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Abstract 

 

Metabolic strategies for enabling microbial-based green chemistry solutions 

by 

Luke Nathaniel Latimer 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor John E. Dueber, Co-Chair 

Professor Michelle C. Chang, Co-Chair 

 

The field of green chemistry has been critical in helping reduce hazardous waste 
production in the chemical industry. An increasingly utilized approach in reducing 
waste has been the use of biocatalysts, enzymes, in industrial chemical processes. In the 
majority of applications of biocatalysts, single enzymes are used, however there 
remains the potential for further improving these syntheses using metabolically 
engineered organisms to synthesize small molecules in consolidated processes from 
renewable sugars. Here we present two strategies for improving the implementation of 
genetically engineered microorganisms for these green chemistry solutions. In the first 
strategy, we use combinatorial expression optimization to simultaneously vary 
expression of eight enzymes involved in the fungal xylose utilization pathway in 
Saccharomyces cerevisiae. We demonstrate how this tool can be used to map optimal 
expression space, which we apply to understanding how optimal expression changes 
with varying conditions. We also use this expression mapping to identify rate-
controlling activities for subsequent engineering. In the second strategy, we describe the 
use of ester biochemical protecting groups as a means of controlling product reactivity. 
We propose protecting the indigo precursor, indoxyl, with either the base-labile acetyl 
or malonyl protecting groups for use in a green alternative to the current indigo dyeing 
process. Use of biochemical protecting groups to tailor chemical properties is a 
promising avenue to developing novel green chemistry applications for current 
bioproduction challenges. 
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Chapter 1. Introduction 
 

1.1. Green Chemistry and Metabolic Engineering 
 
Green Chemistry, defined as “the design of chemical products and processes to reduce 
or eliminate the use and generation of hazardous substances”1, was coined in the early 
1990’s. Since then, the principles and framework that have come to define the field1,2 
and provide scientific merit have helped spur dramatic reductions (ten-fold!3) in annual 
hazardous waste production within the United States. 

An increasingly utilized source for green chemistry solutions has been enzymes4. 
Enzymes enable the catalysis of a large array of chemical reactions in what are 
otherwise often untenable conditions of water, low temperatures, and ambient 
pressures. As a result, enzymes can be used as means to implement many of the 
principles of Green Chemistry in improving a process. These include using less toxic 
chemicals by replacing heavy metal catalysts or stoichiometric reagents, omitting 
derivatization through the selectivity provided by enzymes, using innocuous solvents 
(water), improving atom efficiency by reducing byproducts or multi-step processes, 
increasing the energy efficiency using lower temperatures and pressures, enabling use 
of renewable materials such as sugars, and increasing the process safety as a result of 
these milder reaction conditions5. 

Enzymes can be implemented to varying degrees in providing greener syntheses. In the 
simplest case, purified enzymes can be used to catalyze a single reaction in lieu of 
stoichiometric reagents or other catalysts. An extension of this is microbial-mediated 
bioconversion, where whole-cells are fed a chemical, and an enzyme in the cell 
catalyzes the desired reaction2. The use of whole-cell catalysts for transformations such 
as enantioselective reductions, has been around for nearly as long as organic chemistry 
itself6. In a more complicated fashion, biological organisms can be used without 
modification as a means of connecting many enzymatically catalyzed reactions to 
convert renewable sugars into useful chemicals, these include the classic alcohol 
fermentation as well as antibiotics7, fuels8, plastic monomers9, and other 
pharmaceuticals10. More recently, with the advent of cloning, it became possible to 
rationally and selectively engineer the properties of the enzymes as well as 
heterologously express enzymes in cells to make new synthetic routes and improve 
existing ones. This pathway engineering is the field of metabolic engineering. 

Consolidated biosynthetic routes contained within a single microorganism enable the 
synthesis of molecular scaffolds that are otherwise impractical to synthesize through 
traditional organic chemistry or biocatalysis. A recent poster child for this is the 
semisynthetic synthesis of artemisinin where the precursor, arteminisic acid, is 
biosynthesized in engineered yeast11. Additionally, performing multiple or all reactions 
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in an organism is beneficial particularly for being able to use renewable sugars as 
substrates, to reduce purification steps, to hopefully improve efficiencies, and to keep 
the synthetic process in the relatively safe fermentation conditions. Thus, genetically 
engineered organisms offer a number of advantages if correctly employed in green 
chemistry solutions. 

While substantial success has been achieved in integrating single reaction biocatalysts 
into industrial syntheses4, implementation of metabolically engineered organisms for 
more integrated syntheses have been slow to develop. This is largely due to a poor 
understanding of biology12. 

1.2. Organization 
 
This dissertation describes and discusses two green chemistry motivated metabolic 
engineering projects. The first project particularly focuses on using combinatorial 
expression libraries to help address our poor understanding of biology. We use these 
libraries for optimizing and probing metabolic pathways, using xylose utilization as a 
model pathway. Engineering xylose utilization in Saccharomyces cerevisiae is of great 
interest in providing renewably sourced commodity chemicals derived from 
lignocellulosic plant material for direct use (such as biofuels) or as renewable starting 
material for subsequent chemical syntheses. Given the abundance and low 
environmental impact of lignocellulsic material, these conversions are one of the holy 
grails for the future of green chemistry. In the second project, we describe research 
aimed at developing a specific green chemistry solution to the synthesis and dyeing of 
indigo. This project takes advantage of the benefits of consolidated biosynthesis. 

Combinatorial expression engineering for characterizing xylose utilization 

Metabolic engineering efforts frequently fail. For example, heterologous enzyme 
expression can fail at any step along the protein synthesis pathway, synthesized 
enzyme can have insufficient catalytic activity or can catalyze undesirable reactions in 
the cell, or intermediates in the target pathway can inhibit growth. Given all of these 
failure points, it is advantageous to have methods for identifying, debugging, and 
circumventing these problems13. In Chapter 2, we describe the use of combinatorial 
expression libraries as a tool for probing and optimizing longer metabolic pathways 
where our biochemical knowledge is limited. We used these combinatorial expression 
libraries to simultaneously vary expression of eight heterologously enzymes involved in 
the fungal xylose catabolism pathway. Our combinatorial expression libraries sample a 
large expression space in an unbiased fashion. Thus allowing us to circumvent our lack 
of knowledge about the biochemistry of the pathway such as metabolite toxicity or poor 
enzyme activity. Using our libraries, we tested changes in intrinsic variables, such as 
genotype, and extrinsic variables – oxygenation, and we demonstrate that optimal 
expression can be dependent on these changes. These findings can inform future 
metabolic engineering efforts that strive for these consolidated green biosyntheses. 
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One of the problems with engineering microbes for biosynthesis of desired small 
molecules is that there are limited workflows and procedures for debugging a synthesis 
when it fails14. In an ideal world, a comprehensive set of procedures would exist for 
rapidly debugging pathways when this happens. We realized that by mapping 
expression space using the methods described in Chapter 2, we could identify rate 
controlling enzymes by their enrichment for high expression. This task can otherwise 
require a lot of enzyme-specific work for uncharacterized pathways lacking enzymatic 
assays. In Chapter 3, we propose a workflow for iteratively engineering a metabolic 
pathway using these expression libraries. In this workflow, limiting enzymes are 
identified, engineered for increased activity, and the process repeated. To demonstrate 
this iterative engineering, we again used xylose catabolism. 

 

Biosynthesis of base-labile indoxyl esters 

As discussed earlier, using enzymes can reduce the production of hazardous waste, 
increase the safety of the chemical synthesis and enable use of renewable feedstocks. In 
Chapters 4 and 5, we propose an enzymatically-based green chemistry solution to the 
indigo dyeing process. Our proposed process improves upon the traditional indigo 
process in the metrics mentioned above. First, enzymes are used to synthesize indoxyl 
esters from glucose and ammonia in a much less hazardous synthesis. These indoxyl 
esters can then be used to dye denim by hydrolysis in base followed by oxidation in air 
without using the hazardous sodium dithionite reducing agent, which is a safety 
concern in the dyeing factory and requires wastewater treatment15. In Chapter 4, we 
demonstrate biosynthesis of indoxyl acetate. During the characterization of indoxyl 
acetate, we discovered that it has poor solubility characteristics, toxicity concerns, and 
poor stability in Escherichia coli. In Chapter 5, we explore the use of an alternative ester, 
indoxyl malonate, for dyeing. Compared to indoxyl acetate, all the known drawbacks 
are improved, however the malonyl group appears to be much more labile in water. 
While indoxyl malonate is a promising target for this alternative dye process, the work 
needed to biosynthesize indoxyl malonate in cells is much greater than indoxyl acetate 
due to the lower bioavailability of malonyl-CoA. These efforts highlight the potential 
for protecting groups to be used to create novel green chemistry solutions to existing 
chemical syntheses. 
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Chapter 2. Characterization of xylose utilization in 
Saccharomyces cerevisiae using a combinatorial 
expression approach 
 

Modified from Metabolic Engineering: Latimer LN, Lee ME, Medina-Cleghorn D, Kohnz 
RA, Nomura DK, Dueber JE, “Employing a combinatorial expression approach to 
characterize xylose utilization in Saccharomyces cerevisiae” 2014, 25, 20-29, with 
permission from Elsevier. 

2.1. Introduction 
	

Biological synthesis of liquid transportation fuels provides an attractive route for 
sustainably meeting the growing demands of an increasingly expanding global 
economy16. Bulk production of commodity biofuels requires engineered microbes to 
efficiently convert inexpensive biomass-derived substrates. The first generation of 
biofuel production has relied on fermentation of the glucose, often sourced from sugar 
cane and corn; however, to economically meet the demand for biofuels, it will be 
essential to utilize lignocellulosic feedstocks17,18.  Lignocellulose is primarily comprised 
of lignin, a complex aromatic polymer, and two sugar biopolymers: cellulose, a polymer 
of glucose molecules, and hemicellulose, a heterogeneous polymer representing 
approximately a third of biomass by dry weight (33% for corn stover, 27% for 
Miscanthus, and 32% for hardwoods) of which the pentose xylose is the major 
constituent19. Compared to cellulose, hemicellulose is more readily hydrolyzed to its 
component monosaccharides17, but its use is limited by the metabolism of most 
microbes, which have not evolved to rapidly utilize xylose (or at all, in some cases). 
Thus, rapid xylose utilization is an important engineering target for efficient and 
commercially viable microbial conversion of diverse, renewable feedstocks into various 
commodity chemicals, such as sustainable biofuels. 

