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Abstract 

 

Strategies for Metabolic Pathway Optimization in Saccharomyces cerevisiae 

by 

William Cain DeLoache 

Joint Doctor of Philosophy 

with University of California, San Francisco 

in Bioengineering 

University of California, Berkeley 

Professor John E. Dueber, Chair 

 

Metabolic engineering of microorganisms promises to enable the large-scale, renewable 
production of many valuable molecules that are difficult to synthesize using existing 
methods. To achieve commercial viability for these processes, the most difficult chal-
lenge typically is not identifying a pathway to produce a desired molecule; rather, it is 
optimizing the production host to maximize titer, yield, and productivity. The process 
of strain optimization mirrors other engineering disciplines, consisting of three critical 
phases—rational design, prototyping, and testing—which are performed iteratively un-
til the desired specifications have been met. Here, we present new technologies for 
more efficiently navigating each stage of the engineering cycle in the widely used pro-
duction host, Saccharomyces cerevisiae (baker’s yeast), which benefits from a long history 
in industrial fermentations and a plethora of genetic tools. First, we describe a standard-
ized framework for yeast strain prototyping that enables rapid and high-throughput 
experimentation. We then turn to strain testing, where we focus on optimizing the pro-
duction of benzylisoquinoline alkaloids (BIAs), a large family of plant secondary me-
tabolites with a variety of therapeutic uses. Using a novel biosensing strategy that links 
production of a key BIA intermediate to the generation of a highly fluorescent plant 
pigment, we perform library screening to identify yeast mutants capable of producing 
BIAs directly from glucose. Finally, we attempt to improve upon our ability to rational-
ly design efficient production strains by taking the initial steps to repurpose the peroxi-
some as a synthetic organelle. We propose organelle compartmentalization as a general-
izable strategy for reducing undesirable and difficult-to-predict interactions between an 
engineered metabolic pathway and the cellular context in which it is expressed. Taken 
together, these tools improve our ability to quickly iterate through the engineering cycle 
to develop yeast strains for the efficient production of valuable molecules. 
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Chapter 1. Introduction

1.1 Motivation

Biology is the new technological frontier. Dreams of designer organisms that produce 

complex materials1 or treat intractable diseases2 are slowly becoming reality as engineers 

seek to harness the power of biological systems for their own purposes. Dramatic ad-

vances in our understanding of cells and our ability to manipulate them have enabled 

modern day biological engineers to achieve feats that were unimaginable just a few de-

cades ago. In the 1970’s, Sanger sequencing3 and recombinant DNA technology4 endowed 

scientists with the ability to read and write DNA for the first time. Only forty years later, 
worldwide DNA sequencing capacity exceeds 35 petabases per year5 and entire bacterial 

genomes can be synthesized from scratch and transplanted6,7.

Yet the challenges that remain to be overcome before engineered biological systems truly 

achieve their potential are daunting. Millennia of evolution have woven a complex web 

that is exceedingly difficult to understand or untangle8. The yeast Saccharomyces cerevisiae 
is arguably the best studied organism in nature, yet approximately one-fifth of it’s genes 
are still of completely unknown function9. Of those that are annotated, most are charac-

terized at only the most basic level. Furthermore, we understand little about the complex 

interactions between genes that endow cells with their remarkable abilities.

In the context of such uncertainty, biological engineers find themselves constantly frus-

trated by an inability to predictably manipulate cellular behavior. We are currently in an 

era of trial and error biology. Moving beyond this stage of technological progress will 

require dramatic improvements to our models of cellular function. Yet, the development 

of such predictable models is hamstrung by an inability to gather large amounts of rich 

data relating to strain designs that both work and fail. Improving our ability to rapidly, 

and in high-throughput, iterate through the design-build-test cycle is a critical step on the 

path to designer organisms, and it is this need that fundamentally motivates the work 

described here. 

1.2 Organization

The following three chapters present specific strategies that we implemented to improve 
each phase of the design-build-test cycle. We focus our efforts specifically around the en-

gineering of S. cerevisiae (baker’s yeast) for the efficient production of valuable molecules. 
Due to its long history in industrial fermentations and a plethora of genetic tools, S. cere-
visiae is an increasingly attractive host for metabolic engineering. 

In Chapter 2, we focus on improvements to the build phase. We present a versatile engi-

neering platform for yeast, which contains both a rapid, modular assembly method and a 
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basic set of characterized parts10. This platform provides a framework in which to create 

new designs, as well as data on promoters, terminators, degradation tags, and copy num-

ber to inform those designs. Additionally, we describe genome-editing tools for making 

modifications directly to the yeast chromosomes, which we find preferable to plasmids 
due to reduced variability in expression. With this toolkit, we strive to simplify the pro-

cess of engineering yeast by standardizing the physical manipulations and suggesting 

best practices that together will enable more straightforward translation of materials and 

data from one group to another. 

In Chapter 3, we complement these strain engineering tools with the development of 

a novel high-throughput assay for strain testing11. We focus on the production benzyli-

soquinoline alkaloids (BIAs), a highly bioactive family of plant specialized metabolites 

that include the well-known pharmaceuticals codeine, morphine, and their derivatives. 

Microbial synthesis of BIAs holds promise as an alternative to traditional crop-based 

manufacturing methods. To aid in reconstituting the pathway to produce the key BIA 

intermediate (S)-reticuline from glucose, we developed an enzyme-coupled biosensor 

for the upstream pathway intermediate L-3,4-dihydroxyphenylalanine (L-DOPA). Using 
this sensor, we identified a highly active tyrosine hydroxylase and improved its L-DO-

PA yields via PCR mutagenesis. Co-expression of DOPA decarboxylase enabled the first 
demonstration of dopamine production from glucose in yeast, with a 7.4-fold improve-

ment in titer obtained for our best mutant enzyme. We extended this pathway to fully 

reconstitute the seven-enzyme pathway from L-tyrosine to (S)-reticuline. 

In the final chapter, we seek to improve the predictability of strain designs by developing 
a generalizable strategy for pathway compartmentalization. Engineered metabolic path-

ways often suffer from undesirable interactions with the production host’s native cellu-

lar processes. Compartmentalization of pathway enzymes into subcellular organelles is 

a promising strategy for limiting metabolic crosstalk and improving pathway efficiency. 
We explore the design rules for targeting heterologous pathways to the yeast peroxisome, 

an organelle of particular interest for engineering applications because its absence does 

not impact growth under most conditions. Using the three-enzyme prodeoxyviolacein 
(PDV) pathway, we developed a sensitive assay for peroxisomal cargo import efficiency 
that revealed new sequence determinants for the rate of import via the canonical type 1 

peroxisomal targeting signal (PTS1). We further identified an enhanced PTS1 tag (ePTS1) 
with increased affinity for the import receptor Pex5p that enabled highly efficient per-

oxisomal targeting of non-native cargo proteins across a wide range of expression levels. 

Additionally, we provide what is to our knowledge the first in vivo evidence that the 

peroxisomal membrane exhibits nonspecific permeability to small metabolites, a prop-

erty that has long been debated but to date has only been tested in purified systems. We 
took advantage of this size-dependent metabolite permeability in compartmentalizing 

the later portion of the PDV pathway, which begins with a small, permeable substrate 
and includes a larger intermediate that appears not to traverse the peroxisomal mem-

brane. Within a specific expression regime, peroxisomal compartmentalization of these 
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enzymes led to higher PDV production than did cytosolic localization. As a whole, this 
work contributes to the repurposing of the peroxisome as a synthetic organelle for engi-

neering applications.

1.3 References

1. Tokareva, O., Michalczechen-Lacerda, V. A., Rech, E. L. & Kaplan, D. L. Recombi-
nant DNA production of spider silk proteins. Microb Biotechnol 6, 651–663 (2013).

2. Fischbach, M. A., Bluestone, J. A. & Lim, W. A. Cell-based therapeutics: the next 
pillar of medicine. Sci Transl Med 5, 179ps7–179ps7 (2013).

3. Sanger, F., Nicklen, S. & Coulson, A. R. DNA sequencing with chain-terminating 
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6. Gibson, D. G. et al. Complete Chemical Synthesis, Assembly, and Cloning of a 

Mycoplasma genitalium Genome. Science 319, 1215–1220 (2008).
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9. Peña-Castillo, L. & Hughes, T. R. Why are there still over 1000 uncharacterized 
yeast genes? Genetics 176, 7–14 (2007).
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Chapter 2. A Highly-characterized Yeast Toolkit for Modular, 
Multi-part Assembly†

2.1 Introduction

Synthetic biology is driven by the desire to engineer novel biological functions that push 

the boundaries of what can be accomplished within living cells. Unfortunately, the po-

tential power of the cell also brings with it a level of complexity that makes engineering 

biological systems extremely difficult. Synthetic biologists have sought ways to abstract 
the layers of complexity into components with predictable interactions, making it more 

feasible to undertake large engineering projects. Despite these efforts, the inner workings 
of the cell continue to elude understanding, and while certain elements can be highly 

predictable, the system behavior as a whole is difficult to anticipate. These challenges 
have led to an additional, and equally important, aspect to synthetic biology: rapid pro-

totyping1-4. Because manipulations to the cell often lead to unexpected results, progress is 

best made by rapidly iterating through highly parallelized experiments to explore a wide 

parameter space5,6. It is the combination of these two principles—predictable parts and 

rapid prototyping—that give synthetic biologists the ability to approach difficult prob-

lems in energy7,8, agriculture9, and human health10-12. Saccharomyces cerevisiae is growing 

in popularity as a chassis for synthetic biology due to its powerful genetic tools13-15, exten-

sively studied biology16-19, and long history of industrial applications20-22. In this work, we 

present a synthetic biology toolkit for engineering yeast that simplifies and accelerates 
experimentation in this important model organism.

Abstraction is a fundamental principle in any engineering discipline. It allows an engi-

neer to focus on an individual component with the assurance that it will interface correct-

ly with other components, both existing and future. When applied to synthetic biology, 

abstraction typically refers to the level of complexity of the DNA that is being built or 

introduced into cells. “Parts” are often thought of as one of the most basic DNA sequence 
elements that can be assigned a function. For example, a coding sequence, a transcrip-

tional terminator, and an origin of replication could all be described as parts. Although 

these parts can be broken down further—they contain, among other things, a start and 

stop codon, a hairpin, and a protein binding site, respectively—the benefit of abstraction 
is the ability to ignore those lower level details and work with a part based solely on its 

reported function. Extensive efforts by others in the field have contributed to the Registry 
of Standard Biological Parts, a catalog of DNA sequences and characterization data that 
continues to grow each year (http://partsregistry.org)23. The Registry, however, is nota-

bly biased towards working in bacterial systems, particularly Escherichia coli, and with 

growing interest in yeast as a synthetic biology host, it is becoming apparent that the 

field needs a more comprehensive set of standard yeast parts. For this toolkit, we collect-
ed, constructed, and characterized a starter set of useful parts to lay the foundation for a 

standardized engineering platform.

† Reproduced with permission from Lee, M. E., DeLoache, W. C., Cervantes, B. & Dueber, J. E. “A High-

ly-characterized Yeast Toolkit for Modular, Multi-part Assembly.” ACS Synth. Biol. (2015). 
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Prototyping is a more necessary step in synthetic biology than in other engineering 
fields, as synthetic biologists lack the ability to accurately predict behavior, even of de-

vices made from parts of known function24-26. When working in fast-growing cells such 

as yeast, cloning is often the bottleneck step in an experimental cycle. The lag between 

having a DNA design and actually obtaining the physical DNA is far too long to support 

a robust prototyping workflow. The solution that many groups have developed is stan-

dardization of cloning27-32. For example, the BioBrick standard (and its relatives) defines a 
set of restriction enzyme sites that are used to flank each part in a vector27,30. When those 

restriction enzymes are used to join two parts, the junction contains an assembly “scar”, 
and the resulting plasmid reconstitutes the sites external to the newly combined parts (an 

idempotent operation). This enables an endless number of cycles of pair-wise assembly. 

Figure 2-1. Standardized, hierarchical assembly strategy based on MoClo. (A) Source DNA is ob-
tained via PCR, DNA synthesis, or oligonucleotides, then assembled using BsmBI into a part plasmid 
entry vector. (B) Part plasmids of a particular Type have unique BsaI-generated overhangs. All part plas-
mids of the same Type are therefore interchangeable. One part plasmid of each Type is assembled using 
BsaI to form a cassette plasmid. (C) Cassette plasmids contain a complete transcriptional unit (TU), and 
can be transformed directly into yeast. Alternatively, cassette plasmids can be further assembled using 
BsmBI to form a multi-gene plasmid. (D) Multi-gene plasmids contain multiple TUs, the order of which 
is dictated by the Assembly Connector parts used to flank the individual cassettes. 

D. Multi-gene plasmids
Large plasmids contain multiple transcriptional units for expressing many genes at once.

BsmBI assembly
of cassettes into a multi-gene plasmid

C. Cassette plasmids
Fully assembled “transcriptional units” are able to express genes in yeast.

Assembly
Connector Promoter Coding

Sequence Terminator Assembly
Connector

Yeast
marker

Yeast
origin

Bacterial
marker

and origin

1 2 3 4 5 6 7 8

BsaI assembly
of parts into a cassette plasmid

B. Part plasmids
Part Types have predefined flanking overhangs, ensuring interchangeability. 

BsmBI assembly
into part plasmid entry vector

A. Source DNA
PCR templates, DNA synthesis, oligonucleotides
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More recently, Golden Gate assembly-based methods have increased in popularity due 
to the added flexibility provided by the use of Type IIs restriction enzymes, which cut 
outside their recognition sequence and provide unique cohesive ends to enable direction-

al, multi-insert, one-pot cloning33. One example is the MoClo (modular cloning) system, 
which categorizes parts as “types” based on their function and location in a completed 
device (e.g., promoter types or coding sequence types) and designates particular over-

hangs that flank each type, allowing all parts of a particular type to be interchangeable32. 

In this work, we adapted the MoClo strategy specifically to build yeast expression de-

vices. The major advantage of using a standardized system such as MoClo is that once 

parts are constructed, they are immediately available for incorporation into devices and 

no longer require synthesis of oligonucleotides, PCR amplification and purification, or 
verification by sequencing. This allows us to construct from parts, a plasmid carrying 
multiple gene expression devices in as little as two days.

2.2 Results and Discussion

2.2.1 Definition of an Assembly Standard for Yeast

Our standard for assembling DNA for expression in yeast is a bottom-up hierarchical 
approach to DNA construction (Figure 2-1). A description of the assembly scheme, part 

types, and overhang sequences are discussed briefly here and in more detail in Section 
2.3. For brevity, Golden Gate assemblies using either BsaI or BsmBI are referred to as 
“BsaI assembly” and “BsmBI assembly”.

Our workflow for assembling complex plasmids for expressing multiple genes in yeast 
has multiple steps that correspond to our abstraction layers. First, source DNA is ob-

tained through PCR, synthesis or another user-preferred method. That source DNA is 
“domesticated” via BsmBI assembly into a universal entry vector, resulting in a “part” 
plasmid. Part plasmids come in different Types, numbered 1 through 8 (with some op-

tional subtypes). Each part Type is defined by the sequences of the upstream and down-

stream flanking overhangs generated when digested by BsaI. All parts of a particular 
Type are interchangeable, which lends the system well to combinatorial experiments. 

Part plasmids are joined in a BsaI assembly to form a “cassette” plasmid that, in most 
cases, is used to express a single gene in yeast (a transcriptional unit, TU, comprised of a 
promoter, coding sequence, and terminator). These cassettes can optionally be joined in a 

final BsmBI assembly to form “multi-gene” plasmids that, as the name suggests, are used 
to simultaneously express multiple genes. The multi-gene assembly is enabled by the 

use of Assembly Connectors (Type 1 and 5) that, in similar fashion to each part plasmid’s 

unique BsaI overhangs, contain unique BsmBI overhangs that flank each cassette. At each 
round of assembly, the antibiotic selection is changed to minimize background (typically, 

chloramphenicol à ampicillin à kanamycin). Using this workflow, we can construct 
a multi-gene plasmid from PCR templates in only three days. This construction time is 
typically reduced to only two days, since, in most cases, the final multi-gene plasmids are 
built from existing parts.

There are many benefits to the standard we defined, which should prove useful to synthet-
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Figure 2-2. The yeast toolkit starter set of ninety-six parts and vectors. Note that the eight primary 
part Types can be further divided into subtypes (e.g., 3a/3b), or combined to make composite types 
(e.g. 234). Each Type has a unique upstream and downstream overhang pair, and a complete cas-
sette can be assembled when a complete path can be drawn from left to right (1 to 8). For example, 
the pre-assembled integration vector is assembled from: ConLS’ (1), GFP dropout (234), ConRE’ (5), 
URA3 (6), URA3 3’ Homology (7), KanR-ColE1 (8a), and URA3 5’ Homology (8b). A transcriptional unit 
(promoter, coding sequence, terminator) can be assembled into this vector, replacing the BsaI-flanked 
GFP dropout. A set of cassettes can also be assembled into this vector, due to the special Assembly 
Connectors ConLS’ and ConRE’ that have the BsmBI recognition sites in the reverse orientation (Sec-
tion 2.3.1). The part plasmid entry vector is used for constructing new parts. A table of plasmid names, 
parts, and Types is included in Table 2-1.
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CDS CDS C-terminal

CDS Terminator

Terminator Assembly
Connector

S. cerevisiae
marker

S. cerevisiae
origin

E. coli
marker and origin

E. coli marker and origin

Miscellaneous

E. coli
marker and

origin
5’ homology3’ homology
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ic biologists with a wide range of needs. First, the cloning protocols are extremely simple, 

requiring no PCR amplification or purification steps after the initial part creation. Second, 
the standardized Golden Gate assemblies are highly robust. It was previously shown that 
for a 10-part assembly with an optimized set of overhangs, 97% of isolated transformants 

contained a correctly assembled plasmid34. We observed comparable efficiencies in this 
work and screened only one transformant for almost all plasmid assemblies described 

here. Because PCR- and oligonucleotide-derived point mutations cannot occur after the 
construction of part plasmids, we do not typically sequence downstream assemblies and 

instead use simple restriction mapping to verify size. Third, our workflow supports a 
simple method for chromosomal integration in which plasmids designed for integration 

can be transformed directly after being linearized via a NotI digestion35. Fourth, our de-

sign specification includes unique restriction enzyme sites that make cassettes both Bio-

Brick- and BglBrick-compatible, and multi-gene plasmids BioBrick-compatible. While a 

variety of restriction sites (BamHI, BbsI, BglII, BsaI, BsmBI, EcoRI, NotI, PstI, SpeI, XbaI, 
and XhoI) have been removed from all parts in the toolkit for this increased flexibility, 
only BsaI, BsmBI, and NotI must be removed from new parts to conform to the complete 

assembly scheme described here. Finally, the Assembly Connectors, in addition to har-

boring BsmBI sites, can also act as homology sequences for recombination-based cloning, 

such as sequence and ligation-independent cloning (SLIC)36, Gibson Assembly37,38, Ligase 

Cycling Reaction (LCR)39, or yeast in vivo assembly40, if those methods are preferred.

2.2.2 A Toolkit of Yeast Parts

Although an assembly standard has some inherent value, its utility is determined in large 

part by the availability of parts. To this end, we have compiled a collection of 96 parts 

compatible with this standard for efficiently engineering yeast strains (Figure 2-2 and 

Table 2-1). This starter collection contains an assortment of promoters, terminators, flu-

orescent proteins, peptide tags, selectable markers, and origins of replication, as well as 

a part entry vector into which new parts can be cloned. Additionally, we have included 

sequences targeting chromosomal loci for integration, and genome-editing tools for in-

troducing double-strand breaks to stimulate homologous recombination. Finally, rather 

than provide a large array of different vectors, the assembly standard enables construc-

tion of custom vectors directly from parts in the toolkit, and one such vector is included 

as an example (see Section 2.3.2).

2.2.3 Characterization of Promoters

We have characterized twenty constitutive promoters, two mating-type-specific promot-
ers, and one inducible promoter, all cloned from the yeast genome (although synthetic 

promoters41,42 could easily be ported into the system as well). The promoters were selected 

to span a wide range of transcriptional strengths while minimizing variability between 

growth conditions43. In general, they constitute the 700bp directly upstream of the native 

start codon, although in some cases where another ORF was less than 700bp away, we 
cloned only the intergenic non-coding region. To examine the strength of each promoter, 

we cloned it upstream of a fluorescent reporter (mRuby2, Venus, and mTurquoise2) and 
measured bulk fluorescence on a plate reader.
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Plasmid Type Description E. coli marker

pYTK001 entry vector Part Plasmid Entry Vector CamR
pYTK002 1 ConLS CamR
pYTK003 1 ConL1 CamR
pYTK004 1 ConL2 CamR
pYTK005 1 ConL3 CamR
pYTK006 1 ConL4 CamR
pYTK007 1 ConL5 CamR
pYTK008 1 ConLS’ CamR
pYTK009 2 pTDH3 CamR
pYTK010 2 pCCW12 CamR
pYTK011 2 pPGK1 CamR
pYTK012 2 pHHF2 CamR
pYTK013 2 pTEF1 CamR
pYTK014 2 pTEF2 CamR
pYTK015 2 pHHF1 CamR
pYTK016 2 pHTB2 CamR
pYTK017 2 pRPL18B CamR
pYTK018 2 pALD6 CamR
pYTK019 2 pPAB1 CamR
pYTK020 2 pRET2 CamR
pYTK021 2 pRNR1 CamR
pYTK022 2 pSAC6 CamR
pYTK023 2 pRNR2 CamR
pYTK024 2 pPOP6 CamR
pYTK025 2 pRAD27 CamR
pYTK026 2 pPSP2 CamR
pYTK027 2 pREV1 CamR
pYTK028 2 pMFA1 CamR
pYTK029 2 pMFα2 CamR
pYTK030 2 pGAL1 CamR
pYTK031 2 pCUP1 CamR
pYTK032 3 mTurquoise2 CamR
pYTK033 3 Venus CamR
pYTK034 3 mRuby2 CamR
pYTK035 3 I-SceI (ORF) CamR
pYTK036 3 Cas9 CamR
pYTK037 3a mTurquoise2 CamR
pYTK038 3a Venus CamR
pYTK039 3a mRuby2 CamR
pYTK040 3a 3XFLAG-6XHis CamR
pYTK041 3a Ubi-M CamR
pYTK042 3a Ubi-Y CamR
pYTK043 3a Ubi-R CamR
pYTK044 3b mTurquoise2 CamR
pYTK045 3b Venus CamR
pYTK046 3b mRuby2 CamR
pYTK047 234r GFP dropout CamR
pYTK048 234 Spacer CamR
pYTK049 234 I-SceI recognition site CamR

Table 2-1. List of toolkit plasmids.
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pYTK050 234 sgRNA Dropout CamR
pYTK051 4 tENO1 CamR
pYTK052 4 tSSA1 CamR
pYTK053 4 tADH1 CamR
pYTK054 4 tPGK1 CamR
pYTK055 4 tENO2 CamR
pYTK056 4 tTDH1 CamR
pYTK057 4a mTurquoise2 CamR
pYTK058 4a Venus CamR
pYTK059 4a mRuby2 CamR
pYTK060 4a 3XFLAG-6XHis CamR
pYTK061 4b tENO1 CamR
pYTK062 4b tSSA1 CamR
pYTK063 4b tADH1 CamR
pYTK064 4b tPGK1 CamR
pYTK065 4b tENO2 CamR
pYTK066 4b tTDH1 CamR
pYTK067 5 ConR1 CamR
pYTK068 5 ConR2 CamR
pYTK069 5 ConR3 CamR
pYTK070 5 ConR4 CamR
pYTK071 5 ConR5 CamR
pYTK072 5 ConRE CamR
pYTK073 5 ConRE’ CamR
pYTK074 6 URA3 CamR
pYTK075 6 LEU2 CamR
pYTK076 6 HIS3 CamR
pYTK077 6 KanamycinR CamR
pYTK078 6 NourseothricinR CamR
pYTK079 6 HygromycinR CamR
pYTK080 6 ZeocinR CamR
pYTK081 7 CEN6/ARS4 CamR
pYTK082 7 2micron CamR
pYTK083 8 AmpR-ColE1 AmpR
pYTK084 8 KanR-ColE1 KanR
pYTK085 8 SpecR-ColE1 SpecR
pYTK086 7 URA3 3’ Homology CamR
pYTK087 7 LEU2 3’ Homology CamR
pYTK088 7 HIS3 3’ Homology CamR
pYTK089 8a AmpR-ColE1 AmpR
pYTK090 8a KanR-ColE1 KanR
pYTK091 8a SpecR-ColE1 SpecR
pYTK092 8b URA3 5’ Homology CamR
pYTK093 8b LEU2 5’ Homology CamR
pYTK094 8b HIS3 5’ Homology CamR
pYTK095 678 AmpR-ColE1 AmpR
pYTK096 cassette Pre-Assembled URA3 Integration Vector KanR
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It was previously shown that the strength of constitutive promoters cloned from the yeast 

genome was largely independent of the downstream coding sequence44, an important 

distinction between controlling expression in bacteria and yeast. This held true for the 

twenty constitutive promoters characterized in this work (which include some overlap 

with Lee et al, 2013) (Figure 2-3). The promoters span a range of up to three orders of mag-

nitude, and there are also some promoters that have very similar expression strengths, 

allowing them to be interchanged so as to reduce the risk of undesired homologous re-

combination in multi-gene plasmids due to repeated sequences. Although we only tested 

these promoters in one type of media, the majority of native yeast promoters have been 

shown to maintain their relative expression strengths in different growth conditions, al-
though the absolute strengths may change45.
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Figure 2-3. Characterization of constitu-
tive promoters. The relative strength of twen-
ty constitutive promoters is consistent across 
multiple coding sequences: mRuby2 vs Venus 
(A); mTurquoise2 vs mRuby2 (B); and Venus 
vs mTurquoise2 (C). Three promoters (strong 
pTDH3, medium pRPL18B, and weak pREV1) 
that are used throughout this work are highlight-
ed. The horizontal and vertical bars represent 
the range of four biological replicates, and the 
intersection represents the median value.
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It is sometimes useful to have genes under dynamic control, and for this we provide 

two tools: mating-type-specific and galactose-inducible promoters. We tested pMFA1 and 

pMFα2 and found that they have very close to background levels of fluorescence in both 
the opposite mating-type haploid and diploid strains and a 6- to 10-fold induction in the 

appropriate haploid (Figure 2-4A). We also tested pGAL1 in varying concentrations of 

galactose and observed a 100-fold induction (Figure 2-4B). Although the promoter can 

be used in wild-type strains, the response is very sensitive to low concentrations of ga-

lactose; a strain with the GAL2 transporter knocked out should be used for more graded 

control over expression46.

2.2.4 Characterization of Terminators

The impact of different transcriptional terminators on gene expression can vary consid-

erably, and could provide a secondary mode of control to complement the promoters. 

However, for simplicity, we opted in this toolkit to provide terminators that yielded ap-

proximately the same expression output. Using expression data from the whole yeast 
genome43, we selected six of the most highly expressed genes and cloned the 225bp im-

mediately downstream of the stop codon. We assembled these terminators with each of 

our three fluorescent reporters and each using three promoters. The largest difference in 
expression we observed between terminators for a given promoter and fluorescent pro-

tein was 3.6-fold (Figure 2-5). In general, the fold-changes produced by different promot-
ers were greater than those effected by the terminators, but this was not always the case. 
If applications are sensitive to small fold-changes of expression, we advise characterizing 

individual promoter-terminator pairs to ensure that the desired levels of expression are 

obtained.
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Figure 2-4. Characterization of additional promoters. (A) The mating-type-specific promoter, pMFA1, 
is only active in the MATa haploid; α2 is only active in MATα haploids; neither promoter is active 
in the opposite haploid or in the diploid. The expression level of pRPL18B in the three strains is shown 
for reference. The height of the bars represents the median value of four biological replicates, and the 
error bars show the range. (B) Galactose induction of pGAL1 increases expression from background 
levels up to the highest expressing constitutive promoter, pTDH3. All solid line data were collected 
from a 2 strain. The dashed line shows a much more sensitive response to galactose induction in 
a wild type strain. Points represent the median value of four biological replicates, and error bars show 
the range.
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2.2.5 Protein Degradation Tags

In addition to controlling transcript levels, protein levels can be tuned by fusing degra-

dation tags to the N-terminus. We have included three such tags of varying strengths—

Ubi-M (weak), Ubi-Y (medium), and Ubi-R (strong)—which can be used to adjust the rate 
of protein turnover47. We fused these tags to the N-terminus of mRuby2, and expressed 
them using a strong, moderate, and weak promoter—pTDH3, pRPL18B, and pREV1, re-

spectively. The strong degradation tag (Ubi-R) resulted in no detectable fluorescence at 
any expression level, while the medium strength degradation tag (Ubi-Y) resulted in de-

tectable levels of fluorescence at only the highest expression level (Figure 2-6).

2.2.6 Copy Number, Gene Expression, and Single-Cell Variability

When engineering yeast strains expressing multiple heterologous proteins, it is import-

ant to consider the relative expression of those proteins. As described above, protein lev-

els can be controlled by changing promoters, terminators, or degradation rates. However, 

another important consideration is the copy number of the gene(s). Typically, one of three 

systems is used to express genes in yeast: single-copy integrations into the chromosome, 
low-copy centromeric plasmids, and high-copy 2micron plasmids. One could easily as-
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Figure 2-5. Characterization of terminators. Six terminators were cloned behind three fluorescent 
proteins, each driven by three promoters. The relative expression levels for this set of terminators are 
largely independent of the coding sequence and the promoter. The height of the bars represents the 
median value of four biological replicates, and the error bars show the range.
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Figure 2-6. Protein degradation tags. Three 
N-terminal degradation tags were fused to 
mRuby2 and expressed using three different pro-
moters. Steady-state fluorescence levels are de-
pendent on the difference between the strength 
of the promoter and the strength of the degra-
dation tag. The height of the bars represents the 
median value of six biological replicates, and the 
error bars show the range.
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sume that the differences in copy number simply titrate gene expression accordingly, but 
we observed that there are subtle, but important, effects that could influence the decision 
to use one system over another.

We cloned cassettes expressing either mRuby2 or Venus under strong, moderate, and 
weak promoters (pTDH3, pRPL18B, and pREV1, respectively). Versions of these cassettes 
were made for each of the three copy numbers. Finally, each of the nine possible combi-

nations of the three promoters and two genes were either assembled in tandem onto a 

single chromosomal locus/plasmid or kept separate in two loci/plasmids. We measured 
bulk fluorescence of both fluorescent proteins to compare protein expression levels of the 
cell populations at the three copy-numbers (Figure 2-7).

In the chromosomally integrated strains, the different promoter combinations fill out 
the points of a regular grid, as expected. In the low-copy CEN6/ARS4 plasmid system, 
the absolute fluorescence is generally higher compared to the chromosome, again, as ex-

pected. Interestingly, the range between the highest and lowest expression is actually 

slightly greater in the CEN6/ARS4 plasmid system. Compared to low-copy plasmids, the 
high-copy 2micron plasmids showed considerably more irregular expression patterns. 

In the two-plasmid, 2micron system, the grid is preserved, but compressed at higher ex-

pression levels, suggesting that some expression machinery in the cell is limiting and that 

having more copies of the DNA has little effect on increasing expression—i.e., the average 
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Figure 2-7. The effect of copy number on gene expression. Three promoters (pTDH3, pRPL18B, and 
pREV1) drive two fluorescent proteins (mRuby2 and Venus) in all nine possible combinations. These 
nine combinations are integrated into the chromosome (blue), expressed from a low-copy plasmid 
(green), and expressed from a high-copy plasmid (red). The translucent, shaded boxes show the range 
of expression spanned by each respective copy number. For lower strength promoters, increasing copy 
number gives higher fluorescence; but for the strongest promoter, there is a much smaller difference 
between the low- and high-copy plasmids. Each gene is integrated in a separate locus or expressed 
from a separate plasmid (A); both genes are integrated in tandem at the same locus or expressed from 
a single plasmid (B). When the two genes are on the same high copy plasmid, higher expression of one 
gene appears to reduce the average expression of the second. Single-cell fluorescence data in Figure 
2-8 shows two subpopulations, one with the expected level of fluorescence and another with reduced 
fluorescence, which explains the lowered average of bulk measurements. The horizontal and vertical 
bars represent the range of four biological replicates, and the intersection represents the median value.
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fluorescence of cells with the strongest promoter is similar between low- and high-copy 
plasmids. In the single-plasmid, 2micron system, not only is the grid compressed, but 

also it appears that high expression of one gene seems to reduce the expression of the 

second gene (Figure 2-7B). Based on flow cytometry, there appears to be a bimodal dis-

tribution for some of these populations (Figure 2-8C, e.g., pTDH3-mRuby2/pRPL18B-Ve-

nus), which is consistent with previous studies comparing the distribution of expression 

in 2micron and chromosomally integrated systems48. Interestingly, this effect is not nearly 
as pronounced in the chromosome or on the low-copy plasmid. It is unclear why this 

would be specific to the high-copy plasmid. Based on these data, we believe that use of 
high-copy 2micron plasmids should generally be avoided, since the highest expression 

levels accessible by them are very nearly accessible by low-copy CEN6/ARS4 plasmids, 
and low-copy plasmids give greater access to lower expression, and in general have less 

erratic expression patterns.
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Figure 2-8. The effect of copy number on single-cell gene expression. The same strains expressing 
mRuby2 and Venus that were measured for bulk fluorescence in Figure 2-7 were run on a flow cytom-
eter: chromosomally integrated in a single locus (A) or two loci (D); on a single (B) or two (E) low-copy 
plasmids; on a single (C) or two (F) high-copy plasmids. As copy number increased, the variability of ex-
pression also increased. For all single-locus strains, the expression of the two fluorescent proteins was 
well correlated, suggesting that copy number is the main contributor to variation in expression. When 
expressed from two plasmids, correlation between fluorescent proteins is lost, suggesting that the copy 
number of each plasmid is independent of the other. Dot plots for each sample represent 10,000 events.
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Another parameter we examined was cell-to-cell variability in the relative expression 

of two genes. While it has been shown that strains expressing fluorescent proteins from 
chromosomally integrated genes display much tighter distributions compared to those 

expressing from 2micron plasmids48, we were curious about any additional effects of 
propagating one versus multiple plasmids. We took the same cultures used to measure 

bulk fluorescence and ran them on a flow cytometer to measure single-cell fluorescence 
of the two fluorescent proteins (Figure 2-8). As expected, the single-cell measurements 

revealed that the variability in fluorescence increased considerably when moving from 
the chromosome to a low-copy to a high-copy plasmid, indicating that the precise copy 

number of these plasmids is not tightly regulated. When expressed from a single locus/
plasmid, the expression of the two fluorescent proteins was well correlated, as evidenced 
by the distribution of each strain along the diagonal. This result suggests that DNA copy 

number is the primary source of added variation in plasmid-based expression systems, a 

model which is further supported by the data from two loci/plasmids. Strains expressing 
mRuby2 and Venus from two separate loci in the chromosome showed distributions that 
are nearly identical to the single locus, chromosomal strains. In contrast, the low-copy 

and high-copy plasmids lose their tight correlation between the two fluorescent proteins 
when the two genes are expressed from separate plasmids. Thus, not only is the copy 

number of a plasmid highly variable, the relative copy numbers of two plasmids in the 

same cell are not well correlated. Therefore, we would recommend that genes be inte-

grated into the chromosome whenever possible. If, however, higher expression than can 

be attained from the chromosome is required, use of a low-copy plasmid is preferred, 

and all genes should be expressed from the same plasmid rather than split onto multiple 

plasmids. Accordingly, the assembly standard we provide here accommodates the facile 

assembly of up to six genes on a single plasmid or in a single chromosomal locus, with 

more possible if additional Assembly Connectors are designed.

