illustrate the functional difference between strains. 
 
The major take away from Figure 3.6 was the suggestion that glucosylation as a detoxification 
mechanism for certain small metabolites might be based more on enabling efficient sequestration 
from the cytosol (given that glucosides cannot traverse membranes) rather than physically 
blocking the compound’s mode of toxicity. As a correlation, organisms with a large complement 
of glycosyltransferses (e.g., plants) often carry an array of transporters that are involved in active 
partitioning of glucosides.31,32,60,61 In contrast to plants, yeast seem to primarily utilize the 
conjugation of the redox co-factor glutathione as the major small molecule modification for 
detoxification and sequestration.29 Thus, one possibility for the counter-selection phenotype seen 
by the GT carrying-strains might be because of an enzymatically driven accumulation of the 
water-soluble glucoside in the cytosol. A variation on that idea is that glucosylation allows 
permeation of a molecule into the cytoplasm before internal hydrolases “re-activate” the 
molecule by cleaving the glucose.   
 
In a well-mixed liquid environment, the local concentration of essential oil just outside the 
plasma membrane would always be held at the bulk concentration – a key difference to slow 
diffusion and zones of depletion that can occur in agar. In the absence of glycosyltransferases 
activity, the compound reaches an intracellular steady state concentration that favors remaining 
mostly embedded in lipid membranes. A glucosyltransferase would shift the balance towards 
solubilization of small molecule into the cytosol at a constant rate, while the membrane 
occupancy of the compound is constantly regenerated through solution mixing. This leads to the 
membrane acting as a type of “infinite pool” of compound. Buildup of the glucose-conjugated 
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chemical (or released aglycon) would leave more opportunities to interfere with cytosolic targets. 
This theory is summarized in Figure 3.7. Besides their membrane-level effects,62 many of the 
essential oils are thought to also exert their effects in part through crippling cytoplasmic 
processes.63–65 The situation might only be resolvable if efflux from the cytosol is highly 
efficient.  
 

 
Figure 3.7. The Infinite-pool hypothesis of why small molecule glucosylation is detrimental to 
growth under the conditions of fermentation feeding. Numbered steps walk through the logic of the 
theory. Internal hydrolysis is mentioned for completeness due to the fact that this could never be 
completely ruled out; however, the contribution of such a cycle might depend significantly on individual 
molecules (considering Figure 3.5 and the upcoming Figure 3.9) and might also be effectively suppressed 
by efficient sequestration away from the cytosol.  
 
LCMS sampling of the supernatant after incubating cells with various essential oils, revealed that 
glucosides are unidirectionally effluxed (data not shown). No transporters targeting beta-
glucosides have previously been reported for S. cerevisiae. Given the unidirectional transport, it 
was hypothesized that the likely source of export is one of the many promiscuous drug 
transporters of the Multidrug resistance (MDR) family, which include ATP-Binding Cassette 
pumps (ABC-MDRs). These proteins have been implicated in the export of many types of 
molecules, from the most hydrophobic organic compounds to water-soluble ions.66,67 Based on 
this consideration, a brute force approach was taken through over-expression of the master 
transcription factor ScPDR1 that positively regulates a large fraction of the MDR protein 
network.68 Figure 3.8 represents the results of applying this idea to eugenol. Although increased 
expression of the efflux pumps shows a minor growth improvement over wild-type cells, 
paradoxically it also induces a sensitivity phenotype in the non-GT strain. The exact reason for 
such sensitivity is currently unknown, but might be related to increased protein burden on the 
membrane synergizing with the toxicity of hydrophobic molecules embedded in the lipid bilayer 
or the activation of an import mechanism.  
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Figure 3.8. Activation of PDR1’s set of MDR pumps leads to both positive and negative effects on 
alleviating the counter-selection phenotype. Growth curve testing overexpression panel of the 
AtUGT72B1 on a Cen6 plasmid (“GT”) and ScPDR1 proteins in the presence of 2 mM or 0 mM (solvent 
only) eugenol. Dark colors refer to control strains without ScPDR1 (-PDR1), with the corresponding 
overexpression strain (+PDR1) represented as a lighter color. Red arrow shows the unintended 
sensitization effect of strains without GT (-GT) and black arrow indicates the minor benefit of MDR 
network overexpression obtained by strains with GT (+GT). Strains used are as follows: -GT/-PDR1 = 
yCM009, +GT/-PDR1 = yCM004, -GT/+PDR1 = yCM205, +GT/+PDR1 = yCM206. All curves represent 
the average four technical replicates, with all non-overlapping curves found to be statically significant. 
Similar results were seen in the EXG1!0 strain sets. 
 
Due to time constraints, additional molecules were not tested with the PDR1 overexpression; 
however, it would be very elucidating if such an effect carries over to previous molecules (e.g., 
hydroquinone, vanillin, and 2-phenylethanol).  These results highlight that at least a subset of 
exporters are PDR1 regulated genes, though the data also paint a picture where the solution to 
the pervasive counter-selection phenotype encountered is not straightforward. 
 

3.3 - Future Directions 
One way to immediately leverage the persistently occurring counter-selection phenotype is either 
as a composite selection counter-selection marker for yeast genetics – in the vein of Amelina et 
al. (2016)69 – or as growth-based assay for glucosyltransferases of select metabolites that show 
robust activity within S. cerevisiae. The assay paradigm might find niche utility because in vitro 
assays do not always translate to in vivo functionality. Growth curves and feeding experiments 
are one of the most automatable processes by robots.70,71  
 
However, in reconsidering the toxin-antidote paradigm that drove the work here, it is important 
to consider that detoxification in a bulk solution of toxin is far different compared to on-demand 
detoxification. This might be because most plant GTs never evolved to deal with oily substrates 
under the same conditions encountered by antibiotic resistance genes. Glycosylation of various 
essential oils may have evolved more for dealing with processing oily molecules that come off 
an enzymatic assembly line and solubilizing them, so that cells could sequester them into 
organelles for later use. An example is when plants store their volatile scent molecules as 
glucosides in the vacuole, which are then released and hydrolyzed during blooming.9,10 
Therefore, glycosyltransferases might be far more valuable as a metabolic engineering utility 
over acting as classical resistance genes. 
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As previously discussed in the introduction, glycosylation may very well prove to be a key in 
dealing with some of the most pervasive industrial challenges associated with product build-up 
in a fermenter – i.e., feedback inhibition, foaming, and toxicity. The observation that glucosides 
are actively effluxed from S. cerevisiae also presents a useful technique to generate a Le 
Chatelier72 pull on a pathway and induce efflux of molecules that would otherwise be 
sequestered. The challenge is maximizing UDP-Glc flux (to drive robust product glucoside 
formation) and identifying or engineering exporters to maintain low cytosolic concentrations of 
produced molecules. One likely candidate for herologous expression is a known glucoside efflux 
ABC-transporter from Chrysomela populi.73 A straightforward and accessible assay for rapid 
testing of such systems would be desirable, as it allows multiple hypotheses to be tested in 
parallel without needing specialist equipment.  
 
Both of these daunting analytical goals can be reduced to fluorescent measurements through the 
molecule 6,7-dihydroxycoumarin (67DHC or “esculetin”). It is unique from the commonly 
utilized fluorogenic reagent 4-methylumbelliferone, in that 67DHC becomes fluorescent only 
upon conjugation of one of its hydroxyls with a chemical group (Figure 3.9a),74 rather than 
losing fluorescence. The fluorescent phenotype of 67DHC glucoside (i.e., “esculin”) allows for 
visualizing localization or measuring accumulation through UV excitation. The high quantum 
yield of coumarins also allows very small amounts to be utilized for such feeding experiments. 
Furthermore, the hydrophobic nature of the molecule allows it to passively traverse the cell 
membrane. As an example, pilot growth assays have been utilized to empirically test quantifying 
cofactor recycling/generation, by measuring glucoside formation rate (Figure 3.9b). Use of such 
assays will facilitate achieving the major goal of producing S. cerevisiae strains that can generate 
glucosides at industrial titers.  
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Figure 3.9. The 67DHC/”esculetin” assay can be used for as a fluorescent read out for glucoside 
dynamics, such as in vivo UDP-Glc consumption. a) Conversion of 6,7-dihydroxycoumarin can be 
catalyzed by two of the GTs tested in the toxin/antitoxin experiments. LCMS analysis found RsAS to be a 
far more efficient enzyme (data not shown). b) Rate of 67DHC glucostlation as monitored in a Tecan and 
calculated by a two-point moving-difference of fluorescence per OD600 change (faint lines: raw values, 
dark lines: smoothed polynomial fit). The vertical red line indicates the start of stationary phase, as judged 
by OD600 [not shown]. RsAS (strain yCM415) refers to wild strain only carrying a glucosyltransferase; 
GT+Booster refers to a strain carrying a genetic cassette for UTP and UDP-glucose syntase activity 
(strain yCM235). No GT refers to empty control (strain yCM258). All data is calculated from the average 
of 16 technical replicates. 
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Chapter 4: Bioproduction of Betalains From Full Biosynthesis and Semi-synthesis Via 
Amine Feeding 
 