Saccharomyces cerevisiae has historically been the consensus choice as a production host 
for biofuels for a number of reasons: it has a high tolerance to toxic intermediates 
produced during most lignocellulose pretreatments20; it can naturally ferment an isomer 
of xylose, xylulose21; it exhibits high tolerance to low pH and the fermentation product 
ethanol22; and it has well-developed large-scale fermentation systems.  While there are 
many yeast species that can natively utilize xylose23, S. cerevisiae lacks this capability. To 
confer the ability to convert xylose into fermentable xylulose in S. cerevisiae, two 
enzymes, xylose reductase (XR) and xylitol dehydrogenase (XDH) must be 
heterologously expressed (Fig. 2-1). These sequences are often taken from the natural 
xylose fermenting yeast, Scheffersomyces stipitis24. Although redox balanced, the cofactor 
usage of these two enzymes is asymmetric, with XR preferring NADPH and XDH 
exclusively using NAD+. Mutant XR and XDH enzymes with altered cofactor preference 
have been developed in an attempt to resolve this asymmetry, but the effects of these 
mutations have been confounded by the simultaneous alteration of cofactor usage and 
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intrinsic enzyme kinetics25,26,27,28,29,30. A third enzyme, xylulokinase (XKS), is usually 
overexpressed to convert xylulose into the pentose phosphate pathway (PPP) 
intermediate xylulose-5-phosphate31,32,33,34,35,36, which is further metabolized by native 
PPP enzymes into substrates for glycolysis. 
 

	

Figure 2-1. The fungal xylose utilization pathway. Heterologous (left box) xylose 
reductase (XR), xylitol dehydrogenase (XDH), and xylulokinase (XKS) convert xylose 
into pentose phosphate pathway (PPP) intermediate, xylulose-5-phosphate. The non-
oxidative PPP (right box) converts xylulose-5-P into the glycolytic intermediates 
fructose-6-P and glyceraldehyde-3-P. Abbreviations are in accordance with the 
Saccharomyces Genome Database (http://www.yeastgenome.org). 

 

Despite vigorous engineering efforts over the past few decades, xylose catabolism in S. 
cerevisiae had not reached industrially viable efficiencies until very recently and after 
this work was performed37, in part because the ideal combination of enzyme 
expressions in any particular strain is unclear. Most previous studies have used 
arbitrary overexpression of a subset of enzymes chosen from the heterologous xylose 
utilization enzymes (XR, XDH, and XKS) and pentose phosphate enzymes ribulose-5-
phosphate epimerase (RPE), ribulose-5-phosphate isomerase (RKI), transketolase (TKL), 
and transaldolase (TAL)38. Improvements were often achieved with overexpression of 
many of these enzymes individually as well as in combination, suggesting that not only 
are high amounts of the heterologous xylose utilization enzymes required, but also 
increased PPP enzyme activity39,40,41,42,43,44. This might be expected since the PPP, 
especially in S. cerevisiae, has not evolved to handle the elevated flux required when 
xylose is used as the sole carbon source45,46. In addition, conflicting findings for the 
optimal expression of some of these enzymes, such as xylulokinase, has resulted in 
confusion in understanding pathway design principles. In some studies, the highest 
overexpression of XKS produced the fastest growing strains47; however, in other 
studies, intermediate expression levels were determined to be ideal, suggesting toxicity, 
perhaps due to ATP depletion48,49. It is quite possible that intermediate expression levels 
of other pathway enzymes would be optimal as well.  To this end, combinatorial 
expression engineering has been applied in two studies to various enzymes in the 
xylose utilization pathway. Lu and Jeffries44 combinatorially sampled two expression 
levels of three S. cerevisiae genes—the PPP genes TKL1 and TAL1 and the glycolytic 
enzyme PYK1—and observed the best ethanol titers when TKL1 and PYK1 were 
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expressed with the stronger promoter and TAL1 with the weaker promoter. Du and 
colleagues50 placed the upstream genes—XR, XDH, and XKS—under control of three 
promoter mutant libraries to identify fast-growing genotypes in both a laboratory and 
industrial strain. Interestingly, in this study the optimal ratio of enzyme activities 
changed in the two strain backgrounds50. This finding is highly representative of an 
issue that this field faces: different strain backgrounds, growth media, and conditions 
used all impact the metabolic context of this pathway, which complicates the 
integration of knowledge from various studies for strain engineering.  

Here we present a study where we simultaneously titrated expression of eight genes 
involved in xylose utilization. In accordance with much of the previous work on this 
pathway35,36,51,52,53, we chose to include the three heterologous enzymes XR, XDH, and 
XKS from S. stipitis in our library. Because the PPP does not typically need to support 
high flux in S. cerevisiae46 we included additional copies of these enzymes (RPE, RKL, 
TKL, TAL). Like the xylose catabolic enzymes, we elected to express S. stipitis homologs 
of these genes under the assumption that they have evolved to support high flux in the 
natively xylose-consuming yeast. Finally, although we did not expect glycolytic 
enzymes to be metabolically limiting, we also included S. stipitis pyruvate kinase (PYK) 
based on previous characterization of the S. cerevisiae homolog, PYK1, which was 
shown to determine the glycolytic rate when driven by a weak promoter54 and 
improved xylose fermentations when expressed highly during combinatorial expression 
experiments of TKL1, TAL1 and PYK144. 

Using growth on xylose as a selection, we probed the role of both intrinsic variables –
changes made directly to the starting strain such as number and variants of pathway 
genes expressed – and extrinsic variables – changes to the external selection pressures 
applied to the strain such as oxygenation – on optimal gene expression. We included 
such a large number of genes to investigate the possibility of local optima when only a 
fraction of the pathway enzymes are optimized. In this way, we were able to identify 
important factors in xylose utilization. 
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2.2. Results 
2.2.1. Construction and enrichment of combinatorial pathway expression 
libraries 

 

To determine the optimal expression profile of enzymes involved in xylose utilization in 
the BY4741 laboratory S. cerevisiae strain, we chose to employ a combinatorial approach 
to simultaneously modulate expression of each pathway enzyme using a set of five 
previously characterized constitutive promoters55. These promoters sample evenly-
spaced transcriptional strengths over approximately three orders of magnitude of 
expression space and include pTDH3, the strongest constitutive promoter in S. cerevisiae 
(Fig. 2-2)56. In contrast to a promoter mutagenesis-based approach, our library is not 
limited by the availability of multiple high-strength promoters, which allows each gene 
to sample the highest possible expression. Additionally, these promoters enable rapid 
genotyping of library members using the previously described TRAC method55. 

 

	

Figure 2-2. Promoter library characterization. Fluorescent protein Venus (YFP) was 
expressed in BY4741 under regulation by the indicated promoters and tADH155. 
Samples of anaerobic, glucose grown log-phase cells were taken and exposed to oxygen 
for 3 hours in the presence of cycloheximide (100 µg/mL) to inhibit growth during 
fluorophore maturation. Fluorescence was normalized by optical density at 600 nm. 

 
To allow for facile inclusion or exclusion of the PPP in our enrichments, the pathway 
libraries were constructed using Golden Gate assembly57 on two CEN6/ARS4 plasmids: 
1) the xylose utilization genes XR, XDH, and XKS and 2) the PPP genes and PYK (Fig. 2-
3). Expression of each gene was regulated by any of the five promoters to yield a 58 = 
390,625 member library. The vector backbones used separated the yeast marker and 
origin from the bacterial marker and origin to prevent bleedthrough of unassembled 
bacterial vector into the subsequent yeast transformation. E. coli transformations of the 
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library assembly reactions, which were pooled and purified to isolate plasmid libraries, 
yielded approximately 40,000 colonies, providing over 10-fold coverage of the 53 = 125 
and 55 = 3,125 member plasmid libraries.  
 
Assembled libraries were transformed into S. cerevisiae, recovered for one hour in YPD, 
and then transferred to selective dropout media with xylose as the sole carbon source. 
Dilution platings of the transformations routinely showed at least 106 transformants, 
corresponding to multiple-fold library coverage, such that nearly every promoter-gene 
combination should be present at the start of enrichment. We verified the diversity and 
assembly of the library by genotyping 48 colonies from each library transformation 
using a Taqman-based method previously developed in our lab termed TRAC (Taqman 
Rapid Analysis of Combinatorial assemblies)55. We observed little promoter bias and 
80% of colonies had a clear, single promoter driving a given gene (Fig. 2-4). 
 
 

	
	

Figure 2-3. Plasmid-based promoter library assembly scheme. A mixture of backbone 
and cassette plasmids with various promoters and tADH1 are assembled in a one-pot 
golden gate reaction. 
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Figure 2-4. Promoter libraries have little bias. Heatmaps were generated from 
genotyping 48 colonies from biological duplicate library transformations. The heatmap 
colors correspond to the percentage of colonies that had a given promoter in front of the 
corresponding gene. 
 
Transformation cultures were enriched by repeated growth to late log phase (at least 109 
cells), but not saturation, with subsequent dilution into fresh media with 107 cells. 
Periodically, culture aliquots were plated to isolate individual library members, and the 
promoters driving expression of each heterologous gene were identified by TRAC (Fig. 
2-5). These enrichments were performed until the population converged to a consensus 
combination of promoters, which we display as “enrichment profiles.” These 
enrichment profiles allowed us to track global expression trends within the library 
culture. Holistic understanding of promoter enrichment for each gene is useful because, 
based on the promoter driving a given protein, we can predict relative expression of 
that protein between strains where different promoters are present. Although absolute 
abundances will differ from protein to protein, the relative rank-ordering of expression 
from this characterized promoter set remains consistent irrespective of the coding 
sequence55. To verify the reproducibility of our enrichments, libraries containing all 
eight enzymes were enriched in duplicate from independent yeast transformations, and 
the enrichment profiles were similar between replicates (Fig. 2-6 and Fig. 2-7). 
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Figure 2-5. Cartoon depicting the library enrichment protocol. BY4741 cells are 
transformed with the promoter library plasmids and grown on xylose as the sole carbon 
source in the desired conditions. After iterative dilutions, individual colonies are 
isolated and genotyped. Genotypes for colonies after 29 days of aerobic growth are 
shown (sorted by XR promoter), darker shades of blue represent stronger promoters, 
grey indicates no detected promoter and purple indicates a mixed signal in the TRAC 
sequencing reaction. 

	

	
Figure 2-6. Promoter libraries enrich reproducibly. Heatmaps were generated from 
genotyping 48 colonies from biological duplicate library enrichments on synthetic 
xylose dropout media under either aerobic or anaerobic conditions. The heatmap colors 
correspond to the percentage of colonies that had a given promoter in front of the 
corresponding gene. 
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Figure 2-7. Library enrichment genotypes. Genotype sequencing results from 24 
individual strains isolated from indicated enriched promoter libraries, where colored 
squares indicate the detected promoter(s) for each gene. 