2.2.7 High-efficiency Integrations into the Chromosome

Yeast is a very powerful genetic organism due to its efficient homologous recombination 
machinery. This allows for site-specific integration of DNA into the chromosome by sim-

ply transforming linear DNA flanked by sequences homologous to the target locus. How-

ever, compared to plasmid transformation, integrations usually result in almost an order 

of magnitude reduction in colony counts, which is one reason why the use of plasmids 

is often preferred. Given the desire for chromosomal integrations described earlier, it is 
evident that a higher efficiency method for integrating into the chromosome is necessary, 
particularly when working with large libraries. Fortunately, it was previously shown that 

transformation efficiency could be dramatically improved by using a homing endonucle-

ase to generate a double-strand break in the chromosome and stimulate recombination49. 

More recently, the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) 
and CRISPR-associated (Cas) system has been used for similar purposes50-52. We tested 

both systems to directly compare their effects on chromosomal library construction.

First, we prepared an experimental strain by integrating a “landing pad” using conven-

tional homologous recombination of linear DNA (Figure 2-9A). This landing pad con-

tained an I-SceI recognition site; the I-SceI recognition site conveniently contains an NGG 
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protospacer adjacent motif (PAM) close to the I-SceI cutting site, and we added an extra 
10bp upstream of the site to create a 20bp targeting sequence for a single guide RNA 
(sgRNA); we also included a partial URA3 coding sequence and terminator that by itself 

is non-functional.

Next, we designed the repair DNA we were integrating to contain a Venus-expressing 
cassette and a HIS3-expressing cassette, flanked by homology to the sequence upstream 

URA3 locus
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repair DNA

URA3 5’hom URA3 3’homZeoRURA3Venus

pTDH3 tTDH1 tAgURA3pURA3
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pTDH3 tTDH1 pURA3
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ACAATGCACATAGGGATAACAGGGTAAT
sgRNA target PAM
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Figure 2-9. High-efficiency integration into the chromosome. (A) Schematic of the integration “land-
ing pad” at the URA3 locus, the repair DNA that targets the landing pad, and the final URA3 locus after 
successful integration. (B) Integration of linear DNA into the chromosome by homologous recombination 
yields 6-fold fewer colonies (compare shaded bars). Adding in a Cas9 or I-SceI improves transformation 
efficiency by 2-fold and 5-fold, respectively (compare white bars to unassisted integration). Linearizing 
the Cas9 or I-SceI expression plasmid prior to transformation further improves transformation efficiency 
to match plasmid transformation efficiency or exceed it by 1.8-fold, respectively (compare striped bars 
to plasmid transformation). Colony counts are normalized to the number of colonies from the plasmid 
transformation for each replicate. The height of the bars represents the mean value of three biological 
replicates, and the error bars show the standard error of the mean. (C) Individual replicate data from (B).
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Table 2-2. List of protospacer sequences for CRISPR/Cas9 knockouts.

of the landing pad and to the partial URA3 marker. Thus, when the DNA integrated 

successfully, the cells would be prototrophic for histidine and uracil, and they would be 

fluorescent. If the DNA integrated off-target, the cells would be prototrophic for histidine 
and fluorescent, but they would remain auxotrophic for uracil, allowing us to measure 
the rate of off-target integration by selecting on 5-fluoroorotic acid (5-FOA).

Finally, we compared the efficiency of integration when the repair DNA was transformed 
unassisted, with a transient “cutter” plasmid (we did not select for it) expressing Cas9 
and an sgRNA, or with a transient cutter plasmid expressing I-SceI. As a control for cell 
competency, we transformed a circular version of the repair DNA that also contained an 

origin of replication (Figure 2-9B and C). Compared to the plasmid transformation, unas-

sisted integration gave approximately 6-fold fewer colonies. When a CRISPR/Cas9 cutter 
plasmid was co-transformed, there was a 2-fold increase in colony count over unassisted 

integration; when an I-SceI cutter plasmid was co-transformed, there was an additional 

2.5-fold increase (5-fold compared to unassisted). We were able to further improve the ef-

ficiency for both the Cas9 and I-SceI systems by linearizing (with a restriction digest) the 
cutter plasmid prior to transformation. Doing so brought the efficiency of Cas9-assisted 
integration to match that of plasmid transformation. Incredibly, the linearized I-SceI-ex-

pressing DNA actually increased integration efficiency to 1.8-fold over the rate of plas-

mid transformation. We measured the rate of off-target integration for this most efficient 
method (linearized I-SceI) and found that only 0.02% of transformants were 5-FOA re-

sistant, and therefore had integrated the repair DNA improperly. By measuring Venus 
fluorescence, we found that 0.14% of transformants contained multiple integrations. It 
is unclear why linearizing the cutter plasmid increases the transformation efficiency, but 

barcodeTAA

(N)17 NNN NGG

20bp

20bp20-22bp

60bp

Cas9 cut site

60bp
A

sgRNA
target PAM

chromosomal
target

repair DNA

CEN6/ARS4KanRColE1 URA3

HDV ribozyme sgRNACas9

pPGK1 tPGK1 tRNAPhe tSNR52

repeat up to 4 timesB

Figure 2-10. Design of CRISPR/Cas9 knockout constructs. (A) Repair DNA was designed with 60bp 
of flanking homology to the chromosomal target. The upstream homology region was chosen such that 
the repair DNA would introduce an in-frame stop codon and delete the protospacer sequence. (B) Map 
of the Cas9/sgRNA expression plasmid; up to four sgRNAs were assembled onto a single plasmid.

Target Protospacer Sequence

LEU2 1 AAGAAGATCGTCGTTTTGCC
LEU2 2 GGTGACCACGTTGGTCAAGA
HIS3 1 AGTAAAGCGTATTACAAATG
HIS3 2 ATTGCGATCTCTTTAAAGGG
MET15 1 GATACTGTTCAACTACACGC
MET15 2 GCCAAGAGAACCCTGGTGAC
TRP1 1 ATTAATTTCACAGGTAGTTC
TRP1 2 GGTCCATTGGTGAAAGTTTG
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one possibility is that linear DNA enters the cell and/or nucleus more efficiently than 
circular plasmids. Regardless, the ease with which sequences can now be integrated into 
the chromosome should further encourage the use of integrations over plasmids, even 

with the high transformation efficiency requirements when working with large libraries.

2.2.8 Multiplex, Markerless Genome Editing Using CRISPR/Cas9

Although the high-efficiency integration method described above is very powerful for 
integrating sequences into the chromosome, it requires a selectable marker be present in 

the integrated DNA. There are some cases where this requirement is undesirable, such as 
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Figure 2-11. CRISPR/Cas9 knockouts. Transformation plates of single target Cas9/sgRNA plasmids 
with and without repair DNA. Two guides were tested for each of four loci, and the specific guides cho-
sen to use in the multiplex experiments are highlighted in red. TRP1 guide 1 was ineffective at targeting, 
as shown by the high colony yields in the no repair control.
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knocking out multiple genes in a single strain. In this case, a unique marker is needed for 

each locus; markers must be introduced and then removed for each sequential knockout; 

or complex mating and screening strategies have to be used to collect all the mutants in a 

single strain. To avoid these tedious procedures, we adapted the recently described CRIS-

PRm method for making multiple genome edits simultaneously51.

First, we designed two sgRNAs to target each of four genes—LEU2, HIS3, MET15, and 

TRP1—and repair DNAs (PCR products with 60bp of homology flanking a 20bp bar-

code, see Figure 2-10A and Table 2-2) that target those loci and introduce a premature 

stop codon. We assembled each sgRNA onto a CEN6/ARS4 plasmid containing a Cas9 
expression cassette with a URA3 marker (Figure 2-10B). We then transformed each plas-

mid with or without its cognate repair DNA and selected for transformants on synthetic 

media lacking uracil. For seven out of eight guides, the transformations with repair DNA 

had over 100-fold more colonies than those without repair DNA (Figure 2-11). This large 

difference in colony yields suggests that when Cas9 successfully targets a locus in the 
genome, the double-strand break it introduces is toxic to the cell; when a repair DNA is 
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Figure 2-12. Multiplex, markerless knockouts. A plasmid expressing Cas9 and an sgRNA that targets 
the 2 locus was transformed with (A) or without (B) a repair DNA that introduces a stop codon and 
destroys the sgRNA target. Shown are transformations plated on synthetic media lacking uracil, which 
selects only for the Cas9/sgRNA plasmid. Thus, selecting for the Cas9/sgRNA plasmid indirectly se-
lects for cells that repaired the locus. (C) Multiple loci were targeted simultaneously, and forty colonies 
each from two independent experiments were screened for the appropriate phenotype (auxotrophy). 
The raw number of colonies with and without repair is also shown to demonstrate that both the num-
ber of transformants and the fraction of correct clones decrease with an increasing number of targets. 
Finally, three colonies with the correct phenotype were then screened by colony PCR to verify proper 
integration of the repair DNA.
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present, it removes the target and abolishes the toxicity caused by Cas9. Thus, selecting 

for the Cas9 plasmid indirectly selects for repairs to the genome at the targeted locus. It 

should be noted that both here and elsewhere51,52, it has been shown that the effectiveness 
of sgRNAs at targeting is variable, and so we recommend that multiple guides be tested 
until more robust design rules have been determined.

Next, to test multiplexed knockouts, we assembled guides in tandem on a single plas-

mid with Cas9, targeting one, two, three, or all four loci at once. The standardization 

and modularity of our assembly scheme made the construction of these multi-targeting 

plasmids straightforward. We transformed these plasmids, again, with or without their 

cognate repair DNAs, and selected on synthetic media lacking uracil. We picked forty 

colonies into different dropout media to determine the fraction of transformants that had 
the correct phenotype (auxotrophy). Consistent with results from Ryan et al, as the num-

ber of simultaneous targets increased, the fraction of correct transformants decreased, but 

it was still possible to disrupt all four targets at once with ~20% efficiency (Figure 2-12). 

One possible cause of this decrease in efficiency could be recombination within the Cas9 
plasmid that excises one or more guides, which could be minimized by using different 
promoters for each guide, but this has not been tested. Although the intention here is 

loss-of-function disruptions, only assaying for phenotype does not demonstrate the rate 

of correct repair DNA incorporation, as a non-homologous end joining could also result 

in a disruption. To assay this, we screened six (three from each replicate) phenotypically 

correct colonies for each transformation by colony PCR. For the single, double, and triple 
knockouts, all six colonies were correct, and for the quadruple knockout, four out of six 

were correct.

In addition to disrupting genes, this same strategy could be used to integrate large con-

structs in a markerless fashion or to introduce single nucleotide polymorphisms (SNPs). 
In cases where SNPs do not completely disrupt sgRNA targeting, two rounds of edit-
ing can be performed. The first round sgRNA should target the endogenous sequence, 
and the repair DNA should destroy the target and/or PAM by introducing a temporary, 
orthogonal sequence. The second round sgRNA should target the newly introduced se-

quence, and the repair DNA should reintroduce the endogenous sequence with the de-

sired SNP. Although the same could be accomplished using a counterselectable marker 
such as URA3, using CRISPRm allows for multiple modifications to be made at once.

2.3 Detailed Description of Assembly Standard
2.3.1 Definition of Part Types

There are eight primary part Types in our assembly standard and three of those have 

options to split into Subtypes. It should be noted that Types are technically defined only 
by their flanking overhangs, and the contents need not necessarily match the biological-
ly-defined functions we describe (Figure 2-13). However, in order to ensure compatibility 

between all parts designed by all researchers, we recommend that new parts be designed 

to match the Types defined here.
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Type 1: 5’ Assembly Connector

Type 1 parts are flanked by CCCT and AACG (Figure 2-14A). Typically, this Type con-

tains non-coding, non-regulatory sequences that are used to direct assembly of multi-

gene plasmids.

The Type 1 part plasmids included in the toolkit contain a 143bp concatenation of barcode 

sequences used in the systematic deletion of yeast genes53, a BsmBI recognition site and 

unique overhang, and a 21bp barcode scar (again, from the systematic deletion collection) 

(Figure 2-14B). We designate these sequences as Assembly Connectors, and the nomen-

clature used is “ConLX” where X = 1, 2, 3, etc. The BsmBI site is oriented such that the 
restriction enzyme digests the sequence downstream of the recognition sequence.

Figure 2-13. Part types and overhangs.
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There are also ConLX’ parts, where the structure instead contains first a reversed BsmBI 
site (digests upstream) followed by the 143bp sequence (and no barcode scar) (Figure 
2-14C). The purpose of this alternate Assembly Connector is for generation of multi-gene 

backbone plasmids (see the detailed description of assembly scheme below). To simplify 

the toolkit, we include a single reversed Assembly Connector, which we designate Con-

LS’ and its cognate forward version, ConLS (S for Start), although any numbered Assem-

bly Connector can have a reversed version if desired.

Finally, the Type 1 parts in this toolkit also include an EcoRI and XbaI site for BioBrick 
compatibility of the assembled cassettes and multi-gene plasmids.

Type 2: Promoter

Type 2 parts are flanked by AACG and TATG (Figure 2-15A). Typically, this Type contains 

a promoter. The downstream overhang doubles as the start codon for the subsequent 

Type 3 or 3a coding sequence. Additionally, all the promoters in this toolkit have a BglII 

site immediately preceding the start codon (overlapping the downstream overhang) for 

BglBrick compatibility (Figure 2-15B).

Type 3: Coding Sequence

Type 3 parts are flanked by TATG and ATCC (Figure 2-16A). Typically, this Type contains 

a coding sequence. As discussed above, the TATG overhang includes a start codon so cod-

ing sequences should begin with the second codon. The ATCC overhang was designed 

CCCT...GGTCTCA
TTGC...CCAGAGTGGGA

AACGTGAGACC...
ACTCTGG...

Type 1

A

B

BsaI

BsaI

CCCTGAATTCGCATCTAGA(N)143CGTCTCANNNN(N)21
BsmBI

CTTAAGCGTAGATCT(N)143GCAGAGTNNNN(N)21TTGC

EcoRI XbaI

C
CCCTGAATTCGCATCTAGANNNNTGAGACG(N)143

BsmBI
CTTAAGCGTAGATCTNNNNACTCTGC(N)143TTGC

EcoRI XbaI

Figure 2-14. Type 1: 5’ Assembly Connector.

AACG...GGTCTCA
ATAC...CCAGAGTTTGC

TATGTGAGACC...
ACTCTGG...

Type 2

A

B

BsaI

BsaI

AACGNNN...NNNAGATC
NNN...NNNTCTAGATAC

BglIIPromoter

Figure 2-15. Type 2: Promoter.
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to enable read-through for protein fusions. If a stop codon is omitted from the part, and 

two bases are added before the overhang, the resulting NNATCC can be used as a two 

amino acid linker to a Type 4 or 4a C-terminal fusion. The Type 3 parts in this toolkit all 

omit the stop codon and add a GG, resulting in GGATCC, which serves a dual purpose. 
First, the resulting Gly-Ser linker is relatively innocuous; and second, the sequence is a 
BamHI recognition site, which enables BglBrick compatibility (Figure 2-16B). We highly 

recommend following this convention unless the protein in question is sensitive to C-ter-

minal modifications.

Type 3a: N-terminal Coding Sequence

Type 3 parts can be split into 3a and 3b parts for greater flexibility for making protein 
fusions. Type 3a parts are flanked by TATG and TTCT (Figure 2-17A). As with Type 3 

parts, these typically contain coding sequences, and can be used for fusing N-terminal 

tags (such as the degradation tags described in the main text). Again, as with Type 3 parts, 

the stop codon should be omitted and two bases should be added before the TTCT over-

hang if protein fusions are desired. The Type 3a parts in this toolkit add a GG, resulting 
in GGTTCT, another Gly-Ser linker (Figure 2-17B).

TATG...GGTCTCA
TAGG...CCAGAGTATAC

ATCCTGAGACC...
ACTCTGG...

Type 3

A

B

BsaI

BsaI

TATGNNN...NNNGG
NNN...NNNCCTAGG

BamHI
Gly-Ser

CDS

Figure 2-16. Type 3: Coding Sequence.

TATG...GGTCTCA
AAGA...CCAGAGTATAC

TTCTTGAGACC...
ACTCTGG...

Type 3a

A

B

BsaI

BsaI

TATGNNN...NNNGG
NNN...NNNCCAAGA

Gly-SerCDS

Figure 2-17. Type 3a: N-terminal Coding Sequence.

TTCT...GGTCTCA
TAGG...CCAGAGTAAGA

ATCCTGAGACC...
ACTCTGG...

Type 3b

A

B

BsaI

BsaI

TTCTNNN...NNNGG
NNN...NNNCCTAGG

BamHI
Gly-Ser

CDS

Figure 2-18. Type 3b: Coding Sequence.
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Type 3b: Coding Sequence

Type 3b parts are flanked by TTCT and ATCC (Figure 2-18A). As with Type 3 and 3a parts, 

these typically contain coding sequences. Again, the start codon should be removed for 

direct fusions to the Type 3a preceding it, and two bases should be added before the 

ATCC overhang if C-terminal fusions are desired. As with the Type 3 parts, all Type 3b 

parts in this toolkit add a GG, resulting in GGATCC (Gly-Ser/BamHI site) (Figure 2-18B).

Type 4: Terminator

Type 4 parts are flanked by ATCC and GCTG (Figure 2-19A). Typically, this Type con-

tains a transcriptional terminator. As described above, the convention for a Type 3 or 3b 

is to omit the stop codon and allow read-through of a GGATCC (Gly-Ser) linker. There-

fore, the Type 4 should encode an in-frame stop codon before the transcriptional termi-

nator. The Type 4 parts in this toolkit begin with a TAA stop codon, followed by a XhoI 
site (CTCGAG, for BglBrick compatibility), then the terminator sequence (Figure 2-19B). 

Commonly used C-terminal fusions, such as purification or epitope tags, may be in in-

cluded before the stop codon, but we recommend using the 4a/4b subtypes to maintain 
their modularity.

Type 4a: C-terminal Coding Sequence

Like Type 3 parts, Type 4 parts can be split into 4a and 4b parts for additional modularity. 

Type 4a parts are flanked by ATCC and TGGC (Figure 2-20A). Typically, this Type con-

tains a coding sequence for fusing to the C-terminus of a protein (such as a localization 

tag, fluorescent protein, or purification tag). However, in contrast to the Type 3 and 3b 
parts, the convention for 4a parts is to include the stop codon rather than enable read-

through of the TGGC overhang (although this is possible if desired). As such, the Type 
4a parts in this toolkit end with a TAA stop codon, followed by a XhoI site (CTCGAG, for 
BglBrick compatibility) (Figure 2-20B).

ATCC...GGTCTCA
CGAC...CCAGAGTTAGG

GCTGTGAGACC...
ACTCTGG...

Type 4

A

B

BsaI

BsaI

ATCCTAACTCGAGNNN...NNN
ATTGAGCTCNNN...NNNCGAC

XhoI TerminatorStop

Figure 2-19. Type 4: Terminator.

ATCC...GGTCTCA
ACCG...CCAGAGTTAGG

TGGCTGAGACC...
ACTCTGG...

Type 4a

A

B

BsaI

BsaI

ATCCNNN...NNNTAACTCGAG
NNN...NNNATTGAGCTCACCG

XhoICDS Stop

Figure 2-20. Type 4a: C-terminal Coding Sequence.
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Type 4b: Terminator

Type 4b parts are flanked by TGGC and GCTG (Figure 2-21A). As with Type 4 parts, these 

typically contain transcriptional terminators (Figure 2-21B). Because the convention of 

a Type 4a part is to encode the stop codon, one is not necessary in a 4b and so only the 

terminator sequence is needed.

Type 5: 3’ Assembly Connector

Type 5 parts are flanked by GCTG and TACA (Figure 2-22A). As with the Type 1 parts, 

these parts typically contain Assembly Connectors.

The structure of Type 5 parts is very similar to that of Type 1 parts. First is an upstream-cut-

ting BsmBI site (with a unique overhang), followed by a 143bp concatenated barcode se-

quence (this structure is identical to that of the Type 1 ConLX’) (Figure 2-22B). Here, the 

nomenclature used is “ConRX”. Again, there is a special structure for ConRX’ parts: the 
143bp sequence, a downstream-cutting BsmBI site, and a 20bp barcode (this structure is 

identical to that of the Type 1 ConLX) (Figure 2-22C). We included in this toolkit, a single 

ConRE’ (E for end) part and its cognate forward version, ConRE.

The key to the Type 1 and 5 Assembly Connectors is that the unique overhangs generated 

by BsmBI digestion should match for parts with the same value of X. For example, the 
BsmBI overhang generated by ConL1 and by ConR1 is CCAA. This is critical for enabling 
assembly of multi-gene plasmids, which is described in detail below.

Finally, the Type 5 parts in this toolkit also include a SpeI (ACTAGT) and PstI (CTGCAG) 
site for BioBrick compatibility of the assembled cassettes and multi-gene plasmids.

TGGC...GGTCTCA
CGAC...CCAGAGTACCG

GCTGTGAGACC...
ACTCTGG...

Type 4b
BsaI

BsaI

B
TGGCNNN...NNN

NNN...NNNCGAC

Terminator

A

Figure 2-21. Type 4b: Terminator.

GCTG...GGTCTCA
ATGT...CCAGAGTCGAC

TACATGAGACC...
ACTCTGG...

Type 5

A

B

BsaI

BsaI

C
GCTG(N)143CGTCTCANNNN(N)21ACTAGTGCACTGCAG

BsmBI

(N)143GCAGAGTNNNN(N)21TGATCACGTGACGTCATGT

SpeI PstI

GCTGNNNNTGAGACG(N)143ACTAGTGCACTGCAG

BsmBI
NNNNACTCTGC(N)143TGATCACGTGACGTCATGT

SpeI PstI

Figure 2-22. Type 5: 3’ Assembly Connector.
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Type 6: Yeast Marker

Type 6 parts are flanked by TACA and GAGT (Figure 2-23A). Typically, this Type con-

tains a selectable marker for S. cerevisiae. These parts should include the full expression 

cassette (promoter, ORF, and terminator) for conferring the selectable phenotype (usually 
amino acid prototrophy or drug-resistance) (Figure 2-23B).

TACA...GGTCTCA
CTCA...CCAGAGTATGT

GAGTTGAGACC...
ACTCTGG...

Type 6
BsaI

BsaI

B
TGGCNNN...NNN

NNN...NNNCGAC

Yeast marker

A

Figure 2-23. Type 6: Yeast Marker.

GAGT...GGTCTCA
GGCT...CCAGAGTCTCA

CCGATGAGACC...
ACTCTGG...

Type 7

A

B

BsaI

BsaI

CCGA...GGTCTCA
GGGA...CCAGAGTGGCT

CCCTTGAGACC...
ACTCTGG...

Type 8

Type 7 Type 8

BsaI

BsaI

GAGTNNN...NNN
NNN...NNNGGCT

Yeast origin NotI
E. coli origin
and marker NotI

CCGAGCGGCCGCNNN...NNNGCGGCCGC
CGCCGGCGNNN...NNNCGCCGGCGGGGA

Figure 2-24. Type 7+8: Yeast Plasmid Propagation.

Type 7+8: Yeast Plasmid Propagation

Type 7 and 8 parts can be used in two ways, depending on the application. For plasmid 

expression in yeast, Type 7 and 8 parts should be used as described in this section; for in-

tegration into the yeast chromosome, Type 7, 8a, and 8b parts should be used as described 

in the next section.

Type 7 parts are flanked by GAGT and CCGA (Figure 2-24A). For propagation of a stable 

plasmid in yeast, this Type contains a yeast origin of replication (Figure 2-24B). Type 8 

parts are flanked by CCGA and CCCT as well as NotI sites that are useful for restriction 
mapping to verify new assemblies (Figure 2-24A). This Type contains a bacterial origin of 

replication and antibiotic resistance marker (Figure 2-24B). 
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Type 7+8a+8b: Yeast Chromosomal Integration

For integration into the yeast chromosome, the Type 7 parts (which retain the GAGT and 
CCGA overhangs) contain sequences that have homology that is downstream (3’) of the 
target locus (Figure 2-25A). Longer homology sequences are more efficient at recombin-

ing into the chromosome; therefore, the parts in this toolkit contain 500bp of homology. 

Additionally, a 20bp barcode sequence is included upstream of the homology region to 

serve as a forward primer binding site for colony PCR verification of integration into the 
correct locus.

Type 8a parts are flanked by CCGA and CAAT (Figure 2-25A). As with the Type 8 parts, 

these typically contain a bacterial origin of replication and antibiotic resistance marker 

(Figure 2-25B). These parts are also flanked by NotI sites that can be used to linearize the 
integration plasmid prior to transformation into yeast (as well as for restriction mapping).

Type 8b parts are flanked by CAAT and CCCT (Figure 2-25A). Similar to Type 7 homolo-

gy parts, these parts contain long sequences of homology to the genome that is upstream 

(5’) of the target locus (Figure 2-25B). Additionally, a 20bp barcode sequence is included 

downstream of the homology region to serve as a reverse primer binding site for colony 

PCR verification of integration into the correct locus.

Miscellaneous

In addition to these standard part Types, non-standard Types that span two or more po-

sitions can be constructed and are conventionally named as a concatenation of the Type 

numbers spanned. For example, some cassette plasmids are constructed only as interme-

diates toward a multi-gene plasmid. These cassettes no longer require any of the yeast 

maintenance machinery (origin and marker) and so a Type 678 part that only contains a 

bacterial origin and marker may be appropriate to use.

A
GAGT...GGTCTCA

GGCT...CCAGAGTCTCA
CCGATGAGACC...

ACTCTGG...
Type 7

BsaI

BsaI

CCGA...GGTCTCA
GTTA...CCAGAGTGGCT

CAATTGAGACC...
ACTCTGG...

Type 8a
BsaI

BsaI

CAAT...GGTCTCA
GGGA...CCAGAGTGTTA

CCCTTGAGACC...
ACTCTGG...

Type 8b
BsaI

BsaI

B

GAGTNNN...NNN
NNN...NNNGGCT

3’ Homology 5’ Homology
CAATNNN...NNN

NNN...NNNGGGA

NotI
E. coli origin
and marker NotI

CCGAGCGGCCGCNNN...NNNGCGGCCGC
CGCCGGCGNNN...NNNCGCCGGCGGTTA

Type 7 Type 8a Type 8b

Figure 2-25. Type 7+8a+8b: Yeast Chromosomal Integration.
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2.3.2 Detailed Description of Hierarchical Assembly System

The construction of plasmids encoding multiple transcriptional units is done in three 

steps. The first is construction of part plasmids; second is assembly of cassette plasmids; 
and third is assembly of multi-gene plasmids (Figure 2-1).

Construction of Part Plasmids

The general structure of a part plasmid is as follows: 1) a downstream-facing BsaI site 
that generates the upstream flanking overhang of the part Type; 2) the part sequence; 
3) an upstream-facing BsaI site that generates the downstream flanking overhang of the 
part Type; and 4) a ColE1 origin of replication and chloramphenicol resistance marker. 

Detailed descriptions for each part Type can be found in Section 2.3.1.

Part plasmids are assembled via a BsmBI Golden Gate reaction into the part entry vector 
(Figure 2-26A). The entry vector contains a ColE1 origin of replication and chloramphen-

icol resistance marker, as well as a GFP expression dropout for green/white screening. 
BsaI, BsmBI, and NotI sites should be removed from all parts except in special cases. 

Additional restriction sites such as BbsI or the BioBrick/BglBrick enzymes may also be 
removed, but it is not necessary unless future use of those enzymes is anticipated.

Primers for amplifying preexisting templates should be designed as illustrated in Fig-
ure 2-26A to enable BsmBI assembly into the entry vector, and subsequent BsaI cassette 

assemblies. The four N’s flanking the part should correspond to the flanking overhangs 
for the specific part Type (e.g., AACG and TATG for a Type 2). Modifications to the part 
sequence (e.g. restriction site removal) can be easily introduced by dividing the part into 

multiple DNA inserts in the BsmBI Golden Gate reaction. Internal overhangs in this re-

action can be user-selected, but should avoid similarity to the entry vector overhangs 

TCGG and GACC. Parts made from de novo synthesis should mimic the same structure 
or be ordered in the entry vector. Finally, small parts can be assembled from overlapping 

CamRColE1

GFP CGTCTCT
BsmBI

GCAGAGACTGG

AG
TCAGCC

TCGGCGAGACG

BsmBI
GCTCTGC

Type-specific overhangs
GACCAG

TC

Template

BsmBI

BsmBI

BsaI

BsaI

GCATCGTCTCATCGGTCTCANNNN

NNNNACTCTGGACTCTGCCGTA

A

B

BsmBI
assembly

Small
partBsaI

BsaI

TCGGTCTCANNNN...NNNNTGA
AGAGTNNNN...NNNNACTCTGG

Entry vector

Figure 2-26. Construction of Part Plasmids.
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oligonucleotides that drop directly into the entry vector (Figure 2-26B). We routinely add 

annealed oligonucleotides and/or synthesized gene fragments (e.g. gBlocks®) directly to 
the BsmBI Golden Gate reaction.

A special exception must be made for constructing new Assembly Connectors (Type 

1 and 5). In these cases, the Assembly Connectors contain internal BsmBI sites used in 

multi-gene assemblies. There are two options for constructing these part plasmids. First, 

primers can be designed as normal, but the Golden Gate assembly protocol should be 
modified to exclude the final digestion and heat inactivation steps, thereby ending on a 
ligation. Second, an existing Type 1 or Type 5 plasmid can be digested and gel purified 
using BsaI, and the new part can then be assembled in using BsaI rather than BsmBI.

Assembly of Cassette Plasmids

The simplest way to assemble a cassette is to include one part of each Type in a BsaI as-

sembly. The Type 8 and 8a parts included in this toolkit serve as the canonical “vectors”, 
and accordingly have an mRFP1 expression dropout for red/white screening.

An alternative approach is to pre-assemble commonly used parts with a GFP dropout 
that spans the variable region. For example, a Type 234 GFP dropout part is included in 
A

B C

D

BsaI assembly - end on ligation step
Select green colonies on ampicillin

BsaI assembly
Select white colonies on ampicillin

ConLS URA3CEN6/ARS4

GFP dropout

AmpR-ColE1 ConR1

ConLS

CamR-ColE1

1

URA3

CamR-ColE1

6

CEN6/ARS4

CamR-ColE1

7

GFP dropout

CamR-ColE1

234

RFP dropout

AmpR-ColE1

CamR-ColE1

4

CamR-ColE1

3

CamR-ColE1

2

ConR1

CamR-ColE1

5 8

Figure 2-27. Assembly of Cassette Plasmids.
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this toolkit. By assembling ConLS, the GFP dropout, ConR1, URA3, CEN6/ARS4, and 
AmpR-ColE1, a cassette “vector” can be made (Figure 2-27A and B). By storing this cas-

sette, any future assemblies of transcriptional units (promoter, coding sequence, termina-

tor) with these vector components will require fewer parts, something that is particularly 

useful for the generation of combinatorial libraries (Figure 2-27C and D). It is important 

to note that the Type 234 GFP dropout part has BsaI sites in the reverse orientation that 
normal parts do and will remain in the finished vector. Therefore, the Golden Gate as-

sembly protocol should be modified to exclude the final digestion and heat inactivation 
steps, thereby ending on a ligation. We have observed a significantly higher rate of mis-

assembly for this procedure (~50%). Incorrect products are typically concatenations of 

part plasmids and contain multiple origins of replication and antibiotics markers. Wrong 

products can be easily identified because they will confer growth in media with either 
chloramphenicol or the desired antibiotic, whereas the correct product will not confer 

growth in media with chloramphenicol.

Assembly of Multi-Gene Plasmids

The construction of a multi-gene plasmid from cassettes requires that the cassettes are 

flanked by unique pairs of Assembly Connectors, which dictate the order of assembly. 
The first cassette must contain the ConLS part, and the last cassette must contain the 
ConRE part. The order of internal Assembly Connectors can be arbitrary, although go-

ing in increasing numerical order is recommended to avoid confusion. Thus, before the 

individual cassettes are made, the structure of the final multi-gene plasmid should be 
designed because it will determine which Assembly Connectors should be used during 

cassette assembly.

For example, if three transcriptional units, TU1, TU2, and TU3 are to be assembled into a 
multi-gene plasmid in that order, one possible design would be to flank TU1 with Con-

LS and ConR1, TU2 with ConL1 and ConR2, and TU3 with ConL2 and ConRE (Figure 
2-28A). The “vector” into which these cassettes are assembled is itself another cassette, 
A

B C
ConLS’

URA3URA3
3’ Hom

URA3
5’ Hom

GFP dropout

Multi-gene “vector” Assembled multi-gene plasmid

KanR
ColE1

ConRE’

ConLS TU1

AmpR-ColE1

ConR1 ConL1 TU2

AmpR-ColE1

ConR2 ConL2 TU3

AmpR-ColE1

ConRE

TU2TU1 TU3

URA3URA3
3’ Hom

URA3
5’ Hom

KanR
ColE1

Figure 2-28. Assembly of Multi-Gene Plasmids.
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which uses the special ConLS’ and ConRE’ parts (Figure 2-28B). One example of this 
special cassette is included in this toolkit, designed to target the URA3 locus for integra-

tion. Again, in assembling this “vector” cassette, the Type 234 GFP dropout can be used 
to enable green/white screening. When the final multi-gene plasmid is assembled, the 
Assembly Connector junctions leave behind 20bp barcode “scars”, which can be used to 
verify proper assembly by colony PCR or sequencing (Figure 2-28C).

One issue with this style of assembly is that cassettes are locked into their position based 
on the Assembly Connectors flanking them. For example, in the same three-TU multi-
gene plasmid described above, if TU2 were to be omitted, there would be a gap that 
would require reassembling either TU1 or TU3 to replace the right or left Assembly Con-

nectors, respectively. One solution to this we provide in the toolkit is the Type 234 “Spac-

er” part. This part can be used to assemble filler cassettes—in this case, a ConL1-Spacer-
ConR2 cassette. The advantage of assembling a filler cassette rather than a reassembled 
TU cassette is that the filler can be used again in future assemblies when that gap needs 
to be filled.

Construction of CRISPR/Cas9 sgRNAs

To construct sgRNAs for targeting Cas9 to a site in the genome, we have provided a Type 
234 sgRNA dropout, which is effectively an entry vector for these parts. This vector is 
based on the CRISPRm sgRNA architecture: a phenylalanine tRNA, a HDV ribozyme, 
a 20bp targeting sequence, the sgRNA, and an SNR52 terminator. For the dropout, the 

targeting sequence is replaced by a BsmBI-flanked GFP expression cassette. Unfortunate-

ly, the 4bp immediately upstream and downstream of the targeting sequence are CTTT 

and GTTT, which could incorrectly ligate, so the upstream overhang was moved two 
bases upstream to GACT. Consequently, two additional T’s should be added before the 
targeting sequence when ordering oligonucleotides to anneal and ligate into the dropout 

(Figure 2-29). Once constructed, the sgRNA 234 part can be assembled into a cassette 
with appropriate connectors. This cassette should then be assembled into a multi-gene 

plasmid that also includes Cas9 expression and additional sgRNAs (optional).  

GFP CGTCTCA
BsmBI

GCAGAGTCAAA

GGTCTCCAACG
BsaI

CCAGAGGTTGC

GACTTGAGACG

BsmBI
ACTCTGC

GCTGTGAGACC

BsaI

20bp targeting sequence

sgRNA dropout (Type 234)

GACTTTNNNNNNNNNNNNNNNNNNNN
AANNNNNNNNNNNNNNNNNNNNCAAA

5’ 3’
3’ 5’

sgRNA tSNR52

CamR

GTTTHDV ribozymetRNAPhe
CTGA

ColE1

CGACACTCTGG

Two annealing oligonucleotides

Figure 2-29. Construction of CRISPR/Cas9 sgRNAs.
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2.3.3 Differences from MoClo

The hierarchical assembly system described in this work borrows heavily from the MoC-

lo32 system with some modifications.