4.1 - Reproduction of Manuscript 
The following manuscript and its supplemental data reproduction details the establishment of a 
heterologous yeast host for the production of the glucoside food dye betanin. Betanin is a case-
study in nature’s utilization of tailoring reactions for stabilizing a molecule. Furthermore, as 
shown through amine feeding, the core chromophore in betanin -- i.e., betalamic acid -- is a 
versatile spectral modifying agent that can easily be tuned towards colors not naturally found in 
nature. 
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4.2 - Expanded Betalain Semi-Biosynthesis 
Building on the results form amine feeding within the manuscript, additional aromatic amines 
were tested to better understand how structural elements control betalain color. To this end, an 
assortment of related aromatic amines, obtainable at reasonable prices, were fed to yCM421 for a 
48 hour bioconversion. yCM421 produces the core betalamic acid scaffold through the activity 
of B. vulgaris’s tyrosine monooxygenase CYP76AD5 and M. jalapa’s DOPA 4,5-dioxygenase.  
 
Figure 4.1 catalogs the colors formed from condensing various single-ring amines with betalamic 
acid to form betalains. Figure 4.1a documents the supernatant color’s correlation between amine 
structure and Figure 4.1b-d reports the normalized absorbance of related compounds. None of 
the single or double amines in this family of molecules were able to match or surpass betanin’s 
red-violet color. The most uninteresting results were found from testing various forms of ortho-
aminobenzoic acids (Figure 4.1b) -- i.e., anthranilic acid (ANT), N-methylanthranilic acid 
(NAT), and 2-Amino-3-nitrobenzoic acid (2A3N).  As could be expected, neither ortho- nor 
para-aminobenzoic acid (PABA) showed a spectral difference. This is likely because ortho- and 
para- positions can be drawn with similar resonance states. The difference in condensation 
efficiencies between PABA and ANT might be related to ANT’s more sterically hindered amine, 
as similar differences were observed in the in vitro results of the manuscript. Both NAT and 
2A3N either failed to condense or show a color shift. Whether this was a purely steric effect or a 
result of electron withdrawal preventing the condensation is unclear at this time.  
 
Cycling through permutations of PABA (Figure 4.1c) –  i.e., methyl-4-aminobenzoic acid 
(M4B), 4-(methylamino)benzoic acid (MABA), 3-aminophthalic acid (3APH), and 4-
aminocinnamic acid (4ACA) – yielded slight differences. Interestingly, PABA and M4B showed 
different levels of toxicity and preference in binding to the cell wall (as see between supernatant 
and wash liquors) while retaining the same spectra. Similar to the absorbance blue-shift 
previously seen between betalains formed from aniline and N-methylaniline,75 MABA had a 
maximum absorbency value reduced by approximately 20 nm; a similar, though smaller, blue-
shift was also seen in 3APH that lacks a methylated amine and instead has a second carboxylic 
acid. These pieces of evidence re-enforce the idea that electron withdrawal from the carbon-
nitrogen double-bond in the absence of bond-rotation constraints (e.g., the indoline-like motifs 
seen in betanin and tested by Gandía-Herrero et al. [2010])75 leads to a pronounced blue-shift. 
Addition of an extra alkene bond in 4ACA caused a minor red-shift in the absorbance spectrum.  
 
Lastly, three single ring systems with multiple amines (Figure 4.1d) – o-phenylenediamine 
(oPdA), 3,4-diaminobenzoic acid (DAB), and melamine (MEN) – were fed to test if multi-
conjugates could be formed. The compound 1,2,4-triaminobenzoic acid was also considered, but 
discarded after it was found to have a strong red color when dissolved in media. The lack of an 
orange color from MEN might be attributed to the meta- orientation of the amines (preventing 
intra-betalamic acid resonance) and their ortho- positioning to the ring’s heteroatoms – leading 
to electronics that are either effectively precluded the ring’s resonance with any single betalamic 
acid or are not suitable for condensation. Understanding the spectra of oPdA and DAB became 
difficult as a result of the fact that supplementation with ascorbic acid to the bioconversion broth 
inconsistently led to a single orange absorbance (data not shown) – suggesting that color might 
be in part due to some sort of post-condensation oxidation of the condensed diamine compounds.  
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Figure 4.1. Feeding molecules related to anthranalic acid (ANT) yields orange and orange-red 
betalains. a) Vials of supernatant from fed cultures. “Sup” refers to recovered the supernatant and “Pel” 
refers to the washed cell pellet liquor. “Me” refers to a methyl groups. Betanin standard was prepared at  
the same molar concentration as fed amines (0.25 mM) from commercial beetroot powder. b-d) Select 
sets of normalized absorbance curves, corresponding to sections of thesis discussion compared with 
ANT, PABA, and no amine culture supernatants. Chemical abbreviations are defined in the main text. 
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Permutations of the indole scaffold compounds were next tested (Figure 4.2a). These were 5-
amino-1-methylindole (5MA), 6-aminoindole (6AI – also reported in the manuscript), 6-
aminoindazole (6AZ), 5,6-diaminoindazole (56dAZ), and 3-amino (3ABF). Initial pilot controls 
with oxindole and indole yielded mainly yellow (data not shown), indicating that condensation at 
the N1 position is essentially blocked due to the nitrogen lone pair’s entrapped by resonance with 
the ring. The results for 5MAI also reaffirm that the red-violet produced from the indoles is a 
result of condensation at the free amine and not the N1 position, given that tertiary amines are 
structurally unable to form Schiff bases. An obvious trend in color was observed for these sets of 
chemicals. Specifically, both aminoindole compounds generated condensates with max 
absorbance values approximately 10 nm below betanin, while addition of heteroatoms to the ring 
system led to more blue-shifted absorbance (Figure 4.2b). The absorbance red-shift and resulting 
violet color observed for 5MA and 6AI could be the result of the electron-donating properties of 
the indole ring.76 The fact that 56dAZ failed to show a signal unique from yellow betaxanthins 
was unexpected, but adds to a narrative where ortho-diamines prove to be rather unpredictable 
substrates.  
 

 
Figure 4.2. Various betalain hues are obtained through subtle modifications of a heteroaromatic  
ring. a) Vials of supernatant from fed cultures. “Me” refers to a methyl groups. Betanin standard was 
prepared at the same molar concentration as fed amines (0.25 mM) from commercial beetroot powder. b) 
Normalized absorbance curves compared against Betanin standard, ANT culture supernatant, and no 
amine culture supernatant. Secondary absorbance in the 420 nm range is most likely contaminant 
betaxanthins due to inefficient condensation of the fed amine. Abbreviations defined in main text. 
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The palette of aromatic amines was then expanded towards larger bicyclic systems best 
exemplified by naphthalene. The compounds 1,5-Diaminonaphthalene (15DAN), 5-Amino-2-
naphthalenesulfonic acid (5ANS), 4-Aminoquinaldine (4AQd), 6-Aminoquinoline (6AQ), 6-
Aminoquinoline-5-carbonitrile (6AQ5C), and 8-Aminoquinoline (8AQ) were obtained as test 
substrates. Figure 4.3 summarizes the results of these bioconversions. As expected, the position 
of the amine and ring substituent played a part in determining color/condensation likelihood 
(Figure 4.3a). Distinct variants of 15DAN were also observed, likely matching expected single 
and double condensations of betalamic acid; unfortunately, the mono-amine compound 1-
Naphthylamine was not available to provide comparison. One rather unexpected and fortuitous 
result was the relative colorfastness seen in 5ANS and 6AQ vials (Figure 4.3b), suggesting either 
a stabilized imine bond or extremely high extinction coefficient. These two compounds appear as 
good follow-ups for purification and testing with respect to tuned decay half-lives. 
 