	

2.2.2. Aerobic enrichments and strain characterizations 
	
Combinatorial expression optimization of pathway enzymes has been shown to be 
dependent on the strain background50. A corollary hypothesis is that optimal enzyme 
expression is dependent on which genes are expressed and purposefully varied within 
a strain. Thus, we sought to investigate the dependence of enrichment profiles on which 
heterologous enzymes are included during the optimization. Our initial experiments 
were performed under aerobic conditions to better compare findings to previous 
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combinatorial expression engineering efforts for xylose utilization44,50.  Similar to these 
previous experiments, we tested a library of only the three xylose utilization enzymes 
(i.e., XR, XDH, and XKS), which we refer to as the “partial pathway,” as well as a 
second library, expanded to include additional S. stipitis copies of the pentose pathway 
enzymes (i.e., RKI, RPE, TKL, and TAL) and the glycolytic enzyme PYK, which we term 
the “full pathway.” 

Expression optimization of the partial pathway results in a local optima 

We hypothesized that including or omitting the downstream pathway enzymes in our 
library may alter the optimal expression levels of the upstream xylose utilization genes. 
Thus, we enriched both the partial and full versions of the pathway under aerobic 
conditions and compared the resulting enrichment profiles. Indeed, we found the 
enrichment profile of the promoters for XR, XDH and XKS to be considerably different 
between the full and partial libraries (Fig. 2-8A, B). Strains expressing the partial 
pathway strongly enrich for the medium-strength pRPL18B promoter driving 
expression of XR, higher (pTDH3 or pTEF1) expression of XDH, and variable XKS 
expression (Fig. 2-8A). Such expression enrichment is consistent with previous 
optimizations in microaerobic conditions39,43,50. However, when the full pathway is 
expressed, XR is enriched exclusively for the stronger pTEF1 or pTDH3 promoters, 
while XDH and XKS are driven by somewhat lower strength promoters (moderate to 
high). These results for the full pathway are more consistent with what would be 
expected based on the in vitro catalytic efficiencies of the pathway enzymes, where XR is 
predicted to be the limiting enzyme (Table 2-1). These drastic differences in expression 
profiles between partial and full pathways are intriguing as they suggest that the 
optimal expression profile is highly dependent on the other enzymes that are also 
varied, a concept which is explored further in Chapter 3. 
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Figure 2-8. Inclusion of the PPP enzymes produces superior growth and xylose 
consumption rates with optimal expression being not all genes driven by pTDH3. A) 
Heatmap representation of the enrichment profile generated from screening 32 colonies 
isolated from an aerobically enriched promoter library regulating the first three 
enzymes in the xylose metabolic pathway. Heatmap colors represent the percentage of 
colonies with a given promoter regulating the corresponding gene.  B)  Enrichment 
profile generated from screening 48 colonies isolated from an aerobically enriched 
promoter library regulating the eight enzymes.  C)  Genotype and description of 
reference strains and enriched genotypes identified from the library enrichments.  D)  
Shotgun proteomic data indicating relative protein abundance in most strains indicated 
in (C) when grown aerobically to mid-log phase on xylose.  Protein spectral counts were 
normalized to total endogenous spectral counts.  There is no statistical significance 
between total endogenous protein expression between samples.  E)  Aerobic growth 
curve for yeast strains indicated in (C): OD600 (  ); Xylose (  ). Error bars 
represent SD of biological triplicates. 
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To experimentally validate the predicted lower XR expression in the partial pathway 
compared to the full pathway, we chose to regenerate strains with two highly enriched 
genotypes, LL100A and LL110A, by specifically assembling those plasmids and 
transforming them into the original strain background (Fig. 2-8C). These two strains 
were grown on xylose and analyzed by shotgun proteomics to determine relative 
protein abundances (Fig. 2-8D). This technique has the advantage of directly measuring 
relative protein abundance rather than mRNA levels, an attractive feature since 
measuring mRNA amounts would miss any potential translational effects on final 
protein concentration. This is particularly useful as one might suspect that as the 
number of overexpressed enzymes increases, there is a possibility of saturating shared 
cellular machinery at all levels of biology leading to protein production. Comparison of 
XR and XDH expression between LL110A and LL100A shows the expected change in 
XR and XDH peptide abundance, indicating a major reduction in XR expression and 
increase in XDH expression in LL100A (Fig. 2-8D). From these findings, we conclude 
that optimization of the xylose utilization enzymes alone results in a local utilization 
optimum of low XR expression, whereas under conditions where portions of the PPP 
are also overexpressed, far more XR is required to reach a higher, more global optimum. 
 
Table 2-1. Reported enzyme kinetics for purified xylose catabolism and PPP 
enzymes.  

Enzyme Organism First 
Substrate 

Second 
Substrate 

Km 
(mM) 

kcat  
(s-1) 

kcat/Km  
(M-1 s-1) Reference 

XR S. stipitis Xylose NADPH 32.4 10 3.40 x 102 Chen et al., 201258 

wtXDH S. stipitis Xylitol NAD+ 21.7 1050 4.84 x 104 Watanabe et al., 
200528 

mutXDH S. stipitis Xylitol NADP+ 72.6 3840 5.29 x 104 Watanabe et al., 
200528 

XKS S. stipitis Xylulose ATP 0.27 24.8* 4.77 x 104* Chen et al., 201258 
RPE S. cerevisiae Ru-5-P - 1.5 3340* 2.22 x 106* Bär et al., 199659 
RKI S. cerevisiae R-5-P - 1.6 1140* 7.15 x 105* Reuter et al., 199860 
TKL S. stipitis Xu-5-P R-5-P 0.72 85 1.18 x 105 Chen et al., 201258 
TAL S. stipitis F-6-P E-4-P 0.25 7.1 2.84 x 104 Chen et al., 201258 
PYK S. cerevisiae PEP ADP 2.76 188 6.81 x 104 Collins et al., 199561 

Km values correspond to affinity for the 1st substrate. *These values are estimated 
based on reported enzyme activities and molecular masses. 

 

Transaldolase activity is limiting for aerobic xylose consumption 

By simultaneously titrating multiple genes’ expression, we hoped to identify those 
genes whose activities were limiting growth on xylose. When we enriched the full 
pathway library, we observed weaker promoters driving most of the PPP genes, 
predominantly the lowest strength pREV1, suggesting that either these enzymatic 
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activities are not limiting growth on xylose or their overexpression is detrimental to the 
cell. Only TAL enriched for the strongest promoter, pTDH3, suggesting that its activity 
is limiting. Other rational and inverse metabolic engineering efforts in various yeast 
backgrounds along with in vitro enzyme kinetics have also identified transaldolase 
activity to be significantly limiting for aerobic and microaerobic xylose utilization 
(Table 2-1)40,62,63. Considering these studies, we were able to corroborate TAL’s role as a 
limiting component for xylose utilization in the presence of oxygen. 

Aerobic expression optimization yields small improvements in xylose utilization 

Since most studies conventionally use high-strength promoters in a mostly arbitrary 
manner, we were curious how the enriched strains compared to a naïve overexpression 
strain in their ability to utilize xylose. Again, we used strains LL110A and LL100A, as 
well as two strains that simply use our strongest promoter to drive all genes (“pTDH3 
full pathway” and “pTDH3 ØPPP”) (Fig. 2-8C). These latter two strains mimic the 
arbitrarily high expression of each gene that would be naively done as opposed to 
balanced expression34,64,65,66. As expected, the strains expressing only XR, XDH, and XKS 
grow poorly on xylose compared to the strains expressing an extra copy of the 
PPP34,40,43,63. Strain LL110A grows at a maximum growth rate of 0.25 ± 0.01 hr-1, making it 
the fastest aerobically growing strain in 2% xylose reported in literature to date (Fig. 2-
8D)67,68. Despite this, both LL110A and LL100A show only modest improvements in 
growth and xylose consumption compared to their respective all pTDH3-driven 
reference strain (Fig. 2-8E). This is surprising as we expected a flux imbalance or protein 
burden in the pTDH3 full pathway strain to more drastically reduce growth and 
consumption of xylose. By comparing proteomic data between LL110A and pTDH3 full 
pathway, we observe no change in expression of genes regulated by pTDH3 in both 
strains (e.g. XR and TAL), but for all other genes expressed with lower strength 
promoters we observe the expected decreases in expression in the enriched strain (Fig. 
2-8D). Having verified reductions in protein expression, and observing little difference 
between LL110A and pTDH3 full pathway, we theorize that aerobic xylose 
consumption is primarily determined by XR and TAL expression which are high and 
consistent between these strains. 

Xylose utilization is comparable between enriched and recreated strains 

Given the nature of our library enrichment, where we are performing a selection for 
growth on xylose, one of our concerns was mutations occurring in the strain 
background that confer a growth benefit independent of the strain genotype defined by 
the expression library. Strain adaptation could lead to a mis-representation of optimal 
expression within the enrichment profile. To check for this failure mode, we considered 
a few things. The easiest assurance that adaptation isn’t a huge problem is found by 
looking at the enriched library genotypes. Specifically, when the enriched library has a 
number of strain genotypes that are similar, but not identical, this suggests that this 
general expression trend is beneficial because it would be highly unlikely that two very 
similar strains would have acquired adaptive mutations. Based on this criterion, when 
we analyzed the libraries both as enrichment profiles and on the single genotype level, 
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we were not very concerned that background mutations occurred in our libraries (Fig. 
2-6 and 2-7). Furthermore, as mentioned earlier, to control for possible library 
adaptation, we recreated the yeast strains we tested to control for any background 
mutations that may have occurred and thus isolate the effects of expression 
optimization. However, it is possible that the enriched strains underwent adaptation 
and are biasing the library some. To test this, we compared another aerobically enriched 
strain, LL110B with a number of library members that were genotyped from the library 
used for making strains LL110A and LL110B (Fig 2-9A). In aerobic xylose 
fermentations, we observed similar growth and mostly similar xylose utilization 
between these strains (Fig. 2-9B), indicating that the library is not biased from 
background mutations. 

 

	

Figure 2-9. Comparison of recreated strain LL110B with original library members in 
aerobic growth on xylose. A) Genotype of depicted strains. L150Q strains are library 
members directly from the enriched library. B) Aerobic growth curve for yeast strains 
indicated in (A): OD600 (  ); Xylose (  ).  

2.2.3. Anaerobic enrichments and strain characterizations 
	
A major advantage of the described combinatorial expression strategy is that we can 
readily select under different conditions to characterize how enrichment profiles change 
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depending on the growth environment. Accordingly, we grew our libraries 
anaerobically because, given the enormous fermentation volumes that are required for 
large-scale biofuel production, the process would need to be fully anaerobic. 