First, the specific overhang sequences that flank the parts and the cassettes are differ-

ent from those used by the MoClo creators. This change was made to support a greater 

number of part Types as well as the in-frame protein fusions enabled by several of those 

Types. Additionally, in an attempt to minimize assembly errors due to misligation of in-

compatible overhangs, we tried to find a more optimal set. It has been previously report-
ed that when three out of four contiguous nucleotides match between two overhangs, 

a misligation event can occur (e.g., ATCG and ATCA)34. Furthermore, we had observed 

that even three non-contiguous matches could result in a misligation event (e.g., ATCG 

and ATAG, or ATCG and ATGA). Therefore, we tried to find a set of overhangs where the 
fewest such matches were present.

Second, the MoClo system requires an extensive series of vectors to support the various 

possibilities of multi-gene assemblies. Rather than creating the exhaustive set of possible 
vectors up front, our system utilizes the Assembly Connector parts to enable on-the-fly 
construction of vectors. One advantage of this approach is that rather than defining tran-

scriptional units as being in Position 1, 2, 3…, they are defined as being between Assem-

bly Connectors X and Y. Thus, a transcriptional unit could be cloned between ConL1 and 
ConR4, or ConL3 and ConR2, as long as the final sequence begins with ConLS and ends 
with ConRE and has no repeated Assembly Connectors.

Finally, MoClo utilizes a third Type IIs restriction enzyme to enable indefinite assembly of 
multiple transcriptional units. As described, our system is limited to one round of multi-

gene assembly, although it could easily be extended to include this added functionality 

if desired. We have removed a third Type IIs restriction site (BbsI) from all parts in this 

toolkit for such purposes.

2.3.4 Alternative Assembly Methods

Although Golden Gate is the preferred assembly method to be used in this system, there 
are a number of alternative methods that can be used at some steps of the process.

The initial part plasmid construction can be performed using any method, as long as the 

resulting plasmid has the appropriate BsaI overhangs flanking it.

The cassette plasmid assembly must be performed using Golden Gate. Other methods 
such as Gibson or SLIC can be used, but they will require unique primers for every new 
junction. Only Golden Gate assembly will preserve modularity at this step.

Once a cassette plasmid has been assembled, there is much more flexibility in terms of 
downstream assembly steps. If all the conventions described above are followed, the cas-

settes will be flanked by BioBrick restriction enzyme sites, enabling BioBrick cloning of 
cassettes with each other, or with existing BioBrick plasmids that have not been convert-

ed to this new system. Second, cassettes also contain BglBrick restriction enzyme sites 
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that flank the coding sequence, enabling BglBrick cloning for fusing coding sequences 
with existing BglBrick parts. Third, the purpose of the 143bp sequences in the Assembly 

Connector parts is to facilitate modular recombination-based assembly methods, such as 

Gibson, SLIC, or in vivo yeast assembly. As with the BsmBI overhangs in the Assembly 

Connectors, the 143bp sequences of ConLX and ConRX parts with the same value of X 
will be exactly the same, so cassettes can be designed in the same way for both Golden 
Gate and recombination-based assembly. Note that the final sequence of the multi-gene 
plasmid will be different depending on which method (Golden Gate, BioBrick, or recom-

bination) is used for the assembly.

2.4 Summary
We have described a methodology and an accompanying toolkit of essential parts for 

engineering yeast. This MoClo-derived assembly standard supports the rapid cloning 

of multi-gene expression devices. We characterized a set of promoters and terminators, 

which are by no means exhaustive or perfect, but nonetheless diverse, in order to support 

the construction of multi-gene plasmids with minimal risk of unwanted homologous re-

combination. As a distinct method of controlling protein concentration, degradation tags 

are also characterized. Additionally, we have illustrated an important difference between 
using plasmids and chromosomal integrations and encourage expression from the chro-

mosome whenever possible. To facilitate this, our system is designed to make integra-

tions as straightforward as plasmid transformations. We also present two options, using 

I-SceI or CRISPR/Cas9, for generating double-stranded breaks in the chromosome that 
increase integration efficiencies to match or even exceed that of plasmid transformations. 
Finally, we adapted the CRISPRm method to our standardized assembly scheme to en-

able multiplexed knockouts of endogenous genes. In summary, we believe this work will 

be a useful resource for both novice and experienced yeast biologists and engineers, and 

lays the foundation for a community that shares novel parts, as well as leads to greater 

consistency and reproducibility.

2.5 Materials and Methods

Strains and growth media 

The S. cerevisiae strain used for measuring most promoters, terminators, degradation tags, 

copy number, and chromosomal integrations was BY4741 (MATa his3∆1 leu2∆0 met15∆0 
ura3∆0). The mating-type-specific promoters were also tested in BY4742 (MATα his3∆1 
leu2∆0 lys2∆0 ura3∆0) and BY4743 (diploid cross of BY4741 and 4742). The galactose-in-

duction experiments were conducted in a GAL2 knockout of BY4741. The multiplex 

CRISPR/Cas9 knockout experim19ents were conducted in an S288C MATa haploid with 

a complete URA3 coding sequence deletion.

Constitutive promoter and terminator characterization experiments were conducted in 

synthetic media with 2% (w/v) Dextrose (Fisher Scientific), 0.67% (w/v) Yeast Nitrogen 
Base without amino acids (VWR International), 0.2% (w/v) Drop-out Mix Complete w/o 
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Yeast Nitrogen Base (US Biological), 0.85% (w/v) MOPS Free Acid (Sigma), 0.1M Dipo-

tassium phosphate (Sigma), 100µg/L Zeocin (Life Technologies), buffered to pH 7.

Galactose inductions were performed in synthetic media with 2% (w/v) Raffinose (Fisher 
Scientific), 0.67% (w/v) Yeast Nitrogen Base without amino acids (VWR International), 
0.2% (w/v) Drop-out Mix Synthetic Minus Uracil w/o Yeast Nitrogen Base (US Biologi-
cal), plus 0%-5% (w/v) Galactose (Fisher Scientific).

All other expeirments were conducted in synthetic media with 2% (w/v) Dextrose (Fish-

er Scientific), 0.67% (w/v) Yeast Nitrogen Base without amino acids (VWR International), 
0.2% (w/v) Drop-out Mix Synthetic Minus appropriate amino acids w/o Yeast Nitrogen 
Base (US Biological).

YPD was used for preparing cells for transformation and recovery after heat shock: 1% 
(w/v) Bacto Yeast Extract, 2% (w/v) Bacto Peptone, 2% (w/v) Dextrose.

TG1 chemically competent E. coli was used for all cloning experiments. Transformed cells 

were selected on Lysogeny Broth (LB) with the appropriate antibiotics (ampicillin, chlor-

amphenicol, or kanamycin).

Yeast transformations

Yeast colonies were grown to saturation overnight in YPD, then diluted 1:100 in 50mL of 
fresh media and grown for 4-6hrs to OD600~0.8. Cells were pelleted and washed once 
with water and twice with 100mM Lithium Acetate (Sigma). Cells were then mixed by 

vortexing with 2.4mL of 50% PEG-3350 (Fisher Scientific), 360µL of 1M Lithium Acetate, 
250µL of salmon sperm DNA (Sigma), and 500µL of water. DNA was added to 100-350µL 

of transformation mixture and incubated at 42C for 25min. When selecting for prototro-

phy, the transformation mixture was pelleted, resuspended in water, and plated directly 

onto solid agar plates. When selecting for drug resistance, the transformation mixture 

was pelleted, resuspended in YPD, incubated at 30C for 2hrs with shaking, pelleted and 
washed with water, then plated onto solid agar plates.

Plasmids designed for chromosomal integration (i.e., containing 5’ and 3’ genome homol-

ogy regions without a yeast origin of replication) were digested with NotI for 10 minutes 

prior to transformation to stimulate homologous recombination. The entire digestion re-

action (without DNA cleanup) was included in the transformation in place of plasmid 

DNA.

Golden Gate Assembly protocol

A Golden Gate reaction mixture was prepared as follows: 0.5µL of each DNA insert or 
plasmid, 1µL T4 DNA Ligase buffer (NEB), 0.5µL T7 DNA Ligase (NEB), 0.5µL restriction 
enzyme, and water to bring the final volume to 10µL. The restriction enzymes used were 
either BsaI or BsmBI (both 10,000 U/mL from NEB). The amount of DNA inserts can op-

tionally be normalized to equimolar concentrations (~20 fmol each) to improve assembly 

efficiencies.
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Reaction mixtures were incubated in a thermocycler according to the following program: 
25 cycles of digestion and ligation (42C for 2min, 16C for 5min) followed by a final di-
gestion step (60C for 10min), and a heat inactivation step (80C for 10min). In some cases, 

where noted in the text, the final digestion and heat inactivation steps were omitted.

Cloning of parts

See Supporting Information for details on construction of new parts.

Promoter, terminator, and degradation tag characterization

Promoter, terminator, and degradation tag testing constructs were integrated into the 
URA3 locus of the yeast chromosome. Constitutive promoter, terminator, and degrada-

tion tag testing constructs were selected using a Zeocin resistance cassette; mating-type 

and galactose promoter testing constructs were selected for uracil prototrophy.

Colonies were picked and grown in 500µL of media in 96-deep-well blocks at 30C in an 

ATR shaker, shaking at 750RPM until saturated. Cultures were diluted 1:100 in fresh me-

dia, grown for 12-16hrs, then diluted 1:3 in fresh media, and fluorescence was measured 
on a TECAN Safire2. For the galactose inductions, the media was switched during the 
dilution step from 2% dextrose to 2% raffinose with different concentrations of galactose.

Excitation and emission wavelengths used to measure fluorescent proteins were: mTur-

quoise2 at 435nm/478nm, Venus at 516nm/530nm, and mRuby2 at 559nm/600nm. Raw 
fluorescence values were first normalized to the OD600 of the cultures, and then normal-
ized to the background fluorescence of cells not expressing any fluorescent protein. The 
median log value of biological replicates was calculated and plotted with the range.

Copy number characterization

mRuby2 expression cassettes were assembled onto URA3 plasmids or integrated into the 

URA3 locus; Venus expression cassettes were assembled onto LEU2 plasmids or integrat-

ed into the LEU2 locus. For constructs where the two fluorescent proteins were expressed 
in tandem from the same locus/plasmid, they were assembled onto URA3 plasmids or 

integrated into the URA3 locus; the strain used for these constructs was prototrophic for 

leucine.

Four colonies of each strain were picked into 400µL of synthetic media lacking uracil and 

leucine, and grown in 96-deep-well blocks at 30C in an ATR shaker, shaking at 750RPM 
until saturated. The saturated cultures were measured for bulk fluorescence in a TECAN 
Safire2. The cultures were then diluted 1:100 into fresh media, grown for 4hrs, and mea-

sured on a Fortessa X-20 flow cytometer.

Excitation and emission wavelengths used to measure bulk fluorescence on the TECAN 
were: Venus at 516nm/530nm and mRuby2 at 560nm/590nm. Fluorescence values were 
normalized and reported in the same manner as the promoter characterization experi-

ments.
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The lasers and filters used on the flow cytometer were: a 488nm laser and a FITC filter 
(505LP 530/30) for Venus; a 561nm laser and PE-Texas Red filter (595LP 610/20) for mRu-

by2. Voltages for each channel were kept constant for all samples at all copy numbers. 
Cytometry data were analyzed using FlowJo (http://www.flowjo.com).

Note: the selectable auxotrophic markers for uracil and leucine used in these experiments 
were different from those included in the toolkit. At the time these experiments were con-

ducted, we had designed markers that encoded for the native Ura3p and Leu2p proteins, 
but used alternate codons for almost every position. We also used the respective termina-

tor sequence from Ashbya gossypii, although we used the native S. cerevisiae promoter. The 

reason for these changes was an attempt to construct selectable markers with orthogonal 

sequences that would minimize undesired recombination with the chromosome, particu-

larly for strains that did not have clean deletions of those genes as BY4741 does. Unfortu-

nately, the changes resulted in a reduced growth rate on selective media, and were aban-

doned in favor of the native sequences. The only other experiment to use the alternative 

markers was the high-efficiency integration experiment (which also used HIS3).

High-efficiency integrations

The experimental strain used for the integration efficiency experiments was prepared 
by integrating the landing pad into BY4741 as depicted in Figure 2-9. The repair DNA 

was constructed in two ways, with and without a CEN6/ARS4 origin. The plasmid with 
an origin was transformed and used to normalize the colony counts of all other trans-

formations. The plasmid without an origin was linearized using NotI prior to transfor-

mation. The cutting plasmids expressing either I-SceI or Cas9/sgRNA were constructed 
onto CEN6/ARS4 plasmids with a HIS3 selection marker, but were never selected for and 

were presumably present only transiently in cells. The cutting plasmids either were or 

were not also linearized with NotI prior to transformation. 100fmol of each DNA (cutter 

and/or repair) was added to 350µL of transformation mix. After heat shock, 1/10th of the 
transformation was plated onto synthetic media lacking histidine. Pictures of the plates 

were taken and colonies were counted using Benchling (https://benchling.com).

Multiplexed knockouts

1µg of the Cas9/sgRNA plasmid (~100ng/µL) and 5µg of linear repair DNA (~500ng/
µL) were added to 300µL of transformation mix. For the no repair controls, 10µL of water 

was added in place of the DNA. After heat shock, cells were washed with 300µL of water, 

pelleted, and resuspended in 100µL of water and plated entirely onto synthetic media 

lacking uracil.

To screen for the knockout phenotype(s), 40 colonies were picked into 500µL of synthetic 

media lacking uracil in 96-deep-well blocks and grown at 30C in an ATR shaker, shaking 
at 750RPM. Saturated cultures were washed twice in 500µL of water, then diluted 1:100 
into four different media, each lacking the appropriate amino acid (leucine, histidine, 
methionine (and cysteine), or tryptophan). These cultures were then incubated again at 

30C at 750RPM, and we counted the number of clones that showed growth in the correct 
set of media.
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Protospacer sequences for sgRNAs were designed using Benchling (see Table 2-2 for a 

list). See Figure 2-10 for details on the design of repair DNA. 
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Chapter 3. An Enzyme-coupled Biosensor Enables (S)-Reticuline 
Production in Yeast from Glucose†

3.1 Introduction

Plant specialized metabolites are a rich source of chemical diversity that has given rise 
to a host of prominent pharmaceuticals1. Despite their widespread use2, many of these 

compounds are still manufactured from plant extracts because they are too structurally 

complex to be cost-effectively produced by total organic synthesis. Target metabolites 
often accumulate at low levels in plants, and efforts to improve yields are hindered by 
limitations in plant metabolic engineering—namely complex pathway regulation, a lack 

of genetic tools, and long development cycles3. Such problems have also made it chal-

lenging to fully explore the potential structural diversity of natural product derivatives4.

Microbially-based production systems overcome many of these barriers and are poised to 

transform the manufacturing and drug discovery processes for many natural products5. 

Next-generation DNA sequencing has accelerated the elucidation of complex biochemi-

cal pathways in plants such that they can now be transplanted to easily engineered and 

scalable industrial production hosts6. Meanwhile, the development of powerful synthetic 

biology tools for genetically manipulating cells has made the engineering of microor-

ganisms with new properties considerably faster, cheaper, and easier7,8. Commercial pro-

duction of the anti-malarial drug precursor artemisinic acid in the yeast Saccharomyces 
cerevisiae is a pioneering example of these technologies revolutionizing pharmaceutical 

manufacturing9.

Benzylisoquinoline alkaloids (BIAs) are a large family of L-tyrosine-derived plant special-

ized metabolites with a variety of therapeutic uses10. This class of compounds includes 

the opioid analgesics morphine and codeine, the antibiotics sanguinarine and berberine, 

the muscle relaxants (+)-tubocurarine and papaverine, and the cough suppressant nos-

capine. Several analgesics (e.g. oxycodone) are synthetic derivatives of the BIA interme-

diate thebaine10. Because of their structural complexity, most BIAs cannot be chemically 

synthesized at commercial scale and are instead extracted from plants—most notably the 

opium poppy (Papaver somniferum)11. In light of recent advances in our understanding 

of BIA biosynthesis, these molecules have become high-value targets for production via 

microbial fermentation. 

A major achievement in microbial BIA production was marked by the synthesis of the key 

intermediate (S)-reticuline from glucose in the bacterium Escherichia coli12. (S)-Reticuline 
is the final intermediate to be shared between the major branches of the BIA pathway. 
Despite high titers13, no steps downstream of (S)-reticuline have since been demonstrated 

in E. coli. However, an impressive number of these downstream steps have been success-

† Reproduced with permission from DeLoache, W. C. et al. “An enzyme-coupled biosensor enables (S)-retic-

uline production in yeast from glucose.” Nat Chem Biol 11, 465–471 (2015).
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fully reconstituted in S. cerevisiae leading to the recent production of many valuable BIAs, 

albeit from cost-prohibitive intermediates such as norlaudanosoline and thebaine14-17. 

These products include morphine, codeine, hydrocodone, hydromorphone, oxycodone, 

(S)-tetrahydroberberine, and dihydrosanguinarine. S. cerevisiae is amenable to the func-

tional expression of endomembrane-localized cytochrome P450s and therefore a more 
suitable host for the downstream steps of BIA biosynthesis8. P450s play an important role 
in BIA synthesis and diversification, especially in the generation of new backbones, such 
as morphinans (CYP719B1), aporphines (CYP80G2), bisbenzylisoquinolines (CYP80B2), 
and benzophenanthridines (CYP82N4)10. While yeast have been co-cultured with retic-

uline-producing E. coli to catalyze downstream steps to magnoflorine and scoulerine18, 

large-scale production of BIAs will likely necessitate that all steps be consolidated into 

a single microorganism to minimize carbon loss and simplify fermentation processes. 

Although there have been recent successes in establishing microbial co-cultures and se-

quential fermentations in the laboratory13,19,20, industrial fermentations frequently favor 

monocultures over more complicated, multi-strain strategies. 

Production of (S)-reticuline from central metabolites in S. cerevisiae has proven surpris-

ingly difficult given the early successes in E. coli. While reticuline has been synthesized 

from fed norlaudanosoline in yeast14, the upstream steps required for the synthesis of the 

norlaudanosoline or the natural BIA backbone (S)-norcoclaurine from L-tyrosine have 

remained elusive. This is primarily attributable to: i) difficulties at the first biosynthetic 
step from L-tyrosine to L-3,4-dihydroxyphenylalanine (L-DOPA) and ii) poor activity of 
the norcoclaurine synthase (NCS)21. Prior to this work, there were two known families of 
enzymes broadly referred to as tyrosine hydroxylases. Plants and animals utilize tyrosine 
3-monooxygenases (E.C. 1.14.16.2), which require a cofactor (tetrahydrobiopterin) not 

found in yeast22. Copper-containing tyrosinases (E.C. 1.14.18.1), used by many organisms 

for melanin production, exhibit both tyrosine hydroxylase and DOPA oxidase activities to 
produce L-dopaquinone from L-tyrosine23,24. While bacterial tyrosinases have been used 

for L-DOPA production in E. coli12, functional expression of these enzymes in S. cerevisiae 

remains a challenge.

To aid in the search for a yeast-active tyrosine hydroxylase, we developed an enzyme-cou-

pled biosensor for the BIA pathway intermediate L-DOPA. This biosensor takes advan-

tage of a plant biosynthetic enzyme that converts L-DOPA into the yellow, fluorescent 
pigment betaxanthin25. Using this sensor, we identified a tyrosine hydroxylase that was 
highly active in S. cerevisiae and were able to further improve its activity via PCR muta-

genesis to increase L-DOPA titer 2.8-fold and dopamine titer 7.4-fold. This enzyme is a cy-

tochrome P450 from the sugar beet Beta vulgaris and represents the first known example 
of a P450 capable of L-tyrosine hydroxylation. While the wildtype version of this enzyme 

catalyzes an additional unwanted oxidation of L-DOPA into L-dopaquinone, one of the 

beneficial mutations that we identified suppresses this off-pathway activity. Our mutant 
tyrosine hydroxylase enabled the production of dopamine in yeast and, when coupled to 

a newly identified norcoclaurine synthase from opium poppy, allowed for the synthesis 
of the BIA intermediates (S)-norcoclaurine and (S)-reticuline from glucose. This break-

through connects, for the first time, the central metabolism of yeast to the downstream 
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Figure 3-1. Utilizing the betaxanthin pathway as a biosensor for L-DOPA in yeast. To improve L-DO-
PA production in yeast cells, we expressed DOPA dioxygenase (DOD), which enabled rapid monitoring 
of upstream enzymatic activity through the production of plant pigments (shaded in blue). Enzymes that 
produce L-DOPA via tyrosine hydroxylation (activity 1) often catalyze a second step to L-dopaquinone 
(DOPA oxidase, activity 2). This second activity is undesirable for the production of BIAs from tyrosine 
because it introduces a competing pathway to melanin. When co-expressed with a tyrosine hydroxylase, 
DOD will generate betalamic acid, a reactive aldehyde that undergoes spontaneous condensation with 
amino acids and other free amines to form betaxanthins, which are yellow and fluorescent. Increases 
in tyrosine hydroxylase activity can be easily detected by increased betaxanthin production. Tyrosine 
hydroxylases with a high level of DOPA oxidase activity will produce L-dopaquinone. After a sponta-
neous conversion to cyclo-DOPA, L-dopaquinone can undergo condensation with betalamic acid to 
form betanidin, a violet pigment. While betanidin is prone to oxidative polymerization in normal yeast 
media, the addition of ascorbic acid as a reducing agent stabilizes betanidin, allowing DOPA oxidase 
activity to be easily monitored. (S)-Reticuline is a key intermediate in the BIA pathway that represents a 
branch point from which the majority of BIAs can be produced. Red arrows denote enzymatic reactions; 
black arrows denote spontaneous reactions. 
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steps of BIA biosynthesis that have previously been demonstrated in S. cerevisiae and will 

contribute to the development of a microorganism capable of producing high-value BIAs 

at commercial scale.
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3.2 Results

3.2.1 Development of an enzyme-coupled L-DOPA biosensor

A long-standing inability to achieve L-tyrosine hydroxylation to L-DOPA in yeast prompt-
ed us to develop an enzyme-coupled biosensor for L-DOPA that could be used to quickly 
screen candidate tyrosine hydroxylases for activity. DOPA dioxygenase (DOD) is a plant 
enzyme found in members of the order Caryophyllales that converts L-DOPA into a yel-
low, highly fluorescent family of pigments called betaxanthins (Figures 3-1 and 3-2a) 
26,27. These betaxanthins, all of which have similar optical properties, are the result of a 
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Figure 3-2. Development and characterization of an enzyme-coupled L-DOPA biosensor. (a) L-DO-
PA can be acted on by three distinct enzymes. For the production of benzylisoquinoline alkaloids (BIAs), 
DOPA decarboxylase (DODC) is the desired activity. However, many enzymes that produce L-DOPA 
(tyrosine hydroxylases, activity 1) also have a second activity (DOPA oxidase, activity 2) that introduces a 
competing pathway towards melanin. DOPA dioxygenase (DOD) converts L-DOPA into the fluorescent, 
yellow pigment betaxanthin in plants and was used in yeast as an L-DOPA biosensor to optimize tyrosine 
hydroxylase activity. Red arrows denote enzymatic reactions; black arrows denote spontaneous reac-
tions. See Figure 3-1 for a more detailed pathway diagram. (b) Fluorescence microscopy of yeast cells 
expressing DOD with the red fluorescent protein mKate2 fused to the N-terminus, grown in media with 
and without L-DOPA. Scale bars, 10 μm. (c) Dose-response curve for a DOD-expressing strain (blue) 
and a wildtype control strain (red) grown in media supplemented with a range of L-DOPA concentrations 
ranging from 10,000 – 0.15 μM in two-fold increments. Cellular betaxanthin fluorescence was measured 
on a microplate fluorometer. Error bars represent mean values ± s.d. of twelve biological replicates. (d) 
Flow cytometry histograms for DOD-expressing yeast cells (and a wildtype control, orange) grown in me-
dia supplemented with a range of L-DOPA concentrations. Cells were gated by forward and side scatter 
as indicated in Figure 3-4. Betaxanthin fluorescence was normalized to forward scatter to account for 
variation in cell size. Cell counts were normalized as a percent of the mode of each population.
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Figure 3-3. Marginal change in betaxanthin 
fluorescence in response to extracellular 
L-DOPA concentration. Betaxanthin fluores-
cence was measured via microplate fluorometer 
in a DOD-expressing strain (Strain 3 from Table 
3-1) grown in a range of extracellular L-DOPA 
concentrations (see Figure 3-2c). In this figure, 
the finite difference derivative was taken between 
each data point to calculate the marginal change 
in betaxanthin fluorescence as the L-DOPA con-
centration increased.

spontaneous reaction between free amines and betalamic acid produced by DOD28. For 

simplicity, we will refer to this entire family of molecules collectively as betaxanthin.

We expressed in yeast a DOD variant from the flowering plant Mirabilis jalapa26 and found 

that cells grown in media supplemented with L-DOPA produced enough betaxanthin to 
be easily detected by eye in both the supernatant and the cell pellet. Fluorescence micros-

copy indicated that betaxanthin, which is highly water soluble, accumulates in the yeast 

vacuole in addition to getting pumped out of the cell through unknown mechanisms 

(Figure 3-2b). Because a substantial fraction of betaxanthin remains intracellular, L-DOPA 
levels can be quantified via cellular fluorescence. Using a microplate fluorometer, we gen-

erated a dose-response curve for a DOD-expressing strain grown in 0.1-10,000 µM L-DOPA 
(Figure 3-2c). Changes in betaxanthin fluorescence were detectable across a three-order of 
magnitude range from 2.5-2,500 µM L-DOPA, with the most sensitive response observed 
between 25-250 µM L-DOPA (Figure 3-3). The sensor demonstrated a 110-fold dynamic 

range and low sample-to-sample variability, yielding a Z’-factor of 0.91, where a value 

between 0.5-1.0 typically denotes an excellent high throughput assay29. Changes in betax-

anthin fluorescence were also readily detectable at the single cell level via flow cytometry 
(Figure 3-2d). Using this detection technique, we achieved a 145-fold dynamic range for 
the sensor, however, we observed considerable cell-to-cell variability, as is common for 

single cell measurements, despite both gating cells by forward and side scatter and nor-

malizing fluorescence by forward scatter to account for differences in cell size (Figures 
3-4 and 3-5). Analysis of our flow cytometry data indicated that a tyrosine hydroxylase 
variant with two-fold improved activity would be expected to be enriched between 25 

and 50-fold over the rest of the population in a given round of fluorescence activated cell 
sorting (FACS) if L-DOPA production fell in the linear range of the biosensor. While the 
ability to cell sort is promising for enabling future screens and applications, we elected 

to use colony-based colorimetric and fluorometric screening of our tyrosine hydroxylase 
libraries, as this technique proved sufficient for our purposes (Figure 3-6). 

Importantly, our enzyme-coupled biosensor is designed to be specific for L-DOPA as it 
should be capable of differentiating between the tyrosine hydroxylase and DOPA oxidase 
activities exhibited by tyrosinases. For the production of BIAs, the secondary DOPA oxi-
dase activity is undesirable as it diverts L-DOPA to melanin30. While a tyrosinase from the 

button mushroom Agaricus bisporus (polyphenol oxidase 2, AbPPO2) has been success-
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Figure 3-4. Forward- and side-scatter flow 
cytometry gating conditions. To remove cells 
with outlier morphologies including dead and 
conjoined cells, a subset accounting for the 
center third of cells (31.3%) was selected for 
measurement. The gated population, shown 
above within the black ellipse, was used for 
further quantification as shown in Figure 3-2d. 

fully expressed in yeast, this enzyme had over 10-fold higher activity on L-DOPA than it 
did on L-tyrosine31. Given the existence of bacterial tyrosinases with relatively low DOPA 
oxidase activity32, we hypothesized that our betaxanthin production assay could be used 

alongside enzyme mutagenesis to alter the relative substrate specificity for L-DOPA and 
L-tyrosine in enzymes that preferentially act on L-DOPA and are active in yeast. In this 
manner, undesired DOPA oxidase activity (activity 2 in Figures 3-1 and 3-2a) could be 

minimized and tyrosine hydroxylase activity maximized (activity 1 in Figures 3-1 and 
3-2a).

3.2.2 Identification of a yeast-active tyrosine hydroxylase 

We first sought a tyrosine hydroxylase variant that yielded measurable levels of betaxan-

thin when expressed with DOD to use as a starting point for enzyme mutagenesis. While 
we expected this search to involve screening large variant libraries from cDNA and/or 
bioinformatic curation, we fortuitously found an acceptable candidate without resort-

ing to these techniques. We note that future work to screen such libraries with our en-

zyme-coupled biosensor might reveal additional insights into this enzyme class and even 

identify variants with higher activity than those described in this work. Two candidate 

enzymes were selected for initial screening—AbPPO2 from A. bisporus (discussed above) 

and CYP76AD1 from the sugar beet Beta vulgaris. The latter is a recently identified cyto-

chrome P450 DOPA oxidase33. This enzyme is responsible for the production of the violet 

pigment betanidin (a betaxanthin analog) in beets (Figure 3-1). Functional expression of 

CYP76AD1 in yeast was previously demon-

strated to elucidate this enzyme’s role in de-

termining beet color, making it an attractive 

candidate for our purposes33. Notably, tyro-

sine hydroxylase activity was not previously 

reported for this enzyme; it was selected with 

the objective of altering its substrate specifici-
ty from L-DOPA to L-tyrosine. 

Both AbPPO2 and CYP76AD1 were codon 
optimized for yeast and expressed along 

with DOD. As expected based on previous 
work, AbPPO2 showed extremely low, but 
detectable, betaxanthin production. Surpris-

ingly, CYP76AD1 exhibited considerable ty-

rosine hydroxylase activity, leading to levels 

of betaxanthin that were clearly visible in col-

onies growing on agar plates (Figure 3-7a). 

This result was particularly unexpected giv-

en previous work in which CYP76AD1 and a 
DOD were co-expressed in yeast and yielded 
no observable betaxanthin33. One experimen-

tal difference that could account for these 
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contradictory results is the identity of the DOD enzyme used. While our strains utilized 
a DOD from M. jalapa, previous experiments with CYP76AD1 were conducted using a B. 
vulgaris DOD, which has a K

m
 of 7 mM34—well above the levels that are likely to accumu-

late in yeast given the competing DOPA oxidase activity of CYP76AD1.

After achieving clearly detectable betaxanthin synthesis with CYP76AD1, we tested for 
L-DOPA production in the absence of DOD. CYP76AD1 yielded 1.3 mg/l L-DOPA, almost 
20-times the levels obtained with AbPPO2. This result suggested our betaxanthin bio-

sensor would have utility in further optimizing L-DOPA production, as the betaxanthin 
levels from AbPPO2 and CYP76AD1 were predictive of L-DOPA titers (Figure 3-7b). We 

hypothesized that titers could be improved by abolishing CYP76AD1’s DOPA oxidase 
activity and set out to perform mutagenesis and screening with our L-DOPA biosensor.

White light Blue light epi-illumination

No CYP

CYP76AD1
Wildtype

CYP76AD1
F309L

CYP76AD1
W13L/F309L

Plate Layout

Figure 3-6. Fluorescence-based plate screening of betaxanthin producers and non-producers. 
Yeast expressing DOD (Strain 3) was transformed with a plasmid expressing either CYP76AD1 (Plas-
mid 3 from Table 3-2), F309L (Plasmid 4), or W13L/F309L (Plasmid 5) or an empty plasmid control 
(Plasmid 2), streaked onto SD-Leucine plates, and grown for 48 hours at 30˚C. Both plates were 
imaged under either white light epi-illumination with no filter (left) or blue light epi-illumination with a 
green emission filter (GFP2, right) on a Leica dissecting microscope at minimal tube magnification 
(0.71X base magnification) and a Leica DFC300FX color camera for capture.
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Figure 3-5. DOD-based betaxanthin biosensor signal 
responds to three orders of magnitude of extracellular 
L-DOPA concentration as measured by flow cytometry. 
A DOD-expressing yeast strain (Strain 3) and a nonexpress-
ing strain (Strain 1) grown under conditions of varying ex-
tracellular L-DOPA as in Figure 3-2c. Cellular betaxanthin 
fluorescence was measured using a flow cytometer (Fig-
ure 3-2d) with gating parameters as indicated in Figure 
3-4. The biosensor response of betaxanthin fluorescence 
was measured by flow cytometry and then divided by for-
ward scatter (FSC) to account for variability in cell size. The 
above plot shows the median fluorescence values at each 
L-DOPA concentration. Error bars represent the 5th and 95th 
percentile values of at least 15,000 events.
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Figure 3-7. Isolation and improvement of a ty-
rosine hydroxylase in yeast. (a) Yeast cells ex-
pressing DOD alone or with a candidate tyrosine 
hydroxylase (either AbPPO2 from A. bisporus or 
CYP76AD1 from B. vulgaris), streaked on an agar 
plate with synthetic complete media. (b) Quan-
tification of tyrosine hydroxylase activity for en-
zyme variants isolated with the betaxanthin bio-
sensor screen. Yellow bars represent betaxanthin 
fluorescence in cells co-expressing a tyrosine 
hydroxylase variant with DOD as measured by 
cellular fluorescence on a microplate fluorometer. 
Fluorescence values were normalized to the auto-
fluorescence of a control strain that expressed no 
tyrosine hydroxylase. Blue bars show L-DOPA ti-
ter after 48 hours of growth for strains expressing 
a candidate tyrosine hydroxylase as measured by 
LC/MS of culture supernatants and comparison 
to a standard curve. Amino acid substitutions for enzyme mutants are denoted in italics (76AD1 = 
CYP76AD1). Error bars indicate mean values ± s.d. of four biological replicates. (c) Dopamine titers 
in the culture supernatant of cells co-expressing DOPA decarboxylase (DODC) and a CYP76AD1 
mutant as measured by LC/MS and comparison to a standard curve. The presence of the W13L 
and/or F309L mutation in a given variant is indicated with a “+”. A strain overexpressing a feedback 
resistant mutant of Aro4p, known to increase intracellular tyrosine levels (Aro4FBR), was also tested 
with select CYP76AD1 variants. Error bars indicate mean values ± s.d. of four biological replicates.

3.2.3 Improving tyrosine hydroxylase activity

We performed error-prone PCR to generate a library of CYP76AD1 mutants that was 
transformed into a yeast strain expressing DOD. This mutant library contained approx-

imately 200,000 members with an average mutation rate of approximately 4 mutations/
gene. The difference in betaxanthin production between library clones was sufficiently 
large that obvious differences between colonies could be detected by eye with the aid of 
blue light epi-illumination and a amber-green emission filter to amplify the betaxanthin 
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fluorescence signal (Figure 3-6). We visually selected 17 of the highest betaxanthin pro-

ducers for sequence analysis and confirmation of activity using microplate fluorometry 
(data not shown). Six of the 17 clones that we sequenced contained the same F309L mis-

sense mutation; among those with this mutation, there were 2 distinct genotypes.