Rounding out the bioconversion experiments, a suite of expanded ring system compounds was 
tested. These compounds were seen as having the best chance of red-shifting past the absorbance 
of betanin. They can be grouped as follows in Table 4.1, with resulting supernatants from yeast 
bioconversions provided in Figure 4.4a and absorbance traces in Figure 4.4b-d. As reported in 
the manuscript of sub-section 4.1, an exciting find from these highly aromatic systems was the 
discovery of a violet-blue absorbing betalain. Beyond the previously tested o-dianisidine (oDA), 
a similar but less vivid result could be obtained in the novel diaminostilbene (DAS). The likely 
answer for oDA’s superior spectral shift is the electron donating methoxy groups. Another 
interesting find was the ability of 2-aminoacridone (2AAR), to form a betalain that showed 
similar precipitating properties to all the putative di-conjugate species. At this time, there is no 
satisfactory explanation for selective precipitation effect; understanding the cause of such 
precipitation might suggest novel biosensor utilities or a usable property not seen in natural 
betalains. Regardless, a main lesson from these chemicals is that larger ring-systems may not 
necessarily be ideal (as punctuated by the lackluster results of 2AAN and 4PT) and that tailoring 
of the ring electronics is far more effective for betalain spectral alterations.    
   

Poly-phenyl systems Amino-stilbenes 
o-Dianisidine (oDA) 4-[2-Phenylethynyl]aniline (PEA) 

4,4'-Diaminobiphenyl-2,2'-disulfonic acid (4D2S) N-{4-[2-(4-Aminophenyl)ethenyl]phenyl}-N,N-
dimethylamine (N4APE) 

4-Amino-p-terphenyl (4PT) 4,4!-Diaminostilbene (DAS) 
 

Polycyclic aromatic hydrocarbon 
2-Aminoanthracene 

 
Acridone / acridine family 

2-Aminoacridone (2AAR) 9-Aminoacridine (9AAR) 
 
Table 4.1. Expanded aromatic systems assayed. Chemicals are arranged relative to their structural 
super-family, with abbreviations used in Figure T15 located in brackets after the full name.
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Figure 4.3. Pallet of betalains obtained through naphthalene through subtle modifications of a 
heteroaromatic  ing. a) Vials of supernatant from fed cultures. “Sup” refers to recovered the supernatant 
and “Pel” refers to the washed cell pellet liquor. Betanin standard was prepared at  the same molar 
concentration as fed amines (0.25 mM) from commercial beetroot powder. b) Same samples after 48 
hours. c-d) Select sets of normalized absorbance curves compared against betanin standard, ANT 
culture supernatant, and no amine culture supernatant. Abbreviations defined in main text. 
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Figure 4.4. Expanded ring systems can achieve red-shifted absorbance spectra past the best plant 
betalain with proper structural modifications. a) Vials of supernatant from fed cultures. “Sup” refers to 
recovered the supernatant and “Pel” refers to the washed cell pellet liquor. “Me” refers to a methyl groups. 
Betanin standard was prepared at the same molar concentration as fed amines (0.25 mM) from beetroot 
powder. b-d) Select sets of normalized absorbance curves compared against betanin standard, ANT 
culture supernatant, and no amine culture supernatant. Abbreviations defined in main text. 
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Although a perfect comparison of structural motifs was not possible due to cost and commercial 
availability considerations, the tested chemicals do suggest avenues of inquiry towards better 
understanding the electronics of betalain. Recent work with anthocyanins has led to 
computational models that can semi-accurately predict color from structure.77 A future goal 
could be the application of the above results to developing a model that explains the electronics 
of the betalamic acid core. Although the manuscript could obtain blue through a pH shift, it 
would be of great interest to see if a pH-independent blue betalain was possible: future attempts 
might benefit from focus around structures like 7-Amino-5-methoxyindole, 2,2',5,5'-
tetramethoxy-1,1'-biphenyl-4,4'-diamine, and further substituted aminostilbenes. Indeed, even 
testing how the various synthesized betalains respond to factors like ion concentration and 
solvent system might reveal novel chromogenic reagents for use in healthcare or environmental 
monitoring. Lastly, echoing the manuscript, testing 4’-amino(deoxy)anthocyanins -- targets 
accessible by chemical synthesis78,79 – stands as a truly exciting next step. Nature has never 
physically mixed the betalamic acid and anthocyanin choromophores, much less covalently 
coupled them. Leveraging the promiscuous nature of the condensation reaction in the betalain 
family of natural pigments opens a new space of color and molecular possibilities.  
 

4.3 - Rational Engineering of Tyrosine Titer For Improved Betalain Biosynthesis 
 
Previously, a variant of BvCYP76AD1 lacking diphenolase activity (termed BvCYP76AD13mut) 
in combination with MjDOD has been proposed as a biosensor for L-DOPA via betaxanthin 
fluorescence.80 This presented an opportunity to test various rational modifications and their 
effect on tyrosine flux into the betalain pathway. Figure 4.1 provides an overview of the steps 
chosen for investigation and the implementation strategy in yeast. The specific genes chosen for 
overexpression were: a feedback resistant DHAP synthase (i.e., ARO4K229L),80 a shikimate 
kinase from E. coli previous utilized in yeast (i.e., EcAroL),81 a feedback insensitive chorismate 
mutase from Arabidopsis thaliana (i.e., AtCM2),82 and various feedback insensitive prephenate 
dehydrogenases (PDH) variants from Glycine max, Medicago truncatula, Zymomonas mobilis, 
and E. coli (i.e., GmPDH, MtPDH, ZmTyrC, EcTyrAmut20).83–85 Prior successes in global 
transcription factor engineering as a method of pathway engineering86 further inspired testing 
yeast’s master amino acid regulator (ScGCN4)87 in combination with a constitutively active 
ammonium importer (ScMEP2-HA).88 The motivating factors for these experiments were the 
standard metabolic engineering focus of rational modifications for maximizing flux and the 
biological curiosity regarding whether there existed alternative (unexplored) flux improvements. 
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Figure 4.1. Schematic of yeast pathway modification strategy and overview of tyrosine 
biosynthesis. a) Biosensor yeast were constructed based on knocking in a sensor cassette of MjDOD 
and the BvCYP76AD13mut gene (as reported in DeLoache et al. [2015])80 into the QDR2 locus. This 
integration was motivated by the observation that such strains are more compatible with fluorescence 
activated cell sorting (FACS) and that such strains have improved tyrosine accumulation. (unpublished data, 

J. Savitskaya), 89  Promoters are provided for comparison of expression strength, as reported by Lee et al. 
(2015).90 All except pHHF2 are the strongest characterized promoters in the yeast tool kit. b) Pathway 
overview, showing where each gene acts. Solid arrows represent biosynthetic steps; dashed arrows are 
nodes of competition with additional pathways. Nitrogen is incorporated into the amino acid after the PDH 
step. E4P = Erythrose 4-phosphate, PEP = Phosphoenolpyruvic acid.   
 
 
Figure 4.2a summarizes the effect of different “first generation” modifications. The most striking 
result was how only overexpression of the plant PDHs (i.e., GmPDH & MtPDH) produced a 
striking improvement in SD media. These gains did, however, come with a growth defect in 
minimal media (Figure 4.2b).  Neither ZmTyrC nor EcTyrAmut20 provided any benefit, even 
though they were expressed at a higher level. This was rather unexpected, given that ZmTyrC 
has been utilized in S. cerevisiae for the purpose of improving tyrosine titer.91 One likely reason 
for this difference might be cofactor utilization, as GmPDH and MtPDH both generate NADPH 
(a cofactor required for the activity of BvCYP76AD1) rather than NADH. Yeast’s own PDH 
(ScTYR1) is also a NADPH forming enzyme;91 recent unpublished work(communication, Prof. H. 