Inclusion of the PPP only improves anaerobic xylose utilization upon expression 
optimization 

Unlike the aerobic libraries, the enrichment profiles for XR, XDH and XKS for the 
anaerobically enriched partial (XR, XDH, and XKS only) and full (XR, XDH, XKS, RPE, 
RKI, TKL, TAL, and PYK) pathways were notably similar with XR enriching for the 
strongest promoter and the promoter rank ordering following XR ≥ XDH ≥ XKS (Fig. 2-
10). Anaerobically enriched strains were regenerated and characterized in comparison 
to the pTDH3 reference strains to determine the effects of expression optimization (Fig. 
2-11). Unlike in aerobic conditions, where only small differences were observed 
between enriched and reference strains, the full pathway LL111A significantly 
outperforms all other strains in biomass accumulation, xylose consumption, and 
ethanol production (Fig. 2-11B). Both of the pTDH3 reference strains and the enriched 
partial strain LL101A all perform comparably, with the pTDH3 full pathway consuming 
slightly more xylose. Interestingly, inclusion of the downstream enzymes with naïve 
pTDH3 expression results in minimal to no improvement in growth and xylose 
consumption compared to overexpressing only the partial pathway. 

	

Figure 2-10. Anaerobic library enrichment profiles for wild-type and mutant XDH. 
Heatmaps were generated from genotyping colonies isolated from libraries enriched 
under anaerobic conditions on synthetic xylose dropout media. 
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Figure 2-11. Selection conditions are important for strain optimization. A) Genotype 
and description of partial pathway reference strains and enriched strains identified 
from aerobic and anaerobic library enrichments. B) Anaerobic fermentations in SX 
media supplemented with 0.01g/L ergosterol, 0.43g/L Tween 80 and 2.8 g/L ethanol 
for yeast strains indicated in (A): OD600 ( ); Xylose ( ); Ethanol ( ); Xylitol (

). C) Genotype and description of full pathway reference strains and enriched 
strains identified from aerobic and anaerobic library enrichments. D) Anaerobic 
fermentations as described in (B) for yeast strains indicated in (C). Error bars indicate 
the SD of biological triplicates. 

 

Expression optimization is sensitive to oxygenation conditions 

Comparing the aerobic and anaerobic full pathways, the enrichment profiles were 
similar between conditions (Fig. 2-6) with many of the strains having comparable 
genotypes (Fig. 2-7). However, some of the individual strain genotypes varied between 
the aerobic and anaerobic libraries, such as strains LL111A with LL110B (Fig. 2-11A). 
We examined the anaerobic performance of strains enriched both aerobically and 
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anaerobically to ascertain the extent to which selection conditions result in strain 
specialization (Fig. 2-11). Despite the similarity of the consensus enrichment profiles 
between the full aerobic and anaerobic libraries, the two aerobically enriched strains 
LL110B and LL100A, underperform compared to their anaerobically enriched 
counterparts, LL111A and LL101A, under anaerobic growth conditions (Fig. 2-11B and 
D). Therefore, it is important during strain optimization to not only use the correct 
genetic context (i.e., full vs. partial pathway), but also to enrich under the target 
conditions because high-performance strains may not translate well from one condition 
to another. 

2.2.4. Expression optimization with a mutant, cofactor-balanced xylitol 
dehydrogenase 
	
The net cofactor imbalance in the fungal xylose pathway caused by the NADPH 
preference of XR and the strict NAD+ requirement for XDH has long been implicated as 
a limitation in achieving high ethanol yields during xylose fermentation using these 
enzymes69,70. Numerous attempts to address this problem have included engineering 
these enzymes to have switched cofactor usage27,28,71,72. Despite their promise, reports on 
the effectiveness of these mutant enzymes in improving xylose consumption have been 
mixed29,41,73. One limitation when assessing mutated pathways has been the inescapable 
complication of altered enzyme activity, which changes simultaneously with the 
cofactor affinities upon mutation of XR30 or XDH28. Consequently, fermentation 
differences observed between cofactor balanced and imbalanced pathways could be 
attributed to either switched cofactor preference or altered balance of enzymatic 
activities. With our ability to optimize expression of the entire xylose utilization 
pathway, we can better separate the role of cofactor balancing from altering catalytic 
activity levels to address this long-standing question. 

Expression optimized anaerobic cofactor balancing improves growth, but not 
fermentation yields 

We assembled alternative XR-XDH-XKS promoter library plasmids where xylitol 
dehydrogenase was substituted with the ARSdR mutant XDH developed by Watanabe 
et al., which almost exclusively uses NADP+ instead of NAD+28. Mutant libraries were 
anaerobically enriched and genotyped as described previously. The expression profiles 
for mutant libraries show a somewhat higher mutant XDH expression levels than the 
native XDH and slightly lower TAL and PYK expression levels (Fig. 2-10). Enriched 
genotypes from both mutant and wild-type XDH libraries along with pTDH3 reference 
strains were chosen for comparison to assess the differences resulting from mutating 
XDH (Fig. 2-12A). The strain LL211A was compared in a xylose fermentation with three 
colonies from the progenitor library and there is no difference between these strains, 
indicating the library had not adapted (Fig. 2-13), similar to as we observed earlier 
before under aerobic conditions. 

Comparing the pTDH3 mutXDH and pTDH3 wtXDH strains verified previous work 
with the mutant XDH: the mutant pathway shows slightly improved growth (Fig. 2-
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12B) and a 47% increase in xylose utilization and ethanol titer compared to the wild-
type pathway (Fig. 2-12C)29,74. These fermentation differences could be the result of 
changes in both catalytic activity and cofactor preference. Surprisingly, this increase in 
utilization upon mutating XDH was reduced between the expression optimized strains. 
Strains LL111A and LL211A consume nearly identical amounts of xylose, and 
concurrently produce nearly the same amounts of xylitol and ethanol (Fig. 2-12C). 

	

Figure 2-12. Differences in xylose fermentation due to mutating XDH for the full 
pathway are reduced with expression optimization. A) Genotype and description of 
reference strains and enriched strains identified from anaerobic library.  B) Anaerobic 
fermentations in SX media supplemented with 0.01g/L ergosterol, 0.43g/L Tween 80 
and 2.8 g/L ethanol for yeast strains indicated in (A): OD600 ( ). C) Extracellular 
metabolites for the fermentation shown in (B). Xylose ( ); Ethanol ( ); Xylitol (

). Error bars indicate the SD of biological triplicates. 
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Figure 2-13. Comparison of colonies from the anaerobic mutant XDH library with 
strain LL211A shows no difference in xylose utilization. LL211A which was remade 
from a genotype in this library (Fig 2-12A).	 Anaerobic fermentations in SX media 
supplemented with 0.01g/L ergosterol, 0.43g/L Tween 80 and 2.8 g/L ethanol: OD600 (

); Xylose ( ); Ethanol ( ); Xylitol ( ). Error bars indicate the SD of 
biological triplicates. 

	

2.3. Discussion 
	
Lignocellulosic fermentation promises a sustainable route for converting enormous 
plant biomass resources into biofuels and other commodity chemicals that can be used 
as starting materials for further green chemical syntheses. Xylose utilization is a critical 
step towards this goal, but it is difficult to understand how a multiple heterologous 
enzyme, high-flux pathway can be integrated into the metabolism of the host cell. 
Although there have been numerous studies inspecting various aspects of the xylose 
utilization pathway in S. cerevisiae, comparing the findings from these reports38 is 
complicated by the different strain backgrounds and growth conditions used. 
Therefore, it is imperative that the pathway is examined as a whole in order to find the 
optimal balance of catalytic activities for a given host and growth condition. 
Accordingly, we employed a recently described combinatorial expression strategy55 to 
simultaneously vary the expression levels of the full S. stipitis xylose utilization and 
pentose phosphate pathways, which allowed us to better understand the importance of 
both intrinsic (genotypic) and extrinsic (growth conditions) variables for xylose 
utilization in our engineered yeast. One major advantage of this particular approach is 
that every gene can access the maximal range of transcriptional strength irrespective of 
the pathway size. Other strategies that rely on promoter mutagenesis are limited by a 
lack of unique, high-strength promoters that can be used for each gene. While repeated 
use of promoter sequences in a single construct may result in gene loss through 
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homologous recombination, we have not observed frequent instances of recombination 
in direct tests55 or difficulties in either cloning or repeated cycles of growth of our all-
pTDH3 strains (up to eight genes driven by the same promoter sequence). With our 
experimental design, we easily changed whether the partial or full pathway was 
expressed and which version of XDH was included. We also tested both aerobic and 
anaerobic growth conditions. This unbiased, systematic survey allowed us to glean 
some insight into the aggregate of prior research, which at times is unclear. 

Genotyping many colonies from a library allowed us to determine convergent enzyme 
expression patterns, for example, bottleneck enzymes were expected to enrich for the 
highest-strength promoters. By comparing the enrichment profiles in different genetic 
contexts, we revealed interplay between the upstream xylose utilization pathway and 
the downstream pentose phosphate pathway. Depending on the number of enzymes 
included in the library, we observed markedly different enrichment profiles and 
dramatically different growth capabilities, showing that omission of genes in a pathway 
library can select for local optima that fail to perform as well as the optima achieved 
with co-expression and optimization of more enzymes.  For example, under aerobic 
conditions, our full pathway libraries enriched for strong promoters driving XR, but the 
partial pathway libraries almost exclusively enriched for the medium-strength pRPL18B 
promoter (Fig. 2-8A and 2-8B); the full pathway strains also grow substantially faster 
(Fig. 2-8E). Our hypothesis for the cause of these enrichment differences is that for our 
strain background, enzymatic activity downstream of the first three enzymes is limiting, 
likely in the form of transaldolase activity based on the strong enrichment for pTDH3 
expression of TAL in the full pathway, along with previous metabolic engineering 
efforts by others40,65. Under this hypothesis, excess expression of upstream pathway 
enzymes beyond endogenous TAL activity may cause depletion of NADPH and 
accumulation of NADH75, and depletion of ATP49. Two possible solutions, both of 
which were enriched in our library selections, are either to reduce upstream expression 
or increase downstream capacity.  

During their expression optimization of the first three enzymes, Zhao and coworkers 
observed that lower XR expression relative to XDH improved their laboratory strain’s 
microaerobic fermentation while a high XR:XDH ratio was best for their industrial 
strain50. Our aerobic enrichment expression profiles of XR, XDH, and XKS between the 
partial and full pathways (Fig. 2-8A and 2-8B) mirror their observed trends between the 
lab and industrial strains, respectively, suggesting that their laboratory strain may be 
limited in downstream expression and that a contributing factor to the better 
performance of their industrial strains could be increased PPP activity. This hypothesis 
could also explain the observation by Sedlak and coworkers that overexpression of the 
PPP resulted in almost no improvement in their industrial strain, as these activities may 
not be limiting in this strain background41. 