 

We narrowed our set of hits to six by removing duplicate genotypes and any mutant 

proteins that showed less than a 1.5-fold improvement in betaxanthin production upon 

isolation and retransformation into the L-DOPA sensor base strain (Figure 3-8). These 

six mutants were used to construct a DNA shuffling library in order to randomly com-

bine potentially beneficial mutations. The resulting library was again transformed into 
yeast expressing DOD and screened for betaxanthin production through a combination 
of visual screening and plate-based fluorescence measurements. We visually selected 67 
high-fluorescence colonies to grow in liquid media, and secondary fluorescence screen-

ing was done in a microplate format (Figure 3-9). Out of the 28 highest producers that we 
sequenced from the DNA shuffling library, 20 had incorporated the same two mutations 
(W13L and F309L), suggesting that the effects of these mutations were multiplicative. An 
additional silent mutation that was linked to W13L (9T>C) was also enriched for and in-

cluded in future experiments involving the W13L mutation. This linked double mutation 

will be referred to as W13L for convenience. 
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Figure 3-8. CYP76AD1 mu-
tants yield increased betax-
anthin production. Six mu-
tants from the first round of 
betaxanthin screening were 
selected to undergo DNA 
shuffling. Mutant #2 was in-
dependently isolated two 
times, and Mutant #6 was 
independently isolated four 
times. All other mutants were 
only isolated once. (a) CY-
P76AD1 mutants 1-6 were 
genomically integrated into 
a strain expressing DOD. 
Betaxanthin fluorescence 
was measured on a micro-
plate fluorometer and nor-
malized to cells expressing 
wildtype CYP76AD1. Bars 
represent mean values ± s.d. 
of six biological replicates. (b) 
Sequence of CYP76AD1 mu-
tants 1-6. Silent mutations 
(italicized) are indicated with 
their nucleotide substitution 
and indexed by their distance 
from the start codon. 
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Figure 3-9. CYP76AD1 mutant analysis for the second round 
of library screening. Sixty-seven colonies from the Golden 
Gate shuffling library (transformed into Strain 3) were picked 
by visual inspection for high betaxanthin production. Colonies 
were grown in SD-uracil and measured for betaxanthin fluores-
cence on a microplate fluorometer. The 28 highest producing 
clones were sequenced. Red bars represent sequenced library 
members with both the W13L and F309L mutations incorporat-
ed into CYP76AD1. Green bars represent library members that 
were sequenced and did not have W13L and F309L mutations. 
Blue bars represent library members that were not sequenced. 
No CYP76AD1 control (Plasmid 2) = black; WT CYP76AD1 con-
trol (Plasmid 3) = yellow; CYP76AD1 W13L control (Plasmid 5) 
= orange.

Because W13L and F309L ap-

peared to be our two best muta-

tions, we analyzed their effects 
on betaxanthin and L-DOPA 
production individually and 

in combination. Compared 

to wildtype CYP76AD1, the 
W13L and F309L single mutants 

yielded 1.7-fold and 1.9-fold 

more betaxanthin respectively 

(Z-scores = 16.2 and 21.0) when 
measured on a microplate flu-

orometer (Figure 3-7b). When 

combined, the double mutant 

showed a net increase in betax-

anthin fluorescence of 2.7-fold 
over wildtype CYP76AD1 with 
a Z-score of 10.0 relative to the 

F309L single mutant. When 

betaxanthin fluorescence was 
compared via flow cytometry, 
the mutant populations were 

easily distinguishable, showing 

a 4.3-fold improvement in mean 

fluorescence for the double mu-

tant compared to wildtype CY-

P76AD1 (Figure 3-10). In the absence of DOD, CYP76AD1 with the W13L, F309L, and 
W13L/F309L mutations improved upon the L-DOPA titer of wildtype CYP76AD1 by 1.9-
fold, 1.4-fold, and 2.8-fold, respectively (Figure 3-7b). Overall, there was strong linear 
correlation between betaxanthin fluorescence and intracellularly produced L-DOPA (R2 

= 0.92), although there was a slight discrepancy between the two measurements for the 
F309L mutant.

We next tested the ability of CYP76AD1 to catalyze the synthesis of the downstream BIA 
intermediate dopamine when expressed with a DOPA decarboxylase (DODC) from Pseu-
domonas putida that is highly specific for L-DOPA35. The specificity of DODC is important, 
as decarboxylation of L-tyrosine would introduce a side pathway to tyramine and reduce 

flux to dopamine12. When combined into a single strain, both activities resulted in dopa-

mine production, something that has not been demonstrated previously in S. cerevisiae. 

Using wildtype CYP76AD1, we achieved a dopamine titer of 1.5 mg/l (Figure 3-7c). Both 

the W13L and F309L single mutants improved dopamine production; in fact, the effect 
of the F309L mutant on dopamine titer was considerably larger than had been observed 

for L-DOPA titer (3.8-fold vs. 1.4-fold respectively). The W13L/F309L double mutant of 
CYP76AD1 increased the level of dopamine production to a surprisingly high 10.8 mg/l, 
7.4-fold greater than the wildtype enzyme. 
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Given the high tyrosine hydroxylase activity of the CYP76AD1 W13L/F309L double mu-

tant, we hypothesized that L-tyrosine availability might be limiting dopamine production 

in our strain. Therefore, we overexpressed a feedback-insensitive mutant of the L-tyro-

sine pathway enzyme Aro4p that is known to markedly increase the intracellular L-ty-

rosine concentration in S. cerevisiae36. Doing so resulted in an additional 2.2-fold increase 

in dopamine levels. In this strain background, we achieved a final dopamine titer of 23.8 
mg/l when cells were grown for 48 hours in 2X synthetic complete media with 4% glu-

cose (Figure 3-7c). 

3.2.4 Characterization of reduced DOPA oxidase activity

We were interested in characterizing the mechanism by which our CYP76AD1 mutants 
led to increased tyrosine hydroxylase activity and started by looking at changes in en-

zyme expression. Western blot analysis showed that the W13L mutation yielded 2.8-fold 

more protein, while the F309L mutation led to a 1.6-fold increase in expression (Figure 
3-11a). These changes were consistent with measurements of protein expression made via 

fluorescent protein fusion (Figure 3-12). Fluorescence microscopy of these fusion proteins 

showed that neither mutation affected localization of CYP76AD1 to the endoplasmic re-

ticulum (Figure 3-13). While increased expression is sufficient to explain the improve-

ments in L-DOPA and dopamine production caused by the W13L mutation, the 3.8-fold 
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Figure 3-10. Flow cytometry fluorescence measurement of betaxanthin can distinguish CY-
P76AD1-expressing strains. Yeast strains expressing DOD and a mutant of CYP76AD1 (Strains 4, 
5, 7, 8, and 9) were grown in SD-uracil. Cellular betaxanthin fluorescence was measured using a flow 
cytometer with gating parameters as designated in Figure 3-4. Fluorescence was divided by forward 
scatter (FSC) to account for variability in cell size, and a histogram of each strain of cells was gener-
ated and superimposed. Cell counts were normalized as a percent of the mode of each population. 
At least 15,000 cells per condition are represented on the histograms.
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Figure 3-11. Characterization of reduced DOPA oxidase activity in CYP76AD1 mutants. (a) Western 
blot comparing expression level of CYP76AD1 mutants in yeast. Enzymes contain a C-terminal FLAG-
tag. An anti-GAPDH antibody was used as a loading control. Relative expression represents the ratio of 
anti-FLAG intensity to anti-GAPDH intensity, normalized to wildtype CYP76AD1. (b) Pelleted yeast cells 
expressing CYP76AD1 mutants (and Aro4FBR). Neg. Control denotes a strain not expressing CYP76AD1. 
(c) DOD generates the intermediate betalamic acid that can either react with free amines to produce 
betaxanthins (a yellow family of pigments) or with the L-dopaquinone derivative cyclo-DOPA to produce 
betanidin (a violet pigment). Betanidin is labile but can be stabilized with the addition of the reducing 
agent ascorbic acid. Relative levels of betanidin production were used to compare DOPA oxidase activ-
ity (activity 2) in CYP76AD1 variants. See Figure 3-1 for a more detailed pathway diagram. (d) Culture 
supernatant from strains co-expressing DOD and a CYP76AD1 mutant grown in minimal media with 
ascorbic acid. Neg. Control indicates no CYP76AD1 expression. (e) LC/MS analysis of tyrosine-betax-
anthin (yellow) and betanidin (violet) levels in the supernatants from (d). Tyrosine-betaxanthin was se-
lected as a representative member of the betaxanthins since many different species exist in the culture 
supernatant. Peak areas were fit to relative standard curves generated by serial dilution of the samples 
to obtain levels of betanidin and tyrosine-betaxanthin relative to the wildtype CYP76AD1 sample. Error 
bars represent mean values ± s.d. of four biological replicates.
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improvement in dopamine titer caused by the F309L mutation cannot be fully explained 

by a 1.6-fold increase in protein abundance. Therefore, we investigated potential changes 

in catalytic activity resulting from this mutation.

While pelleting L-DOPA-producing cultures with feedback-insensitive Aro4p overex-

pressed, we noticed that cells expressing wildtype CYP76AD1 or the W13L single mutant 
were brown in color compared to cells expressing a version of CYP76AD1 with the F309L 
mutation incorporated (Figure 3-11b). We suspected that this brown color was likely due 

to the accumulation of melanin generated by CYP76AD1’s DOPA oxidase activity (Fig-
ure 3-11c). Because of challenges associated with accurate quantification of melanin and 
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Figure 3-12. Expression level mea-
surement of Venus-tagged CY-
P76AD1 mutants. As a complement 
to Figure 3-11a, expression levels of 
different CYP76AD1 mutants were 
quantified using strains expressing 
a C-terminal Venus fusion protein 
(Strains 41, 42, 43, and 44). Fluo-
rescence measurements were taken 
using a microplate fluorometer and 
normalized to the fluorescence val-
ue of cells not expressing any fluo-
rescent protein (Strain 1). Error bars 
represent mean values ± s.d. of ten 
biological replicates.

CYP76AD1-
Venus

WT W13L F309L
W13L/
F309L

Brightfield

Figure 3-13. Venus-tagged CYP76AD1 mutants localize to the endoplasmic reticulum. Strains ex-
pressing a C-terminal Venus fusion of CYP76AD1 mutants (Strains 41, 42, 43, and 44) were examined 
using confocal fluorescence microscopy. The localization of Venus-tagged CYP76AD1 appears to be 
primarily at the endoplasmic reticulum and does not show obvious differences in localization between 
any of the mutants.
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Figure 3-14. The F309L mutation of CYP76AD1 de-
creases the amount of dopaquinone produced. Yeast 
strains expressing mutants of CYP76AD1 (Strains 10, 
11, 12, 13) were grown in 2X SD-uracil supplemented 
with 10 mM ascorbic acid. Dopaquinone was measured 
using the same LC/MS protocol as was used for dopa-
mine quantification, except the ion extracted from the 
data was m/z 196.06, representing dopaquinone [M+H]+. 
Note that a chemical standard for L-dopaquinone could 
not be obtained. Bars represent mean values ± s.d. of 
four biological replicates.

its precursor, L-dopaquinone (Figure 
3-14), we again turned to the betaxan-

thin pathway to analyze this apparent 

change in CYP76AD1’s catalytic activ-

ity. As stated previously, the pathway 

from L-DOPA to betaxanthin goes 
through the intermediate betalamic 

acid, which undergoes spontaneous 

condensation with amines (Figure 
3-1). If L-dopaquinone is generated via 

a DOPA oxidase, however, betalamic 
acid can react with the L-dopaquinone 

derivative cyclo-DOPA to form a vio-

let pigment called betanidin (Figures 
3-1 and 3-11c). 

We used betanidin production as an 

indicator of DOPA oxidase activity in 
yeast. Doing so required supplement-

ing the growth media with ascorbic 

acid as a reducing agent to prevent 

spontaneous betanidin oxidation that 

causes the pigment to polymerize and 

lose its violet color37. When co-ex-

pressed with DOD, candidate tyrosine 
hydroxylases with high DOPA oxi-
dase activity should produce a violet 

supernatant containing high levels of betanidin, while enzymes with low DOPA oxidase 
activity will generate a yellow supernatant that is composed mostly of betaxanthin and 

betalamic acid. As expected, when wildtype CYP76AD1 was tested in this betaxanthin/
betanidin assay, the supernatant was violet, indicative of high DOPA oxidase activity 
(Figure 3-11d). While the W13L mutation increased the concentration of pigments in the 

culture supernatant, the overall violet color did not change (Figure 3-15). In contrast, 

incorporation of the F309L point mutation into CYP76AD1 produced a shift in color 
from violet to yellow, which was also observed for the W13L/F309L double mutant. This 
change demonstrates that the F309L mutation reduces DOPA oxidase activity. To better 
quantify the culture supernatants, we measured betanidin and betaxanthin using liquid 

chromatography–mass spectrometry (LC/MS). Tyrosine-betaxanthin was selected as a 
representative member of the betaxanthin species since many different betaxanthins can 
form from the spontaneous conjugation of an amine with betalamic acid (Figure 3-16). 

Our results showed that betanidin levels decreased by 80% in the F309L mutant, com-

pared to wildtype CYP76AD1 (Figure 3-11e). This decrease in betanidin was accompa-

nied by a 3.7-fold increase in tyrosine-betaxanthin production. When quantified via LC/
MS, the changes in tyrosine-betaxanthin caused by the mutations showed strong linear 
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correlation to the dopamine levels measured in Figure 3-7c (R2 = 0.999) (Figure 3-17). In 

fact, betaxanthin titers were more predictive of dopamine titers than was direct measure-

ment of L-DOPA in the absence of a downstream enzyme.

To further investigate the importance of the F309 residue on DOPA oxidase activity, we 
performed a protein alignment of CYP76AD1 to its three known orthologs (CYP76AD2, 
CYP76AD3, and CYP76AD4), which showed that this residue is conserved in each (Fig-
ure 3-18). To determine whether the F309L mutation would have similar effects in these 
orthologs, we codon optimized the genes for expression in yeast and tested wildtype and 

F309L mutants in the betaxanthin/betanidin assay. In all cases, introduction of the muta-

tion produced a shift from violet to yellow supernatants (Figure 3-19). We further aligned 

the CYP76AD1 protein sequence to its seven closest paralogs from the recently sequenced 
beet genome and found that all seven contained the same F309L substitution that we had 

identified through PCR mutagenesis (Figure 3-20)38. In beets, inactivation of CYP76AD1 
abolishes betanidin production while betaxanthin production persists, suggesting the 

presence of a dedicated tyrosine hydroxylase for betanidin synthesis33. We tested the two 

closest paralogs for tyrosine hydroxylase activity in S. cerevisiae but observed no betaxan-
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Figure 3-15. Absorbance 
spectra of the supernatant 
pictured in Figure 3-11d and 
corresponding pellet extracts. 
Measured absorbance maxi-
ma: betalamic acid = 413nm, 
betaxanthins = 460-480nm, 
betanidin = 533nm. Based on 
comparisons of spectra be-
tween supernatant and cellular 
fluorescence, it appears that a 
large fraction of the betaxan-
thin remains intracellular rela-
tive to betanidin and betalamic 
acid. (a) Absorbance spectra of 
yeast supernatants measured 
using a microplate spectropho-
tometer with a 1 nm wavelength 
step. (b) Absorbance spectra of 
yeast pellet acetonitrile extracts, 
also measured using microplate 
spectrophotometer with a 1 nm 
wavelength step. 
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Figure 3-16. HPLC absorbance traces for CYP76AD1 / DOD strains. Yeast strains expressing DOD 
and either CYP76AD1 W13L or W13L/F309L (Strains 4, 8, 9) were grown in minimal media with 10 mM 
ascorbic acid. Supernatants and acetonitrile extracts of pellets were separated on a C18 column and their 
absorbances measured. Three wavelength traces, 405 nm, 480 nm, and 536 nm, are shown; these corre-
spond to betalamic acid, betaxanthins, and betanidin, respectively. Where possible, peaks were identified 
using a combination of absorbance spectra and mass spectrometry and labeled with numbers directly 
above the corresponding peak. 1, Betanidin; 2, Betalamic acid; 3, Tyrosine-betaxanthin; 4, Valine-betax-
anthin; 5-6, (Iso)Leucine-betaxanthin; 7, Phenylalanine-betaxanthin; 8, Tryptophan-betaxanthin; 9, Pro-
line-betaxanthin. Green, CYP76AD1 W13L/F309L; red, CYP76AD1 W13L; blue, no CYP76AD1. All strains 
express DOD.



57

thin production (data not shown). Efforts to determine a crystal structure for CYP76AD1 
were unsuccessful, however, a homology model was generated by threading CYP76AD1 
onto human CYP1A2 (Figure 3-21)39. The model provided little insight into the mecha-

nism of the F309L mutation’s effect on CYP76AD1’s behavior as the residue was 14 Å 
from the enzyme’s predicted active site.

Figure 3-17. The effects of the CYP76AD1 mu-
tations on tyrosine-betaxanthin and dopamine 
production are highly correlated when both are 
quantified via LC/MS. Dopamine production from 
Figure 3-7c and tyrosine-betaxanthin production 
from Figure 3-11e are plotted relative to wildtype 
levels of production. Strains 4, 5, 7, 8, 9 (betaxan-
thin) and 15, 16, 17, 18, 19 (dopamine) were used. 
Error bars represent mean values ± s.d. of four 
biological replicates.0
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Figure 3-19. Effects of the 
F309L mutation on CYP76AD1 
and its orthologs. (a) Culture 
supernatant from strains co-ex-
pressing DOD and one of four 
CYP76AD orthologs (Strains 5, 
7, 45, 46, 47, 48, 49, 50) grown 
in minimal media with ascorbic 
acid. All wildtype (WT) enzymes 
produced a red supernatant, 
while mutants with an F309L 
substitution produced yellow su-
pernatants, indicative of reduced 
DOPA oxidase activity. (None = 
DOD expression alone, Strain 
4). Note: F309L indicates muta-
tion of the residue corresponding 
to F309 in CYP76AD1 based on 
sequence alignment, not neces-
sarily the exact position of the 
mutated amino acid in each or-
tholog. (b) Absorbance spectra 
of the supernatants shown in (a). 
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CYP76AD2        MDNATLAMILTIWFISINFIKMFFYHQNTKLSLPPGPKPLPIIGNILEVGKKPHRSFANL 60 

CYP76AD4        MDNATLAMLLAIWFISFHFIKMLFTNQSTKL-LPPGPKPLPIIGNILEVGKKPHRSFANL 59 

CYP76AD1        MDHATLAMILAIWFISFHFIKLLFSQQTTKL-LPPGPKPLPIIGNILEVGKKPHRSFANL 59 

CYP76AD3        MDFLTLVMILSIIFFFYNLLKMKFTTHSDAQ-LPPGPKPMPIFGNIFELGEKPHRSFANL 59 

                **  **.*:*:* *:  :::*: *  :.    *******:**:***:*:*:********* 

 

CYP76AD2        AKIHGPLISLRLGSVTTIVVSSAEVAKEMFLKKDQPLSNRNVPNSVTAGDHHKLTMSWLP 120 

CYP76AD4        AKIHGPLISLKLGSVTTIVVSSAEVAKEMFLKKDQPLSNRTVPNSVTAGDHHKLTMSWLP 119 

CYP76AD1        AKIHGPLISLRLGSVTTIVVSSADVAKEMFLKKDHPLSNRTIPNSVTAGDHHKLTMSWLP 119 

CYP76AD3        AKTHGPLMSLRLGSVTTIVVSSAEVAKEMFLKNDQSLADRSVPNSVTAGDHHKLTMSWLP 119 

                ** ****:**:************:********:*:.*::*.:****************** 

 

CYP76AD2        VSPKWRNFRKITAVHLLSPLRLDACQSLRHAKVQQLYQYVQECALKGQSVDIGKAAFTTS 180 

CYP76AD4        VSPKWRNFRKITAVHLLSPLRLDACQSLRHAKVQQLFQYVQECAQKGQAVDIGKAAFTTS 179 

CYP76AD1        VSPKWRNFRKITAVHLLSPQRLDACQTFRHAKVQQLYEYVQECAQKGQAVDIGKAAFTTS 179 

CYP76AD3        VSPKWKNFRKITAVHLLSPQRLDACHALRHAKVKQLYEYVQECALKGEAVDIGKAAFTTS 179 

                *****:************* *****:::*****:**::****** **::*********** 

 

CYP76AD2        LNLLSKLFFSKELACHKSHESQELKQLIWNIMEDIGKPNYADYFPILGCIDPLGIRRRLA 240 

CYP76AD4        LNLLSKLFFSKELASHKSRESQEFKQLIWNIMEDIGKPNYADYFPILGCVDPSGIRRRLA 239 

CYP76AD1        LNLLSKLFFSVELAHHKSHTSQEFKELIWNIMEDIGKPNYADYFPILGCVDPSGIRRRLA 239 

CYP76AD3        LNLLSNLFFSVELANHTSNTSQEFKQLIWDIMEDIGKPNYADYFPLLKYVDPSGIRRRLA 239 

                *****:**** *** *.*. ***:*:***:***************:*  :** ******* 

 

CYP76AD2        ANFDKLISVFQTIISERLENDIN--SNATTNDVLDVLLQLYKQKELSMGEINHLLVDIFD 298 

CYP76AD4        SNFDKLIEVFQCIIRQRLERNP---STPPTNDVLDVLLELYKQNELSMGEINHLLVDIFD 296 

CYP76AD1        CSFDKLIAVFQGIICERLAPDSSTTTTTTTDDVLDVLLQLFKQNELTMGEINHLLVDIFD 299 

CYP76AD3        ANFDKLIDVFQSFISKRLSSAYS--SATSLDDVLDVLLKLLKEKELNMGEINHLLVDIFD 297 

                ..***** *** :* :**       : .. :*******:* *::**.************* 

 

CYP76AD2        AGTDTTSSTFEWVMAELIRNPKMMEKAQQEIHEVLGKD-RQIQESDIIKLPYLQALIKET 357 

CYP76AD4        AGTDTTSSTFEWVMAELIRNPEMMAKAQDEIEQVLGKD-RQIQESDIIKLPYLQAIIKET 355 

CYP76AD1        AGTDTTSSTFEWVMTELIRNPEMMEKAQEEIKQVLGKD-KQIQESDIINLPYLQAIIKET 358 

CYP76AD3        AGTDTTSNTFEWAMAELMRNPIMMKRAQNEIALVLGKDNATIQESDIANMPYLQAIIKET 357 

                *******.****.*:**:*** ** :**:**  *****   ****** ::*****:**** 

 

CYP76AD2        LRLHPPTVFLLPRKADMDVELYGYVVPKDAQILVNLWAIGRDSQVWEKPNVFLPERFLGS 417 

CYP76AD4        LRLHPPTVFLLPRKADTDVELYGYIVPKDAQILVNLWAIGRDSQAWENPKVFSPDRFLGC 415 

CYP76AD1        LRLHPPTVFLLPRKADTDVELYGYIVPKDAQILVNLWAIGRDPNAWQNADIFSPERFIGC 418 

CYP76AD3        LRLHPPTVFLLPRKAITNVKLYGYIVPKNAQILVNLWAIGRDPKVWKNPNEFLPDRFLNS 417 

                ***************  :*:****:***:*************.:.*::.. * *:**:.. 

 

CYP76AD2        DVDVKGRDFGLLPFGAGKRICPGMNLAIRMLTLMLATLLQFFNWKLEDGMNPQDLDMDEK 477 

CYP76AD4        EIDVKGRDFGLLPFGAGKRICPGMNLAIRMLTLMLATLLQFFNWKLQDGMSLEDLDMEEK 475 

CYP76AD1        EIDVKGRDFGLLPFGAGRRICPGMNLAIRMLTLMLATLLQFFNWKLEGDISPKDLDMDEK 478 

CYP76AD3        DIDVKGRDFGLLPFGAGRRICPGMNLAYRMLTLMLATLLQSFDWKLPHRNSPLDLDMDEK 477 

                ::***************:********* ************ *:***    .  ****:** 

 

CYP76AD2        FGIALQKNKPLEIIPSLRH 496 

CYP76AD4        FGIALQKTKPLRIIPVSRY 494 

CYP76AD1        FGIALQKTKPLKLIPIPRY 497 

CYP76AD3        FGIALQKTKPLEIIPLIKY 496 

                *******.***.:**  :: 

Figure 3-18. Multiple sequence alignment of CYP76AD orthologs. W13 and F309 resi-
dues are highlighted in yellow. Amino acids are color-coded based on their properties (red 
= small; blue = acidic; magenta = basic; green = hydroxyl, sulfhydryl, amine; grey = other). 
Asterisks indicate fully conserved residues, colons and periods indicate strong and weak 
conservation respectively. CYP76AD1 (Beta vulgaris, UniProt: I3PFJ5); CYP76AD2 (Amaran-

thus cruentus, UniProt: I3PFJ7); CYP76AD3 (Mirabilis jalapa, UniProt: I3PFJ8); CYP76AD4 
(Celosia cristata, Uniprot: M9RR47).
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a. 
 
Bv1u_022460_qtnn      MEYFTTLLLLLSIIILTILLSTKL--------FTKSNLPPGPKPWPIIGNILELGKLPHQ 52 
Bv1u_022470_qtfp      MEYYT-LSLIFVPIIFTTLFFLQT--------LSKSKLPPGPKPWPIIGSLHKLGDRPHR 51 
Bv1u_022400_apow      -------------------------------------------------SIHKLGDKPHH 177 
Bv1_001290_xkhk       MDYYTTLL-ILCSIFFAFFHIYKLISPSSKLTSNDSRLPPGPKPIPILGNLSHLGDSPHL 59 
Bv1_001300_sidm       MDYYTTLFFILLPIFFALLYLYVFKRNPTFTTNNNARLPPGPKPIPILGNLPHLGDKPHH 60 
Bv9_228610_yqeq       MDNATLAV--ILSILFVFYHIFKS----FFTNSSSRRLPPGPKPVPIFGNIFDLGEKPHR 54 
Bv9_228860_ickx       --------------------------------------------MPIFGNIFDLGEKPHR 16 
CYP76AD1              MDHATLAM--ILAIWFISFHFIKL----LFSQQTTKLLPPGPKPLPIIGNILEVGKKPHR 54 
                                                                       .: .:*. **  
 
Bv1u_022460_qtnn      AVDKLSKTYGPILSLKLGSITTIVISSPEIVKEMFLEHDLALSSRPSPDASRVGNHNKFS 112 
Bv1u_022470_qtfp      AVAELSKIYGPIMSLKLGTITTIVISSPEIVKELFLKHDLAVSSRTVPNAARAVDHDKFS 111 
Bv1u_022400_apow      VVAKLSKIYGPIMSLKLGSITTIVISSPEIAKEMFLEHDLALSSRPMQTKS----LKKFS 233 
Bv1_001290_xkhk       SLANLAKTYGPLMSLKFGSITTIVVSSSIVAKEMFQKHDLTLSSRHASAAVRANGHDKCS 119 
Bv1_001300_sidm       SLANLAKTYGPLMSLKFGSITTIVVSSSIVAKEMFQKHDLTLSSRHVSAAVRANGHDKFS 120 
Bv9_228610_yqeq       SFANLSKIHGPLISLKLGSVTTIVVSSASVAEEMFLKNDQALANRTIPDSVRAGDHDKLS 114 
Bv9_228860_ickx       SFANLAKIHGPLVSLQLGSVTTVVVSSADVAKEMFLKNDQALANRTIPDSVRAGDHDKLS 76 
CYP76AD1              SFANLAKIHGPLISLRLGSVTTIVVSSADVAKEMFLKKDHPLSNRTIPNSVTAGDHHKLT 114 
                       . :*:* :**::**::*::**:*:**. :.:*:* ::* .::.*           .* : 
 
Bv1u_022460_qtnn      IVWLPVSPKWRDLRKIATIQLFTTQRLDSSQELRQIKVNELVDYVRQCCEKGLPVDVGKA 172 
Bv1u_022470_qtfp      MVWLPVCPKWRDLRKIATIQLFTTQRLDTSQFLRQKKVKELVEYARQCCEKGVALDIGKA 171 
Bv1u_022400_apow      MVWLPVCPKWRHLRKIATLQLFTTQRLDISQVLRHTKVKELMEYAQQCCENNLPVDIGKA 293 
Bv1_001290_xkhk       IAWLPVCAKWRSLRKISAIHLFSSQKLDSSQALRQEKVSKLIDYVKECCNVGEEIDVGGV 179 
Bv1_001300_sidm       MAWLPVGPKWRALRKIATIHLFSSQRLDSSQALRREKVSKLIDYVKECCNVGEAIDVGGV 180 
Bv9_228610_yqeq       MSWLPVSQKWRNMRKISAVQLLSNQKLDASQPLRQTKVKQLLSYVQDCSKKMQPVDIGRA 174 
Bv9_228860_ickx       MSWLPVSAKWRNLRKISAVQLLSTQRLDASQAHRQSKVQQLLEYVHDCSKKGQPVDIGRA 136 
CYP76AD1              MSWLPVSPKWRNFRKITAVHLLSPQRLDACQTFRHAKVQQLYEYVQECAQKGQAVDIGKA 174 
                      : ****  *** :***::::*:: *:** .*  *: **.:* .*.::*.:    :*:* . 
 
Bv1u_022460_qtnn      GFTTTLNMLSNTFFSMDLASHASSNSQEFKDLVWSLLEEGAKPNVSDFFPIVRELDLQGV 232 
Bv1u_022470_qtfp      GFTTTLNLLSNTFFSMDLASYDSLDSQEFKDLVWHLLEEGARPNVSDFFPLVKHFDLQGV 231 
Bv1u_022400_apow      AFTTSLNLLSNTIFSMDLASHVSSNSQEFKDIVWNIMES--RPNVLDYIPLVRKLDLQGV 351 
Bv1_001290_xkhk       AFTTSLNLLSNTFFSFDLASYNSSDSGEFKELVWKIMEEIGKPNLVDCFPMLRFLSVFSV 239 
Bv1_001300_sidm       AFTTSLNLLSNTFFSFDLASYNSSDSGEFKELVWKIMEEIGKPNLADCFPMLRFLSVFSV 240 
Bv9_228610_yqeq       AFTTSLNLLSNTFFSIELASHESSASQEFKQLMWNIMEEIGRPNYADFFPILGYIDPFGI 234 
Bv9_228860_ickx       AFTTSLNLLSNTFFSVELASHESSASQEFKQLMWNIMEEIGRPNYADFFPILGYLDPFGI 196 
CYP76AD1              AFTTSLNLLSKLFFSVELAHHKSHTSQEFKELIWNIMEDIGKPNYADYFPILGCVDPSGI 234 
                      .***:**:**: :**.:** : *  * ***:::* ::*.  :**  * :*::  ..  .: 
 
Bv1u_022460_qtnn      SKNRRVHMKKLMGIFEEIIDGRLTKLKDVK------DDVLSTLLKLVKDEE--LNLDDVK 284 
Bv1u_022470_qtfp      LKTTTSYLKKLIGIFEEIIDKRLKDPTDVK------DDVLSTLLKLVEDDE--LSLDDVK 283 
Bv1u_022400_apow      LKRKRSYFKKIMGVFEEIIDVRLKDPTDVK------DDVLGTLLKLVKDEE--LSLHDVK 403 
Bv1_001290_xkhk       KGKLLGYDNKLNEVFENIIQKRLQNYCGDSS---SGGDVLDTLLRLMKENELDLDLGDIK 296 
Bv1_001300_sidm       NYKVMVYGNRLNDVFEDIIQNRLISSSADK----IGGDVLDTLLRLMKENESELSLDDIK 296 
Bv9_228610_yqeq       RRRLAGYFDKLIDVFQDIIRERQKLRSSNSSGAKQTNDILDTLLKLHEDNE--LSMPEIN 292 
Bv9_228860_ickx       RRRLAGYFDQLIAVFQDIIGERQKIRSANLSGGKQTNDILDTLLNLYDEKE--LSMGEIN 254 
CYP76AD1              RRRLACSFDKLIAVFQGIICERLAPDSSTTT-TTTTDDVLDVLLQLFKQNE--LTMGEIN 291 
                              .::  :*: **  *              .*:*..**.* .:.*  * : ::: 
 
Bv1u_022460_qtnn      HMLMDLFLAGTDTTSITLEWAMTELLRNPEKMEKVQIELDKVLGKD-SSLQESMISKLPY 343 
Bv1u_022470_qtfp      HLLADLFIAGTDTTSNTLEWAMAELLRNPEKMEKAQAEINKVLGKD-SSMQENDISKLPY 342 
Bv1u_022400_apow      HMLFDLFLAGTDTTSSTLEWAMTELLRNPKVMEKAQIEIDQVLGKD-GSMQELDIAKLPY 462 
Bv1_001290_xkhk       HLLMDFFTAGTDTTSSTLEWAMTELLRNPEKMAKAQVELEQVLGKN-KVVGEFDISKLPY 355 
Bv1_001300_sidm       HLLMDFFTAGTDTTSSTLEWAMTELLRNPEKLAKAQAELEQVVGKN-KVVKEADISKLPY 355 
Bv9_228610_yqeq       HLLVDIFDAGTDTTASTLEWAMAELVKNPEMMTKVQIEIEQALGKDCLDIQESDISKLPY 352 
Bv9_228860_ickx       HLLVDIFDAGTDTTASTLEWAMAELVKNPYMMVKVQDEIEKAIGKGCSMVQESDISKLPY 314 
CYP76AD1              HLLVDIFDAGTDTTSSTFEWVMTELIRNPEMMEKAQEEIKQVLGKD-KQIQESDIINLPY 350 
                      *:* *:* ******: *:**.*:**::**  : *.* *:.:.:**.   : *  * :*** 
 
Bv1u_022460_qtnn      IQAIVKETLRLHPPTPFLIPHKAEKDVLLCNYLVPKNSIIWVNLWSIARSPSVWPNPESF 403 
Bv1u_022470_qtfp      VQAIVKETFRLHPVTPFLVPHKAEKDILLGNYLVPKNSTIWVNVWSIGRNPSVWSKPELF 402 
Bv1u_022400_apow      IQALVKEILRLHPPAPFLIPHMAIEDVQLCGYLVPKQSTIWVNVWSIGRDPSVWTKSKMF 522 
Bv1_001290_xkhk       LQAIVKETLRMHPPTVFLLPRKANNDVELYGYVVPKNAQVFVNVWAISRDPNHWENPNSF 415 
Bv1_001300_sidm       LQAIIKETLRMHPPTVFLLPRKANNDVKLYGYIVPKNAQIFVNLLAISRDPTHWKNPDLF 415 
Bv9_228610_yqeq       LQGIIKETLRLHPPTVFLLPRKADNDVELYGYVVPKNAQVLVNLWAIGRDPKVWKNPEVF 412 
Bv9_228860_ickx       LQAIIKETLRLHPPTVFLLPRKADADVELYGYIVPKNAQVLVNLWAIGRDPKVWKNPEVF 374 
CYP76AD1              LQAIIKETLRLHPPTVFLLPRKADTDVELYGYIVPKDAQILVNLWAIGRDPNAWQNADIF 410 
                      :*.::** :*:** : **:*: *  *: * .*:***:: : **: :*.*.*. * :.. * 
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Bv1u_022460_qtnn      SPERFLEMEIDIKGRDFKLIPFGSGRRMCPGMPLAYRMTHMLLATLLHSFNWKYGEA--- 460 
Bv1u_022470_qtfp      SPERHLELEIDVKGQAFELMPFGSGRRTCPGMPLAYRMTHLMLATLLHSFHWKYGHGK-- 460 
Bv1u_022400_apow      SPERFLEKEIDVKGRNFELIPFGSGRRICPGMPLAYRMVHLTLATLLHSFNWKYVNEASI 582 
Bv1_001290_xkhk       SPERFIEHEIDMKGQDFGLIPFGAGRRICPGDMLAFRMLNLMLGSLLHGFNWKVGDGI-- 473 
Bv1_001300_sidm       SPERFFELEIDLKGHDFGFIPFGAGRRTCPGDTLAFRMLNLMLGSLLHCFNWTFRD---- 471 
Bv9_228610_yqeq       SPERFLDCNIDYKGRDFELLPFGAGRRICPGLTLAYRMLNLMLATLLQNYNWKLEDGI-- 470 
Bv9_228860_ickx       SPERFLESNIDYKGRDFELLPFGAGRRICPGLTLAYRMLNLMMANFLHSYDWKLEDGM-- 432 
CYP76AD1              SPERFIGCEIDVKGRDFGLLPFGAGRRICPGMNLAIRMLTLMLATLLQFFNWKLEGDI-- 468 
                      ****.:  :** **: * ::***:*** ***  ** **  : :..:*: :.*.        
 