Maeda) has found ScTyr1 to also be feedback insensitive. It would be worthwhile to overexpress 
this gene to determine if it also yields the same outcome as the plant PDHs. A second result was 
that the feedback-resistant ARO4 is not a prerequisite to improved titer. Indeed, comparable 
betaxanthin improvements as the ARO4K229L strain (yCM268) could be obtained by the 
heterologous PDHs or forced activation of the entire amino acid biosynthetic network (seen in 
yCM427). These results suggest that under industrial conditions where the media is composed of 
only a sugar and nitrogen source, the issue of flux at the P450 node quickly becomes more 
important than building up substrate (i.e., tyrosine).  
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F

igure 4.2. Various pathway modifications result in comparable titer gains. a) Relative Fluorescence 
over OD600 values. All values are normalized against the “wild-type” biosensor strain (yCM267), 
underlined and bold-italic. The dark line provides an approximate base-line for comparison to the strain 
carrying an additional feedback-resistant mutant of ARO4. Bar plot represents average of 8 replicates, 
with error bars reporting propagated error. Relative genotypes of strains are provided under the plot. Gray 
boxes represent over-expression cassettes not present, green represents cassette is present, and purple 
indicates genes expressed at pCCW12 (full strength) levels instead of the appropriate promoter level 
reported in Figure 4.1. Different PDHs are referenced in regards to their species; E coli’s PDH gene 
product is dual functional,85 also having the same activity as AtCM2. b) Final OD600 value after 24 hour 
growth, relative to yCM267. Cells were grown in 2x concentrated synthetic complete media lacking 
tyrosine (2xSC-T) or yeast nitrogen base supplemented with histidine, leucine, methionine, and uracil 
(YNB+HLMU).  
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Building on these observations, yCM427 was further combined with targeted gene 
overexpression (Figure 4.3). In an unexpected result, the sole overexpression of MtPDH 
(yCM436) matched the increase seen in all other combinatorial enzyme expressions. Addition of 
EcAroL, ARO4K229L, and AtCM2 on top of MtPDH or GmPDH (yCM439 or yCM469, 
respectively) led a minor drop in betaxanthin levels. Without additional permutations, the cause 
of these phenomena is hard to pinpoint; one hypothesis is be that there is an over accumulation 
of reducing units relative to the P450’s rate of catalysis.  
 
Beyond modifying the upstream path, carbon salvaging from phenylalanine biosynthesis was 
also attempted. A phenylalanine-to-tyrosine shunt was introduced on a 2micron plasmid into 
yCM268. The shunt consisted of the necessary heterologous cofactor enzymes (E. coli FolM and 
Pseudomonas aeruginosa PhhB) and the Pseudomonas aeruginosa Phenylalanine 4-hydroylase 
(PhhA).92,93 Such a strategy was recently employed in E. coli to obtain competitive tyrosine titers 
with limited strain engineering;94 however, the results obtained in yeast here were far more 
modest and barely showed a 1.5x improvement above the standard ARO4K229L. Perhaps, these 
results add to the case that biosynthesis of tyrosine is not necessarily as limiting at previously 
hypothesized. 
 
Figure 4.3 also provides a rough comparison of two different paralogs of the L-DOPA producing 
P450 utilized in the yeast betaxanthin pathway. This is seen between yCM451 
(ARO4K229L+BvCYP76AD13mut) to yCM421 (ARO4K229L+BvCYP76AD5). Observation of the 
superior performance of BvCYP76AD5 motivated a new generation of yeast strains to be 
constructed using this P450. To further increase tyrosine content, these new strains were 
constructed on top of an ARO10 knockout (a common modification in the field).81,91 ARO10 
shunts excess phenylalanine and tyrosine into aromatic alcohol biosynthesis.81  
 
Figure 4.4, illustrate that BvCYP76AD5 strains failed to respond to any of the previously 
identified pathway modifications and were at least matched by the best BvCYP76AD1mut3 strain 
(yCM436). Although not conclusive, it is tempting to hypothesize that the BvCYP76AD5 variant 
has a lower KM value. This would be in line with the observation by Wang et al. (2017)95 that 
pigmentation content is principally affected by tyrosine content in cultivars that carry 
BvCYP76AD1. Nevertheless, enzymatic measurements are required for confirmation of such a 
point. The same point from Wang et al. (2017) also suggests that it might be worthwhile to test 
the suite of modifications identified here in the betanin strains from the betalain manuscript, to 
enable more product formation and also to test whether the same saturation phenotype is seen in 
wild-type BvCYP76AD1. Overall, the major lesson from these tests was that the improvement of 
L-DOPA titers using the B. vulgaris P450s most likely involves an iterative process of enzyme 
and pathway engineering. Among this track of research, it would be interesting to see if there are 
non-pathway mutations (like previously reported NADPH augmentation strategies)72,96–98 that 
would better assist the P450.  
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Figure 4.3. MtPDH can account for most improvements seen in betaxanthin titer. a) Relative 
Fluorescence over OD600 values. All values are normalized against an appropriate reference strain 
carrying a feedback-resistant mutant of ARO4 (yCM451), underlined and bold-italic. Bar plot represents 
average of 4 replicates, with error bars reporting propagated error. Relative genotypes of strains are 
provided under the plot. Gray boxes represent over-expression cassettes not present, green represents 
cassette is present, and purple indicates genes expressed at pCCW12 (full strength) levels instead of the 
appropriate promoter level reported in Figure 4.1. Different PDHs are referenced in regards to their 
species; E coli’s PDH gene is dual functional,85 also having the same activity as AtCM2. [WT] refers to 
expressing a non-mutated MEP2 variant. PtT = the phenenylanaline to tyrosine shunt plasmid; WT-AD5 = 
QDR2+ strain using CYP75AD5 instead of CYP76AD1. b) Final OD600 value after 24 hour growth, 
relative to yCM451. Cells were grown in 2x concentrated synthetic complete media lacking tyrosine and 
uracil (2xSC-T-U, for selection of the 2micron plasmid) 
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Figure 4.4. CYP76AD5 strains failed to show improvements against the best CYP76AD1 strain 
(yCM436) when augmented with various modifications. a) Relative Fluorescence over OD600 values. 
All values are normalized against an appropriate reference strain carrying a feedback-resistant mutant of 
ARO4 (yCM513), underlined and bold-italic. Bar plot represents average of 4 replicates, with error bars 
reporting propagated error. Relative genotypes of strains are provided under the plot. Gray boxes 
represent over-expression cassettes not present, green represents cassette is present, and purple 
indicates genes expressed at pCCW12 (full strength) levels instead of the appropriate promoter level 
reported in Figure 4.1. Different PDHs are referenced in regards to their species; E coli’s PDH gene is 
dual functional,85 also having the same activity as AtCM2. ARO10!0-AD5 = QDR2!0 + ARO10!0 strain 
using CYP75AD5 instead of CYP76AD1. b) Final OD600 value after 24 hour growth, relative to yCM513. 
Cells were grown in 2x concentrated synthetic complete media lacking tyrosine and uracil (2xSC-T-U) or 
yeast nitrogen base supplemented with histidine, leucine, and methionine (YNB+HLM) 
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Chapter 5: Establishing a yeast strain for bioproduction of (3-deoxy)anthocyanidins from 
semi-synthesis via naringenin 
  

5.1 - Motivation for a yeast bioconversion platform 
 
One of the most striking aspects of plants is the diversity of colors that they can produce. The 
molecules predominantly responsible for this spectral display are anthocyanidins (ACs) and their 
structural variants.99,100 Beyond providing plants with decorative hues for attracting pollinators, 
these chemicals are known to play a variety of biological roles in resistance to abiotic and biotic 
stressors (e.g., osmotic, excessive light, and pathogens).100,101 To humans, the spectral properties 
of anthocyanidins have driven a millennial-long interest in these compounds as natural food-
colorants, textile pigments, and general utility dyes.100,102,103 

 
Anthocyanidins are derived from the phenylpropanoid pathway through oxidative and reductive 
reactions that convert the flavonoid naringenin into an oxonium carrying flavylium cation 
(Figure 5.1a). This process is accomplished through the sequential enzymatic activity of 
flavanone 3-hydroxylase (F3H), Dihydroflavonol 4-reductase or flavanone 4-reductase 
(DFR/FNR), and anthocyanidin synthase (ANS – also referred to as leucoanthocyanidin 
dioxygenase).99,104 Supporting these primary reactions, P450 oxidases can act to add extra 
hydroxyls to the B-ring position.99 After final oxidation by ANS, various tailoring enzymes then 
act on the completed products (Figure 5.1b).99 Based on such considerations, anthocyanidins 
(ACs) can be described in terms of three “cores” that are defined by the hydroxylation of their B-
ring and presence of a 3-position hydroxyl group (Figure 5.1c).99 Closely related are the 3-
deoxyanthocyanidins (3DACs), which lack the 3-position hydroxyl group (Figure 5.1d).99 This  
absence of a hydroxyl group on the C-ring engenders 3DACs with enhanced physical stability 
and color fastness,105 properties that contrasts to how ACs are physically unstable above 
approximately pH 3 without glucoylation at the 3-O-position.99,106,107 Thus, the more robust 
nature of 3DACs makes them desirable over AC in many applications.105,108 
 
A historical challenge for the application of ACs and 3DACs has been efficiently sourcing these 
compounds from nature. For 3DACs, recent plant genetics research has enabled the use of an 
arid-region adapted crop as a good production organism.108 Although competing microbial 
production hosts are still far from matching titers achieved by such plants, the speed at which 
microbial biosynthetic pathways can be engineered is still of great utility in the production of 
such dyes. Specifically, given the limited genetic tractability and long time-scales of plant 
genetic engineering, microbes present the fastest way to iteratively prototype enzyme pathway 
for the production of novel 3DAC analogs. The goal would be to obtain pathways leading to 
3DACs with desired properties like improved water solubility, better color stability, and differing 
hues. Confirmed enzymes could then be introduced into the production host.  
 