The discrepancies in the literature regarding the possible benefit from overexpression of 
the PPP for xylose fermentation could also be caused by variability in strain 
construction36,41,42,65. As an example, the combinatorial optimization of S. cerevisiae TKL1, 
TAL1, and PYK1 by Lu and Jeffries found optimal xylose consumption when 
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endogenous TAL1 was recombinantly expressed with a weaker promoter rather than a 
stronger one, while we observed higher TAL expression during our enrichments, 
particularly under aerobic conditions44. This discrepancy could be the result of 
expressing different versions of TAL – S. stipitis in our study and S. cerevisiae in the Lu 
study. Indeed, toxicity associated with S. cerevisiae TAL1 overexpression has been 
reported40. As another example within our study, benefits of heterologous expression of 
downstream genes under anaerobic conditions are only evident upon expression 
optimization.  In fact, strains overexpressing the PPP at arbitrary high levels show no 
improved performance over the partial pathway (Fig. 2-11). Similar effects may be 
present in a subset of these other studies. Particularly under anaerobic conditions, there 
is likely a trade-off between high expression of requisite enzymes for xylose utilization 
and an expression burden to the cell, which would be more apparent upon further 
stresses from PPP overexpression.  

Repeated use of a promoter may decrease transcription from this promoter due to 
saturation of cellular expression machinery. Of particular concern would be saturation 
of the strongest promoter, pTDH3, which also regulates the expression of the glycolytic 
enzyme, GAPDH. Indeed, shotgun proteomics revealed a 1.4-fold decrease (p < 0.05) in 
GAPDH protein between the pTDH3 reference strain with eight copies of pTDH3 and 
optimized strains containing only a couple copies of pTDH3. In anaerobic glucose 
fermentations, this pTDH3 full pathway strain shows a small growth defect compared 
to a strain expressing empty plasmids or LL111A (Fig. 2-12). The magnitude of this 
growth defect is comparable to more rigorous studies on protein burden in S. cerevisiae, 
indicating that expression burden is of concern, and that of these enzymes are not 
fundamentally toxic in the absence of xylose76. However, this GAPDH reduction 
appears to have minimal impact aerobically as the pTDH3 full pathway grows similarly 
to LL110A (Fig. 2-8E). Whatever the cause, arbitrarily high expression of a large number 
of pathway enzymes can produce a multitude of potential problems that can be solved, 
or at least largely alleviated, by combinatorial expression engineering, where 
complications such as these will be selected against by having non-limiting enzymes 
expressed with a weaker promoter. 
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Figure 2-14. Strain pTDH3 full pathway ferments glucose slower than strains 
expressing no enzymes or with optimized expression. Anaerobic glucose 
fermentations of the indicated strains. OD600 ( ); Glucose ( ); Ethanol ( ). 

Another interesting aspect of xylose utilization is the asymmetric cofactor usage, which 
has led to the hypothesis that resolving this imbalance would improve fermentation 
performance77,30,69. However, in mutating XDH to switch its cofactor preference28, its 
activity is unavoidably also altered, thereby convoluting the contributions from cofactor 
balancing and potential activity balancing with other pathway enzymes. By 
incorporating this mutant into our library, we were able to empirically optimize the 
balance of enzymatic activities to investigate the importance of cofactor balance. 
Surprisingly, the mutant XDH only slightly improved fermentative yields in 
expression-optimized strains (Fig. 2-12B), certainly not as dramatic as would be 
expected if cofactor imbalances were a major flux impediment in our engineered 
system. The mutant XDH strains do show a modest improvement in growth, which 
implies cofactor balancing of this pathway aids in biomass accumulation, perhaps due 
to the role of NADPH in anabolic processes46. 

Finally, as expected, changing external variables led to differing expression profiles. 
Here we optimized under both aerobic and anaerobic conditions. Some of the 
aerobically enriched strains, such as LL110B, had notably inferior anaerobic 
fermentation performances (Fig. 2-11). The overall use of stronger promoters in LL110B 
may be affecting this strain’s performance in an oxygen-dependent manner due to a 
flux imbalance or metabolic stress, such as XKS toxicity49. These findings, together with 
the observation that expression optimization under aerobic conditions had a fairly small 
impact on strain growth over arbitrarily high expression of all pathway genes, suggest 
that expression balancing is more critical under the more stringent anaerobic 
conditions. 
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In conclusion, we applied combinatorial expression engineering for the optimization of 
the full S. stipitis xylose utilization pathway in the favored production host, S. cerevisiae. 
We observed, in both aerobic and anaerobic conditions, dramatically improved 
performance of strains with the full pathway optimized over complementing S. 
cerevisiae with only the minimal, requisite activities. Expression optimization was also 
used to separate the effects of activity balancing from cofactor balancing and effects 
from altered oxygenation. Based on our findings, it would be prudent to include more 
metabolic genes – perhaps from glycolysis, gluconeogenesis, and/or the oxidative PPP 
– in further studies of this pathway. Additionally, this described strategy can be 
employed toward other pathways with outputs amenable to high-throughput screening 
or selection. 

2.4. Materials and Methods 
	

Strains and media 

Single gene (cassette) plasmids were transformed in chemically competent TG1 cells 
grown in LB containing spectinomycin (50mg/L).  All multi-gene plasmid assemblies 
were transformed into TransforMax EPI300 (Epicentre) electrocompetent E. coli.  
Transformed cells were selected on LB plates containing antibiotics chloramphenicol 
(34mg/L) or kanamycin (25mg/L). The S. cerevisiae strain background for all 
experiments in this paper was BY4741 (MATa his3∆1 leu2∆0 met15∆0 ura3∆0). Dry cell 
weight conversion for this strain was determined to be 0.19 +/- 0.01g cell/L at OD600 =  
1 as described previously78. In all instances, S. cerevisiae strains were grown at 30 °C.  
Wild-type yeast cultures were grown in YPD (10g/L Bacto Yeast Extract; 20g/L Bacto 
Peptone; 20g/L Dextrose). Excluding library transformations, yeast transformed with 
plasmids containing the LEU2 and URA3 auxotrophic markers were selected and grown 
on synthetic drop-out media (6.7g/L Difco Yeast Nitrogen Base w/o Amino Acids; 
2g/L Drop-out Mix Synthetic minus Leucine and Uracil, w/o Yeast Nitrogen Base (US 
Biological); 20g/L Dextrose or 20g/L Xylose). 

Pathway construction and combinatorial library assembly 

All pathway enzymes, except the mutant SsXDH (D207A/I208R/F209S/N211R), were 
cloned by PCR from the S. stipitis genome using primers listed in Table 2-2. Four of the 
genes: SsXKS, SsRPE, SsRKI, and SsTKL were cloned by SOEing PCR79 to introduce 
silent mutations to mutate internal BglII or BsmBI sites. The mutant XDH was 
synthesized by GenScript and included flanking BglII and XhoI sites. Cassette plasmids 
were assembled through standard restriction-ligation subcloning using restriction 
enzymes BglII and either SpeI or XhoI into backbones (pML530-4 and pML557). 
Plasmid libraries or plasmids with specific promoter genotypes were assembled in a 
BsmBI golden gate reaction using 20 fmol of each cassette plasmid template and two 
backbone plasmids (pML634-638)57. Plasmid information is summarized in Table 2-3 
and backbone vector construction details are available upon request. 
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Table 2-2. Oligomers used for cloning xylose enzymes. 

Oligo Name Sequence 
SsXR-5'-BglII GAATTGGCATGCGAATTCATGAGATCTATGCCTTCTATTAAGTTG	
SsXR-3'-XhoI GAGGCCTCGAGTCAGGATCCGACGAAGATAGGAATC	
SsXDH-5'-BglII ACGTGCAGATCTATGACTGCTAACCCTTCCTT	
SsXDH-3'-XhoI ATGTACCTCGAGTCAGGATCCCTCAGGGCCGTCAATGAGAC	
SsXK-5'-BglII GAATTGGCATGCGAATTCATGAGATCTATGACCACTACCCCATTTG	
SsXK-3'BsmBI-KO TTGAACTTTTCGTTGACTTCaTCTCTAACCTTTTCTCTGGC	
SsXK-5'BsmBI-KO GCCAGAGAAAAGGTTAGAGAtGAAGTCAACGAAAAGTTCAA	
SsXK-3'-XhoI GAGGCCTCGAGTCAGGATCCGTGTTTCAATTCACTTTCC	
SsRPE-5'-BglII CTTACGAGATCTATGGTCCAGCCTATCATCTC	
SsRPE-3'BglII-KO GTCAGGGTACTTGTTTCTTAAtATCTCAACTTTGGCCATC	
SsRPE-5'BglII-KO GATGGCCAAAGTTGAGATaTTAAGAAACAAGTACCCTGAC	
SsRPE-3'-XhoI CCGCAGCTCGAGCTACTTAGTGAGCAAGCCCTTG	
SsRKI-5'-BglII ACAAAAGATCTATGTCATCTCTCTCCCTTGTGG	
SsRKI-3'BsmBI-KO CACGACCTTGGCAGAgACGGGAAAATTCTCATCC	
SsRKI-5'BsmBI-KO GGATGAGAATTTTCCCGTcTCTGCCAAGGTCGTG	
SsRKI-3'-XhoI CCGCAGCTCGAGCTAGATAGACCAGATATTGAC	
SsTKL-5'-BglII ATCGGCACTAGTGCGGCCGCAGATCTATGTCGTCCGTCGATCA	
SsTKL-3'BglII-KO CAGTAGAACCGTCAATGGAaATCTTGTTGTCGTCCCAG	
SsTKL-5'BglII-KO CTGGGACGACAACAAGATtTCCATTGACGGTTCTACTG	
SsTKL-3'BsmBI-KO CAATTGATCTGGCAAGGAgACGACACCAGCCTTG	
SsTKL-5'BsmBI-KO CAAGGCTGGTGTCGTcTCCTTGCCAGATCAATTG	
SsTKL-3'-XhoI CCGCAGCTCGAGTTAAAATTTAACATAACTAAATG	
SsTAL-5'-BglII CTTACGAGATCTATGTCCTCCAACTCCCTT	
SsTAL-3'-XhoI CCGCAGCTCGAGTTAGAATCTGGCTTCCAATTGTTCC	
SsPYK-5'-BglII CTTACGAGATCTATGTCGTCTTCTTCTCTCGCCTGG	
SsPYK-3'-XhoI CCGCAGCTCGAGCTAAGCTTGAACGATTCTG	
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Table 2-3. Plasmids used in Chapter 2 experiments. 