Bv1u_022460_qtnn      SPKDIDMKEKFGLTLQKAQPLQAIPIPR- 488 
Bv1u_022470_qtfp      SPEDIDMEEKFGITLQKVEPLQAIPISR- 488 
Bv1u_022400_apow      ATCTIDVEEKFGITLQKAEPLQAIPLPR- 610 
Bv1_001290_xkhk       SPQDLDMTDKFGITIQKAIPLRALPIPK- 501 
Bv1_001300_sidm       -DEDLDMNDKFGITIQKAKPLHVIPISKL 499 
Bv9_228610_yqeq       NPKDLDMDEKFGITLQKVKPLQVIPVPRN 499 
Bv9_228860_ickx       HPKDLDMDEKFGITLQKVKPLQVIPVPRK 461 
CYP76AD1              SPKDLDMDEKFGIALQKTKPLKLIPIPRY 497 
                          :*: :***:::**. **: :*:.: 
 
 
b. 
 
 

 
 
 
!

  1 2 3 4 5 6 7 8 
1. Bv1u_022460_qtnn   74.2% 66.8% 56.6% 55.8% 54.2% 55.9% 53.4% 
2. Bv1u_022470_qtfp 74.2%   67.6% 55.1% 55.6% 54.7% 56.1% 51.5% 
3. Bv1u_022400_apow 66.8% 67.6%   50.9% 50.6% 52.0% 53.7% 51.2% 
4. Bv1_001290_xkhk 56.6% 55.1% 50.9%   80.0% 58.3% 60.3% 56.3% 
5. Bv1_001300_sidm 55.8% 55.6% 50.6% 80.0%   56.9% 59.8% 55.9% 
6. Bv9_228610_yqeq 54.2% 54.7% 52.0% 58.3% 56.9%   87.9% 71.3% 
7. Bv9_228860_ickx 55.9% 56.1% 53.7% 60.3% 59.8% 87.9%   71.6% 
8. CYP76AD1 53.4% 51.5% 51.2% 56.3% 55.9% 71.3% 71.6%   

Figure 3-20. Multiple sequence alignment of CYP76AD1 with its seven closest paralogs from 
B. vulgaris. (a) The F309 residue is highlighted in yellow. Note that all paralogs contain the F309L 
substitution identified by PCR mutagenesis and screening. Expression of Bv9_228610_yqeq or 
Bv9_228860_ickx in S. cerevisiae did not lead to betaxanthin production. Amino acids are col-
or-coded based on their properties (red = small; blue = acidic; magenta = basic; green = hydroxyl, 
sulfhydryl, amine; grey = other). Asterisks indicate fully conserved residues, colons and periods 
indicate strong and weak conservation respectively. (b) Percent identities between paralogs.
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Figure 3-21. Homology model of CYP76AD1 threaded onto human microsomal CYP1A2. The CY-
P76AD1 protein sequence was uploaded to ModBase servers (http://modbase.compbio.ucsf.edu) for 
processing with the ModPipe pipeline. CYP76AD1 was aligned to human CYP1A2 (PDB ID: 2HI4) with 
a ModPipe Quality Score (MPQS) of 1.24059. F309 is highlighted in yellow, while CYP1A2’s substrate, 
α-naphthoflavone, is highlighted in green and heme is highlighted in red. F309 appears to be fairly distal 
from where L-tyrosine or L-DOPA might bind.
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3.2.5 Production of (S)-reticuline from glucose

Having achieved efficient dopamine production from L-tyrosine in S. cerevisiae, we sought 

to extend the pathway towards downstream BIA intermediates. The first committed step 
in BIA biosynthesis is the formation of the backbone molecule (S)-norcoclaurine via con-

densation of dopamine and 4-hydroxyphenylacetaldehyde (4-HPAA), a reaction that is 
catalyzed by NCS (Figure 3-22a). 4-HPAA is produced endogenously in S. cerevisiae as an 

intermediate of the Ehrlich pathway for amino acid catabolism40. In this pathway, L-tyro-
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Figure 3-22. Production of (S)-reticuline from glucose. (a) The (S)-reticuline pathway was divided into 
three modules to facilitate analysis. Because 4-hydroxyphenylacetaldehyde (4-HPAA) is produced en-
dogenously in S. cerevisiae (unlabeled black arrows), enzymes catalyzing 4-HPAA synthesis from L-tyro-
sine were not heterologously expressed. CYP76AD1, tyrosine hydroxylase (W13L/F309L double mutant); 
DODC, DOPA decarboxylase; NCS, norcoclaurine synthase; 6OMT, 6-O-methyltransferase; CNMT, co-
claurine N-methyltransferase; NMCH, N-methylcoclaurine hydroxylase (CYP80B1); 4’OMT, 4’-O-methyl-
transferase. See Figure 3-23 for a more detailed pathway diagram of module C. (c, d) LC/MS analysis of 
norcoclaurine (c) and reticuline (d) in the supernatant of strains expressing modules A, AB, and ABC after 
48 hours of growth in synthetic media with 4% glucose. Strain AB is engineered to produce norcoclaurine, 
and strain ABC is engineered to produce reticuline. Traces are normalized to the maximum peak height 
across all three samples. Std. denotes a 5 μM chemical standard, which was normalized separately. (b, e) 
Tandem mass spectra of norcoclaurine from strain AB (b) and reticuline from strain ABC (e) confirm their 
identity in comparison to chemical standards. Parent ions are marked with u.
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sine is converted to 4-HPAA through the sequential action of Aro8p/Aro9p and Aro10p 
prior to being broken down into tyrosol or 4-hydroxyphenylacetate (4-HPA) by a host of 
redundant enzymes. 

From (S)-norcoclaurine, four additional enzymatic steps are needed to produce (S)-re-

ticuline, the last shared intermediate of the major BIA pathway branches (Figure 3-23). 

Three of these enzymes catalyze methylation reactions: 6-O-methyltransferase (6OMT), 
coclaurine N-methyltransferase (CNMT), and 4’-O-methyltransferase (4’OMT). Variants 
of each methyltransferase from P. somniferum have been demonstrated to function in S. 
cerevisiae14. The remaining enzyme is the cytochrome P450 NMCH, N-methylcoclaurine 

hydroxylase (CYP80B1). Previous work to synthesize reticuline in S. cerevisiae circum-

vented this enzyme by feeding a hydroxylated derivative of norcoclaurine, norlaudano-

soline, which is commercially available, albeit expensive. NMCH has, however, been iso-

lated from the California poppy (Eschscholzia californica) and successfully expressed and 

purified heterologously from Spodoptera frugiperda Sf9 cells41. 

We divided the (S)-reticuline pathway into three modules (Figure 3-22a). Module A com-

bines our best tyrosine hydroxylase mutant (CYP76AD1 W13L/F309L) and DODC to 
produce dopamine. We relied on endogenous yeast enzymes for 4-HPAA production, 
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Figure 3-23. Pathway from (S)-norcoclaurine to (S)-reticuline. (S)-Reticuline is the last shared inter-
mediate between the morphinan (down) and sanguinarine/berberine (up) branches in BIA biosynthesis. 
6OMT, 6-O-methyltransferase; CNMT, coclaurine N-methyltransferase; NMCH, N-methylcoclaurine hy-
droxylase (CYP80B1); 4’OMT, 4’-O-methyltransferase.
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although our strains did overexpress feedback-insensitive Aro4p, which increases flux 
through 4-HPAA in addition to increasing L-tyrosine levels. Module B included an NCS 

from P. somniferum (accession number KP262411), which was selected after screening four 
NCS variants with homology to a Thalictrum flavum NCS (accession number ACO90248.1) 
for activity in S. cerevisiae (Figure 3-24)42. Module C consists of the four enzymes required 

for the conversion of (S)-norcoclaurine to (S)-reticuline, including 6OMT, CNMT, and 
4’OMT from P. somniferum and NMCH from E. californica. We constructed three strains 

for testing, which we refer to here by the pathway modules that they express (A, AB, and 

ABC). All heterologous genes in these strains are expressed using high strength promot-

ers and are either integrated into the chromosome (modules A and B) or maintained on a 

low-copy plasmid (module C). 

Strain AB produced easily detectable levels of norcoclaurine when grown in synthetic 

complete media with glucose (Figure 3-22b-c). Given that this product was not observed 
in the supernatant of strain A, norcoclaurine synthesis (which can occur spontaneously 

in other systems13) appeared to be dependent on NCS expression. While spontaneously 

formed norcoclaurine is racemic, NCS is known to be stereoselective, producing only 

(S)-norococlaurine43. Chiral analysis confirmed that all norcoclaurine produced by strain 
AB was the (S)-enantiomer (Figure 3-25a-c). (S)-Reticuline was also clearly detected in 
the supernatant of strain ABC (Figures 3-22d-e and 3-25d-f). The (S)-reticuline-producing 

strain had no detectable (S)-norcoclaurine in the supernatant, indicating that the con-

version efficiency from (S)-norcoclaurine to (S)-reticuline was high. To quantify titers, 

a 96-hour fermentation was performed in shake flasks for strains AB and ABC (Figure 
3-26). Maximum titers for (S)-norcoclaurine and (S)-reticuline were 104.6 µg/l and 80.6 
µg/l respectively and did not show substantial increases after cell saturation. Intracellu-

lar product levels were also measured using extraction with methanol. Less than 3% of 

total (S)-norcoclaurine/(S)-reticuline was observed in the cell pellet, indicating that these 

products readily escape into the media. 
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Figure 3-24. Comparison of norcoclaurine pro-
duction using different norcoclaurine synthases 
(NCS). Yeast strains expressing CYP76AD1 W13L/
F309L, DODC, and Aro4FBR as well as an NCS 
variant were grown in synthetic dropout medium 
(Strains 51, 52, 53, 54, 31). Supernatants were col-
lected and analyzed via LC/MS with extraction of 
norcoclaurine [M+H]+ ion at m/z 272.13. If detected, 
norcoclaurine peak areas are included in grey. The 
Papaver somniferum NCS Pso-3 (Accession num-
ber KP262411) showed the greatest production of 
norcoclaurine and was chosen for further experi-
mentation. (Tfl, Thalictrum flavum; Pso, Papaver som-

niferum; Tco, Tinospora cordifolia)
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Thus, by combining our engineered tyrosine hydroxylase with a newly identified NCS, 
we demonstrated biosynthesis of the major BIA branch point (S)-reticuline in the indus-

trial workhorse S. cerevisiae. This advance establishes a microbial platform in which all 

BIAs can be synthesized, accelerating the discovery of new enzymes/pathways and the 
commercial deployment of this technology for industrial scale production.
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Figure 3-25. Chiral analysis of norcoclaurine produced by Strain AB and reticuline produced 
by Strain ABC. LC/MS chromatograms of (a) (R, S)-norcoclaurine from spontaneously-condensed 
dopamine and 4-HPAA, (b) an authentic (S)-norcoclaurine standard, (c) supernatant from the norco-
claurine-producing strain AB, (d) a racemic (R,S)-reticuline standard, (e) an authentic (S)-reticuline 
standard, and (f) supernatant from the reticuline-producing strain ABC. A chiral column was used to 
separate (R)- and (S)-enantiomers, demonstrating that strain AB produces only (S)-norcoclaurine and 
strain ABC produces only (S)-reticuline. Strains used were 32, 33.
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Figure 3-26. Time courses for BIA intermediate production. Strains producing (S)-norco-
claurine (a) or (S)-reticuline (b) were grown for 96-hours in shake flasks with 2X synthetic 
dropout media and 4% glucose. Measurements of culture optical density (OD600, red 
lines) and product titer (blue lines) were taken periodically. Product titer was measured by 
LC/MS of culture supernatants and comparison to a standard curve. Final (S)-norcoclau-
rine and (S)-reticuline titers were 104.6 µg/l and 80.6 µg/l respectively. Data points repre-
sent mean values ± s.d. of three biological replicates. Strains used were 32, 33.
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3.3 Discussion

Microbial production of plant-derived therapeutics promises to transform both phar-

maceutical manufacturing and discovery. BIAs are an attractive engineering target giv-

en their widespread use and potential to exhibit new pharmacological properties. The 

length and complexity of the BIA pathway also presents a formidable metabolic engi-

neering challenge that is likely to spur the development of new tools and techniques for 

controlling the metabolism of microorganisms16. We report a significant breakthrough in 
microbial BIA production: the development of a yeast strain synthesizing the key inter-

mediate (S)-reticuline from glucose. While initial titers are low (80.6 µg/l), this first gener-

ation strain marks a starting point for future optimization, which we expect to eventually 

lead to an alternative, cost-effective method for producing high-value BIAs, thereby dis-

pensing the need for large-scale dedicated crop cultivation.

(S)-Reticuline production from central metabolites was enabled by a novel strategy for 
intracellular monitoring of L-DOPA that utilized a plant enzyme to convert L-DOPA into 
a highly fluorescent small molecule—betaxanthin—that is easy to detect. This tool helped 
us identify a previously unknown activity in a cytochrome P450 from beets (CYP76AD1) 
that filled a longstanding gap in early BIA biosynthesis in yeast. While wildtype CY-

P76AD1 had a second activity (DOPA oxidase) that introduces an undesirable side path-

way towards melanin, we used our L-DOPA biosensor to identify a point mutation that 
suppresses DOPA oxidase activity and increases flux towards (S)-reticuline. 

While we utilized the betaxanthin pathway as an enzyme-coupled L-DOPA biosensor to 
optimize tyrosine hydroxylase activity, we believe that this pathway could prove more 

generally useful. Because of its fluorescent, water-soluble product, the betaxanthin path-

way could be a valuable tool for studying subcellular enzyme localization and metabolite 

transport, or as a model pathway for the development of new high-throughput screening 

techniques that are amenable to FACS. By linking betaxanthin fluorescence to the pro-

duction of other metabolites of interest (e.g. L-tyrosine), it might be possible to develop 

high-throughput screens for additional molecules. This work is an example of the rapid 

progress that is enabled by robust metabolite biosensors. 

Further optimization of (S)-reticuline titer will be required before production of down-

stream BIAs is feasible. While we achieved a dopamine titer of 23.8 mg/l, we observed 
228-fold lower production of (S)-norcoclaurine (104.6 µg/l). It is likely that yeast’s endog-

enous enzymes are largely to blame for inefficiencies at this step. More than twenty po-

tential Ehrlich pathway enzymes could be contributing to the breakdown of 4-HPAA into 
the side products tyrosol and 4-HPA44. Additionally, the majority of dopamine produced 

by our strain was found in the supernatant, suggesting that this intermediate is secreted 

by a yet to be identified transporter. Finally, carefully balancing the production of do-

pamine and 4-HPAA, both of which are derived from L-tyrosine, may lead to increased 

yields of (S)-norcoclaurine. Addressing these and other endogenous factors that limit flux 
will be important for future strain optimization. 
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Here we have described a foundational advance in microbial BIA synthesis by linking 

production of the key intermediate (S)-reticuline to yeast central metabolism. As meta-

bolic engineering and synthetic biology tools continue to improve, progress towards a 

strain capable of high-yielding BIA fermentation from readily available feedstocks will 

accelerate. Due to the potential for illicit use of these products, including morphine and 

its derivatives, it is critical that appropriate policies for controlling such strains be estab-

lished so that we can garner the considerable benefits while minimizing the potential for 
misuse.

3.4 Materials and Methods

Strains and growth media

The base S. cerevisiae strain for all experiments in this article was BY4741 (MATa his3Δ1 
leu2Δ0 met15Δ0 ura3Δ0). Wildtype yeast cultures were grown in YPD (10 g/l Bacto Yeast 
Extract; 20 g/l Bacto Peptone; 20 g/l Dextrose). Selection of auxotrophic markers (URA3, 
LEU2, and/or HIS3) was performed in synthetic complete media (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); 20 g/l Dex-

trose). All strains constructed in this work are listed in Table 3-1.

Golden gate assembly reactions were transformed in TG1 chemically competent E. coli. 
Error-prone PCR libraries were transformed in TransforMax EPI300 (Epicentre) electro-

competent E. coli. Transformed cells were selected on Lysogeny Broth (LB) containing the 

antibiotics ampicillin or kanamycin.

Yeast expression vectors

Yeast expression vectors were built using Golden Gate Assembly45. Vector sequences 
were derived from the pRS series of plasmids. Promoter and terminator sequences for 
heterologous enzyme expression were derived from the yeast genome. Unique restriction 
sites (BsaI and BsmBI) were removed to facilitate plasmid construction.

Error-prone PCR library plasmids included a CEN6/ARS4 low copy number origin of 
replication to enable high-efficiency library transformations as did pWCD2353 for the 
expression of reticuline pathway enzymes (module C). All other plasmids contained no 

yeast origin of replication and were designed for direct integration into the yeast genome 

via homologous recombination at the URA3 or LEU2 locus. All strains and plasmids used 
in this work are listed in Tables 3-1 and 3-2. Sequences are also provided as GenBank files.

Yeast strain construction

Aside from mutant libraries and the reticuline production strain ABC (Strain 33, Table 
3-1), all genetic modifications to yeast were made via genomic integration. Yeast inte-
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Strain 

#

Strain 

Name

Strain 

Parent

Accession 

Number

Description Yeast 

Marker

1 yWCD098 BY4741 KR232335 Empty Vector URA3

2 yWCD303 BY4741 KR232334 pRPL18B-mKate2-DOD-tADH1 URA3

3 yWCD538 BY4741 KR232333 pTDH3-DOD-tADH1 URA3

4 yWCD683 BY4741 KR232325 pCCW12-DOD-tADH1 URA3

5 yWCD684 BY4741 KR232324 pTDH3-CYP76AD1-tTDH1-pCCW12-DOD-tADH1 URA3

6 yWCD732 BY4741 KR232311 pTDH3-AbPPO2-tTDH1-pCCW12-DOD-tADH1 URA3

7 yWCD688 BY4741 KR232320 pTDH3-CYP76AD1_F309L-tTDH1-pCCW12-DOD-tADH1 URA3

8 yWCD735 BY4741 KR232310 pTDH3-CYP76AD1_W13L-tTDH1-pCCW12-DOD-tADH1 URA3

9 yWCD736 BY4741 KR232309 pTDH3-CYP76AD1_W13L_F309L-tTDH1-pCCW12-DOD-tADH1 URA3

10 yWCD852 BY4741 KR232299 pTDH3-CYP76AD1-tTDH1 URA3

11 yWCD853 BY4741 KR232298 pTDH3-CYP76AD1_W13L-tTDH1 URA3

12 yWCD854 BY4741 KR232297 pTDH3-CYP76AD1_F309L-tTDH1 URA3

13 yWCD855 BY4741 KR232296 pTDH3-CYP76AD1_W13L_F309L-tTDH1 URA3

14 yWCD856 BY4741 KR232295 pTDH3-AbPPO2-tTDH1 URA3

15 yWCD694 BY4741 KR232316 pCCW12-DODC-tADH1 URA3

16 yWCD695 BY4741 KR232315 pTDH3-CYP76AD1-tTDH1-pCCW12-DODC-tADH1 URA3

17 yWCD699 BY4741 KR232314 pTDH3-CYP76AD1_F309L-tTDH1-pCCW12-DODC-tADH1 URA3

18 yWCD742 BY4741 KR232308 pTDH3-CYP76AD1_W13L-tTDH1-pCCW12-DODC-tADH1 URA3

19 yWCD743 BY4741 KR232307 pTDH3-CYP76AD1_W13L_F309L-tTDH1-pCCW12-DODC-
tADH1

URA3

20 yWCD748 BY4741 KR232305 pTDH3-CYP76AD1-tTDH1-pCCW12-DODC-tADH1-pPGK1-
ARO4_FBR-tPGK1

URA3

21 yWCD745 BY4741 KR232306 pTDH3-CYP76AD1_W13L_F309L-tTDH1-pCCW12-DODC-
tADH1-pPGK1-ARO4_FBR-tPGK1

URA3

22 yWCD872 BY4741 KR232286 pTDH3-CYP76AD1-3XFlag_6XHis-tTDH1 URA3

23 yWCD873 BY4741 KR232285 pTDH3-CYP76AD1_W13L-3XFlag_6XHis-tTDH1 URA3

24 yWCD874 BY4741 KR232284 pTDH3-CYP76AD1_F309L-3XFlag_6XHis-tTDH1 URA3

25 yWCD875 BY4741 KR232283 pTDH3-CYP76AD1_W13L_F309L-3XFlag_6XHis-tTDH1 URA3

26 yWCD783 BY4741 KR232313 pPGK1-ARO4_FBR-tPGK1 LEU2

27 yWCD857 BY4741 KR232294 pTDH3-CYP76AD1-tTDH1-pPGK1-ARO4_FBR-tPGK1 URA3

28 yWCD858 BY4741 KR232293 pTDH3-CYP76AD1_W13L-tTDH1-pPGK1-ARO4_FBR-tPGK1 URA3

29 yWCD859 BY4741 KR232292 pTDH3-CYP76AD1_F309L-tTDH1-pPGK1-ARO4_FBR-tPGK1 URA3

30 yWCD860 BY4741 KR232291 pTDH3-CYP76AD1_W13L_F309L-tTDH1-pPGK1-ARO4_
FBR-tPGK1

URA3

31  
(A)

yWCD714 BY4741 KR232312 pTDH3-CYP76AD1_W13L_F309L-tTDH1-pCCW12-DODC-
tADH1-pPGK1-ARO4_FBR-tPGK1

URA3

32 
(AB)

yWCD758 31 KR232302 pTDH3-Ps_NCS-3-tENO2 URA3, LEU2

33 
(ABC)

yWCD782 32 KR232300 pTDH3-Ps_6OMT-tADH1-pCCW12-Ps_CNMT-tPGK1-pPGK1-
Ps_4’OMT2-tENO2-pTEF1-Ec_CYP80B1-tTDH1

URA3, 
LEU2, HIS3

34 yWCD619 3 KR232326 pTDH3-CYP76AD1-mKate2-tADH1 URA3, LEU2

35 yWCD620 3 KR232332 pTDH3-CYP76AD1_mut1-mKate2-tADH1 URA3, LEU2

36 yWCD621 3 KR232331 pTDH3-CYP76AD1_mut2-mKate2-tADH1 URA3, LEU2

37 yWCD622 3 KR232330 pTDH3-CYP76AD1_mut3-mKate2-tADH1 URA3, LEU2

38 yWCD623 3 KR232329 pTDH3-CYP76AD1_mut4-mKate2-tADH1 URA3, LEU2

Table 3-1. List of yeast strains used in this work.
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39 yWCD624 3 KR232328 pTDH3-CYP76AD1_mut5-mKate2-tADH1 URA3, LEU2

40 yWCD625 3 KR232327 pTDH3-CYP76AD1_mut6-mKate2-tADH1 URA3, LEU2

41 yWCD868 BY4741 KR232290 pTDH3-CYP76AD1-Venus-tTDH1 URA3

42 yWCD869 BY4741 KR232289 pTDH3-CYP76AD1_W13L-Venus-tTDH1 URA3

43 yWCD870 BY4741 KR232288 pTDH3-CYP76AD1_F309L-Venus-tTDH1 URA3

44 yWCD871 BY4741 KR232287 pTDH3-CYP76AD1_W13L_F309L-Venus-tTDH1 URA3

45 yWCD685 BY4741 KR232323 pTDH3-CYP76AD2-tTDH1-pCCW12-DOD-tADH1 URA3

46 yWCD686 BY4741 KR232322 pTDH3-CYP76AD3-tTDH1-pCCW12-DOD-tADH1 URA3

47 yWCD687 BY4741 KR232321 pTDH3-CYP76AD4-tTDH1-pCCW12-DOD-tADH1 URA3

48 yWCD689 BY4741 KR232319 pTDH3-CYP76AD2_F308L-tTDH1-pCCW12-DOD-tADH1 URA3

49 yWCD690 BY4741 KR232318 pTDH3-CYP76AD3_F307L-tTDH1-pCCW12-DOD-tADH1 URA3

50 yWCD691 BY4741 KR232317 pTDH3-CYP76AD4_F306L-tTDH1-pCCW12-DOD-tADH1 URA3

51 yWCD757 31 KR232336 Empty Vector URA3, LEU2

52 yWCD759 31 KR232301 pTDH3-NCS-Tfl-tENO2 URA3, LEU2

53 yWCD760 31 KR232304 pTDH3-NCS-Tco-1-tENO2 URA3, LEU2

54 yWCD761 31 KR232303 pTDH3-NCS-Pso-1-tENO2 URA3, LEU2

Plasmid # Accession 

Number

Description Yeast 

Marker

Yeast Origin Purpose

1 KR232281 CYP76AD1 N/A N/A Error-prone PCR template

2 KR232280 pRPL18B-(dropout)-mKate2-
tADH1

LEU2 CEN6/ARS4 CYP76AD1 error-prone PCR 
library vector

3 KR232279 pRPL18B-CYP76AD1-mKate2-
tADH1

LEU2 CEN6/ARS4 CYP76AD1 library wildtype control

4 KR262888 pRPL18B-CYP76AD1_F309L-
mKate2-tADH1

LEU2 CEN6/ARS4 CYP76AD1 library winner 

5 KR232282 pRPL18B-CYP76AD1_W13L_
F309L-mKate2-tADH1

LEU2 CEN6/ARS4 CYP76AD1 library winner

Table 3-2. List of plasmids used in this work.

gration plasmids (YIPs) were constructed that lacked a yeast origin of replication but 
included regions of homology to either the URA3 or LEU2 locus. Five hundred µg of 

plasmid was linearized by digestion with NotI and transformed directly into yeast using 

a standard lithium acetate transformation. Cells were plated onto dropout plates corre-

sponding to the YIP’s auxotrophic marker. Replicate colonies were picked directly from 
this transformation plate for further analysis. 

L-DOPA titrations for betaxanthin production

Strains 1 and 3 were grown overnight in synthetic complete media (minus uracil) with 2% 

glucose. Saturated cultures were back-diluted 100X into fresh media supplemented with 
L-DOPA (Sigma #D9628) and grown in 24-well or 96-well blocks with shaking at 30°C 
for 24 hours. L-DOPA concentrations ranged from 10,000 µM to 0.15 µM in two-fold incre-

ments. Cells were spun down, washed in PBS (pH=7.4), and betaxanthin was quantified 
on either a microplate fluorometer or a flow cytometer (see below).
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Flow cytometry

A guava easyCyte flow cytometer (EMD Millipore) was used to quantify betaxanthin 
fluorescence at an excitation of 488 nm and emission of 510 nm with a gain setting of 20. 
Cells were gated for forward and side scatter as shown in Figure 3-4. Betaxanthin fluo-

rescence was normalized to forward scatter to account for differences in cell size. Histo-

grams were prepared and data analysis performed using the software package FlowJo 

(http://flowjo.com).

Fluorescence microscopy

For analysis of intracellular betaxanthin (Figure 3-2b), Strain 2 was grown with or with-

out 1 mM L-DOPA in synthetic complete media (minus uracil) with 2% glucose over-

night. Cultures were concentrated by centrifugation, washed in PBS (pH 7.4), and spotted 
onto plain glass slides to be examined with an Observer D1 microscope (Zeiss) using a 
100x DIC objective. Images were captured using a Orca-flash 4.0 camera (Hamamatsu 
#C11440) using auto-exposure. Fluorescence images were taken using an X-Cite Series 
120 lamp (Excelitas), filter set 45 (Zeiss), with excitation at 560/40 nm and emission at 
630/75 nm, for mKate2, and filter set 46 (Zeiss), with excitation at 500/20 nm and emis-

sion at 535/30 nm, for betaxanthin25. 

Intracellular CYP76AD1 localization was analyzed via C-terminal fusion of the yellow 
fluorescent protein Venus to each enzyme variant and visualization on a spinning disk 
confocal microscope. Strains 41-44 were grown to saturation in SD-uracil and back dilut-

ed 50X into fresh media. After 6 hours of growth at 30˙C, cells were concentrated by cen-

trifugation, washed in PBS (pH 7.4), and spotted onto plain glass slides to be examined 
with a CSU-X1 spinning disk confocal microscope (Yokogawa) using a 100x brightfield 
objective and a 488 nm excitation laser. Images were taken using a QuantEM 512SC EM-

CCD camera (Photometrics) and analyzed using Fiji (http://fiji.sc).

Error-prone PCR library construction

Error-prone PCR was performed using the GeneMorph II Random Mutagenesis Kit (Agi-
lent Technologies). Oligos 1 and 2 (Table 3-3) were used to amplify the CYP76AD1 coding 
sequence off of the template for PCR (Plasmid 1, Table 3-2). Plasmid template was added 
to the PCR reaction at a concentration of 40 ng/μl to achieve the desired error rate. The 
PCR reaction was run as suggested in the GeneMorph II user manual, using an annealing 
temperature of 45°C.

The PCR was incubated with DpnI for 1 hour at 37°C before being cleaned up using a 
DNA Clean and Concentrator kit (Zymo Research). A BsaI Golden Gate Assembly reac-

tion was run using 40 fmol of both the PCR product and Plasmid 2. This reaction was 
again cleaned up, eluted in 10 μl of water, and transformed in its entirety into Trans-

forMax EPI300 (Epicentre) electrocompetent cells. After a 1-hour rescue, the cells were 
grown to saturation in 500 ml of LB+kanamycin overnight. Two ml of saturated culture 
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Oligo # Oligo Name Description Sequence

1 CN40 Error-prone PCR – forward TTGGTAGTCGGTCTCCTATG

2 DC48 Error-prone PCR - reverse TTTTTATTGGTCTGGTCTCAGGAT

3 S16 Forward sequencing off of Plasmid 2 CAAAACTACCTGTTTCACCAAAGG

4 AA05 Reverse sequence off of Plasmid 2 ACTTGAAGTGGTGGTTGTTC

5 CW77 CYP76AD1 shuffling 1F GCATGGTCTCATATGGATCATGCAACATTAGC

6 CW78 CYP76AD1 shuffling 1R ATGCGGTCTCAACAGCAGTTATCTTTCTGA

7 CW79 CYP76AD1 shuffling 2F GCATGGTCTCACTGTTCATTTATTGTCTCCACA

8 CW80 CYP76AD1 shuffling 2R ATGCGGTCTCAAGTTGTAGTAGTTGTAGTTGAT

9 CW81 CYP76AD1 shuffling 3F GCATGGTCTCAAACTACAGATGATGTCTTGGA

10 CX01 CYP76AD1 shuffling 3R ATGCGGTCTCAGGCAACAAGAAAACTGTAGG

11 CX02 CYP76AD1 shuffling 4F GCATGGTCTCATGCCTAGAAAAGCCGAC

12 CX03 CYP76AD1 shuffling 4R ATGCGGTCTCAGGATCCGTATCTTGGAATTG

13 CW76 CYP76AD1 shuffling 1F – alt1 GCATCGTCTCATCGGTCTCCTATGGAACATGCAACATTAGCTATGAT

14 CW61 CYP76AD1 shuffling 1F – alt2 GCATCGTCTCATCGGTCTCCTATGGATCACGCAACATTAGCTATG

Table 3-3. List of oligos used in this work.

was miniprepped and all resulting DNA was transformed into Strain 3 for screening us-

ing a standard LiOAc transformation.

DNA shuffling library construction

CYP76AD1 mutants were shuffled using Golden Gate Shuffling46. The coding sequence 

was divided into four regions that equally distributed the set of mutations being shuffled. 
Oligos 5-14 were used to PCR amplify fragments using the mutant plasmids as templates. 
These PCR’s were mixed in a Golden Gate Assembly reaction and prepped for library 
screening as described in the above section on error-prone PCR library construction.

Library screening for improved betaxanthin production

For screening of tyrosine hydroxylase mutants, yeast transformations were plated on 

multiple 500 cm2 agar plates (with synthetic dropout media) at a density of approximate-

ly 50,000 colonies per plate. After 72 hours of growth at 30°C, the most intensely yel-
low colonies were isolated for further analysis. To aid in the selection of high-producing 

colonies, 470 nm blue LED light epi-illumination was applied to the plates and viewed 

through an amber high-pass emission filter.

Betaxanthin fluorescence quantification

Colonies were picked into synthetic complete media with 2% glucose and grown over-

night. Saturated cultures were back-diluted 50X into fresh media in 96-deep-well blocks. 
Cultures were grown for 48 hours in a Multitron shaker (Appropriate Technical Resourc-

es) at 30°C. Cells were pelleted, washed, and resuspended in PBS (pH=7.4). The cells 
were transferred to glass-bottomed microplates and measured for fluorescence in a Sa-
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fire2 microplate reader (TECAN) (excitation: 485/5 nm, emission: 505/5 nm, gain: 120)25. 

Fold over background fluorescence measurements were obtained by normalizing to the 
average fluorescence observed in control Strain 4. 

Production assay for L-DOPA, dopamine, dopaquinone, and melanin 

Colonies were picked into 2.5 ml of 2X synthetic complete media (minus uracil) with 4% 
glucose. After overnight growth, saturated cultures were back-diluted 50X into 24-deep-
well blocks with fresh media. The cultures were grown in a Multitron shaker (Appropriate 

Technical Resources) for 48 hours at 30°C. Cultures were pelleted and culture superna-

tants were measured for titer via LC/MS in the case of L-DOPA, dopamine, and dopaqui-
none. For dopaquinone production, 10 mM ascorbic acid was added to the growth media 

to prevent oxidation of this unstable product. In the case of melanin production, pellets 

were photographed directly.

Western blot

Strains 1 and 22-25 were grown to saturation in synthetic complete media (minus uracil) 

with 2% glucose overnight and back diluted 50X into fresh media. After 6 hours of growth 
with shaking at 30°C, 2.5ODs of cells were pelleted, washed in water, resuspended in 200 
mM NaOH and incubated at room temperature for 5 minutes. Cells were again pelleted, 
resuspended in 50 μl of PAGE sample buffer and boiled at 95°C for 5 minutes. Samples 
were diluted 10-fold in PAGE sample buffer and 8 μl was loaded onto a NuPAGE Novex 
4-12% Bis-Tris gel (Life Technologies) and run for 2.5 hours at 80 volts. Proteins were 
transferred onto PVDF transfer membrane in NuPAGE transfer buffer (Life Technolo-

gies) and blocked overnight in TBST (0.05% Tween20) with 5% milk. The membrane was 

washed twice with TBST for 5 minutes and incubated for 1 hour with HRP conjugated an-

ti-FLAG (Sigma #A8592) and anti-GAPDH (Fisher Scientific # MA515738HRP) monoclo-

nal antibodies at dilutions of 1:5,000 and 1:10,000 respectively. After six 5-minute washes 
in TBST, the HRP antibodies were detected by chemiluminescence using a ChemiDoc 
XRS imager (Bio-Rad) and the blots was analyzed using Fiji (http://fiji.sc).

Expression level quantification via fluorescent protein fusion

Colonies of Strains 1 and 41-44 were grown in 96-deep-well blocks in synthetic complete 

media minus uracil to saturation and back diluted into fresh media. After 24 hours of 

growth with shaking at 30°C, 100 μl of each culture was transferred to glass-bottomed 
microplate and measured for fluorescence in a Safire2 microplate reader (TECAN) (ex-

citation 516/5nm, emission 530/5nm, gain 100). Fold over background measurements 
were obtained by normalizing all fluorescence values to the average fluorescence ob-

served in control Strain 1. 

Betalain production assay

Special media was required to observe the production of betanidin in culture superna-
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tants. We discovered that the standard media component para-aminobenzoic acid (PABA) 
was capable of spontaneous condensation with betalamic acid to produce PABA-betax-

anthin. PABA-betaxanthin had similar absorbance properties to betanidin, making it dif-
ficult to visualize changes in betanidin formation. 

We therefore prepared minimal media lacking PABA (7.6 g/l Yeast Nitrogen Base without 
amino acids or vitamins (Difco); 76 mg/l Histidine; 76 mg/l Methionine; 76 mg/l Tryp-

tophan; 380 mg/l Leucine; 2 mg/l Biotin; 400 mg/l Calcium Pantothenate; 2 g/l Inositol; 
400 mg/l Pyridoxin HCL; 400 mg/l Thiamine HCL; 20 g/l Dextrose).