5.2 - Preliminary Results 
With the long-term goal of engineering non-canonical/“unnatural” AC and 3DAC pathways into 
a microbial host, the first requirement is selection of the most generalizable host. Previous work 
on the biosynthesis of ACs in microbes has exclusively been done in E. coli through the strong 
inducible PT7 promoter.47,106,109 Utilization of a bacterial system was discarded early on for the 
work here due to three considerations. First, previous research has identified that S. cerevisiae is 
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more capable of expressing active DFR proteins than E. coli.110 Secondly, early cloning attempts 
established that many of the DFR and ANS genes selected for testing (discussed below) were 
toxic to E. coli at constitutive levels. In contrast, S. cerevisiae expressing the entire 
bioconversion pathways had growth rates comparable to the 2micron empty-vector control. The 
ability for continuous expression makes bioconversion assays more amiable to multiplex plate or 
microtiter-plate libraries. Lastly, because the ultimate hope is to do combinatorial expression of 
oxidases and tailoring enzymes, S. cerevisiae provides a more plug-and-play host for the various 
plant, fungal, or human oxidasese.g.,111–113 that would enable access to natural and novel 
modifications.  Reinforcing this choice is how yeast have been the historical chassis of choice for 
the enzymology around the F3’H and F3’5’H P450-monooxygenases that decorate the B-
ring.111,114–116  
 

 
 

Figure 5.1. Structural classification and biosynthesis of (3-deoxy)anthocyanidins. a) Cannonical 
labeling of the flavylium cation.100 Positions of highest importance have been labeled. b) Biosynthetic 
pathway from naringenin to (3-deoxy)anthocyanidins. Both families of molecules follow the same set of 
enzymatic events, with the primary difference being the F3H reaction in the case of anthocyanidins. 
Although the oxidase reaction (primarily via F3’H or F3’5’H enzymes)99 is labeled as occuring before the 
DFR/FNR step, this step can also happen before the ANS reaction.117 The 3-O-glycostyltransferase is 
explicitly labeled because it has occasionally been considered a critical reaction distinct from optional 
tailoring steps.107 Tailoring can involve glycosylation, acetylation, and methylation.99 c) The three simplest 
anthocyanidin “cores”. d) The three simplest 3-deoxyanthocyanidin “cores”. R = H, OH, or other organic 
groups. 
 
In establishing a biosynthetic pathway from naringenin to 3DACs, it was necessary to first 
identify a suitable set of enzymes. Fortunately, sufficient information about the genes involved in 
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this rare pathway is available. As previously illustrated in Figure 5.1b, 3DACs are formed in the 
exact manner as ACs with the notable omission of the F3H step.118 Recent work has shown that 
some DFRs can catalyze 3DAC biosynthesis reaction due to residual FNR activity.118–120 The 
reason that 3DACs are not commonly found in nature is likely because FNR activity is often 
orders of magnitudes below the “main” DFR activity.118,120 The importance of this differential 
activity has been demonstrated in planta by Gosch et al. (2003),119 who demonstrated that 
inhibition of F3H activity does lead to 3DAC formation in AC producing plants. The in vivo 
experiments also provide evidence that ANS is capable of providing the necessary oxidation 
reaction. Currently, there are three known natural 3DAC producing plants with cloned DFR/FNR 
and ANS enzymes: Zea mays,121 Sinningia cardinalis,122 and Sorghum bicolor.118 Currently, S. 
bicolor is also the only plant currently confirmed to have an exclusive FNR enzyme.123 Table 5.1 
lists the set of enzymes chosen for constructing heterologous AC and 3DAC biosynthetic 
pathways from.  
 

                          DFR / FNR 
SbDFR3,118 SbFNR, ScDFR,122 ZmDFR,121 

AtDFR,120 AaDFR,120 LeDFR110 
 

                          ANS 
SbANS1,118 ScANS,122 ZmANS,121 AtANS*,124 PhANS106 

 
                          Tailoring Enzymes 

RhGT1 (bifunctional 3,5-O-diglycosyltranferase)125, ScUGT5,126 At3GT127 
 

                          Oxidases 
AtF3H, GmF3H, AtF3’H,116 GtF3’5’H,111 VvF3’5’H,115 DgF3’5’H128 

 
Table 5.1. List of enzymes generated over the course of the project for assembling heterologous 
pathways. Underlined enzymes come from known 3DAC producers, while starred enzymes have 
reported crystal structures. Sb = Sorghum bicolor, Sc = Sinningia cardinalis, Zm = Zea mays, At = 
Arabidopsis thaliana, Aa = Anthurium andraeanum, Vv = Vitis vinifera, Le = Lycopersicon esculentum, Gt 
= Gentiana triflora, Dg = Delphinium grandiflorum. 
 
Identified genes were then assembled into 2micron expression vectors to maximize enzyme 
activity during feeding experiments. Previous groups had already demonstrated that S. cerevisiae 
can be fed with naringenin as a substrate for bioconversion.129 Figure 5.2 represents an early 
LCMS experiment utilizing AaDFR and AtANS (two of the most characterized enzymes), 
demonstrating that expression of appropriate genes can lead to bioproduction of different 
3DACs. Addition of a F3’5’H gene from Delphinium grandiflorum also lead to the production of 
a putative mass signal that could have been tricetinidin (data not shown). However, these 
bioconversions gave paltry yields and remained below the threshold of visual detection. At this 
point 3DAC bioproduction efforts were temporarily halted in favor of utilizing the better studied 
AC pathway. The rationale for this choice was that well characterized enzymes with robust 
activity could be used to identify strain modifications and/or the minimal conditions needed for 
color formation in S. cerevisiae.  
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Figure 5.2. Yeast carrying a heterologous 3DAC biosynthesis pathway are capable of producing 
marginal amounts of apigeninidin. Genotype is presented to the right of the chromatographs. Green 
boxes indicate gene is present, while gray indicates gene was absent. Black box in the chromatographs 
(all scaled to a max height of 1x104 “counts”) highlights the apigeninidin peak. Quantification places the 
DFR and ANS positive strain titers at approximately 19 µg/L after 24 hours in media with 2 mM 
naringenin. 
 
For the purpose of bioconversion parameter optimization, the simplest AC pathway (for 
pelargonidin glucoside) was constructed by augmenting AaDFR and AtANS with the necessary 
F3H and stabilizing GT steps. Figure 5.3 illustrates the result from initial test platings. 
Noteworthy results were (1) the long incubation time needed and (2) effect of 
glucosyltransferase utilized (as compared between yCM151 and yCM212). The most likely 
explanation is differences in enzyme activity, as the color retention within colonies makes it 
difficult to rationalize the 3,5-diglucoside’s resistance to glucosidase activity59 as the primary 
reason. Regardless, the AtF3H/AaDFR/AtANS/RhGT1 gene set (pCMC0480) from yCM212 
was chosen as the reference AC pathway. 
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Figure 5.3. The amount of color produced by yeast incubated on naringenin plates is dependent 
on the biosynthesis cassette used. Note the increased red pigmentation observed in yCM212 (carrying 
pCMC0480) compared to other tested strains 
 
Using a pooled yeast knockout collection generated by another graduate student(J. Savitskaya) a 
library transformation of pCMC0480 was conducted to test for improved strains. Pilot tests that 
yielded 50% coverage of the library were able to identify five gene deletions that performed 
better in the plate-based bioconversion. The genes identified were YOR316C (COT1), 
YOL150C (a dubious open reading frame that overlaps with GRE2), YNR031C (SSK2), 
YKL023W, and YBR175W (SWD3). Furthermore, a second round of plate tests confirmed 
improvements with these strains (Figure 5.4). The fact that GRE2 and SSK2 are both annotated 
on the Saccharomyces Genome Database130 as elements of the osmostress HOG pathway 
provides evidence that the screen was detecting an actual phenomena, and not randomly yielding 
random genes due to stochastic effects. To dissolve the copious amounts of naringenin used 
within the biotransformations media (1-2.5 mM), a final 5% DMSO concentration was regularly 
employed. DMSO is known to activate the HOG pathway,131 which ultimately ends with 
expression of NADPH consuming genes including GRE2.132 NADPH is utilized by the DFR 
gene. Follow-up broth feeding, using SSK2!0 as the selected base-strain, confirmed that the 
color observed in the plate results were genuinely a result of the biosynthetic pathway and not 
just the knockout background (Figure 5.5). Transforming SSK2!0 with individual genes or 
incomplete pathways yielded no color (Figure 5.6). Interestingly, the liquid experiments seemed 
to suggest that the identified mutations principally affected plate assays, because both wild-type 
and SSK2!0 pathway-carrying strains presented with pellets of similar color intensity. 
 