Plasmid Registry ID Description 
pML530 SBa_001115 Golden Gate Cassette Vector for SsXK and SsRPE 
pML531 SBa_001116 Golden Gate Cassette Vector for SsXR and SsRKI 
pML532 SBa_001117 Golden Gate Cassette Vector for SsTKL 
pML533 SBa_001118 Golden Gate Cassette Vector for SsTAL 
pML534 SBa_001119 Golden Gate Cassette Vector for SsPYK 
pML557 SBa_001120 Golden Gate Cassette Vector for SsXDH and mutSsXDH 
pML635 SBa_001121 CamR Golden Gate Backbone 
pML636 SBa_001122 Yeast Origin, Leu2 Golden Gate Backbone 
pML637 SBa_001123 KanR Golden Gate Backbone 
pML638 SBa_001124 Yeast Origin, Ura3 Golden Gate Backbone 
pLNL52L SBa_001125 Assembled SsXR-SsXDH-SsXK library plasmid 
pLNL53L SBa_001126 Assembled SsXR-SsXDH(ARSdR)-SsXK library plasmid 
pLNL54L SBa_001127 Assembled SsRPE-SsRKI-SsTKL-SsTAL-SsPYK library 

plasmid 
pML660 SBa_001149 All promoters pTDH3, SsRPE-SsRKI-SsTKL-SsTAL-SsPYK 
pML661 SBa_001150 All promoters pTDH3, SsXR-SsXDH-SsXK 
pML662 SBa_001151 All promoters pTDH3, SsXR-SsXDH(ARSdR)-SsXK 
pLNL64 SBa_001152 pTDH3-SsXR-pRPL18B-SsXDH-pRPL18B-SsXK 
pLNL66 SBa_001153 pTEF1-SsXR-pTEF1-SsXDH-pTEF1-SsXK 
pLNL67 SBa_001154 pREV1-SsRPE-pRPL18B-SsRKI-pREV1-SsTKL-pTDH3-SsTAL-

pRPL18B-SsPYK 
pLNL69 SBa_001155 pTDH3-SsRPE-pTEF1-SsRKI-pRNR2-SsTKL-pTDH3-SsTAL-

pRPL18B-SsPYK 
pLNL74 SBa_001156 pREV1-SsRPE-pREV1-SsRKI-pRPL18B-SsTKL-pTDH3-SsTAL-

pRNR2-SsPYK 
pLNL78 SBa_001157 pTEF1-SsXR-pTEF1-SsXDH(ARSdR)-pRNR2-SsXK 
pLNL101 SBa_001158 pREV1-SsRPE-pTEF1-SsRKI-pRPL18B-SsTKL-pRPL18B-SsTAL-

pRNR2-SsPYK 
pLNL105 SBa_001159 pRPL18B-SsXR-pTDH3-SsXDH-pTEF1-SsXK 
pLNL107 SBa_001160 pTDH3-SsXR-pTEF1-SsXDH-pRPL18B-SsXK 
 
All plasmids contain a ColE1 E. coli replication origin. Annotated plasmid sequences 
can be found at the SynBERC Registry (registry.synberc.org). Sequences of plasmids not 
listed in this table (e.g., the series of cassette plasmids) can be determined simply by 
replacing the appropriate genes or promoters. 

 

For library plasmids, golden gate reactions were electroporated, cells were recovered in 
LB for one hour, plated on 241mm x 241mm plates and grown overnight. The resulting 
colonies (over 35,000) were scraped into 15 mL of ddH2O and treated as a liquid culture 
for plasmid purification with a HiSpeed Plasmid Maxi Kit (Qiagen) following 
manufacturer's instructions. Plasmid libraries were test digested to confirm correct 
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assembly. Clonal plasmids were also isolated from single colonies and confirmed by 
test digest. 

Eight gene library transformations into S. cerevisiae followed standard Lithium acetate 
transformation protocol80 scaled to a 500 mL culture and transformed using 100 µg of 
each library plasmid. Following heatshock, cells were recovered in 50 mL of YPD (250 
mL baffled flask, 200 rpm) for one hour before being pelleted, washed in SX-LU and 
then resuspended in 500 mL SX-LU under either aerobic (2L baffeled flask) or anaerobic 
(media supplemented with 0.01g/L ergosterol, 0.43g/L Tween 80 and 2.8 g/L ethanol; 
1L Erlenmeyer screw cap flask flushed with N2(g)) conditions with an aliquot plated on 
SD-LU for sampling of initial library coverage and diversity. Three gene library 
transformations followed the above procedure using an ‘empty’ plasmid containing 
markers and origins only, instead of the five-gene PPP plasmid; 1/100 the listed masses 
and volumes were used in 50 mL culture tubes or serum vials. 

Library enrichments 

Transformed libraries were grown 4-7 days on SX-LU until the OD600 of the library 
increased twofold over the initial OD600. Library cultures were subsequently diluted into 
50 mL of fresh SX-LU carrying over at least 1x107 cells into either a 250 mL baffled 
Erlenmeyer flask (aerobic, 200 rpm) or 250 mL serum vial (anaerobic, 100 rpm). After 
this, cells were similarly diluted in late log-phase (OD600 5-10, aerobic; 1.5-2.5, anaerobic) 
into fresh media every 1-4 days, depending on growth rate. During select dilutions, 
aliquots of cells were also plated on SD-LU, grown for 2-3 days and genotyped 
according to the TaqMan-based TRAC protocol55. Primer sequences used for TRAC 
genotyping reactions are listed in Table 2-4. 

Table 2-4. TRAC oligos used. 

TRAC Oligomers 
GibB-for:XR+RKI CCAGATGTCAACACAGCTAC	

XR-rev GTTCCACAACTTGGAGGTAA	
GibC-for:XDH+TKL ACACACTGGCTTAAGGAGAC	

XDH-rev GTAGAAGTGGATGTCGGAAC	
GibA-for:XK+RPE GCCGATAATTGCAGACG	

XK-rev AGCTTATCTGGAGCATCAAA	
RPE-rev AGATGGACGGAGAGATGATA	
RKI-rev TTCAGCTACGTAAACGACAG	
TKL-rev CCTTAGGGTTGAATCTCATCT	

GibD-for:TAL AATAAAGCTCCACACAGTCG	
TAL-rev CGTATTCAGGCTTCTTAGCA	

GibE-for:PYK TATGGGCACAGACAACCTA	
PYK-rev GACCAAGACTTCGACAGAGT	
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Growth curves and fermentations 

Following plasmid transformation into yeast, cells were grown on SD-LU agar plates 
for 2-3 days. Colonies were picked into SD-LU (3 mL), grown for 24 hours and then 
diluted into SX-LU (3 mL) by transferring an aliquot of grown cells into fresh SX-LU. 
After 48 hours of aerobic growth in 24-well blocks, OD600 was measured and cells were 
diluted into a larger volume of SX-LU and shaken at either 100 or 200 rpm depending 
on the growth conditions. At designated time points, aliquots were taken from the 
cultures to measure OD600 and media was stored at -20 °C for later analysis by HPLC. 
For glucose fermentations, the initial cultures were diluted directly to OD600 = 0.05 in 
SD-LU under anaerobic conditions and shaken at 100 rpm. The empty plasmid strain 
used in this study was transformed with pML636 and pML638. 

Metabolite quantification 

Media aliquots were pelleted, and supernatant was transferred to GC/MS vials for 
sampling. From each sample, 10 µL was analyzed by refractive index on a Shimadzu 
LC20AD HPLC equipped with a Rezex RFP-fast acid H+ column (100x7.8mm, 55 ⁰C) 
run with 1 mL/min 0.01 N H2SO4 mobile phase. Metabolite concentrations were 
determined by comparing to a standard curve. 

Shotgun proteomics 

Cells were grown following the same procedure used during a growth curve. After 24 
(aerobic) or 48 (anaerobic) hours of growth in the final, larger SX-LU culture, OD600 was 
measured for each culture and 10 OD units (where 1 OD unit = the cells in 1 mL of 
culture at 1 OD600) of cells were pelleted, washed in 1 mL PBS (137 mM NaCl, 2.7 mM 
KCl, 10 mM Na2HPO4, 2 mM KH2PO4), and immediately frozen at -80 °C until later use. 

Pellets were resuspended in PBS and lysed by bead beating at -20 °C (90 seconds total 
with 30 second cycles). Cell lysates (100 µg total protein, as measured by Bradford) were 
precipitated in 20% TCA at -80 ⁰C overnight, pelleted at 4 °C, washed three times with 
ice cold 0.01 N HCl/90% acetone, dried at 25 °C and then resuspended in 8 M urea. 
ProteaseMax (0.1%, Promega) was added, vortexed and the reaction was diluted to 100 
µL with NH4HCO3 (70 mM). Protein was reduced by incubation with tris(2-
carboxyethyl)phosphine (10 mM) for 30 min at 55 °C and then alkylated with 
Iodoacetamide (12.5 mM) for 30 min in the dark with shaking. The reaction was brought 
up to a final volume of 234 µL with PBS and ProteaseMax (0.03%) and treated with 
trypsin (0.5µg/µL, Promega) overnight at 37 °C. The digested peptides were acidified 
with formic acid (5%), spun at max speed for 30 min and the supernatant was stored at -
80 °C until further use. The resulting tryptic peptides were loaded onto inline filters and 
peptides were chromatographically separated a C18 nanospray column. Peptides were 
analyzed by a Thermo Scientific LTQ-XL.  The resulting data were analyzed against the 
S. stiptis and S. cerevisiae tryptic proteomes using Integrated Proteomics Pipeline. ms2 
spectra data were searched using the SEQUEST algorithm (Version 3.0)81. SEQUEST 
searches allowed for oxidation of methionine residues (16 Da), static modification of 
cysteine residues (57 Da-due to alkylation), no enzyme specificity and a mass tolerance 
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set to ± 1.5 Da for precursor mass and ± 0.5 Da for product ion masses. The resulting 
ms2 spectra matches were assembled and filtered using DTASelect (version 2.0.27)82. A 
quadratic discriminant analysis was used to achieve a maximum peptide false positive 
rate of 1% as previously described83,84. 
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Chapter 3. Iterative optimization of xylose 
catabolism in Saccharomyces cerevisiae using 
combinatorial expression tuning and adaptation 
evolution 
	

Reproduced from Biotechnology and Bioengineering: Latimer LN, Dueber JE, “Iterative 
Optimization of Xylose Catabolism in Saccharomyces cerevisiae Using Combinatorial 
Expression Tuning” 2017, with permission from John Wiley and Sons. 