Cells were first grown to saturation in synthetic complete media (minus uracil) with 2% 
glucose. They were then back-diluted 50X into our custom minimal media which was 
supplemented with 10 mM ascorbic acid to prevent betanidin oxidation and 1 mM ty-

rosine. Cultures were grown in 24-deep-well blocks at 30°C in a Multitron shaker (Ap-

propriate Technical Resources) for 24 hours. Cells were pelleted and supernatants were 

analyzed. Absorbance spectra of culture supernatants were acquired using a Safire2 mi-
croplate reader (TECAN). LC/MS analysis was performed as described below.

Shake-flask fermentations for norcoclaurine and reticuline

Colonies were picked into 2.5 ml of selective synthetic media with 2% glucose. Af-

ter overnight growth, saturated cultures were back-diluted 50X into 250 ml baffled 
shake flasks containing 50 ml of fresh 2X selective synthetic media with 4% glucose. 
The cultures were grown at 30°C with shaking at 220 rpm for 96 hours in an Innova 
44 incubator (Eppendorf). At designated time points, aliquots were taken from the cul-

tures to measure OD600, and media was stored at -20°C for later analysis by LC/MS.  

Pellet extraction using acetonitrile

One ml of each cell culture was centrifuged at 3000 RCF for five minutes to collect cells. 
The cells were then washed with 1 ml of PBS (pH 7.4), centrifuged again and resuspended 
in 500 μl of PBS containing 35 U of zymolyase (Zymo Research). This was then incubated 
at 37 

T
4

HPLC absorbance traces

Ten μl of each culture supernatant or extract was separated on a 1260 Infinity Quaternary 
LC System (Agilent Technologies) with Zorbax Eclipse Plus C18 4.6 x 100 mm - 3.5 µm re-

versed-phase column (Agilent Technologies) at ~20°C using a 0.5 ml / min flow rate. Sam-

ples were eluted with a linear gradient from 100% water / 0% acetonitrile + 0.1% formic 
acid to 65% water / 35% acetonitrile + 0.1% formic acid over the course of 15 minutes. 
Absorbance was measured using a diode array detector at 405 nm (betalamic acid), 480 
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nm (betaxanthin) and 536 nm (betanidin) with 4 nm bandwidth. Mass spectrometry was 

carried out using an attached 6120 Quadrupole LC/MS (Agilent Technologies), in atmo-

spheric pressure ionization - positive electrospray (API-ES positive) mode at 100V frag-

mentor voltage, scanning masses between 100 and 700 Da. Peak identification was addi-
tionally assisted by ion extraction of betalamic acid (m/z 212.055 and R

t
 11.0 minutes), 

tyrosine-betaxanthin/portulacaxanthin II (m/z 375.119 and R
t
 10.9 minutes), betanidin 

(m/z 389.098 and R
t
 10.3 minutes), as well as proline-betaxanthin (m/z 309.110 and R

t
 8.8 

minutes), valine-betaxanthin (m/z 311.125 and R
t
 11.3 minutes), (Iso)leucine-betaxanthin 

(m/z 325.139 and R
t
 13.1 or 13.4 minutes), phenylalanine-betaxanthin (m/z 359.123 and 

R
t
 13.7 minutes), and tryptophan-betaxanthin (m/z 398.1357 and R

t
 14.5 minutes). Traces 

were collected and analyzed using ChemStation (Agilent Technologies).

 

LC/MS quantification of L-DOPA and derivatives

Quantitative and tandem mass spectrometry (MS/MS) data were collected with the same 
column, pump, and gradient as above, but using a 6520 Accurate-Mass Q-TOF LC/MS 
(Agilent Technologies) for fragmentation and mass detection. The system was run in pos-

itive electrospray (ESI+) mode, with a 100V fragmentor voltage and, for MS/MS, a 23V 
collision energy. For quantification of betalamic acid (m/z 212.055 and R

t
 11.0 minutes), 

tyrosine-betaxanthin/portulacaxanthin II (m/z 375.119 and R
t
 10.9 minutes), and betani-

din (m/z 389.098 and R
t
 10.3 minutes), extracted ion counts were integrated and normal-

ized against 8-point relative standard curves generated by repeated twofold dilutions of 

threefold concentrated supernatant from Strain 8 (betanidin) or Strain 9 (tyrosine-betax-

anthin). Dopaquinone was quantified by ion extraction at m/z 196.06 and R
t
 2.8 minutes; 

peaks were integrated and reported. For quantification of dopamine, ion counts with 
m/z of 154.086 [M+H]+ and a retention time of 3.0 minutes were extracted, integrated, 

and quantified against an 8-point dopamine calibration curve ranging from 0.004 mM to 
1 mM in twofold steps. Other species targeted were norcoclaurine (m/z 272.121 [M+H]+ 

and R
t
 10.7 minutes) and reticuline (m/z 330.17 [M+H]+ and R

t
 13.3 minutes). For quanti-

fication purposes, these extracted ion counts were integrated and compared against six-
point calibration curves covering 0.078 – 2.50 µM and 0.039 – 1.25 µM in two-fold steps for 

norcoclaurine and reticuline, respectively. These calibration curves were generated using 

(S)-norcoclaurine and (R)-reticuline authentic standards (Toronto Research Chemicals 
Inc.). Traces were analyzed, extracted, and quantified using MassHunter (Agilent Tech-

nologies) and MzMine2 (http://mzmine.sourceforge.net). 

Norcoclaurine chiral analysis

Culture supernatant from Strain 32 was concentrated 10X by SpeedVac, resuspended 1:2 
in MeOH and centrifuged at 21,000 g for 30 sec. Norcoclaurine enantiomers were ana-

lyzed by reverse-phase HPLC using a Series 200 Micropump (Perkin Elmer) equipped 
with a Shodex ORpak CDBS-453 column (FUTECS Chromatography). Ten μl of super-

natant was loaded on the column and separated using the following gradient: 0-35 min 
5% B, 35-38 min 95% B, 38-45 min 5% B at a flow rate of 250 μL/min, where Solvent A 
was 0.1% acetic acid and Solvent B was 80:20:1 acetonitrile:methanol:acetic acid. Follow-
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ing separation, eluent was injected into a 7T-LTQ FT ICR instrument (Thermo Scientific). 
Norcoclaurine was identified by exact mass (m/z 272.128 [M+H]+). Spontaneously-con-

densed (R,S)-norcoclaurine, generated through resuspending an equal ratio of L-dopa-

mine (Sigma) and 4-HPAA (gift from Peter Facchini) in H
2
O, and (S)-norcoclaurine stan-

dard (Toronto Research Chemicals Inc.) were used to determine retention time of each 
enantiomer. Curves were smoothed with a 7-point boxcar average.

Reticuline chiral analysis

Determination of reticuline enantiomers in Strain 33 supernatant was performed by 

HPLC-FT-MS. Yeast supernatant was concentrated 200X using a SepPak Light C18 car-

tridge (Waters Corporation), then resuspended 1:7 in MeOH and centrifuged at 21,000 g 
for 30 sec. Reticuline enantiomers were analyzed by standard-phase HPLC using a Series 
200 Micropump (Perkin Elmer) equipped with a 4.6x250 mm CHIRALCEL OD-H column 
(Daicel Chemical Industries) heated to 40°C. Five μl of supernatant was loaded on the 
column and separated using an isocratic mixture of 72:28:0.001 hexane:isopropanol:di-
ethylamine at a flow rate of 0.55 ml / min12. Following separation, eluent was injected 

into a 7T-LTQ FT ICR instrument (Thermo Scientific). Reticuline was identified by ex-

act ion mass (m/z 330.17 [M+H]+). Authentic (R)-reticuline (Toronto Research Chemicals 
Inc.) and (S)-reticuline (gift from Peter Facchini) were used as standards to determine 
retention time of each enantiomer. Curves were smoothed with a 7-point boxcar average.

Accession codes

DNA sequences are available in GenBank. Papaver somniferum PsNCS (KP262411). Acces-

sion numbers for all plasmid sequences are listed in Tables 3-1 and 3-2.
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Chapter 4. Exploring the Design Rules for Compartmentalizing 
Heterologous Metabolic Pathways in the Yeast Peroxisome

4.1 Introduction

Metabolic engineering of microorganisms promises to enable the environmentally friend-

ly production of fuels, bulk chemicals, and therapeutics1. While the list of valuable mol-

ecules that can be produced via microbial fermentation is growing rapidly, obtaining 

commercially viable quantities of these molecules requires that extensive genetic mod-

ifications be made to the production host to boost titer, yield, and productivity. Getting 
biosynthesized products to market faster and cheaper necessitates the development of 

generalizable, predictable strategies for strain optimization. 

A chief consideration for developing such strategies is limiting crosstalk between high-

flux engineered metabolic pathways and the cellular processes of the production host2. 

Nature has addressed the problem of metabolic crosstalk by partitioning proteins and 

metabolites into membrane-bound organelles to sequester toxic compounds, direct the 

activity of enzymes towards specific substrates, and establish distinct chemical environ-

ments (e.g. altered pH or redox state). Recently, metabolic engineers have begun to har-

ness the subcellular organelles of Saccharomyces cerevisiae to take advantage of these prop-

erties. Among other examples, the mitochondrion was used to enhance the production of 

isobutanol3, and the vacuole was used as a site for methyl halide synthesis4. These efforts, 
while successful, depended on the native accumulation of specific pathway intermedi-
ates in their respective organelles, limiting the applicability to new pathways. We sought 

to build on this work to develop a strategy for pathway compartmentalization that could 

be implemented for many pathways of interest.

A generalizable organelle compartmentalization strategy would feature several import-

ant traits: 1) the organelle should be orthogonal to native cellular processes, 2) import of 
heterologous enzymes should be rapid, efficient, and modular, and 3) transport of me-

tabolites across the organellar membrane should be characterized and controllable. With 

the first criterion as a prerequisite for further engineering, we identified the yeast peroxi-
some as a promising starting point for the construction of such a synthetic organelle. The 

peroxisome of S. cerevisiae is primarily involved in β-oxidation of long-chain fatty acids, 

and previous characterization has shown that, unlike other organelles, peroxisome bio-

genesis can be completely disrupted without adversely affecting cell growth in common 
fermentation conditions (i.e. when not grown with fatty acids as a carbon source)5. Thus, 

the peroxisome can be cleared of its endogenous matrix proteins to establish an orthogo-

nal subcellular compartment. We therefore focused on exploring the design rules for both 

protein and metabolite transport across the peroxisomal membrane as a step towards 

repurposing this organelle for heterologous pathway compartmentalization.

An additional point in favor of peroxisomes as a synthetic organelle is the wide diver-

sity in peroxisomal form and function already outlined in the literature. Methylotrophic 
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yeasts such as Pichia pastoris and Ogatea polymorpha possess peroxisomes that can expand 

to contain 80% of the volume of the cell6, suggesting that enormous protein capacity is 

achievable with the peroxisome as a synthetic organelle. Furthermore, the peroxisome 

has found use in nature not only as a catabolic compartment where fatty acids are broken 

down, but also as a site for unusual biochemistry, such as penicillin biosynthesis in Pen-
icillium chrysogenum7 and light generation in the firefly Photinus pyralis8. Even diversity 

in peroxisomal structure has been observed, as import of HEX proteins transforms per-

oxisomes into Woronin bodies, which help plug leaks in damaged ascomycetes9. Peroxi-
somes have already attracted some interest from metabolic engineers, who have placed 

lycopene and polyhydroxyalkanoate biosynthetic pathways in the peroxisomal lumen10,11. 

However, these efforts left many open challenges, including validation and optimization 
of protein import, measurements of peroxisomal permeability, and verification that inter-

mediates are trapped within the peroxisome. It is these open challenges that we hope to 

address in this work.

Though the optimal parameters for protein import remain an open question, the biolo-

gy of protein import has been extensively studied. Peroxisomal matrix proteins contain 
one of two targeting signals (PTS1 or PTS2) that are recognized in the cytosol by corre-

sponding receptor proteins, Pex5p and the Pex7p/Pex18p/Pex21p complex respective-

ly12. Upon recognition, these proteins are recruited to the Pex13p/Pex14p/Pex17p import 
pore complex and translocated into the peroxisomal lumen while remaining in the folded 

state12. The majority of native cargo proteins enter via some variant of the PTS1 tag, which 
canonically consists of Ser-Lys-Leu (SKL) at the carboxy-terminus13. Numerous studies 

have demonstrated that fusion of this three-amino acid tag is sufficient to redirect cytoso-

lic proteins into the peroxisome, however recent work suggests that additional upstream 

residues also contribute to recognition by Pex5p13,14. A thorough experimental analysis of 

these effects on import has yet to be performed.

While the basic principles of peroxisomal protein transport are fairly well established, 

transport of metabolites into and out of the peroxisome remains a matter for debate. To 

date, few peroxisomal membrane transporters have been identified in yeast, namely Px-

a1p/Pxa2p for fatty acids15 and Ant1p for ATP/AMP16. These transporters cannot account 

for the many metabolites consumed and released by the peroxisome. Early in vitro work 

suggested broad peroxisomal permeability to metabolites17, potentially accounting for 

the dearth of identified transporters. This view was complicated by later in vivo studies, 

which suggested fatty acyl-Coenzyme A molecules do not freely cross the peroxisomal 

membrane18. To reconcile these observations, a nonspecific, aqueous pore was proposed 
that allows for the free diffusion of molecules below a certain size limit19. While recent in 
vitro results support this conclusion16, in vivo validation is lacking, and the pore remains 

unidentified in yeast. 

Here, we extend the current understanding of peroxisome biology to elucidate key design 

rules for compartmentalizing heterologous pathways in the yeast peroxisome. We devel-

oped a novel enzyme-based strategy for evaluating the efficiency with which non-native 
cargo is targeted to the peroxisome. Our assay, which we found to be far more sensitive 
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than analysis of localization via fluorescence microscopy, indicated that the canonical 
PTS1 tag is highly context dependent and can result in a large fraction of cargo remaining 
in the cytosol if the residues upstream of the tag are not optimized. By screening a library 

of randomized PTS1 “linker” sequences, we were able to explain some of these context 
effects and to identify a modular PTS1 tag with enhanced import characteristics. This en-

hanced tag allowed us to efficiently compartmentalize a variety of non-native enzymes 
and to demonstrate for the first time in vivo that the peroxisome membrane is indeed 

permeable to small metabolites while preventing the diffusion of larger solutes. We took 
advantage of this size-dependent permeability to compartmentalize in the peroxisome a 

simple two-enzyme pathway that consists of a small, permeable substrate and a larger, 

impermeable intermediate. We assessed the effects of peroxisomal compartmentalization 
on pathway performance at different enzyme expression levels, which suggested future 
steps that could be taken to develop the peroxisome as a generalizable metabolic engi-

neering tool. 

4.2 Results

4.2.1 Development of a sensitive peroxisomal protein import assay

The first step in expressing a heterologous pathway in the peroxisome is ensuring that 
each enzyme can be effectively imported. While protein import is most commonly mon-

itored using fluorescence microscopy, we sought a method that would directly test the 
primary metric of interest for compartmentalizing new enzymatic pathways—cytoso-

lic activity of an enzyme prior to peroxisomal import. For this purpose, we turned to a 
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Figure 4-1. The prodeoxyviolacein (PDV) pathway and its byproducts. Three enzymes, VioA, VioB, 
and VioE, are responsible for transforming L-tryptophan into prodeoxyviolacein (PDV). PDV alone has 
a visible green color; the other intemediates are colorless. The product of VioB, IPA imine dimer, is 
unstable and will spontaneously convert into chromopyrrolic acid (CPA) if no VioE is encountered. Red 
arrows denote enzymatic reactions; black arrows denote spontaneous reactions.
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three-enzyme pathway from the bacterium Chromobacterium violaceum that converts tryp-

tophan to the green pigment prodeoxyviolacein (PDV)20 (Figures 4-1 and 4-2A). We rea-

soned that by expressing the first two pathway enzymes (VioA and VioB) in the cytosol 
but targeting the final enzyme (VioE) to the peroxisome, we would segregate VioE from 
its substrate, IPA imine dimer, and significantly reduce pathway flux. A large difference 
in PDV production between strains with VioE localized to the cytosol versus the peroxi-
some would be indicative of efficient import (Figure 4-2B). 

To achieve peroxisomal targeting, we fused the canonical PTS1 tag (Ser-Lys-Leu) to the 
C-terminus of VioE, preceded by a yellow fluorescent protein (YFP) so that proper local-
ization could be confirmed by fluorescence microscopy. We expressed all three enzymes 
in either a wildtype strain or a pex5∆ strain that is deficient for PTS1 protein import (Fig-
ure 4-2C). Proper targeting of VioE to the peroxisome was confirmed by colocalization of 
VioE-YFP-PTS1 with a Pex11p-CFP peroxisomal marker (Figure 4-2D). While there was 

no detectable cytosolic fluorescence when VioE-YFP-PTS1 was expressed in wildtype 
cells, we observed only a 63% reduction in PDV production relative to the pex5∆ cytoso-

lic control strain. This result suggested that, despite the appearance of the fluorescence 
microscopy, a significant fraction of VioE remained in the cytosol and conferred activity 
prior to peroxisomal import. Reducing the occurrence of cytosolic activity is key to ensur-

ing that pathway activity is fully confined to the peroxisome. 
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zymatic steps (red arrows) and one sponta-
neous reaction (black arrow). (B) The pre-
cursors of PDV are colorless, so VioA and 
VioB can be freely expressed in the cytosol 
of yeast without any color change (left). Ef-
ficient PTS1 targeting of VioE will result in 
enzyme sequestration in the peroxisome 
and considerably reduced PDV production 
in a wildtype strain (middle) compared with 
a pex5∆ strain that is deficient for PTS1 im-
port (right). (C) Agar plate spots correspond-
ing to the strains depicted above after 36 
hours of growth. VioE included a C-termi-
nal YFP fusion and the canonical PTS1 tag 
(SKL). HPLC quantification of relative PDV 
production is included below each spot. (D) Fluorescence microscopy of yeast cells coexpressing the 
peroxisomal marker Pex11-CFP and the VioE-YFP-PTS1 fusion protein in either a wildtype or pex5∆ 
strain background.
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4.2.2 Positively charged residues enhance PTS1 import

Based on previous work showing that the residues immediately upstream of the PTS1 tag 
can affect protein import14, we attempted to improve compartmentalization of VioE by 
modifying the “linker” sequence between the enzyme and the PTS1 tag. We took advan-

tage of the high-throughput nature of our import assay to screen a library of randomized 

linker sequences that were inserted directly in front of the carboxy-terminal SKL residues. 
This library was made up of six DNK degenerate codon repeats which we selected to 
balance the frequency of positively and negatively charged residues and to reduce the 

frequency of stop codons (Figure 4-3). When this VioE-YFP-6X_DNK-SKL library was 
transformed into a strain expressing VioAB in the cytosol, we observed colonies that 
ranged in color from white to dark green—presumably the result of differences in VioE 
targeting efficiency (Figure 4-4). 

To gain insight into how linker sequences affect VioE targeting, we sequenced the linker 
region of randomly selected colonies from the library transformation plate, obtaining 

sequences for 200 unique clones after removal of those with stop codons in the linker. In 

order to quantify PDV production in these strains, we developed a medium-throughput, 
plate-based method for assaying PDV pathway flux. This method takes advantage of our 
observation that cells producing PDV are highly red fluorescent, presumably due to fluo-

rescence of either PDV or a PDV derivative. After confirming that fluorescence measure-

ments of extracts gave good linear correlation with PDV production across a wide range 
of levels (Figure 4-5), we used this method to quickly screen our 200 linker library mem-

bers (Figure 4-6). Analysis of this data showed a correlation between a linker’s net charge 

and the amount of PDV produced (R2 = 0.54 when fit to a logistic curve) (Figure 4-7A). 

In general, clones with basic residues (Arg or Lys) in their linker produced low levels of 
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Figure 4-3. Relative frequency of amino acids encoded by the degenerate codon DNK. Used in the 
linker library of Figure 4-7A, DNK permits the following 24 different nucleotide combinations: (A,G,T)-
(A,C,G,T)-(G,T). This codon provides an equal 1/12 likelihood of obtaining a positively charged basic res-
idue (R,K) or a negatively charged acidic residue (D,E), ensuring minimal bias with regard to net charge.
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PDV, indicating efficient targeting of VioE to 
the peroxisome. The correlation improved 

when we doubled the weight applied to the 

charge of the three linker residues closest to 

the canonical PTS1 tag (R2 = 0.61). Regard-

less, a significant amount of variation cannot 
be explained by linker charge alone. Future 

work to expand this screening strategy to 

larger libraries may yield additional insights 

into the sequence determinants of peroxiso-

mal import efficiency.

4.2.3 An enhanced PTS1 tag enables rapid, 
modular peroxisome targeting

In search of a generalizable strategy for 

achieving efficient enzyme targeting, we 
selected for further study a single linker, 

LGRGRR, which appeared in one of our 
lowest PDV-producers and contains three 

Figure 4-4. Plate-based screening of linker in-
fluence on peroxisomal import using a VioE-
YFP-linker-PTS1 library. Agar plate with yeast 
colonies coexpressing cytosolic VioA and VioB 
and peroxisomally-targeted VioE-YFP-linker-
PTS1 after 72 hours of growth. White colonies are 
indicative of decreased PDV production due to 
peroxisomal VioE sequestration. Library members 
from this plate were grown and extracted to gen-
erate the data shown in Figure 4-7A.
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Figure 4-5. HPLC absorbance and bulk flu-
orescence measurements of PDV show a 
strong linear correlation with each other and 
actual PDV production. Cells of high PDV-pro-
ducing Strain 6 were serially diluted twofold with 
the cells of non PDV-producing Strain 4. Each 
dilution was extracted with acetic acid and mea-
sured via HPLC and bulk fluorescence to gener-
ate six-point calibration curves ranging from 1X 
to 0.03125X.
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Linker 
Sequence 

Net 
Charge 

Relative 
PDV 
Production 

LGRGRR 3 0.0955 
SRARAG 2 0.0542 
CRMWGK 2 0.0605 
TRVKLV 2 0.0838 
VRSTRG 2 0.0955 
RVLNVK 2 0.0964 
KDKSNK 2 0.1295 
KLDRKV 2 0.1340 
TYWIRF 1 0.0623 
SVTVRS 1 0.0731 
RSGAIC 1 0.0820 
TGSYWR 1 0.0829 
ALRLGI 1 0.0829 
TTVATR 1 0.0901 
GSRFTT 1 0.0928 
RCVGIG 1 0.0946 
SFALVR 1 0.0982 
LATAKT 1 0.1000 
VCCTCR 1 0.1035 
WRREWG 1 0.1044 
EKRVCM 1 0.1116 
YGVKLT 1 0.1224 
LTKVMT 1 0.1295 
MRSNTA 1 0.1304 
VRMVNT 1 0.1322 
ACAKVS 1 0.1412 
IYKAMC 1 0.1439 
TTVSRV 1 0.1645 
CVKVVT 1 0.1788 
SLLIKS 1 0.1869 
VAYKSS 1 0.2264 
TRDKSC 1 0.2416 
SKFCST 1 0.2506 
KINLSA 1 0.2541 
GGAKGG 1 0.2963 
RTGVAG 1 0.3079 
TSNKAF 1 0.3142 
RYTGSF 1 0.3187 
IFVGIF 0 0.0354 
TSGLIY 0 0.0802 
ASAVIA 0 0.0811 
DSFRIT 0 0.0838 
YVKWEV 0 0.0856 
AASTVV 0 0.0892 
SWFVVC 0 0.0919 
GDSVRT 0 0.0982 
DKFICM 0 0.1000 
GLNSIT 0 0.1098 
KGEWYW 0 0.1143 
YVWSWA 0 0.1188 
SDVSWR 0 0.1206 
FVLLMM 0 0.1233 
MVGSVS 0 0.1251 
SMVIWV 0 0.1277 
VYAWTF 0 0.1286 
AALGCI 0 0.1322 
SSILFY 0 0.1349 
KDITVW 0 0.1358 
FSAAVF 0 0.1367 
YSYFGF 0 0.1385 
AGVLTL 0 0.1394 
VSSGIA 0 0.1421 
CARYDM 0 0.1448 
CYLTGW 0 0.1475 
AYVTMA 0 0.1519 

SATWWA 0 0.1528 
YIMTTT 0 0.1528 
LSLSMA 0 0.1555 
ASSYLV 0 0.1564 
WNYNCC 0 0.1591 
YDSMRF 0 0.1618 
CTSCTV 0 0.1627 
LGFAGV 0 0.1699 
MTAAVN 0 0.1788 
FCSVSW 0 0.1815 
FVSTLS 0 0.1824 
SCYSLN 0 0.1860 
CVKFET 0 0.1878 
YITSAI 0 0.1887 
TFLVTT 0 0.1950 
YAGTVF 0 0.1968 
AVISCA 0 0.2039 
ENLKWS 0 0.2048 
EACRSY 0 0.2057 
VAMACA 0 0.2084 
WGIYCC 0 0.2084 
FSSCTV 0 0.2111 
VSGTAA 0 0.2210 
MGYINA 0 0.2264 
TMMTAW 0 0.2308 
TVSVWS 0 0.2335 
LSTGCA 0 0.2434 
ASTCVN 0 0.2479 
IDTSSK 0 0.2524 
GEKGIG 0 0.2541 
AMCATS 0 0.2559 
SSGGVS 0 0.2658 
CGSIAY 0 0.2676 
CVLSWG 0 0.2694 
TTTAAV 0 0.2721 
TVVYCG 0 0.2909 
GGGVTC 0 0.2954 
YAGSNT 0 0.2999 
FKGVTE 0 0.3061 
VVTTAT 0 0.3088 
AAGGAW 0 0.3205 
CVAVSF 0 0.3286 
TTITAF 0 0.3375 
WVWGAG 0 0.3393 
ASRSSD 0 0.3420 
AEKVEK 0 0.3438 
ASFSNA 0 0.3501 
SAAGAS 0 0.3501 
GATAAT 0 0.3617 
GCTAAT 0 0.3689 
RTVAAD 0 0.3797 
VTGCGT 0 0.3895 
FAKTSD 0 0.4415 
KFVSEA 0 0.4603 
VGISGG 0 0.4603 
GVCTGG 0 0.4639 
ANNTSM 0 0.4666 
VGGLGG 0 0.4693 
SASSTS 0 0.5078 
RSADAS 0 0.5473 
AASGGG 0 0.5554 
ASTSTT 0 0.5867 
AGSGGG 0 0.6540 
AVNSSG 0 0.6844 
SSGGAG 0 0.7580 
IIDFLV -1 0.1358 
TSEWLI -1 0.1502 
IVDCSG -1 0.1959 

YDSSVV -1 0.2129 
WEGYGC -1 0.2201 
WGYTIE -1 0.2255 
DALSCT -1 0.2416 
ASDSIA -1 0.2541 
FEIFAG -1 0.2568 
ELTGWT -1 0.2568 
GEGWMG -1 0.2972 
EMTTAA -1 0.3017 
WEVTAC -1 0.3017 
DTYVKE -1 0.3079 
NTEAVN -1 0.3330 
MVILES -1 0.3393 
MDWGSV -1 0.3411 
GEVSGI -1 0.3716 
SGFTTD -1 0.3904 
LTTIEV -1 0.4119 
AEWMYG -1 0.4173 
ENSYSF -1 0.4290 
FGAGAE -1 0.4765 
DAVSYS -1 0.4836 
WTAFSD -1 0.5034 
SSVYEN -1 0.5087 
MGAGYE -1 0.5150 
EYTTSS -1 0.5213 
VGGNAE -1 0.5482 
SCTDEK -1 0.5536 
ADISTN -1 0.5616 
FYNTEC -1 0.5706 
YTWSSD -1 0.6127 
SVNEGF -1 0.6235 
GSSADT -1 0.6289 
LSMTDF -1 0.6584 
ADVTSS -1 0.6629 
VGTDAS -1 0.6683 
SAYASD -1 0.7024 
EMICSG -1 0.7176 
GIVDGG -1 0.7203 
KNTEDT -1 0.7571 
NAAENS -1 0.7660 
NCAADG -1 0.7750 
SASTDG -1 0.7822 
SDGAGG -1 0.7956 
TNGDAS -1 0.8153 
LADSGG -1 0.8270 
TTCGTD -1 0.8610 
MAGLDG -1 0.9068 
ASNADG -1 1.0816 
GELGEV -2 0.4801 
GGDELC -2 0.4989 
GIVEYE -2 0.5392 
AGEIGE -2 0.6387 
TLDWDY -2 0.6441 
EECTGS -2 0.6710 
VVEESV -2 0.6871 
AGDLEY -2 0.7409 
TVDDMY -2 0.7786 
GGWVDE -2 0.8091 
TASEEF -2 0.8252 
NSDESI -2 0.8404 
TADAEA -2 1.0332 
YTSENE -2 1.4527 
AFCCDD -2 1.7279 
VDEECT -3 0.7875 
ESIEDA -3 0.8010 
ENENDC -3 0.8306 
EGAETE -3 0.8404 
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basic residues (Figure 4-7A). We named the complete tag resulting from this linker (LGR-

GRR-SKL) ePTS1 for “enhanced PTS1”. To directly compare ePTS1 to the canonical PTS1 
tag, we again fused the tags to VioE-YFP and performed enzyme titrations using a set of 
five promoters that span approximately three orders of magnitude in expression strength 
(Figures 4-7B and 4-8). We were interested in determining how much peroxisomally-tar-

geted enzyme could be expressed with each tag before observing appreciable levels of 

cytosolic activity. At medium levels of expression, ePTS1 contributed to a 95% reduction 
in PDV compared to a 63% reduction for PTS1. Even when VioE was expressed under the 
strongest promoter and the PTS1 tag was saturated to the point of being indistinguish-

able from its pex5∆ control, the ePTS1 tag still reduced PDV production by half relative to 
a pex5∆ control strain. In total, these results indicated that the ePTS1 tag directed VioE to 
the peroxisome far more efficiently than did the canonical PTS1 tag.

Figure 4-6. PDV production linked to specific sequences from the 6-amino acid linker library. All 
200 linker sequences measured in the library are shown here, along with a calculation of their net charge 
and the cells’ PDV production relative to that of a defective peroxisomal import mutant (pex5∆). The data 
shown in this figure was used to generate Figure 4-7A.
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Figure 4-7. Library screening indicates that positively charged linker residues enhance PTS1-
based import of VioE. (A) A randomized library of six amino acid linkers was inserted between VioE-YFP 
and the PTS1 tag and coexpressed with cytosolically-localized VioA and VioB. Individual spots represent 
PDV-linked fluorescence measurements of two hundred arbitrarily selected library members (excluding 
two outliers with values 1.45 and 1.73 at the -2 charge level), normalized relative to a pex5∆ strain and 
grouped by net charge of the linker residues. Quartiles and extrema for each net charge level are shown 
with a box-and-whiskers plot. The median PDV productivity at each net charge is further highlighted with 
a red line. Efficient peroxisomal import of VioE is correlated with decreased PDV production. We selected 
the sole +3 charge sequence, LGRGRR-SKL, for further study as ePTS1. (B) HPLC quantification of PDV 
from yeast strains expressing increasing levels of VioE-YFP fused to either naïve PTS1 (dashed lines) or 
ePTS1 (solid lines). Both wildtype (blue lines) and pex5∆ (green lines) strain backgrounds coexpressed 
VioA and VioB cytosolically. Error bars represent the mean ± s.d. of four biological replicates.
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While this VioE titration validated ePTS1’s utility for efficiently compartmentalizing 
large amounts of heterologous enzyme in the peroxisome, we were interested in better 

understanding the mechanism by which this tag improved import. To address this ques-

tion and more definitively test the rate of cargo import, we designed a competition exper-

iment that pitted peroxisomal import of a cargo protein against proteolysis of that same 

cargo by a cytosolically expressed protease (Figure 4-9A). For our cargo, we constructed 

an RFP-YFP fusion protein with a TEV cleavage site inserted between the two fluorescent 
proteins. A PTS1 or ePTS1 tag was also fused to the C-terminus. By cytosolically express-

ing TEV protease, we could gauge the speed with which the cargo was imported, since 
slow import would lead to TEV cleavage and cytosolic accumulation of RFP. Titrating 
TEV protease expression allowed us to modulate the rate of TEV cleavage. 

Our results indicated that the ePTS1-tagged cargo was imported faster than cargo tar-

geted via the canonical PTS1 (Figure 4-9B). At medium or high levels of TEV protease 
expression, the PTS1 tag led to clearly visible accumulation of RFP in the cytosol, sug-

gesting slow import. The mean RFP brightness in the cytosol (an approximate measure of 
protein concentration) was one-fourth of the peroxisomal brightness at the highest TEV 
protease expression level. Given the significant discrepancy in volume between the two 
compartments, this result suggests that the majority of RFP is cleaved prior to import. 

Increased VioE-PTS1 Expression
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Figure 4-8. Yeast spots comparing PTS1 and ePTS1 sequestration efficiency for 
VioE-YFP. 10 µL of saturated culture from each of the same strains used to generate 
Figure 4-7B was spotted onto agar plates and grown for 48 hours. As in Figure 4-7B, 
Strains 12-33 coexpressed cytosolic VioA and VioB along with VioE-YFP tagged with 
either PTS1 or ePTS1. Defective peroxisomal import controls (pex5∆) are also shown.
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Figure 4-9. ePTS1-mediated peroxisomal 
import outpaces cytosolic proteolysis. (A) 
An assay for the relative speed of peroxiso-
mal import was devised in which TEV prote-
ase-mediated protein cleavage competes with 
PTS1-mediated peroxisomal protein import. The 
RFP-YFP fusion protein shown here experienc-
es two possible fates: either the fusion protein 
is cleaved prior to import, resulting in a diffuse 
red fluorescence, or peroxisomal import occurs 
prior to cleavage, resulting in punctate red fluo-
rescence. In either case, yellow fluorescence is 
punctate, as peroxisomal import of YFP is not 
affected by proteolysis. (B) Brightfield (BF) and 
confocal fluorescence microscopy of yeast cells 
constitutively expressing an RFP-YFP-PTS1 or 
–ePTS1 fusion along with varying levels of TEV 
protease fused to CFP for quantification. The 
relative expression of TEV protease includes a 
baseline level (1X) as well as 12-fold and 140-
fold above that baseline. Scale bar, 10 µm.
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Figure 4-10. Western blot analysis indicates that proteolysis of the RFP-tev-YFP fusion pro-
tein may occur in both the peroxisome and cytosol. The strains from Figure 4-9, as well as 
strains expressing no TEV or intermediate levels of TEV (4X and 45X), were lysed and run on a 
denaturing gel, then blotted and stained with an antibody recognizing RFP. Full length (55 kDa) 
and proteolyzed (27 kDa) protein bands are indicated with arrows. Three controls were included 
to verify that TEV cleavage did not occur after cell lysis: 1) Strain 53 expressing TEV (140X) with 
no RFP-tev-YFP-ePTS1, 2) Strain 40 expressing RFP-tev-YFP-ePTS1 mixed 1:1 with Strain 52, 
which has only selection markers and 3) a 1:1 mixture of Strain 40 (expressing TEV protease) and 
Strain 53 (expressing RFP-tev-YFP-ePTS1). No RFP antibody cross-reactivity for the CFP on TEV 
protease was observed.
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Titration of Pex5C 
Against 5FAM-LGRGRRSKL
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Figure 4-11. Pex5p has higher af-
finity for ePTS1. (A) Direct binding 
assay of the C-terminal fragment 
of S. cerevisiae Pex5p against 20 
nM fluorescein-labeled ePTS1 pep-
tide 5FAM-LGRGRRSKL. Fitting 
this data to the Hill equation found 
that the KD of Pex5p fragment bind-
ing to 5FAM-LGRGRRSKL was 
355±6.38 nM with a Hill coefficient 
of n = 3.275±0.176. (B,C) Competi-
tive binding of unlabeled PTS1 and 
ePTS1 peptides against 20 nM of 
fluorescein-labeled ePTS1 peptide. 
Peptides were competing for bind-
ing to 375 nM of Pex5p C-terminal 
fragment, and the state of the la-
beled ePTS1 peptide was tracked 
via fluorescence anisotropy. A 
non-cooperative model from Roerhl 
et al. was fit to the data, allowing es-
timates of relative affinities of PTS1 
and ePTS1. (B) The unlabeled PTS1 
peptide used was DELYKGSKL, re-
flecting the last nine amino acids of 
the VioE-YFP-PTS1 constructs used 
in Figure 4-7B. The KD found was 
176000±17300nM. (C) The ePTS1 
peptide used was LGRGRRSKL, 
and the KD was 801±105 nM.
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In contrast, ePTS1 led to no detectable cytosolic RFP at medium TEV expression and a 
fifty-fold difference between RFP brightness in the peroxisome and cytosol at high TEV 
expression. While we had hoped to perform additional quantification of these strains 
using western blot analysis, our results showed no noticeable difference in the fraction 
of cleaved cargo between the PTS1 and ePTS1 tags at any TEV expression level (Figure 
4-10). We hypothesize that this mode of analysis is confounded by TEV protease “pig-

gybacking” into the peroxisome via transient association with its recognition site, thus 
cleaving the cargo after peroxisomal import has already occurred.