Another find from Figures 5.5 was the complete intracellular accumulation of color in the cell 
pellet. Attempts to extract the color utilizing common solvent systems, including ethyl acetate 
and the traditional acidified methanol,133 failed to achieve visible recovery into the soluble phase 
-- though LCMS did detect corresponding AC mass-peaks only in the full pathway strain (data 
not shown). Plants naturally sequester AC into the vacuole by various means, one of which is 
known to be microautophagy of AC aggregates.134 Furthermore, recently studies have shown that 
ACs effectively adsorb to unknown elements of the yeast cell wall.135 Identifying and countering 
this sequestration phenomenon is important for ensuring that the color is not the result of product 
polymerization, and to enable quantification and characterization of the bioconversion.
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Figure 5.4.  Knockout  collection assaying 
isolated mutants with improved plate-based 
bioconversion. All strains (except the empty-
vector control, yCM312) carried the AC 
bioconversion cassette pCMC0480. Genes 
without formal name are given as their 
systematic name. WT refers to strain with no 
gene knocked out. All squares from the same 
plate and image. 

Figure 5.5. Liquid assays confirm that color is 
a result of the biosynthetic pathway and not 
the genotype. Strains were either transformed 
with the pathway plasmid (pCMC0480) or an 
empty vector, as indicated by the symbols above 
each column. All cultures were grown up in liquid 
culture fortified with or lacking naringenin to 
control for unrelated causes of color. As 
mentioned in the text, strains containing 
incomplete pathways remained white. 

Figure 5.6. Controls using incomplete pathways further confirm that pigment is the result 
of bioconversion. Genotype is presented to the right of the chromatographs. Green boxes 
indicate gene is present, while gray indicates gene was absent. Gm refers to utilization of the 
Glycine Max F3H. A control missing only ANS was omitted for the fact that the literature shown 
that the ANS reaction can also be catalyzed by acidic conditions.114 The color seen in the strain 
lacking RhGT1 is not unexpected, given that microbial media is relatively acidic after cells 
saturate and previous work in E. coli has also shown that the unglucosylated AC can also be 
produced recombinantly under such conditions.104  
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Building on the optimized bioconversion conditions, work shifted to engineering visible cues of 
3DAC production in the SSK2!0 backgrounds. Liquid bioconversions could barely generate 
visible color when using the entire S. cardinalis biosynthesis cassette (pCMC0825). An 
interesting result was that the original AaDFR+AtANS pair was still the most efficient pair of 
genes, even though neither comes from a 3DAC producing plant (Figure 5.7). It is worth noting 
that the only paper to systematically compared DFR gene kinetics found AaDFR to have the 
highest overall enzyme activity (including ectopic FNR functionality).120 A concern in using 
AtANS is that the enzyme is known to have detectable levels of flavanol synthase activity on 
naringenin,104 which might lead to competition with the primary FNR step; however, because of 
the limited research on ANS enzymes, it is also possible that flavone synthase side-activity in 
ANS is a generally occurring property analogous to the FNR activity possessed by many DFR 
genes. Unfortunately, constructs utilizing the dedicated S. bicolor FNR gene failed to produce 
pigmentation in all cases tested, including when paired with the previously confirmed ScANS. 
One unavoidable caveat of the DFR/ANS permutation testing here is that the optimal pair 
identified for apigeninidin might not be general to all future molecules, because DFR/FNR 
enzymes are known to have a bias for substrates with particular B-ring substitutions.99,110,120 
Similar biases might also exist for the A-ring region, given the existence of uniquely 
hydroxylated 3DACs and ACs in nature.136,136,137 
 

 
Figure 5.7. Piloting of various gene combinations identifies AaDFR+AtANS as the current best 
putative 3DAC bioconversion cassette. Note the faint red color in yCM554 (barely visible) and yCM556 
(more visible). 
 
The early success of the S. cardinalis cassette (pCMC0825) led to a concurrent attempt at a long-
term fermentation for building up color. Over the course of approximately a month (with 
supplemental glucose feedings), a 50 mL fermentation was able to generate pigmented cells 
(Figure 5.8). Acidic extraction again proved to be ineffective, but base lysis of yeast was 
partially capable of releasing a colored species; however, the pH-dependent behavior of 3DAC 
standard (which was found to shift color and breakdown in pure base over time, data not shown) 
and the harsh conditions utilized necessitate more characterization through future 
experimentation.  
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Figure 5.8. Processing workflow of 1 month culture indicates existence of a pH sensitive pigment. 
a) Culture flasks and pellets show a pigmentation build-up. -/+ refer to control and production strain (with 
pCMC0825), respectively. Both were fed 2 mM naringenin and fermented according to the protocol in the 
Methods section. b) Mixing cell pellet with base releases dark color into soluble phase. Note that 
naringenin turns yellow under basic conditions due to conversion into the chalcone form. c) Acidification 
retains some color in solution. 
 

5.3 - Future Directions  
Although preliminary results presented here show promise, the most pressing challenge ahead is 
to conclusively validating that the pigments accumulating in yeast are ACs and 3DACs, rather 
than an unanticipated side product. ACs and 3DACS are known to be converted into stable 
pyrano(deoxy)anthocyanidins and polymeric pigments under microbial microfermentation 
conditions;138–140 however, establishing to what degree this process is occurring in the results 
presented here, remains subject to future analysis. On the positive note, such chemical 
conversions would also open opportunities for better stabilized dyes.141 In either case, it will be 
necessary to establish appropriate and gentle extraction protocols before continuing forward. 
 
Once a reliable biochemical platform is established, target selection is the final step before 
pathway prospecting. Historical cataloging of all known phenylpropanoids has previously found 
that all hydroxylation patterns are seen in nature for flavonoids and, to a lesser extent, 3DACs 
and ACs.136,137 However, only a few of the enzymatic steps that lead to these chemicals are 
currently known, and it is not clear where to effectively integrate such modification in the 
biosynthesis pathways. Because many 3DAC and AC variants can be spectrally similar, efforts 
to establish artificial biosynthetic pathways would be best guided by a priori knowledge of 
which structural variants are of value. Organic synthetic routes developed and refined since the 
1970s can enable rapid prototyping of 3DAC molecules for identifying structural variants with 
the desired properties. The most direct method would be a zinc-mercury amalgam reaction to 
convert flavones/flavonoids or their glucosides into the corresponding flavylium cation.142 
Alternatively, 3DAC variants can be de novo synthesized from simple phenolics through either 
one- or two-step reaction mechanisms.143,144 In this fashion, metabolic engineering efforts can 
efficiently be centered on a new generation of biologically-derived pigments.
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Chapter 6: Conclusion & Accomplishments 
 
In conclusion, during the course of the thesis research here, many observations were made about 
the nature of characterizing, refactoring, and leveraging tailored enzymes for synthetic biology 
objectives. The work generated a powerful assay for enzyme characterization and established 
strains of yeast producing a useful commodity chemical. Furthermore, observations made during 
this effort, established basic assays that can be leveraged for furthering goals in yeast glucoside 
biology.  
 
Below is a short list of the principal achievements from the work conducted as part of this thesis 
submission: 
 

- Development and demonstration of the DLEnCA paradigm 
- Expanded DLEnCA to methyltransferase chemistries  
- Expanded DLEnCA into a mid-throughput tool for relative enzyme kinetic measurements 
- Demonstrated the ability of DLEnCA to monitor an enzyme pathway 
- Adapted and Prototyped DLEnCA for use with next-generation sequencing 

 
- Identified unexpected glucoside-conjugation behavior in S. cerevisiae 
- Highlighted the importance of permeability to S. cerevisiae’s resistance to beta-

glucosides. 
- Developed an “esculetin assay” for measuring UDP-Glc flux and tracking glucoside 

efflux in S. cerevisiae. 
 