3.1. Introduction 
	
The primary goal of metabolic engineering is to enable the biochemical synthesis of a 
variety of chemicals, which can be used directly or chemically converted into other 
compounds as part of a greener synthesis85. To accomplish this goal, particularly for 
longer, poorly characterized pathways, what is needed are systematic, scalable, and 
pathway-independent methodologies86. Accordingly, a number of systematic 
methodologies have been developed. Specific examples include modifying host 
genomes87,88,89, engineering enzyme properties90,91, tuning enzyme expression92,93,94, and 
introducing pathway regulation95,96. 
An important step in metabolic pathway engineering is identifying rate-controlling 
enzymes for subsequent engineering97. An effective solution to this challenge, 
multivariate modular metabolic engineering (MMME), was pioneered by Ajikumar et 
al.98  (reviewed in Biggs et al., 201499). Optimizing taxadiene production in Escherichia 
coli, the authors first divided the pathway into expression balanced modules based on 
enzymatic activities (high or low); then they varied expression of the two modules in a 
combinatorial fashion. The production landscape from the first screen was used to 
inform adjustments to expression in a second combinatorial screen, which ultimately 
improved taxadiene titers by ~15,000 fold. While MMME covers an expression space 
with a limited number of strains, it is reliant on previous characterization of enzymatic 
activities and doesn’t allow for granular optimization that may be needed to address 
interdependencies, particularly within modules. 

An alternative approach to identify rate-controlling steps is to use combinatorial 
expression libraries as a means of surveying the expression landscape, where enzymes 
that enrich for high expression are likely controlling pathway flux. Previous work from 
our lab took advantage of improved DNA assembly technologies to develop a 
combinatorial expression library designed to simultaneously optimize each enzymatic 
step allowing granular resolution while requiring no prior biochemical knowledge of 
the pathway, which is ideal for poorly characterized pathways55. The cost for these 
benefits is a much larger library size. To handle this size, we used regression modelling 
to predict genotypes that preferentially produce different metabolites in the branched 
violacein pathway55. In Chapter 2, we employed selection for xylose utilization in 
Saccharomyces cerevisiae to search through the library100. 
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In this Chapter, we sought to expand upon our earlier optimization experiments by 
demonstrating an iterative optimization scheme that uses combinatorial expression 
libraries to identify rate-controlling enzymes and inform further engineering of the 
metabolic pathway. For our demonstration, we again chose the fungal xylose utilization 
pathway in S. cerevisiae as a model system. Following our proposed scheme, we created 
an iteratively optimized strain with improved xylose utilization capabilities. Finally, we 
investigated chromosomal integration of these combinatorial libraries. 
 

3.2. Results and Discussion 
3.2.1. A workflow for iterative strain engineering using combinatorial 
expression libraries 
 
One of the long-standing challenges in engineering microbial metabolism is having 
systematic approaches to increase flux to achieve industrially viable titers, particularly 
for longer pathways, which often have limited biochemical characterization86,101. 
Towards this goal, we present a methodology centered around combinatorial 
expression libraries as a systematic tool for evaluating the regulatory landscape of a 
metabolic pathway (Fig. 3-1). Importantly, our workflow does not rely on prior 
biochemical characterization of the enzymes and simultaneously optimizes each 
enzymatic step, providing granular resolution for interdependencies during 
optimization. 

 

	

Figure 3-1. A methodology for iterative pathway engineering informed by expression 
optimization. Coding sequences (CDS) are identified and each is cloned into an 
expression cassette. Expression is verified (e.g. fluorescent protein fusion, activity assay, 
proteomics). If needed, more CDSs are screened. The metabolic pathway is then 
assembled with the verified enzymes as a combinatorial expression library, transformed 
into the chassis of choice and subjected to a screen or selection. Enriched strains are 
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genotyped to map expression space. Enzymes enriched for high expression are 
modified by increased copy number and/or mutagenesis and the expression library 
transformation and screen is repeated. * represents point mutations. 

	
The requirements for our engineering strategy are a chassis for which there are 
characterized promoters and genetic techniques to enable library transformations. The 
workflow begins with identification of coding sequences for the requisite enzymes to 
construct a biosynthetic pathway to produce the metabolite(s) of interest (Fig. 3-1). Each 
enzyme is then expressed, and in vivo protein synthesis is validated. While directly 
assaying enzymatic activity is ideal for validation, scalable activity-independent assays, 
such as fluorescent reporter fusions or shotgun proteomics, are more amenable for 
longer pathways and for enzymes lacking established activity assays. In the case of 
fluorescent protein fusions, microscopy may help determine if the protein is soluble 
(diffuse fluorescence) or insoluble (punctate fluorescence can be due to aggregation)102. 
Using acceptable coding sequences, the pathway is assembled as a combinatorial 
expression library employing a set of varied-strength promoters to simultaneously 
regulate the expression of each gene in the pathway. This library is transformed into the 
host of choice, the resulting strains are characterized, and high-performing strains are 
genotyped. Using this information, we propose that enzymatic steps that limit pathway 
flux can be identified by their enrichment for strong promoters. These enzymatic 
activities can then be addressed by further overexpression via increased copy number 
or directed evolution of the target genes. The modifications are incorporated into 
another round of optimization by either recloning the library with an improved mutant 
enzyme or reintroducing the combinatorial expression library into the strain that 
overexpresses additional copies of the limiting enzyme. This process could, in theory, 
be iterated until improvements are no longer observed. Given the large library sizes 
resulting from the combinatorial nature of this technique, pathways with high-
throughput screens or selections are most amenable to this methodology. Alternatively, 
modeling has been used to predict important enzymes using limited library sampling55.  
Xylose utilization as a model pathway for iterative optimization 

To demonstrate the workflow described above, we chose to optimize xylose utilization 
in Saccharomyces cerevisiae. As described in Chapter 2.1, this pathway has long been of 
interest for fermenting lignocellulosic hydrolysates as part of second-generation biofuel 
and commodity chemical production38. The eight-enzyme fungal pathway (Fig. 2-1) is 
representative of a longer pathway that our workflow is designed to improve. 

3.2.2. Expression characterization  
	
Expression characterization identifies superior expression of ScRPE1 and ScTKL1 
compared to SsRPE and SsTKL 

The first step in our workflow is to identify functional coding sequences. This is 
particularly important as subsequent analysis of the expression space may not identify 
limiting enzymes that are poorly expressed. During our previous characterization of the 
xylose catabolic pathway, we compared enzyme expression of our engineered xylose 
utilizing strains using shotgun proteomics (Fig. 2-8). Even when expressed with the 
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strong pTDH3 promoter, we observed very few spectral counts for peptides 
corresponding to two of the enzymes in the PPP: ribulose-5-phosphate epimerase 
(SsRPE) and transketolase (SsTKL), which we interpret as poor expression or stability of 
these two enzymes103. Using only this information as our initial screen for protein 
expression, we searched for alternative coding sequences that express better. While we 
originally selected our enzymes from the natural xylose utilizing yeast, S. stipitis, 
hypothesizing that these enzymes would have high activities, we turned to the native S. 
cerevisiae homologs for improved expression of SsRPE and SsTKL.  
To characterize protein expression of these homologs, we compared two sequence-
independent, scalable techniques: fluorescent reporter fusions and shotgun proteomics. 
First, we cloned each enzyme individually with N- and C-terminal yellow fluorescent 
protein (YFP) fusions, and screened for fluorescence (Fig. 3-2A). Notably, tagged SsTKL 
showed almost no fluorescence, indicating poor expression. All homolog pairs except 
ScTKL1 and SsPYK have substantial and comparable bulk fluorescence and diffuse 
fluorescence by microscopy (Fig. 3-3), including SsRPE and ScRPE1. Previously we 
observed low expression of untagged SsRPE by shotgun proteomics. We hypothesize 
that the improved expression of SsRPE-YFP fusion compared to previous shotgun 
proteomics measurements is due to the YFP fusion104. 
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Figure 3-2. Fluorescent reporter fusions and proteomics identify poor expression of 
heterologous PPP enzymes SsRPE and SsTKL. A) Fluorescence values normalized by 
optical density for glucose-grown saturated yeast cultures expressing S. stipitis or S. 
cerevisiae PPP enzymes N- or C-terminal fused to the fluorescent reporter YFP. N = 6. * 
was not tested. B) Shotgun proteomics peptide abundance normalized to total 
endogenous counts for strains expressing the indicated enzymes each regulated by 
pTDH3 when grown anaerobically to mid-log on xylose. N = 3 samples for the left 
graph and N = 2 for the right graph. Arrows highlight low counts of SsRPE and SsTKL 
compared to ScRPE1 and ScTKL1. 
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Figure 3-3. Microscopy of YFP-tagged heterologous xylose enzymes. Microscopy of 
the indicated enzymes with expression driven by pTEF1, and grown to mid-log on 
glucose show largely diffuse fluorescence. Nuclear localization of ScTKL has been 
previously reported105. SsPYK is both diffuse while having localization to unknown 
puncta that may indicate protein aggregation. 

Second, we expressed two different pathways: 1) the entire S. stipitis pathway, or 2) a 
chimeric pathway and analyzed anaerobic, xylose-cultured cells by shotgun proteomics 
(Fig. 3-2B). For the chimeric pathway, the downstream enzymes were S. cerevisiae 
homologs with the lone exception of SsTAL which was retained because ScTAL1 
overexpression has previously been shown to be toxic40. As seen earlier under aerobic 
conditions (Fig. 2-8), we observed little or no signal for SsRPE and SsTKL. In the 
chimeric strain, we measured substantial peptide counts for both ScRPE1 and ScTKL1, 
indicating improved expression of these homologs. Comparing the two expression 
characterization methods, we find them to generally be in agreement, except for SsRPE 
expression. Thus, tag-free approaches such as shotgun proteomics are more ideal 
because tagging the protein can modify the expression or activity, either in a positive 
manner as seen here with SsRPE but likely also in a negative manner for other proteins. 
However, protein fusions are adequate when instrumentation and expertise for 
proteomics are not available. Going forward, readily available tools for rapid 
characterization of heterologous in vivo protein expression/activity are needed103. 
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Chimeric PPP expression library enriches different expression of TKL and TAL  

Based on the expression characterization, we chose a chimeric xylose utilization 
pathway with all enzyme coding sequences taken from S. stipitis except ScRPE1 and 
ScTKL1. Similar to our previous optimizations, we assembled a combinatorial 
expression library using the set of five constitutive promoters of varying strength 
spanning approximately three orders of magnitude (Fig. 2-2) to drive transcription of all 
eight genes. As was done in Chapter 2, the pathway was divided into two plasmids: the 
first containing the upstream SsXR, SsXDH, SsXKS while the second has the 
nonoxidative PPP and SsPYK. We transformed this library into the laboratory S. 
cerevisiae strain BY4741 yielding 1.8-fold library coverage and enriched the library over 
ten 100-fold back-dilutions by selecting for anaerobic growth supplying xylose as the 
sole carbon source. Using TaqMan rapid analysis of combinatorial assemblies (TRAC)55, 
we genotyped enriched colonies, which are summarized in the enrichment profile 
shown in Figure 3-4A. 