Based on our observation that ePTS1 speeds the rate of protein import, we suspected 
that this tag had a higher affinity for the import receptor Pex5p. Indeed, by subjecting a 
C-terminal truncation of Pex5p and synthetic PTS1 peptides to analysis via fluorescence 
anisotropy, we found a 200-fold difference in affinity between the ePTS1 peptide (LGR-

GRRSKL) and a peptide of equal length that results from fusion of the canonical PTS1 to 
the C-terminus of YFP (DELYKGSKL) (Figure 4-11). The disassociation constant for the 

ePTS1 peptide was 0.8 ± 0.1 µM, compared to 175.6 ± 17.3 µM for the PTS1 peptide. These 
affinities were weaker than expected based on previous measurements13, however this 

discrepancy may be attributable to our use of a fluorescein tag instead of lissamine or to 
our use of a competition assay instead of a direct binding assay. Regardless, the large rel-
ative difference in Pex5p affinity strongly suggests Pex5p recognition is the mechanistic 
basis for improved cargo targeting with ePTS1. 

As a final demonstration of ePTS1’s utility for efficiently importing non-native proteins 
into the peroxisome, we tested the tag’s modularity. For this purpose, we developed an 

inducible sequestration assay in which the pex5 promoter was replaced with the galac-

tose-inducible gal1 promoter. Upon induction of peroxisomal import via growth on ga-

lactose, we observed that RFP-ePTS1 localized completely to the peroxisome after only 
one hour in this strain background (Figure 4-12). With this tool in hand, we fused the 

PTS1 or ePTS1 tag to one of four essential genes—cdc14, cdc28, tys1, and spc42—expecting 

that sequestration of these proteins in the peroxisome would prevent growth. Indeed, we 

observed that all four ePTS1-tagged constructs yielded strains that were unable to grow 
under galactose induction (Figure 4-13). In contrast, the canonical PTS1 tag prevented 
growth of only two of the four strains, suggesting that CDC14p-SKL and CDC28p-SKL 
are not efficiently compartmentalized. As a control for pex5 induction, we also tested 

these constructs in strains that were deficient for peroxisomal protein import due to the 

0 10 20 30 40 50 60 min.

Figure 4-12. Fluorescence tracking of RFP-ePTS import upon induction of Pex5p expression. 
At time 0, Strain 55 was transferred into synthetic complete medium with 2% raffinose and 1% ga-
lactose for induction of Pex5p expression. Fluorescence images were taken at ten-minute intervals 
as the newly created Pex5p shuttled RFP-ePTS1 into the peroxisomes. By 60 minutes, the cells had 
been virtually cleared of cytosolic RFP-ePTS1.



92

deletion of pex14, a key component of the protein import pore complex. As expected, all 

pex14∆ strains grew on galactose-containing media. These results demonstrate that the 

ePTS1 tag maintains its rapid import properties when fused to a variety of cargo proteins.

4.2.4 Small metabolites freely traverse the peroxisome membrane

As stated previously, compartmentalizing heterologous metabolic pathways in the per-

oxisome requires control over both protein and metabolite transport. Having demonstrat-

ed ample control over protein targeting, we turned to metabolite transport—an area that 

is not well-understood, due in large part to a lack of in vivo tools for measuring metabolite 

concentrations in subcellular compartments. We realized that our enzyme sequestration 

assay could potentially be adapted to study metabolite transport across the peroxisomal 

membrane. By targeting enzymes of interest to the peroxisome with the ePTS1 tag, we 
could determine if the substrate for the enzyme of interest was present in the organellar 

lumen by measuring product formation in comparison to a cytosolic control strain.

As an initial test, we extended the sequestration assay to the first two enzymes in the 
PDV pathway, VioA and VioB. In a manner similar to Figure 4-7B, we fused the ePTS1 
tag directly to the C-terminus of each enzyme and assayed for activity in a wildtype and 

pex5∆ strain by cytosolically expressing the other two pathway enzymes. VioE was in-

cluded again for comparison, this time without a C-terminal YFP fusion. Across a range 
of enzyme expression levels, we observed a considerable drop in PDV production when 
either VioB or VioE was targeted to the peroxisome (Figure 4-14A). In contrast, however, 

VioA sequestration had little effect on PDV production at any expression level. 
 

To verify this result, we needed to confirm that most of the peroxisomally-targeted VioA 
was indeed localized in the peroxisome. This was done by fusing VioE to the N-termi-
nus of VioA and assaying for the activity of both VioE and VioA separately in wildtype 
and pex5∆ strains. As illustrated in Figure 4-14B, VioA activity was monitored by ex-

pressing limiting levels of the VioE-VioA-ePTS1 construct in a strain that cytosolically 
overexpressed VioB and VioE. Likewise, VioE activity was monitored by expressing the 
fusion construct in a strain that cytosolically overexpressed VioA and VioB. We found 
that VioE activity was reduced considerably when the enzyme fusion was localized to the 
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Figure 4-13. The ePTS1 tag modularly allows for rapid 
sequestration of a variety of proteins. Sequestration of 
essential proteins and subsequent growth arrest was test-
ed using yeast strains with galactose-inducible control of 
Pex5p expression. Strains shown were modified so that 
one of four essential proteins (CDC14p, CDC28p, TYS1p, 
or SPC42p) was individually fused to either ePTS1 or 
naïve PTS1. Control strains with a permanently defective 
peroxisomal import system (pex14∆) were also included. 
Strains were spotted onto agar plates with galactose in-
duce peroxisomal import and grown for 48 hours.
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Figure 4-14. Characterization of peroxisomal permeability in the PDV pathway. (A) PDV was 
extracted from yeast strains expressing an ePTS1-tagged version of either VioA, VioB, or VioE to-
gether with untagged versions of the remaining two enzymes. Strains were constructed in either 
a wildtype (blue lines) or pex5∆ (green lines) background, with the ePTS1-tagged enzyme being 
expressed under a variety of promoters, numbered in rank order of expression strength: 0=no gene 
present, 1=pREV1, 2=pRNR2, 3=pRPL18B, 4=pTEF1, 5=pTDH3. Error bars represent the mean ± 
s.d. of four biological replicates. The extraction data are accompanied by spots showing the yeast 
after 48 hours growth (below). (B) To confirm that VioA was properly localized to the peroxisome, a 
fusion protein VioE-VioA-ePTS1 (listed as A-E in the diagram) was coexpressed with cytosolically 
localized enzymes from the PDV pathway. To test the activity of VioA in the A-E fusion, VioB and VioE 
were coexpressed cytosolically in a wildtype (1, upper left) or pex5∆ strain (2, upper right). To test the 
activity of VioE in the A-E fusion, VioA and VioB were coexpressed cytosolically, again in a wildtype 
(3, lower left) or pex5∆ strain (4, lower right). (C) Yeast spots corresponding to the strains described 
in (B) after 48 hours growth. (D) Strains 1-4 were grown and extracted as in (A) and PDV measured. 
Error bars represent the mean ± s.d. of four biological replicates.
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peroxisome, demonstrating efficient peroxisomal targeting (Figure 4-14C-D). In contrast, 

VioA activity was similar regardless of the location of the enzyme fusion. Importantly, at 
the expression levels selected, VioA is the rate-limiting step in the strains used to assay 
its activity, meaning that a change in activity should be readily detectable. These results 

provide in vivo evidence that both the substrate (tryptophan) and product (IPA imine) of 
VioA can freely cross the peroxisomal membrane.

It is unlikely that a dedicated transporter exists on the peroxisomal membrane for either 

tryptophan or IPA imine. No native peroxisomal enzymes are known to act on trypto-

phan, and IPA imine is not natively produced in yeast. Instead, our data are consistent 
with the existence of a previously-hypothesized16 aqueous pore that allows for the free 

diffusion of small metabolites but not large ones. Tryptophan (204 Da) and IPA imine 
(202 Da) are half the size of the downstream PDV pathway intermediate IPA imine dimer 
(402 Da). Based on our ability to sequester VioB and VioE in the peroxisome, IPA imine 
dimer appears not to cross the peroxisomal membrane. However, IPA imine dimer imper-

meability is not the only possible explanation for this observation; VioB and VioE could 
simply be inactive in the peroxisomal lumen. 

To control for the possibility of enzyme inactivity in the peroxisomal lumen, we developed 

a new sequestration assay based on β-glucosidase (BGL), a promiscuous enzyme from 
Neurospora crassa21 which can hydrolyze a wide variety of substrates. We reasoned that if a 

size-specific pore were indeed present on the peroxisomal membrane, peroxisomally-lo-

calized BGL would have activity on small substrates but not larger ones (Figure 4-15A). 
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Figure 4-15. Oligosaccharide-based assay reveals size-dependent permeability of the peroxi-
somal membrane. (A) Yeast cells expressing a peroxisomally localized β-glucosidase (BGL) were fed 
5-bromo-4-chloro-indoxyl (X) dye molecules (triangles) conjugated to glucose chains of increasing 
length (hexagons). BGL can cleave the dye-sugar conjugates, releasing the fluorescent dye molecule 
(blue triangle), but only if those conjugates are able to cross the peroxisomal membrane to access 
the BGL. Impermeant substrates should be unable to access the BGL and thus should generate no 
fluorescence. (B) Relative fluorescent product release in yeast strains expressing increasing amounts 
of peroxisomal (blue lines) or cytosolic (green lines) β-glucosidase. Dye-sugar reactions involving 
X-glucoside (Mw = 408.63 Da), X-cellobioside (Mw = 570.78 Da), and X-cellotrioside (Mw = 732.93 
Da) are described in detail in Figure 4-16. Error bars are the mean ± s.d. of six biological replicates.
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Figure 4-16. Conversion of dye-substrate conjugates into fluorescent product. Upon feeding of 
X-dyes (also called BCI or 5-bromo-4-chloro-3-indoxyl dyes), the N. crassa beta-glucosidase (BGL) 
cleaves off sugar groups, releasing fluorescent BCI and glucose. In anaerobic environments, the spon-
taneous reaction of BCI to produce 5,5’-dibromo-4,4’-dichloro-indigo is diminished, extending the life-
time of the transient BCI dye and allowing fluorescent quantitation of BGL activity. In yeast, the X-dyes 
require expression of cellodextrin transporter CDT1 to be able to enter cells, and in the experiments 
shown in Figure 4-15, BGL is expressed in either the peroxisome or the cytosol. 
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We selected three substrates for testing, all of which are oligosaccharides conjugated to a 

dye molecule: X-glucoside (409 Da), X-cellobioside (571 Da), and X-cellotrioside (733 Da), 
where “X” represents 5-bromo-4-chloro-3-indolyl (Figure 4-16). When these substrates 

are hydrolyzed by BGL, they release 5-bromo-4-chloro-indoxyl, a fluorescent molecule 
that oxidizes into the blue pigment 5,5’-dibromo-4,4’-dichloro-indigo in the presence of 

molecular oxygen. Because the substrates are hydrophilic, they cannot cross phospholip-

id membranes—including the plasma membrane—without the aid of a protein transport-

er. To get the substrates into the cytosol, we expressed the cellobiose transporter, CDT1, 

from N. crassa21, which we found to import all three substrates (Figure 4-17). In this strain 

background, we used a set of constitutive promoters to titrate the expression of the fu-

sion protein VioE-YFP-BGL-ePTS1. After confirming that this construct was efficiently 
targeted to the peroxisome via fluorescence microscopy and the VioE sequestration assay 
(Figure 4-18), we fed the BGL substrates to our set of test strains and compared the degree 
to which each substrate was hydrolyzed relative to a set of control strains in which the 

ePTS1 tag on BGL was inactivated by mutating the C-terminal leucine to threonine (Fig-
ure 4-15B). Note that the same strains were used to test all three substrates. For the two 

smallest substrates, X-glucoside and X-cellobioside, we observed little to no difference 
in hydrolysis when BGL was localized to the cytosol versus the peroxisome. However, a 
considerable sequestration effect was observed for BGL activity on the largest substrate, 
X-cellotrioside. Taken together, these results support the existence of a size-specific pore 
on the peroxisomal membrane that allows for the free diffusion of small metabolites but 
not large ones. It should be noted that the molecular weights of X-glucoside and X-cello-

bioside are both greater than that of IPA imine dimer, suggesting that molecular weight 
alone may not explain peroxisome permeability.

Figure 4-17. Hydrolysis of X-glycosides requires coexpression of CDT1 and BGL. Strains 117, 122, 
and 123 express CDT1 and cytosolic BGL, BGL only, and CDT1 only, respectively. These cells were treat-
ed with X-glycosides as in Figure 4-15.

B CA X-CellotriosideX-Cellobioside

0

0.2

0.4

0.6

0.8

1

1.2

BGL-CDTBGL-noCDT noBGL-CDT BGL-CDTBGL-noCDT noBGL-CDT BGL-CDTBGL-noCDT noBGL-CDT

Pr
od

uc
t D

et
ec

te
d

(fr
ac

tio
n 

of
 m

ax
im

um
)

X-Glucoside



97

4.2.5 PDV production can be compartmentalized under specific conditions

The existence of a nonspecific peroxisomal pore is problematic for compartmentalizing 
many multi-enzyme pathways of interest due to undesired permeability of small inter-

mediates. While our enzyme sequestration assay could prove useful for identifying the 

source of this permeability, our initial efforts to do so proved unsuccessful. Even without 
altering the peroxisome’s native metabolite permeability though, it should be possible to 

compartmentalize multi-enzyme pathways with large intermediates that don’t diffuse 
across the peroxisomal membrane. Building upon the design rules that we established for 

protein import and metabolite permeability, we attempted to compartmentalize the last 

two steps in the PDV pathway, VioB and VioE, which share the impermeable intermedi-
ate IPA imine dimer. Importantly, IPA imine dimer can spontaneously form the dead-end 
side product chromopyrrolic acid (CPA) (Figure 4-1). We hypothesized that by compart-

mentalizing VioB (an IPA imine dimer source) and VioE (an IPA imine dimer sink) in the 
peroxisome, we could increase PDV production by preventing the formation of CPA. 

Until this point, we had only demonstrated compartmentalization of single enzymes in the 
peroxisome. To account for the additional competition for import of a two-enzyme path-

way, we examined the degree to which proteins could displace each other when multiple 

heterologous cargo proteins were targeted peroxisome. To do this, we expressed a fixed 
amount of peroxisomally-targeted VioE in a strain that overexpressed VioA and VioB in 
the cytosol. We then attempted to displace the VioE from the peroxisome into the cytosol 
by titrating the expression of a competitor protein, RFP-ePTS1 (Figure 4-19A). With no 

competitor expressed, VioE was efficiently sequestered in the peroxisome, and the strain 
produced 95% less PDV than a pex5∆ control strain as we had previously demonstrated 

(Figure 4-19B-C). Expression of the competitor at low or moderate levels had no effect on 
PDV production. In fact, even when expressed off of the strongest S. cerevisiae promoter, 

pTDH3, RFP-ePTS1 displaced minimal amounts VioE-ePTS1 and still permitted an 85% 
reduction in PDV production. Only when multiple copies of RFP-ePTS1 were expressed 
off of pTDH3 was VioE-ePTS1 effectively displaced, suggesting that the capacity of the 
peroxisome for multiple heterologous cargo proteins is high. 
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Figure 4-18. Measurement of BGL import 
into the peroxisomes using the VioE as-
say. To confirm efficient BGL targeting to the 
peroxisome, Strain 2 coexpressing VioA and 
VioB cytosolically was transformed with ex-
pression cassettes for VioE-YFP-BGL-ePTS1 
(the same cassettes used to make the strains 
shown in Figure 4-15), generating Strains 
124-134. These strains allowed direct testing 
of VioE activity by the same methods of ex-
traction and fluorescent quantification used in 
Figure 4-7a. The sequestration of VioE pro-
vides confirmation that the entire fusion pro-
tein is being successfully imported into the 
peroxisome.
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Having established that we could target substantial quantities of multiple proteins to the 

peroxisome without displacement, we investigated the potential for improving PDV pro-

duction by compartmentalizing VioB and VioE in the peroxisome simultaneously. To do 
this, we cytosolically expressed VioA, while targeting VioB and VioE to the peroxisome 
with ePTS1 tags or omitting the tags to target the enzymes to the cytosol. We expressed 
these constructs in both wildtype and pex5∆ cells to control for differences in enzyme ac-

tivity when fused to an ePTS1 tag or not. We were particularly interested in determining 
if peroxisomal compartmentalization might allow for improved PDV production at low 
enzyme expression levels where high local concentrations of enzymes would potentially 

be advantageous. Based on our results from Figure 4-14A, we selected two different ex-

pression regimes to test: 1) pRPL18B-VioB/pRNR2-VioE in which VioB is limiting and 2) 
pTEF1-VioB/pREV1-VioE in which VioE is limiting. In both cases, VioA was expressed 
off of our highest strength promoter, pTDH3.

We were surprised to find that our results for the two expression regimes were quite dif-
ferent. For the expression regime in which VioB was limiting, PDV production decreased 
significantly when VioB and VioE were localized to the peroxisome (Figure 4-20A). This 

strain produced 35% less PDV than the corresponding pex5∆ control strain and 60% less 

PDV than a wildtype strain with cytosolically localized VioB and VioE. In contrast, for the 
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Figure 4-19. Peroxisomal import can be saturated at very high levels of cargo expression. (A) 
Starting with Strains 135, 136, and 137 coexpressing cytosolic VioA, cytosolic VioB, and a moderate 
fixed amount of peroxisomally-targeted VioE-YFP-ePTS1, increasing amounts of RFP-ePTS1 were co-
expressed in an effort to crowd VioE out of the peroxisome. If VioE was successfully prevented from 
entering the peroxisome by RFP cargo crowding, then increased PDV production should result as cyto-
solic levels of left-behind VioE rise. (B) PDV spot assay of Strains 138-161 showing that PDV production 
does indeed rise with peroxisomal cargo crowding. Controls with defective peroxisomal import (pex5∆) 
and untagged VioE confirm the maximal level of PDV production with cytosolic VioE remains constant. 
(C) PDV extracts from the same cells shown in (B) to provide a more quantitative estimate of the max-
imum protein expression level before crowding becomes an issue. The highlighted expression level 
(arrow) indicates RFP being driven by a single copy of the strongest promoter in S. cerevisiae, pTDH3.
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expression regime in which VioE was limiting, we observed significantly increased PDV 
production when VioB and VioE were localized to the peroxisome (Figure 4-20B). In this 

case, the peroxisomally targeted strain made two-fold more PDV than the correspond-

ing pex5∆ strain and 35% more PDV than a wildtype strain with cytosolically localized 
VioB and VioE. Notably, at both regimes, strains with VioB and VioE directed to the same 
compartment made more PDV than strains in which the enzymes were split between the 
peroxisome and cytosol.

To gain further insight into these strains, we measured accumulation of the off-pathway 
product CPA, which forms spontaneously from the intermediate IPA imine dimer. We 
expected that strains in which VioB and VioE were split between the peroxisome and 
cytosol would show increased CPA accumulation relative to strains where the enzymes 
were localized to the same compartment. For the expression regime in which VioB was 
limiting, we observed this expected increase in CPA levels when VioE was sequestered in 

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5

ABE A[B]E AB[E] A[BE] ABE A[B]E AB[E] A[BE]
wildtype

Prodeoxyviolacein (PDV) Chromopyrrolic acid (CPA)

Prodeoxyviolacein (PDV) Chromopyrrolic acid (CPA)

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

ABE A[B]E AB[E] A[BE] ABE A[B]E AB[E] A[BE]
wildtype

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

ABE A[B]E AB[E] A[BE] ABE A[B]E AB[E] A[BE]
wildtype

0.0

1.0

2.0

3.0

4.0

5.0

6.0

ABE A[B]E AB[E] A[BE] ABE A[B]E AB[E] A[BE]
wildtype pex5∆

pex5∆pex5∆

pex5∆

CP
A 

Pe
ak

 A
re

a 
(x

10
6 )

PD
V 

Pe
ak

 A
re

a 
(x

10
6 )

PD
V 

Pe
ak

 A
re

a 
(x

10
6 )

CP
A 

Pe
ak

 A
re

a 
(x

10
6 )

C

B D

A

VioB ++
VioE +

VioB ++
VioE +

VioB +
VioE ++

VioB +
VioE ++

Figure 4-20. PDV production is confined to the peroxisome by cotargeting VioB and VioE. (A,B) 
Measurement of PDV in yeast cytosolically expressing VioA while localizing VioB and VioE to the cy-
tosol or peroxisome in all combinations. Peroxisomal localization is denoted by brackets (e.g. AB[E] 
features VioA and VioB in the cytosol and VioE in the peroxisome). Peroxisomal localization is achieved 
by fusion to an ePTS1 tag, with pex5∆ controls also included for all strains. Different expression levels 
of VioB and VioE are also tested, with (A) operating in a regime where lower expression of VioB and 
higher expression of VioE cause VioB to be the limiting enzyme; in the case of (B), less VioE and more 
VioB results in VioE being the limiting enzyme. (C,D) Extraction and quantification of chromopyrrolic 
acid (CPA) from the same strains as in (A,B). CPA is a spontaneous byproduct derived from the product 
of VioB (see Figure 4-1). Again, a VioB-limited regime is shown in (C), while a VioE-limited regime is 
shown in (D). Error bars are the mean ± s.d. of six biological replicates.
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the peroxisome (Figure 4-20C). However, when VioB was sequestered in the peroxisome, 
we found that CPA levels actually decreased. This observation held true at the expression 
regime in which VioE was limiting (Figure 4-20D), suggesting that VioB has reduced 
activity in the peroxisome. While we observed no change in CPA accumulation when se-

questering VioE at limiting levels (Figure 4-20D), this is likely because VioE activity does 
not significantly affect overall CPA accumulation at such low expression levels. (Note 
that overall CPA levels were different for the two expression regimes, with VioE-limited 
strains accumulating more CPA than VioB-limited strains, as would be expected.) Despite 
the added complication of reduced VioB activity in the peroxisome, when VioB and VioE 
were both localized to the peroxisome at either expression regime, the ratio of PDV:CPA 
increased relative to strains that cytosolically expressed both enzymes. This effect was 
particularly pronounced at the expression regime where VioE was limiting. Here, the PD-

V:CPA ratio was 4.6-fold higher when the enzymes were compartmentalized—the result 
of a 95% increase in PDV production and a 57% reduction in CPA accumulation. Thus, we 
found that the ratio of desired:undesired products could be increased under some expres-

sion conditions by colocalization of VioB and VioE in the peroxisome.

4.3 Discussion

Pathway compartmentalization requires precise control over both protein and metabolite 
localization, yet the tools for measuring and manipulating these traits in peroxisomes are 

lacking. We report the development of novel in vivo assays for analyzing protein and me-

tabolite import into the peroxisome as well as the identification of an efficient, modular 
targeting tag for localizing heterologous cargo to the yeast peroxisome. These tools re-

vealed new insights into basic peroxisome biology and allowed us to establish key design 

principles for repurposing the peroxisome to house new metabolic pathways.

Due to a large discrepancy in the volumes of the peroxisome and the cytosol, fluores-

cence microscopy proved not to be a suitable technique for quantifying the net levels of 

a peroxisomally-targeted protein in each compartment, instead highlighting differences 
in protein concentration. To more directly measure the total amount of a peroxisomal-

ly-targeted protein that resides in the cytosol, we developed a novel enzyme-based assay 

in which the PDV pathway enzyme VioE was sequestered in the peroxisome away from 
the other pathway enzymes. PDV production was used to approximate the net level of 
cytosolic VioE since peroxisomally-sequestered VioE displayed little to no activity. This 
assay indicated that peroxisomal targeting was inefficient when VioE was fused to the 
canonical C-terminal PTS1 tag Ser-Lys-Leu. However, we increased the rate of import 
considerably by screening a library of randomized linkers that were inserted between 

the enzyme and the canonical PTS1 tag. The linker sequences that proved most beneficial 
were those that included the basic residues Arg or Lys. We showed that the best of these 

linkers, ePTS1, had increased affinity for the import receptor Pex5p and enabled efficient 
compartmentalization of all eight of the non-native cargo proteins that we attempted to 

target to the peroxisome. 
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Using the ePTS1 tag, we were able to pack surprisingly high amounts of protein into the 
peroxisome. Saturating the native import machinery required expression of cargo at lev-

els beyond those obtainable from a single copy of the high-strength promoter, pTDH3, 

which accounts for approximately 4% of the cell’s total protein22. Future efforts to charac-

terize the limits of peroxisomal import might explore the effects of additional parameters 
not tested here such as a cargo protein’s size, total charge, or oligomeric state. We per-

formed all of our experiments in standard growth conditions with a standard laboratory 

yeast strain (BY4741). It might be possible to localize even higher amounts of protein to 

the peroxisome by inducing the expression of peroxisome biogenesis genes via growth on 

fatty acids or by making targeted genome modifications that mimic these effects. Remov-

ing endogenous peroxisomal cargo might also make room for more heterologous protein. 

Additionally, the peroxisomes of many methylotrophic yeasts, such as Pichia pastoris and 

Ogataea polymorpha, occupy the majority of the cell volume when grown on methanol6 

and may provide a higher capacity compartment than the peroxisomes of S. cerevisiae. In 

all cases, screening of peroxisomal libraries using the VioE sequestration assay described 
here could aid in the construction of an optimized background strain for compartmental-

izing large amounts of heterologous cargo at super-high concentrations.

By adapting the enzyme sequestration assay to additional enzymes, we were able to 

provide in vivo evidence that the peroxisomal membrane allows for the free diffusion 
of many small metabolites. Water-soluble metabolites that appeared to freely transit the 

membrane included tryptophan (204 Da), IPA imine (202 Da), X-glucoside (409 Da), and 
X-cellobioside (571 Da). Impermeable metabolites included IPA imine dimer (402 Da) and 
X-cellotrioside (733 Da), which add to the list of previously known impermeable co-fac-

tors ATP (507 Da), which has a known transporter, Ant1p, and NAD+ (663 Da)16. While 

lower molecular weight metabolites in general appear more likely to cross the peroxiso-

mal membrane, molecular weight alone cannot fully explain the rules for peroxisomal 

membrane permeability. Other measurements of molecular size and shape such as hy-

drodynamic radius and presence of specific moieties might prove to be better predictors 
of peroxisomal permeability. It is also likely that reactivity or molecular lifetime could act 

as a further determinant of apparent permeability, with longer-lived molecules appear-

ing to be more permeant as they have more time to cross the peroxisomal membrane. 

One notable example is hydrogen peroxide (34 Da) – a tiny molecule that the peroxisome 
is thought to effectively trap with densely packed catalase, which destroys the peroxide 
before it has a chance to escape17.

To establish the peroxisome as a generalizable metabolic engineering tool, it will be im-

portant to identify and remove the source(s) of nonspecific membrane permeability since 
the vast majority of engineered pathways consist of metabolites that are likely to freely 

diffuse across the peroxisomal membrane. We expect that permeability can be attributed 
to one or more protein components in the peroxisomal membrane. In mammalian cells, 

Pxmp2 has been identified as a channel-forming peroxisomal membrane protein23, yet no 

similar machinery has been found in yeast to date. It is possible that the protein importo-

mer could contribute to metabolite permeability as this machinery is capable of importing 

folded protein directly from the cytosol and has been shown to expand to accept cargo as 
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large as 9 nm in diameter12. Testing this hypothesis will be challenging since it will likely 

require deletion of the importomer and identification of an alternative route for directing 
cargo to the peroxisomal lumen. Peroxisomal membrane proteins are believed to traffic 
directly from the endoplasmic reticulum24, which could potentially provide an alternative 

route for peroxisomal targeting of both cargo proteins and the metabolite transporters 

which would be needed to alter the metabolite composition of the organelle.

Despite the limitations presented by nonspecific metabolite permeability, we took advan-

tage of the design principles that we had established to compartmentalize the final two 
steps of the PDV pathway (VioB and VioE), which share the impermeable intermediate 
IPA imine dimer. Our results suggest that targeting the pathway to the peroxisome pro-

duced two competing effects: a reduction in VioB activity and an increase in VioE activity. 
Each effect was more pronounced in the expression regime with limiting levels of the 
respective enzyme. Decreased VioB activity was indicated by reduced CPA accumula-

tion when VioB alone was targeted to the peroxisome. A possible explanation for this 
observation is that ePTS1-based import is so rapid that the majority of VioB is imported 
into the peroxisome prior to incorporation of its heme co-factor. It has been shown that 

peroxisomal import can occur prior to cargo folding25, and we would not expect VioB 
imported in this manner to be active since free heme (617 Da) is not likely to be present 

in the peroxisome26. Reducing the rate of VioB import through the use of a non-optimal 
import tag or enabling heme transport across the peroxisomal membrane might improve 

the peroxisomal activity of VioB. In contrast to VioB, our results suggest that VioE ac-

tivity was increased in the peroxisome as indicated by a simultaneous reduction in CPA 
accumulation and increase in PDV production when VioB and VioE were co-targeted to 
the peroxisome. While this result could possibly be explained by peroxisomal compart-

mentalization protecting VioE from degradation, we in fact observed a slight decrease in 
YFP fluorescence when VioE-YFP was targeted to the peroxisome. Western blot analysis 
should be performed to verify this result. An alternative explanation is that by colocaliz-

ing the source (VioB) and sink (VioE) of the intermediate IPA imine dimer in the peroxi-
some, a substrate-channeling effect reduced the overall accumulation of IPA imine dimer, 
thus reducing the potential for the side product CPA to form. Further work is needed to 
test these hypotheses and elucidate the mechanisms by which the activity of VioB and 
VioE may be altered in the peroxisome.

The work described here both highlights the primary challenges associated with com-

partmentalizing engineered metabolic pathways in the yeast peroxisome and provides 

preliminary evidence that such a strategy could prove to be generally useful for meta-

bolic engineers. With its rapid, versatile import system and disposable native function, 

the peroxisome could serve as the basis for a synthetic organelle. However, without alter-

ations to metabolite permeability and careful attention to maintaining enzyme activity, 

pathways that might benefit from peroxisomal compartmentalization must fulfill a strict 
set of criteria. We hope that future work will overcome these remaining challenges so that 

organelle compartmentalization can be employed as a generalizable metabolic engineer-

ing strategy for improving the efficiency of microbial production systems.
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4.4 Materials and Methods

Strains and growth media

The base S. cerevisiae strain for all experiments in this article was BY4741 (MATa his3Δ1 
leu2Δ0 met15Δ0 ura3Δ0). Wildtype yeast cultures were grown in YPD (10 g/l Bacto Yeast 
Extract; 20 g/l Bacto Peptone; 20 g/l Dextrose). Selection of auxotrophic markers (URA3 
or LEU2) was performed in synthetic complete media (6.7 g/l Difco Yeast Nitrogen Base 
without amino acids (Spectrum Chemical); 2 g/l Drop-out Mix Synthetic Minus appro-

priate amino acids, without Yeast Nitrogen Base (US Biological); 20 g/l Dextrose). All 
strains constructed for this work are listed in Table 4-1.

Golden gate assembly reactions were transformed in TG1 chemically competent E. coli. 
Linker libraries were transformed in TransforMax EPI300 (Epicentre) electrocompetent 
E. coli. Transformed cells were selected on Lysogeny Broth (LB) containing the antibiotics 

ampicillin or kanamycin.

Yeast strain construction

Yeast expression vectors were built using Golden Gate Assembly as described in the YTK 
system27. All plasmids were designed for direct integration into the yeast genome via 

homologous recombination at the URA3 or LEU2 locus. Five hundred ng of plasmid was 
linearized by digestion with NotI and transformed directly into yeast using a standard 

lithium acetate transformation28. Cells were plated onto dropout plates corresponding to 

the auxotrophic marker present in the integration cassette. Replicate colonies were picked 
directly from this transformation plate for further analysis. The genomic modifications in 
Strains 54 and 56-71 were generated using CRISPR/Cas9, in a fashion outlined in the 
yeast toolkit27. Cells were cotransformed with a Cas9+sgRNA expression vector and a 
repair DNA. Transformants were grown on uracil-selective media to ensure maintenance 

of the plasmid until the desired genomic modification could be confirmed by sequencing, 
at which point the cells were transferred to 5-fluoroorotic acid plates to encourage clear-

ance of the plasmid. Once the plasmid clearance was verified by PCR for loss of the URA3 
marker, the strains were ready for use.

Linker library construction

The 6-amino acid linker library was constructed by digesting the pRPL18B-VioE expres-

sion vector pWCD1661 with BamHI and XhoI and inserting the annealed oligos EA03 
(5’-GATCTGGTAGCDNKDNKDNKDNKDNKDNKTCCAAATTGTAAC-3’) and EA04 
(5’-TCGAGTTACAATTTGGAMNHMNHMNHMNHMNHMNHGCTACCA-3’) which 
together contained the (DNK)

6
 region followed by the canonical PTS1 and a stop codon.  