- Engineered a heterologous betanin pathway into S. cerevisiae, the first consolidated 
microbial production of this molecule from glucose. 

- Expanded palette of betalain colors and identified structural determinants of color 
- Identified novel rational modifications and bottlenecks in improving betaxanthin flux 

 
- Established yeast strains and feeding protocols for generating pigmented compounds 

from naringenin 
- The first ever demonstration of full bioconversion of naringenin into anthocyanidins and 

3-deoxyanthocyanins in S. cerevisiae. 
 
 
Chapter 7: Summary of Future Directions  
 
This section, presents a summarization and prioritization of the more detailed suggestions for 
future research that were brought up in the individual chapters.  
 
Starting with DLEnCA: there is a continued need to refine the assay and increase its throughput. 
Because the assay is reliant on highly purified cell-free transcription/translation mixtures, the 
economics of high-throughput experiments necessitate miniaturization into a microfluidic 
environment. Outside of cost considerations, microfluidic miniaturization is also the only way to 
rapidly generate the millions of parallel assays that truly take advantage of next generation 
sequencing’s massive scalability and throughput. The major challenge for a “µDLEnCA” will be 
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identifying how to consolidate the various addition steps and increase the signal robustness. 
Connected to this goal, it will also be necessary to consider how combinatorial expression and 
recovery of biosynthetic enzymes can be most efficiently achieved to enable rapid pathway 
prototyping. 
 
In the area of in vivo work, the thesis has produced a number of questions and opportunities for 
future research. This is especially true for the glucosyltransferase antidote/toxin work, which 
resulted in an outcome that was not anticipated in prior research. These findings suggest a picture 
where solubilization can have a double-edged outcome, i.e., organisms that leverage it 
successfully do so in combination with supporting adaptations (such as, transporters). From a 
biological point of view, it is interesting that S. cerevisiae appears to have an ubiquitous ability 
to secrete a class of molecules that it barely synthesizes and would rarely uptake. A question to 
investigate is if this could be the result of its natural habitat or just a coincidence that arises from 
a class of promiscuous transporters. It would be worthwhile to identify the specific transporters 
involved and determine if such property could be leveraged in metabolic engineering; 
particularly, glucosylation as an export tag for hydrophobic molecules that otherwise partition 
into a membrane or causes foaming. It would be a significant windfall for the dream of the 
bioeconomy if these vexing problems in biosynthesis and in situ processing (especially for 
petrochemical molecules) are solved by simply infusing a fermenter with aliquots of glucose that 
can be recycled downstream.  
 
The artificial betalains and betalamic acid work discussed in this thesis, might provide tools for 
both the academic research community and industry. From an academic pursuit, the artificial 
betalains present as a useful model system for investigating the electronics of color. In this 
paradigm, the ability to rapidly manufacture a suite of diverse molecules in a facile manner 
proves the theoretical chemists/physics with a large space of chemicals to both formulate and test 
theories around. This ability is enabled by the large number of aromatic amines commercially 
available. Regarding industrial applications, the bioproduction of betanin food-dyes (or other 
functionally interesting betalains) at high titer currently hinges on the P450. Therefore it could be 
useful to discover molecular determinants of what drives this P450 in S. cerevisiae and 
improving its kinetic properties.  
 
Lastly, the work with (3-deoxy)anthocyanidins highlights ways in which microbial biosynthesis 
platforms do not necessarily need to outperform plant titers: that their orders-of-magnitude faster 
prototyping cycles can be used to guide plant metabolic engineering. Although the results 
reported in this thesis are still preliminary, they do suggest that engineered S. cerevisiae might 
prove to be a powerful tool in discovering designer 3-deoxyanthocyanidins. This would be of 
great value to the food dye industry in diversifying the pallet of such dyes. Such yeast would also 
be an excellent platform for understanding the molecular biology and evolution of the 
anthocyanidin enzymes. However, a prerequisite before continuing forward to more complex 
pathway engineering goals is definitive identification of the pigmented product(s) formed by the 
yeast. Although LCMS has confirmed production of anthocyanins and 3-deoxyanthocyanins, it is 
necessary to ensure that the majority of color is from those desired products.
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Appendix A1 - Methods & Materials for Chapter 3 
 
Plasmids and Strains: 
 
All plasmids were constructed using the yeast tool kit methodology145 and the provided 
standardized parts. Relevant Glucosyltransferases used in this work are listed in Table 3.1 in the 
main text. Sequences for the enzymes were either obtained directly from genetic material 
templates (as in the case of all Arabidopsis glucosyltransferases) or, for all others genes, 
synthesized as recoded sequences optimized for S. cerevisiae. All other microbial genes not from 
S. cerevisiae or E. coli were also gene synthesized.  
 
As with Deloache et al. (2015),80 plasmids were transformed into homemade chemically 
competent TG1 Escherichia coli (Lucigen) or electroporated into commercially supplied 
TransforMax EPI300 cells (Epicentre). All E. coli were grown with the appropriate antibiotics in 
lysogeny broth. Completed expression cassettes of value from work in chapter 3 are listed in 
Table A1.1. 
 
Yeast strains were generated using the method of Gietz et al. (2007)146 in a BY4741 background. 
Strains of value from work in chapter 3 are listed in Table A1.2. 
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Table A2.2. Plasmids of value from chapter 3. 
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Table A1.2. Strains of value from chapter 3. “Addition” refers to the genetic construct transformed into 
each strain; “Marker” refers to the newest selection condition for the added construct; “Modification” refers 
to the replication modality of the construct, with Integration indicating homologous recombination into the 
genome at the provided gene loci. The master genotype of BY4741 is: MAT! SUC2 gal2 mal2 mel flo1 
flo8-1 hap1 ho bio1 bio6 his3"1 leu2"0 met15"0 ura3"0. EXG1-delta refers to the reported knockout 
strain made as part of the yeast deletion collection.147 *refers to a strain made by double transformation, 
rather than iterative transformation. 
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Chemicals and Media: 
 
Table A1.3 reports on the relevant chemicals that were selected as the most promising leads and 
were often utilized when testing new iterations of GT toxin-antidote system. The table also lists 
the stock solvent empirically chosen for preparing solutions for the growth assays. 
 

Chemical Vendor Solvent System Used 
Vanillin Sigma Aldrich 40% Ethanol 
Eugenol Spectrum Chemicals 40% Ethanol, 0.05% TWEEN80 
Carvacrol Sigma Aldrich 40% Ethanol, 0.05% TWEEN80 
Hydroqinone Spectrum Chemicals 40% Ethanol 
Geraniol Sigma Aldrich 40% Ethanol, 0.05% TWEEN80 
2-phenylethanol Sigma Aldrich 40% Ethanol 
Erythromycin Sigma Aldrich 40% Ethanol, 40% DMSO 

Table A1.3. Primary chemicals focused on in chapter 3. Solvent system refers to the solution used to 
dissolve/mix chemicals for making the concentrates  
 
 
All media utilized in this work was based on synthetic complete media – consisting of: 6.7 g/L 
Difco Yeast Nitrogen Base without amino acids (Spectrum Chemical), 2 g/L Drop-out Mix 
Synthetic Minus appropriate amino acids, without Yeast Nitrogen Base (US Biological) – with 
varying amounts of carbon source. Unless specifically reported, carbon was provided at 20 g/L 
Dextrose. 
 
Growth Assays: 
 
All growth curves conducted in the work here were based on the same general protocol. First, 
appropriate strains were inoculated into synthetic complete media with the appropriate dropouts 
and grown to saturation overnight in a 24-well blocks covered with AeraSeal sheets (Phenix 
Research Products), using a Multitron Standard shaker (Infors HT) set to 30oC and 750 rpm. 4 
uL of saturated culture was then inoculated into a Costar 96-well plate (Corning 3904) 
containing a 100 uL solution of media and chemical. Plates were covered with a Breathe-Easy 
film (USA Scientific) and placed in a SUNRISE absorbance reader (Tecan) or Infinite F200 
absorbance reader (Tecan) controlled by the Tecan software Magellan. In either case, OD600 
values were measured every 10 minutes between shaking and incubation at 30oC.  
 
The media/chemical solution used for the growth assays was prepared as follows: chemicals 
were dissolved as a 10-fold concentrate in the appropriate solvent at the maximum concentration 
to be tested. This solution was then serially diluted by a factor of two into empty solvent so as to 
generate a series of concentrations, synonymous with standard broth microdilution assays.148 10 
uL of the chemical was then added to 90 uL of appropriate media. For most assays, this was the 
same synthetic complete media used for the seed cultures.  
 
Assays with chromogenic agents (such as, 67DHC) followed the same protocol, except plates 
were loaded into an Infinite M1000 (Tecan) for OD600 and Fluorescence measurements at the 
appropriate wavelengths reported by the chemical supplier every 10 minutes.  
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Bioconversion assays and LCMS analysis of products:  
 
Detection of glucosides in media and validating glucosyltransferase activity against a substrate 
was accomplished by inoculating freshly saturated cultures with chemical before returning 
cultures to the Multitron 8 – 12 hours. Cells were then centrifuged and the clarified supernatant 
was passed through a 0.22 micron filter cassette (Millipore) and syringe setup. Samples were 
then subjected to the same LCMS protocol outlined in Sukovich et al. (2015).18  
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Appendix A2 - Methods & Materials for Chapter 4 
 
Plasmids and Strains: 
 
DNA and yeast strains were prepared in an identical fashion as Appendix A1. Table A2.1 reports 
the final cassette plasmids utilized in chapter 4 and Table A2.2 summarizes the genealogy of 
strains reported in the figures, with the exception of the manuscript reported yCM421. 
 
 

 
Table A2.1. Plasmids utilized in chapter 4. 
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Table A2.2. Strains reported in chapter 4. “Construct” refers to the genetic construct transformed into 
each strain; “Marker” refers to the newest selection condition for the added construct; “Modification” refers 
to the replication modality of the construct, with Integration indicating homologous recombination into the 
genome at the provided gene loci. The master genotype of BY4741 is: MAT! SUC2 gal2 mal2 mel flo1 
flo8-1 hap1 ho bio1 bio6 his3"1 leu2"0 met15"0 ura3"0. ARO10-delta refers to the reported knockout 
strain made as part of the yeast deletion collection.147 
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Chemicals and Media: 
 
Table A2.3 lists out all additional chemicals not reported in the manuscript. 

 
Chemical Vendor 

3,4-diaminobenzoic acid Ark Pharm 
Methyl 4-aminobenzoate Fisher Scientific 
4-(Methylamino)benzoic acid Alfa Aesar 
Melamine Fisher Scientific 
4-aminocinnamic acid Sigma Aldrich 
5-amino-1-N-methylindole Sigma Aldrich 
6-aminoindazole Sigma Aldrich 
5,6-diaminoindazole Sigma Aldrich 
3-Aminobenzofuran-2-carboxamide Fisher Scientific 
1,5-Diaminonaphthalene Fisher Scientific 
5-Amino-2-naphthalenesulfonic acid Alfa Aesar 
4-Aminoquinaldine Sigma Aldrich 
6-Aminoquinoline Acros Organics 
6-Aminoquinoline-5-carbonitrile Fisher Scientific 
4,4'-Diaminobiphenyl-2,2'-disulfonic acid Fisher Scientific 
4-[2-Phenylethynyl]aniline Sigma Aldrich 
N-{4-[2-(4-Aminophenyl)ethenyl]phenyl}-N,N-dimethylamine Sigma Aldrich 
4,4!-Diaminostilbene Sigma Aldrich 
2-Aminoanthracene Fisher Scientific 
4-Amino-p-terphenyl Sigma Aldrich 
2-Aminoacridone Sigma Aldrich 
9-Aminoacridine Sigma Aldrich 

Table A2.3. List of additional amines tested 
 
The media utilized for the amine feeding experiments in Chapter 4 is the same recipe utilized in 
DeLoache et al. (2015).  The two-fold concentrated synthetic complete media lacking tyrosine 
(and, possibly uracil) was made by doubling the standard synthetic complete media and using 
synthetic complete amino acid supplement minus leucine, Tyrosine, Uracil without Yeast 
Nitrogen Base (US Biological). Appropriate amounts of leucine and uracil were added back as 
needed. YNB media was made by mixing 6.7 g/L of Yeast Nitrogen Base, 20 g/L dextrose, and 
supplementing with pure stock solutions of histidine, leucine, methionine, and uracil (as needed). 
 
Betalain bioconversion assays: 
 
Bioconversion assays and were conducted similarly as reported in the manuscript with two 
alterations. Briefly, amines were dissolved in 75% DMSO to 20 mM – or 10 mM if compound 
proved to be insoluble – and added to the minimal media at a final concentration of 0.25 mM in a 
2 mL culture. Saturated yCM421 culture was added at a 50x dilution (i.e., 50 uL into each 2 mL 
culture). Cells were incubated for 48 hours, at which time they were spun down and supernatant 
processed. 
 
Samples’ absorbance spectra were obtained by first diluting the culture supernatant by a factor of 
four in 1x PBS (pH 7.4). For the precipitating betalains, the supernatant was removed and the 
cells were resuspended in 2 mL of 1x PBS (pH 7.4); samples were then centrifuged and the 
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colored wash liquor was recovered before being also diluted by a factor of four. In cases where 
the diluted solutions failed to give a good absorbance trace, pure sample was used instead. All 
measurements were taken using an Infinite M1000 (Tecan) set to do an absorbance scan every 2 
nm. An empty media control was included in all cases and was used to zero the absorbance 
curves before normalization.  
 
Betaxanthin Measurements: 
 
For tyrosine/betaxanthin titer work, cohorts of strains were inoculated into 24-well blocks 
covered with AeraSeal sheets and left to grow to saturation for 48 hours in the Multitron. Cells 
were then back diluted by 50x into the two-fold concentrated synthetic complete media or YNB 
media at 8 uL cells into 392 uL media within a 96-deepwell block. These cultures were grown 
for 24 hours before being assayed. 
 
After 24 hour growth, cell solutions were diluted by two-fold into 1x PBS (pH 7.4) within a 
Costar 96-well plate (Corning 3904). Samples were then quantified in terms of OD600 and 
fluorescence on an Infinite M1000. Betaxanthin fluorescence was measured using the same 
485/505 nm (at 5 nm bandwidth) reported in DeLoache et al. (2015).80  

 

Data was processed by first subtracting out background absorbance and fluorescence from a 
media blank. Fluorescence over OD values were then calculated, averaged and normalized. Error 
propagation was done using standard formulas recommended by the National Institute of 
Standards and Technology.149 
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Appendix A3 – Methods & Materials for Chapter 5 
 
 
Plasmids and Strains: 
DNA and yeast strains were prepared in an identical fashion as Appendix A1. Table AD2 reports 
the cassette plasmids of value generate from work in the addendum and Table AD3 summarizes 
the genealogy of associated strains.  
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Table AD2. Plasmids of value from addendum 
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Table AD3. Strains of value from addendum.  
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Chemicals and Media: 
Table AD6 reports chemicals of value that were utilized in the work here. 
 

Chemical Vendor 
Naringenin Spectrum Chemicals 
Apigeninidin Extrasynthese 

Table AD6. Chemicals of addendum. 
 
All media utilized in this section was again based on synthetic complete media (with appropriate 
dropouts) using 2% dextrose as the carbon source. 
 
Naringenin stocks used in the bioconversion assays were prepared as 10-fold concentrates in 
50% DMSO. Apigeninidin was prepared as a 10 mM solution in 100% DMSO and diluted into 
media as. 
 
(3-deoxy)anthocyanidin bioconversion assays: 
 
For bioconversion assays strains were inoculated into 24-well blocks covered with AeraSeal 
sheets and left to grow to saturation for 24 hours in the Multitron. Cells were then back diluted 
by 10x into fresh media that had been fortified with the appropriate amount of naringenin. All 
assays used 3 mL in 24-well blocks, except for the long-term bioconversion assay that used 50 
mL in a 250 mL baffled-flask. 
 
For the one-month long bioconversion experiment, 5 mL aliquots of 20% glucose was added on 
the 3rd, 13th, and 20th day. 
 
LCMS analysis: 
 
Apigeninidin was extracted from bioconversions by mixing 800 uL of culture with 800 uL of 
ethyl acetate. Samples were vortexed for one minute, centrifuged, and 700 uL of the organic 
layer was pipetted out. The ethyl acetate was removed by vacufuge and the remaining residue 
resuspended in 50 uL methanol. The apigeninidin standard was processed by mixing the desired 
amount with 800 uL of media and then treating the solution with the same extraction protocol. 
The LCMS protocol used was the same as reported in Sukovich et al. (2015).18 
 
 
 