Once ligated, this new plasmid library (pWCD2420L) was transformed into EPI300 E. coli 
as described above. Colonies from those transformations were pooled, miniprepped and 

the resulting DNA was transformed into Strain 2 and plated on synthetic complete 2% 

dextrose minus uracil to generate the library (Strain 11) used in Figs. 2A and S3.
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# Name Parent Plasmid Used Description Yeast Marker

1 YJD051 BY4741 N/A pex5∆ :: KanMX Kan

2 yWCD321 BY4741 pWCD1443 pTEF1-VioA,pTDH3-VioB LEU2

3 yWCD325 YJD051 pWCD1443 pTEF1-VioA,pTDH3-VioB LEU2, Kan

4 yWCD788 yWCD321 pWCD1134 Empty Vector URA3, LEU2

5 yWCD791 yWCD321 pWCD2424 pRPL18B-VioE-YFP-PTS1 URA3, LEU2

6 yWCD797 yWCD325 pWCD2424 pRPL18B-VioE-YFP-PTS1 URA3, LEU2, Kan

7 yWCD247 BY4741 pWCD1423 pRNR2-Pex11-CFP HIS3

8 yWCD248 YJD051 pWCD1423 pRNR2-Pex11-CFP HIS3, Kan

9 yWCD884 yWCD247 pWCD2424 pRPL18B-VioE-YFP-PTS1 URA3, HIS3

10 yWCD885 yWCD248 pWCD2424 pRPL18B-VioE-YFP-PTS1 URA3, HIS3, Kan

11 Library yWCD321 pWCD2420L pRPL18B-VioE-6xDNK-PTS1 URA3, LEU2

12 yWCD788 yWCD321 pWCD1134 Empty vector URA3, LEU2

13 yWCD789 yWCD321 pWCD2422 pREV1-VioE-YFP-PTS1 URA3, LEU2

14 yWCD790 yWCD321 pWCD2423 pRNR2-VioE-YFP-PTS1 URA3, LEU2

15 yWCD791 yWCD321 pWCD2424 pRPL18B-VioE-YFP-PTS1 URA3, LEU2

16 yWCD792 yWCD321 pWCD2425 pTEF1-VioE-YFP-PTS1 URA3, LEU2

17 yWCD793 yWCD321 pWCD2426 pTDH3-VioE-YFP-PTS1 URA3, LEU2

18 yWCD794 yWCD325 pWCD1134 Empty vector URA3, LEU2, Kan

19 yWCD795 yWCD325 pWCD2422 pREV1-VioE-YFP-PTS1 URA3, LEU2, Kan

20 yWCD796 yWCD325 pWCD2423 pRNR2-VioE-YFP-PTS1 URA3, LEU2, Kan

21 yWCD797 yWCD325 pWCD2424 pRPL18B-VioE-YFP-PTS1 URA3, LEU2, Kan

22 yWCD798 yWCD325 pWCD2425 pTEF1-VioE-YFP-PTS1 URA3, LEU2, Kan

23 yWCD799 yWCD325 pWCD2426 pTDH3-VioE-YFP-PTS1 URA3, LEU2, Kan

24 yWCD800 yWCD321 pWCD2427 pREV1-VioE-YFP-ePTS1 URA3, LEU2

25 yWCD801 yWCD321 pWCD2428 pRNR2-VioE-YFP-ePTS1 URA3, LEU2

26 yWCD802 yWCD321 pWCD2429 pRPL18B-VioE-YFP-ePTS1 URA3, LEU2

27 yWCD803 yWCD321 pWCD2430 pTEF1-VioE-YFP-ePTS1 URA3, LEU2

28 yWCD804 yWCD321 pWCD2431 pTDH3-VioE-YFP-ePTS1 URA3, LEU2

29 yWCD805 yWCD325 pWCD2427 pREV1-VioE-YFP-ePTS1 URA3, LEU2

30 yWCD806 yWCD325 pWCD2428 pRNR2-VioE-YFP-ePTS1 URA3, LEU2, Kan

31 yWCD807 yWCD325 pWCD2429 pRPL18B-VioE-YFP-ePTS1 URA3, LEU2, Kan

32 yWCD808 yWCD325 pWCD2430 pTEF1-VioE-YFP-ePTS1 URA3, LEU2, Kan

33 yWCD809 yWCD325 pWCD2431 pTDH3-VioE-YFP-ePTS1 URA3, LEU2, Kan

34 yZNR231 BY4741 pZNR0727 Empty vector HIS3

35 yWCD543 BY4741 pWCD1873 pREV1-TEVprotease-CFP HIS3

36 yWCD544 BY4741 pWCD1874 pRNR2-TEVprotease-CFP HIS3

37 yWCD545 BY4741 pWCD1875 pRPL18B-TEVprotease-CFP HIS3

38 yWCD546 BY4741 pWCD1876 pTEF1-TEVprotease-CFP HIS3

39 yWCD547 BY4741 pWCD1877 pTDH3-TEVprotease-CFP HIS3

40 yWCD548 yZNR231 pJAG011 pRPL18B-RFP-TEVsite-YFP-PTS1 HIS3, URA3

41 yWCD549 yWCD543 pJAG011 pRPL18B-RFP-TEVsite-YFP-PTS1 HIS3, URA3

42 yWCD550 yWCD544 pJAG011 pRPL18B-RFP-TEVsite-YFP-PTS1 HIS3, URA3

43 yWCD551 yWCD545 pJAG011 pRPL18B-RFP-TEVsite-YFP-PTS1 HIS3, URA3

Table 4-1. List of yeast strains used in this work.
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44 yWCD552 yWCD546 pJAG011 pRPL18B-RFP-TEVsite-YFP-PTS1 HIS3, URA3

45 yWCD553 yWCD547 pJAG011 pRPL18B-RFP-TEVsite-YFP-PTS1 HIS3, URA3

46 yWCD554 yZNR231 pWCD1879 pRPL18B-RFP-TEVsite-YFP-ePTS1 HIS3, URA3

47 yWCD555 yWCD543 pWCD1879 pRPL18B-RFP-TEVsite-YFP-ePTS1 HIS3, URA3

48 yWCD556 yWCD544 pWCD1879 pRPL18B-RFP-TEVsite-YFP-ePTS1 HIS3, URA3

49 yWCD557 yWCD545 pWCD1879 pRPL18B-RFP-TEVsite-YFP-ePTS1 HIS3, URA3

50 yWCD558 yWCD546 pWCD1879 pRPL18B-RFP-TEVsite-YFP-ePTS1 HIS3, URA3

51 yWCD559 yWCD547 pWCD1879 pRPL18B-RFP-TEVsite-YFP-ePTS1 HIS3, URA3

52 yWCD560 yZNR231 pWCD1134 Empty vector HIS3, URA3

53 yWCD565 yWCD547 pWCD1134 Empty vector HIS3, URA3

54 yZNR142 BY4741 pZNR1271+R1 pPex5::pGal1 None

55 yZNR232 yZNR142 pZNR0915 pRPL18B-RFP-ePTS1 None

56 yZNR157 yZNR142 pZNR1261+R2 CDC14-ePTS1 None

57 yZNR158 yZNR142 pZNR1261+R3 CDC14-PTS1 None

58 yZNR147 yZNR142 pZNR1262+R4 CDC28-ePTS1 None

59 yZNR148 yZNR142 pZNR1262+R5 CDC28-PTS1 None

60 yZNR159 yZNR142 pZNR1263+R6 TYS1-ePTS1 None

61 yZNR160 yZNR142 pZNR1263+R7 TYS1-PTS1 None

62 yZNR153 yZNR142 pZNR1264+R8 SPC42-ePTS1 None

63 yZNR154 yZNR142 pZNR1264+R9 SPC42-PTS1 None

64 yZNR174 yZNR157 pZNR1326+R10 pex14∆ None

65 yZNR175 yZNR158 pZNR1326+R10 pex14∆ None

66 yZNR165 yZNR147 pZNR1326+R10 pex14∆ None

67 yZNR166 yZNR148 pZNR1326+R10 pex14∆ None

68 yZNR176 yZNR159 pZNR1326+R10 pex14∆ None

69 yZNR177 yZNR160 pZNR1326+R10 pex14∆ None

70 yZNR171 yZNR153 pZNR1326+R10 pex14∆ None

71 yZNR172 yZNR154 pZNR1326+R10 pex14∆ None

72 yWCD319 BY4741 pWCD1441 pTDH3-VioB, pHHF2-VioE LEU2

73 yWCD320 BY4741 pWCD1442 pTEF1-VioA, pHHF2-VioE LEU2

74 yWCD323 YJD051 pWCD1441 pTDH3-VioB, pHHF2-VioE LEU2, Kan

75 yWCD324 YJD051 pWCD1442 pTEF1-VioA, pHHF2-VioE LEU2, Kan

76 yWCD888 yWCD319 pWCD2526 pREV1-VioA-ePTS1 URA3, LEU2

77 yWCD889 yWCD319 pWCD2527 pRNR2-VioA-ePTS1 URA3, LEU2

78 yWCD890 yWCD319 pWCD2528 pRPL18B-VioA-ePTS1 URA3, LEU2

79 yWCD891 yWCD319 pWCD2529 pTEF1-VioA-ePTS1 URA3, LEU2

80 yWCD892 yWCD319 pWCD2530 pTDH3-VioA-ePTS1 URA3, LEU2

81 yWCD893 yWCD320 pWCD2531 pREV1-VioB-ePTS1 URA3, LEU2

82 yWCD894 yWCD320 pWCD2532 pRNR2-VioB-ePTS1 URA3, LEU2

83 yWCD895 yWCD320 pWCD2533 pRPL18B-VioB-ePTS1 URA3, LEU2

84 yWCD896 yWCD320 pWCD2534 pTEF1-VioB-ePTS1 URA3, LEU2

85 yWCD897 yWCD320 pWCD2535 pTDH3-VioB-ePTS1 URA3, LEU2

86 yWCD898 yWCD321 pWCD2536 pREV1-VioE-ePTS1 URA3, LEU2

87 yWCD899 yWCD321 pWCD2537 pRNR2-VioE-ePTS1 URA3, LEU2

88 yWCD900 yWCD321 pWCD2538 pRPL18B-VioE-ePTS1 URA3, LEU2

89 yWCD901 yWCD321 pWCD2539 pTEF1-VioE-ePTS1 URA3, LEU2
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90 yWCD902 yWCD321 pWCD2540 pTDH3-VioE-ePTS1 URA3, LEU2

91 yWCD903 yWCD323 pWCD2526 pREV1-VioA-ePTS1 URA3, LEU2, Kan

92 yWCD904 yWCD323 pWCD2527 pRNR2-VioA-ePTS1 URA3, LEU2, Kan

93 yWCD905 yWCD323 pWCD2528 pRPL18B-VioA-ePTS1 URA3, LEU2, Kan

94 yWCD906 yWCD323 pWCD2529 pTEF1-VioA-ePTS1 URA3, LEU2, Kan

95 yWCD907 yWCD323 pWCD2530 pTDH3-VioA-ePTS1 URA3, LEU2, Kan

96 yWCD908 yWCD324 pWCD2531 pREV1-VioB-ePTS1 URA3, LEU2, Kan

97 yWCD909 yWCD324 pWCD2532 pRNR2-VioB-ePTS1 URA3, LEU2, Kan

98 yWCD910 yWCD324 pWCD2533 pRPL18B-VioB-ePTS1 URA3, LEU2, Kan

99 yWCD911 yWCD324 pWCD2534 pTEF1-VioB-ePTS1 URA3, LEU2, Kan

100 yWCD912 yWCD324 pWCD2535 pTDH3-VioB-ePTS1 URA3, LEU2, Kan

101 yWCD913 yWCD325 pWCD2536 pREV1-VioE-ePTS1 URA3, LEU2, Kan

102 yWCD914 yWCD325 pWCD2537 pRNR2-VioE-ePTS1 URA3, LEU2, Kan

103 yWCD915 yWCD325 pWCD2538 pRPL18B-VioE-ePTS1 URA3, LEU2, Kan

104 yWCD916 yWCD325 pWCD2539 pTEF1-VioE-ePTS1 URA3, LEU2, Kan

105 yWCD917 yWCD325 pWCD2540 pTDH3-VioE-ePTS1 URA3, LEU2, Kan

106 yWCD918 yWCD319 pWCD2541 pRPL18B-VioE-VioA-ePTS1 URA3, LEU2

107 yWCD919 yWCD321 pWCD2541 pRPL18B-VioE-VioA-ePTS1 URA3, LEU2

108 yWCD920 yWCD323 pWCD2541 pRPL18B-VioE-VioA-ePTS1 URA3, LEU2, Kan

109 yWCD921 yWCD325 pWCD2541 pRPL18B-VioE-VioA-ePTS1 URA3, LEU2, Kan

110 yZNR073 BY4741 pZNR0728 pCCW12-Nc_CDT1 LEU2

111 yZNR075 BY4741 pZNR0521 Empty vector LEU2

112 yZNR103 yZNR073 pZNR0873 pREV1-VioE-YFP-BGL-ePTS1 URA3, LEU2

113 yZNR104 yZNR073 pZNR0872 pRNR2-VioE-YFP-BGL-ePTS1 URA3, LEU2

114 yZNR105 yZNR073 pZNR0871 pRPL18B-VioE-YFP-BGL-ePTS1 URA3, LEU2

115 yZNR106 yZNR073 pZNR0864 pTEF1-VioE-YFP-BGL-ePTS1 URA3, LEU2

116 yZNR107 yZNR073 pZNR0870 pTDH3-VioE-YFP-BGL-ePTS1 URA3, LEU2

117 yZNR108 yZNR073 pZNR0875 pTDH3-VioE-YFP-BGL-deadPTS1 URA3, LEU2

118 yZNR109 yZNR073 pZNR0868 pTEF1-VioE-YFP-BGL-deadPTS1 URA3, LEU2

119 yZNR110 yZNR073 pZNR0876 pRPL18B-VioE-YFP-BGL-deadPTS1 URA3, LEU2

120 yZNR111 yZNR073 pZNR0877 pRNR2-VioE-YFP-BGL-deadPTS1 URA3, LEU2

121 yZNR112 yZNR073 pZNR0878 pREV1-VioE-YFP-BGL-deadPTS1 URA3, LEU2

122 yZNR113 yZNR075 pZNR0875 pTDH3-VioE-YFP-BGL-deadPTS1 URA3, LEU2

123 yZNR114 yZNR073 pWCD1134 Empty vector URA3, LEU2

124 yZNR115 yWCD321 pWCD1134 Empty vector URA3, LEU2

125 yZNR116 yWCD321 pZNR0873 pREV1-VioE-YFP-BGL-ePTS1 URA3, LEU2

126 yZNR117 yWCD321 pZNR0872 pRNR2-VioE-YFP-BGL-ePTS1 URA3, LEU2

127 yZNR118 yWCD321 pZNR0871 pRPL18B-VioE-YFP-BGL-ePTS1 URA3, LEU2

128 yZNR119 yWCD321 pZNR0864 pTEF1-VioE-YFP-BGL-ePTS1 URA3, LEU2

129 yZNR120 yWCD321 pZNR0870 pTDH3-VioE-YFP-BGL-ePTS1 URA3, LEU2

130 yZNR121 yWCD321 pZNR0875 pTDH3-VioE-YFP-BGL-deadPTS1 URA3, LEU2

131 yZNR122 yWCD321 pZNR0868 pTEF1-VioE-YFP-BGL-deadPTS1 URA3, LEU2

132 yZNR123 yWCD321 pZNR0876 pRPL18B-VioE-YFP-BGL-deadPTS1 URA3, LEU2

133 yZNR124 yWCD321 pZNR0877 pRNR2-VioE-YFP-BGL-deadPTS1 URA3, LEU2

134 yZNR125 yWCD321 pZNR0878 pREV1-VioE-YFP-BGL-deadPTS1 URA3, LEU2

135 yWCD591 BY4741 pWCD1932 pTDH3-VioA,pTDH3-VioB,pRPL18B-YFP-VioE-ePTS1 URA3
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136 yWCD592 YJD051 pWCD1932 pTDH3-VioA,pTDH3-VioB,pRPL18B-YFP-VioE-ePTS1 URA3, Kan

137 yWCD593 BY4741 pWCD1933 pTDH3-VioA,pTDH3-VioB,pRPL18B-YFP-VioE-deadPTS1 URA3

138 yWCD594 yWCD591 pWCD1934 Empty vector URA3, HIS3

139 yWCD595 yWCD591 pWCD1935 pREV1-RFP-ePTS1 URA3, HIS3

140 yWCD596 yWCD591 pWCD1936 pRNR2-RFP-ePTS1 URA3, HIS3

141 yWCD597 yWCD591 pWCD1937 pRPL18B-RFP-ePTS1 URA3, HIS3

142 yWCD598 yWCD591 pWCD1938 pTEF1-RFP-ePTS1 URA3, HIS3

143 yWCD599 yWCD591 pWCD1924 pTDH3-RFP-ePTS1 URA3, HIS3

144 yWCD600 yWCD591 pWCD1925 pTDH3-RFP-ePTS1,pCCW12-RFP_alt-ePTS1 URA3, HIS3

145 yWCD601 yWCD591 pWCD1926 pTDH3-RFP-ePTS1,pCCW12-RFP_alt-ePTS1,pTDH3-
RFP-ePTS1

URA3, HIS3

146 yWCD602 yWCD592 pWCD1934 Empty vector URA3, HIS3, Kan

147 yWCD603 yWCD592 pWCD1935 pREV1-RFP-ePTS1 URA3, HIS3, Kan

148 yWCD604 yWCD592 pWCD1936 pRNR2-RFP-ePTS1 URA3, HIS3, Kan

149 yWCD605 yWCD592 pWCD1937 pRPL18B-RFP-ePTS1 URA3, HIS3, Kan

150 yWCD606 yWCD592 pWCD1938 pTEF1-RFP-ePTS1 URA3, HIS3, Kan

151 yWCD607 yWCD592 pWCD1924 pTDH3-RFP-ePTS1 URA3, HIS3, Kan

152 yWCD608 yWCD592 pWCD1925 pTDH3-RFP-ePTS1,pCCW12-RFP_alt-ePTS1 URA3, HIS3, Kan

153 yWCD609 yWCD592 pWCD1926 pTDH3-RFP-ePTS1,pCCW12-RFP_alt-ePTS1,pTDH3-
RFP-ePTS1

URA3, HIS3, Kan

154 yWCD610 yWCD593 pWCD1934 Empty vector URA3, HIS3

155 yWCD611 yWCD593 pWCD1935 pREV1-RFP-ePTS1 URA3, HIS3

156 yWCD612 yWCD593 pWCD1936 pRNR2-RFP-ePTS1 URA3, HIS3

157 yWCD613 yWCD593 pWCD1937 pRPL18B-RFP-ePTS1 URA3, HIS3

158 yWCD614 yWCD593 pWCD1938 pTEF1-RFP-ePTS1 URA3, HIS3

159 yWCD615 yWCD593 pWCD1924 pTDH3-RFP-ePTS1 URA3, HIS3

160 yWCD616 yWCD593 pWCD1925 pTDH3-RFP-ePTS1,pCCW12-RFP_alt-ePTS1 URA3, HIS3

161 yWCD617 yWCD593 pWCD1926 pTDH3-RFP-ePTS1,pCCW12-RFP_alt-ePTS1,pTDH3-
RFP-ePTS1

URA3, HIS3

162 yWCD516 BY4741 pWCD1824 pTDH3-VioA LEU2

163 yWCD517 YJD051 pWCD1824 pTDH3-VioA LEU2, Kan

164 yZNR233 yWCD516 pZNR1425 pRPL18B-VioB-YFP-ePTS1,pRNR2-VioE-RFP-ePTS1 URA3, LEU2

165 yZNR234 yWCD516 pZNR1427 pRPL18B-VioB-YFP-ePTS1,pRNR2-VioE-RFP URA3, LEU2

166 yZNR235 yWCD516 pZNR1429 pRPL18B-VioB-YFP,pRNR2-VioE-RFP-ePTS1 URA3, LEU2

167 yZNR236 yWCD516 pZNR1431 pRPL18B-VioB-YFP,pRNR2-VioE-RFP URA3, LEU2

168 yZNR237 yWCD517 pZNR1425 pRPL18B-VioB-YFP-ePTS1,pRNR2-VioE-RFP-ePTS1 URA3, LEU2, Kan

169 yZNR238 yWCD517 pZNR1427 pRPL18B-VioB-YFP-ePTS1,pRNR2-VioE-RFP URA3, LEU2, Kan

170 yZNR239 yWCD517 pZNR1429 pRPL18B-VioB-YFP,pRNR2-VioE-RFP-ePTS1 URA3, LEU2, Kan

171 yZNR240 yWCD517 pZNR1431 pRPL18B-VioB-YFP,pRNR2-VioE-RFP URA3, LEU2, Kan

172 yZNR241 yWCD516 pZNR1433 pTEF1-VioB-YFP-ePTS1,pREV1-VioE-RFP-ePTS1 URA3, LEU2

173 yZNR242 yWCD516 pZNR1435 pTEF1-VioB-YFP-ePTS1,pREV1-VioE-RFP URA3, LEU2

174 yZNR243 yWCD516 pZNR1437 pTEF1-VioB-YFP,pREV1-VioE-RFP-ePTS1 URA3, LEU2

175 yZNR244 yWCD516 pZNR1439 pTEF1-VioB-YFP,pREV1-VioE-RFP URA3, LEU2

176 yZNR245 yWCD517 pZNR1433 pTEF1-VioB-YFP-ePTS1,pREV1-VioE-RFP-ePTS1 URA3, LEU2, Kan

177 yZNR246 yWCD517 pZNR1435 pTEF1-VioB-YFP-ePTS1,pREV1-VioE-RFP URA3, LEU2, Kan

178 yZNR247 yWCD517 pZNR1437 pTEF1-VioB-YFP,pREV1-VioE-RFP-ePTS1 URA3, LEU2, Kan

179 yZNR248 yWCD517 pZNR1439 pTEF1-VioB-YFP,pREV1-VioE-RFP URA3, LEU2, Kan
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Fluorescence microscopy

For confirmation of protein localization, strains were grown in synthetic complete media 
(minus prototrophic nutrients) with 2% glucose overnight, back diluted 50-fold into fresh 

media, and grown for an additional 6 hours. Cultures were concentrated by centrifuga-

tion, washed in PBS (pH 7.4), and spotted onto plain glass slides to be examined with 
either a confocal or widefield fluorescence microscope.

Strains 40-51 were examined with confocal microscopy using a CSU-X1 spinning disk 
confocal microscope (Yokogawa) with Leica optics including a 100x objective and 488 and 

561 nm excitation lasers. Images were taken using a QuantEM 512SC EMCCD camera 
(Photometrics).

Strains 9 and 10 were examined with widefield fluorescence microscopy on an Observer 
D1 microscope (Zeiss) with a 100x DIC objective. Images were captured using an Or-

ca-flash 4.0 camera (Hamamatsu #C11440) using auto-exposure. Fluorescence images 
were taken using an X-Cite Series 120 lamp (Excelitas), filter set 45 (Zeiss), with excitation 
at 560/40 nm and emission at 630/75 nm, for RFP (specifically mKate2), and filter set 46 
(Zeiss), with excitation at 500/20 nm and emission at 535/30 nm, for YFP (specifically 
Venus). 

All images were analyzed using Fiji (http://fiji.sc).

Fluorescent protein measurements

For quantification of relative amounts of fluorescent proteins, cells were pelleted and 
resuspended in an equal volume of phosphate buffered saline (PBS) pH 7.4 to remove 
background fluorescence. 100 µL of cells was transferred to a microtiter plate and fluo-

rescence was measured on a Tecan Safire2 or M1000 infinite plate reader. RFP (mKate2) 
was detected at excitation 580/5 nm and emission 617/5 nm, YFP (Venus) was detected 
at excitation 516/5 nm and emission 530/5 nm, and CFP (mTurquoise2) was detected at 
excitation 435/5 nm and emission 478/5 nm.

Plate and spot assays for PDV production

Libraries were generated and plated for Figure 4-4 as described above, while spots for 

PDV production were generated by plating 10 µL of saturated culture on synthetic com-

plete 2% dextrose plates missing uracil. Unless otherwise noted, plates were grown for 48 
hours at 30°C before pictures were taken using a consumer digital camera.

Production of prodeoxyviolacein

Yeast expressing the PDV pathway (Strains 12-33, 76-109, 124-134, 138-161, and 164-179) 
were grown overnight at 30˚C with 750 rpm shaking in synthetic dextrose medium with-
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out uracil (SD-Ura). Saturated cultures were then diluted 50-fold into 500 µL of fresh SD-
Ura and grown for 48 hours, at which point 100 µL of culture was taken for fluorescent 
protein measurement. The remainder continued incubating for another 12 hours (for a 

total of 60 hours) before PDV extraction was done.

Extraction and quantification of prodeoxyviolacein production

300 µL of cells were pelleted and the spent media was discarded. Cells were resuspended 

in 150 µL of glacial acetic acid and transferred to thin-walled PCR tubes. The tubes were 
then incubated at 95˚C for 15 minutes, mixed by inversion, and incubated for another 15 
minutes. Cell debris was removed first by centrifugation for 5 minutes at 4700 rpm and 
subsequently by filtration of the supernatant with an Acroprep Advance 0.2 µm filter 
plate (Pall Corporation, Port Washington, NY, USA). 100 µL of filtered extract was then 
transferred to either glass vials or a microtiter plate for quantification via HPLC/MS or 
bulk fluorescence.

Extracts were separated on an Agilent 1260 Infinity Quaternary LC System using a Zor-

bax SB C18 (30 × 2.1 mm, 3.5 µm particle size) reversed phase column at 30˚C using a 
0.5 mL/min flow rate and an established protocol29. Briefly, compounds were separated 
using a 12-minute complex gradient consisting of: start at 5% B; hold at 5% B for 1.5 min; 
16.9%/min to 98% B; hold at 98% B for 2 min; 3.1%/s to 5% B; hold at 5% B for 2.5 min. 
Buffer A was water with 0.1% v/v formic acid and buffer B was acetonitrile with 0.1% for-

mic acid. For Strains 164-179, PDV was detected with an Agilent 6520 Q-TOF mass spec-

trometer in positive mode at a retention time of 5.55 minutes and m/z [M+H]+ of 312.12 

and chromopyrrolic acid (CPA) was detected at a retention time of 5.45 minutes and m/z 
of 386.11. For Strains 12-33 and 76-109, PDV product was detected with an Agilent diode 
array detector (DAD) at 610 nm. 

In the course of our experiments, we found that PDV production was associated with 
the development of a strongly fluorescent product detectable at excitation 535/5 nm and 
emission 585/5 nm. Though we were not able to identify the product, we were able to 
determine that the bulk fluorescence of 100 µL extracts measured on a Tecan M1000 mi-
croplate reader linearly corresponds to the amount of PDV detected in those extracts 
when separated and quantified by HPLC/MS (R2=0.997) as seen in Figure 4-5. Thus, for 

high-throughput applications such as the linker library (Strain 11) as well as some of our 

experimental validation (Strains 124-134), we chose to rely on bulk fluorescence for esti-
mating PDV production.

Library quantification and fitting

PDV production of the linker library was quantified fluorescently as described above, 
and normalized by subtracting autofluorescence from VioE-deficient cells and dividing 
by productivity in VioE-expressing cells with defective peroxisomal import (pex5∆). Net 
charge was calculated and plotted against relative PDV production using Plotly (http://
plot.ly) as seen in Figure 4-7A. A logistic model was then devised to model charge versus 
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relative PDV production, using the equation  where FPDV is the relative amount of PDV 
production (ranging from 0 to 1), x is the net charge of the linker at physiological pH 

(either unweighted or weighted scores), and k and x
0
 are fitting parameters. The logistic 

curve was fit to the full data set shown in Figure 4-6, using SigmaPlot 13 (Systat Software). 
Parameters for best fit with unweighted net charge were k = -1.1394 and x

0
 = -0.8469 with 

an R2=0.5392 while the parameters with net charge weighted twice as heavily for the 
three residues nearest the PTS1 were k = -0.7574 and x

0
 = -1.3515 with an R2=0.5392.

TEV cleavage assay and western blotting

Strains 40-53 were grown to saturation in synthetic complete media (minus uracil) with 

2% glucose overnight and back diluted 50-fold into fresh media. After 6 hours of growth 

with shaking at 30°C, confocal fluorescence microscopy was performed as described 
above. Relative expression levels for TEV-CFP were determined using bulk fluorescence 
quantification as described above. For western blotting, 2.5ODs of cells were pelleted, 
washed in water, resuspended in 200 mM NaOH and incubated at room temperature for 
5 minutes. Cells were again pelleted, resuspended in 50 μl of PAGE sample buffer and 
boiled at 95°C for 5 minutes. Samples were diluted 10-fold in PAGE sample buffer and 8 
μl was loaded onto a NuPAGE Novex 4-12% Bis-Tris gel (Life Technologies) and run for 
2.5 hours at 80 volts. Proteins were transferred onto PVDF transfer membrane in NuP-

AGE transfer buffer (Life Technologies) and blocked overnight in TBST (0.05% Tween20) 
with 5% milk. The membrane was washed twice with TBST for 5 minutes and incubated 

for 1 hour with a rabbit polyclonal anti-RFP antibody (Evrogen #AB234) at a dilution of 
1:5,000. After six 5-minute washes in TBST, the membrane was incubated for 1 hour with 
an HRP conjugated anti-rabbit antibody (Abcam #ab16284) at a dilution of 1:5,000. After 
six 5-minute washes in TBST, the secondary HRP antibody was detected by chemilumi-
nescence using a ChemiDoc XRS imager (Bio-Rad).

Inducible Pex5p expression / fluorescent protein sequestration time course

The 533 bases of the region upstream of GAL1 were inserted before the start codon of 
PEX5 to serve as a new, inducible promoter using a CRISPR/Cas9 system as outlined 
above. This new pPex5::pGal1 strain, Strain 54, was further transformed to constitutively 
express RFP-ePTS1, producing Strain 55. Cells were grown in synthetic complete with 2% 
raffinose, and in the conditions shown the cells were washed with PBS and resuspended 
in synthetic complete media with 2% raffinose and 1% galactose and placed on a micro-

scope slide. Fluorescence was periodically measured on a Zeiss Axioexplorer D1 with 

a 100x DIC objective using the Texas Red 45 filter set (excitation 560/40 nm, emission 
630/75 nm).

Essential protein sequestration

Strain 54 was further modified to add an ePTS1 (GSLGRGRRSKL) or PTS1 (SKL) to the 
end of Cdc14p, Cdc28p, Tys1p, or Spc42p while leaving the native promoter and termina-

tor intact, resulting in Strains 56-63. These strains were then further modified by a CRIS-
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PR-mediated complete deletion of the PEX14 ORF, resulting in Strains 64-71 with a pPEX-

5::pGAL1 pex14∆ genotype. Strains 56-71 were then propagated on YPD, and overnight 
cultures were washed in synthetic complete with 2% raffinose and then diluted into the 
same at a 1:100 dilution. After dilution, cells were allowed to grow at 30˚C, 750 rpm for 2 
hours before 10 µL of cells were plated onto 2% agar plates containing synthetic complete 

with 2% raffinose and either 1% galactose or 0% galactose. Plates were incubated at 30˚C 
for 48 hours, at which point a picture was taken.

β-glucosidase mediated permeability measurements

Strains 112-123 expressing the cellodextrin transporter CDT1 and the fusion protein VioE-
Venus-BGL-ePTS1 or -deadPTS1 (created by mutating the final residue of the ePTS1 tag 
to threonine) were grown overnight in YPD. Then, these cultures were diluted 1:100 into 
synthetic dextrose medium missing uracil and leucine, and incubated shaking at 750 rpm 

for 14 hours at 30˚C. All following work was done at room temperature (22˚C). The cells 
were washed with water, transferred to an anaerobic chamber, and concentrated sixfold 

in buffer consisting of 2X PBS augmented with 40 mM citrate and brought to pH 3.0 with 
HCl and NaOH. 50 µL per well of these concentrated cells were loaded into a 384 well 
plate, to which 50 µL of 800 µM X-substrate in water was added. This gave a final assay 
concentration of 400 µM X-substrate, 3-fold concentrated cells, 20 mM citrate, 137 mM 
NaCl, 2.7 mM KCl, 10 mM Na

2
HPO

4
, 1.8 mM KH

2
PO

4
, pH 3.0. The plate was then mixed 

by pipetting and tightly sealed to maintain the anaerobic conditions, and centrifuged 

twice for 30 seconds at 500 rcf, rotating the plate to ensure even pelleting. The plate was 

then transferred to a Tecan M1000 Infinite plate reader, and, 15 minutes after the sub-

strates were added, fluorescence was read via the bottom, allowing a greater signal from 
pelleted cells.

Venus fluorescence was read at excitation 515/5 nm and emission 530/5 nm, while the 
5-Bromo-4-chloro-3-indoxyl (BCI) fluorescence was read at excitation 410/5 nm and emis-

sion 490/5 nm. While the hydrolysis of X-Gal and other BCI dyes is normally observed 
via cyan product 5,5’-dibromo-4,4’-dichloro-indigo formation and absorbance at 610 nm, 

the BCI monomer exists transiently and can be observed using fluorescence as shown in 
Figure 4-16. Anaerobic conditions were used to prolong the lifetime of the fluorescent 
product, as reactions that generate the nonfluorescent cyan product are oxygen-depen-

dent. Also note that all hydrolysis experiments were done under acidic conditions (pH 

~3), as extracellular activity of BGL from lysate is suppressed and CDT1, being a proton 
symporter, has enhanced transport activity30. Strains expressing VioA and VioB were also 
transformed with VioE-Venus-BGL-ePTS1 and extracted as previously described; results 
are shown in Figure 4-18.

X-Glucoside (5-Bromo-4-chloro-3-indoxyl-β-D-glucopyranoside) and X-Cellobioside 
were obtained from Iris Biotech GmbH (Marktredwitz, Germany) and X-Cellotrioside 
was obtained from Carbosynth US, LLC (San Diego, CA, USA).
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Peptide affinity measurements

The C-terminal fragment (residues 295-612)31 of S. cerevisiae PEX5 was fused to an N-ter-

minal hexahistidine tag and expressed in E. coli BL21 (DE3) using a pETDUET vector 
(Pex5C-pETDUET plasmid pBG400 was a gift of Brooke M. Gardner, UC Berkeley). Cells 
were induced at mid-logarithmic growth with 1 mM IPTG and incubated for 16 hours at 
30˚C with 200 rpm shaking. The His6-Pex5c protein was then using a HisTrap FF 5 mL 
nickel affinity column (GE Biosciences) and subsequently a HiTrap Q HP 5 mL anion ex-

change column (GE Biosciences). Protein concentration was then measured by Bradford 
assay, A280 nm on a Nanodrop ND1000, and SDS-PAGE densitometry against a bovine 
serum albumin samples of known concentration. The protein stock solution was 130 µM 

His6-Pex5c (5 mg / mL) in a buffer of 200 mM NaCl, 25 mM HEPES, pH 7.6. 5-carboxyflu-

orescein-LGRGRRSKL (5FAM-LGRGRRSKL), LGRGRRSKL, and DELYKGSKL peptides 
were purchased from Elim Biopharmaceuticals Inc. (Hayward, CA, USA) and resuspend-

ed in water at 20 mM, 100 mM, and 100 mM respectively. All peptide binding experiments 

were done with an assay buffer containing 20 nM 5FAM-LGRGRRSKL in 50 mM HEPES 
pH 7.4, 100 mM NaCl, 0.05% Tween 20. Experiments were equilibrated for 16 hours at 4˚C 
before reading. All raw fluorescence and fluorescence polarization measurements were 
collected using a Perkin Elmer Victor V3.5 fluorometric plate reader in 384-well small 
volume non-binding polystyrene plates (Greiner). Fluorescence was measured using 480 
nm excitation with 30 nm bandwidth and 535 nm emission with 40 nm bandwidth; raw 

fluorescence was captured over 1 second, while fluorescence polarization was captured 
over 0.5 second in the L-format.

Direct binding titrations tested 6.5 µM to 0.0015 nM in twofold increments of His6-Pex5C 
against 20 nM of 5FAM-LGRGRRSKL. Fluorescence anisotropy was converted to frac-

tion bound using the equation   from Maynard et al.13 where f
b
 is the fraction of labeled 

peptide bound to protein, Q is the quantum yield ratio of bound peptide to unbound 
(accounting for the loss of fluorescence upon binding), r is the fluorescence anisotropy 
at a given protein concentration, r

bound
 is the anisotropy at maximum binding, and r

free
 is 

the anisotropy with no protein bound. Key parameters found were , and the K
D
 of Pex5p 

C-terminal fragment binding to 5FAM-LGRGRRSKL was 355±6.38 nM.

Competition experiments started with a mixture of 375 nM Pex5c and 20 nM 5FAM-LGR-

GRRSKL and adding 4 mM to 3.8 nM unlabeled DELYKGSKL or 0.5 mM to 0.47 nM unla-

beled LGRGRRSKL to compete off 5FAM-LGRGRRSKL from Pex5c. Fluorescence polar-

ization data was analyzed with floating values for the anisotropy of bound and unbound 
5FAM-LGRGRRSKL; these values were r

bound
 = 0.2841±0.0045 and r

free
 = 0.0627±0.0025 

for DELYKGSKL, and r
bound

 = 0.2993±0.0041 and r
free

 = 0.0642±0.0019 for LGRGRRSKL. 
Fluorescence anisotropy data were fit to curves using SigmaPlot 13 (Systat Software) and 
Equation 17 as described in Roehrl et al32.
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