	

Figure 3-4. The chimeric xylose utilization pathway expression library enriches for 
higher TKL expression and lower TAL expression, improving xylose utilization. A) 
Enrichment profile heatmap generated from genotyping 48 colonies expressing the 
chimeric xylose catabolism pathway from an anaerobically enriched expression library. 
B) Genotypes and description of reference, all pTDH3 strain LLTDH3C, and enriched 
strains. Shading of each square corresponds to promoter. RPE and TKL coding 
sequences are from either S. cerevisiae (Sc) or S. stipitis (Ss). C) Anaerobic growth curves 
in synthetic xylose media supplemented with 0.01g/L ergosterol, 0.43g/L Tween 80 
and 1.4 g/L ethanol for strains indicated in (B). D) Extracellular metabolite 
concentrations for fermentations shown in (C). Xylose ( ), Xylitol ( ), Ethanol (

). Error bars represent SD of biological triplicates. 
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As expected, the enrichment profile for this library is similar to the previous anaerobic 
enrichments of the S. stipitis pathway: high expression of SsXR and SsXDH, 
intermediate expression of SsXKS, low expression of ScRPE1 and SsRKI, and moderate 
expression of SsPYK (Fig. 2-6). Interestingly, ScTKL1 enriched for stronger promoters 
(i.e., no genotyped strains had the weakest pREV1), while previously SsTKL had 
enriched most strongly for pREV1. This difference is likely important, given that 
switching from SsTKL to ScTKL1 improved cell growth on xylose (Fig. 3-5). To try to 
understand why ScTKL1 expresses better and improves growth on xylose compared to 
SsTKL, we compared SsTKL and ScTKL1 expression by western blot of cell lysates (Fig. 
3-6). There appears to be quite a bit of insoluble protein for both enzymes as well as 
degradation products. These degradation products have been reported before106. 
Interestingly, the largest band, presumably corresponding to the full-length product, for 
all of these variants is unexpectantly larger than the predicted mass. This suggests that 
the enzymes may be post-translationally modified, which could lead to a loss of 
activity. It is also worth noting that the Venus-ScTKL1, which is functionally similar to 
ScTKL1 (Fig. 3-6), has a second major band at the expected molecular mass, which is not 
present in the other lysates. Perhaps this band is responsible for the assumed increase in 
transketolase activity. Better understanding will certainly require enzymatic assays and 
purification. This differences in soluble expression suggest there are major differences 
between SsTKL and ScTKL1, which likely drive the differences in enrichment of 
promoters upstream of transketolase. Regardless of the underlining mechanism, the 
differential enrichment of promoters highlights the importance of not relying on 
previous optimization results when changing coding sequences. 
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Figure 3-5. Expression of ScTKL1 improves anaerobic growth on xylose.Genotypes of 
strains. Ss indicates SsTKL, Sc indicates ScTKL1, and V-Sc indicates Venus-ScTKL1 
coding sequences. B) Anaerobic growth curves in synthetic xylose media 
supplemented with 0.01 g/L ergosterol, 0.43 g/L Tween 80 and 1.4 g/L ethanol for 
strains indicated in (A). Error bars represent SD of biological triplicates. 
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Figure 3-6. Western blot of heterologously expressed transketolases. S. cerevisiae 
expressing the indicated transketolases were lysed by bead beating, pelleted, and 
soluble and insoluble fractions were separated by SDS-PAGE gel followed by western 
blotting using a Venus-specific antibody. 

	
We also observed enrichment of weaker promoters driving expression of SsTAL 
compared to our previous libraries (Fig. 2-6). If we assume no change to expression or 
activity of SsTAL upon switching RPE and TKL coding sequences from S. stipitis to S. 
cerevisiae, then this result is unexpected. Proteomics of the ScPPP expressing strain, 
which expresses SsTAL, shows a decrease in SsTAL expression compared to the strain 
expressing the SsPPP with no change in protein sequence coverage (Fig. 3-2B; data not 
shown); there is also no change in SsXR, SsXDH and SsXKS counts between these two 
strains (Fig. 3-2B). This context-dependent enrichment of SsTAL is further evidence that 
systematic optimization is necessary following any major perturbation to the pathway, 
as has been previously speculated107, and which is accounted for in our workflow (Fig. 
3-1). 
The chimeric PPP improves xylose utilization in S. cerevisiae BY4741 

We aimed to determine whether the homolog substitution and subsequent expression 
optimization improved xylose utilization of individual strains. Accordingly, we 
recloned a predominant enriched genotype from the chimeric library enrichment, 
LL121A, and compared it in an anaerobic fermentation to a reference, the naive high 
expression chimera strain, LLTDH3C, and a previously anaerobically enriched S. stipitis 
pathway expressing strain, LL111A (Fig. 3-4B). Previously, the all S. stipitis/all pTDH3 
full pathway strain showed inferior growth and xylose utilization compared to LL111A; 
however, the chimeric LLTDH3C showed similar growth (Fig. 3-4C), but slower xylose 
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utilization at saturation compared to LL111A (Fig. 3-4D). Thus, the switch to the 
chimeric pathway appears to have improved strain performance, particularly growth. 
These improvements are further amplified by expression optimization: LL121A reached 
42% higher culture densities, metabolized 30% more xylose, and produced 22% more 
ethanol compared to the previous optimal strain LL111A (Fig. 3-4D). The performance 
of LL121A is recapitulated in a second enriched genotype (i.e. LL121B) (Fig. 3-7). 

	

Figure 3-7. Enriched genotypes from the chimeric xylose utilization pathway 
expression library improve xylose utilization. A) Genotypes of enriched strains. 
Shading of each square corresponds to the promoter upstream of the enzyme. B) 
Anaerobic fermentations in synthetic xylose media supplemented with 0.01 g/L 
ergosterol, 0.43 g/L Tween 80 and 1.4 g/L ethanol for strains indicated in (A). Error 
bars represent SD of biological triplicates. 

3.2.3. Iterative optimization enriches for multiple copies of XR and 
improves xylose utilization 
	
Increased SsXR and SsTAL copy number results in decreased SsTAL expression but 
no improvements to xylose utilization 

When we began exploring the implementation of this workflow and iterative expression 
optimization (Fig. 3-1), we had identified ScTKL1 as an important and limiting activity, 
however had yet to perform the initial expression optimization using ScTKL1. While the 
library shown in Figure 3-4 was enriching, we concurrently enriched a different 
iterative expression library. This library was based on the S. stipitis enrichment profiles 
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shown in Figure 2-6, where we identified SsXR and SsTAL for overexpression. Extra 
copies of these genes were integrated into BY4741 with strong promoters pCCW12 and 
pPGK1 driving expression, respectively93. The resulting strain, yJD215, was transformed 
with the same expression library used in Figure 2-8 and enriched for anaerobic growth 
on xylose. The resulting enrichment profile (Fig. 3-8A) showed no change in promoter 
enrichment for most enzymes, indicating reproducibility of the library enrichment. This 
included SsXR expression, which remained exclusively enriched for pTDH3 levels 
despite the additional chromosomal copy. Interestingly, the SsTAL expression enriched 
even lower expression than it had previously (Fig. 3-4A), primarily pREV1 levels. This 
reduction in SsTAL expression, knowing that SsTAL is already not limiting (enriching 
for pRPL18B), indicates that genes which do not require additional expression should 
enrich for lower expression within the library to reduce unnecessary protein burden76. 
We cloned three strain genotypes that were enriched in this first iterative library to 
determine if the extra copy of XR improved xylose utilization (Fig. 3-8B). When 
compared in anaerobic xylose fermentations, we observed no improvements in xylose 
utilization for any of these three strains compared to the enriched library genotypes 
without the extra copies of SsXR and SsTAL (Fig. 3-8C). Based on these observations as 
well as the low catalytic activity of SsXR compared to the other enzymes (Table 2-1), we 
were concerned that a single extra chromosomal copy of XR may not yield a sufficient 
increase in xylose reductase activity to significantly impact xylose utilization. 
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Figure 3-8. The chimeric xylose utilization pathway expression library with an 
additional copy of XR and TAL does not improve xylose utilization.Enrichment 

profile heatmap generated from genotyping 48 colonies expressing the chimeric 
xylose catabolism pathway in yJD215 from an anaerobically enriched expression 
library. B) Genotypes and description of reference and enriched strains. Shading of 
each square corresponds to promoter. RPE and TKL coding sequences are from 
either S. cerevisiae (Sc) or S. stipitis (Ss). C) Optical density and extracellular 
metabolic concentrations after 92 hours of anaerobic growth in synthetic xylose 
media (23 g/L) supplemented with 0.01g/L ergosterol, 0.43g/L Tween 80 and 1.4 
g/L ethanol for strains indicated in (B). Error bars represent SD of biological 
triplicates. 
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Iterative optimization with variable XR copy number and ScTKL1 overexpression 

Combining the enrichment profile trends from the first (Fig. 3-4) and second round of 
expression optimization (Fig. 3-8), we identified four targets for overexpression: SsXR, 
SsXDH, ScTKL1, and SsTAL. While not every one of these genes enriched for maximum 
expression of pTDH3, metabolic control theory108,109 predicts that the pathway may not 
be limited solely by xylose reductase activity and we were particularly concerned that 
these other activities may be important upon additional SsXR expression. We cloned 
these four enzymes with strong promoters and integrated them into BY4741 to yield 
yJD228. To address a need to more substantially increase xylose reductase activity, we 
redesigned the XR-XDH-XKS library plasmid to additionally include a varying number 
of additional copies of SsXR (0, 1, 2, or 3) driven by a promoter of comparable strength 
to pTDH3, pCCW1293. To each of these plasmid libraries, we also added TRAC-
compatible barcodes corresponding to the SsXR copy number for genotyping by TRAC. 
To verify increased xylose reductase activity with increasing copy number, we 
measured activity in cell lysate and observed a linear increase in reductase activity with 
copy number (Fig. 3-9). However, the ratio of activity improvement was less than 1:1 
with copy number, suggesting that factors in transcription, translation, or folding of 
SsXR become limiting with increased copy number. 

	

Figure 3-9. Characterization of xylose reductase activity as a function of SsXR copy 
number. Xylose reductase activity in cell lysate for strains expressing SsXR (Table 3-3). 
Extra copies are pCCW12-SsXR. SR8 has five integrated copies of pTDH3-SsXR (Soo Rin 
Kim, personal communication). Cells were lysed by bead beating and activity was 
monitored by NADPH absorbance at 340 nm. 

We transformed the modified library into yJD228, which yielded a lower 35% library 
coverage, a consequence of a four-fold increase in library size compared to the first 
library, due to the additional variable of varying SsXR copy number. The library was 
subjected to enrichment as before. For many of the genes, the enrichment profile for the 
anaerobically enriched library showed less dramatic enrichment for a specific promoter 
(Fig. 3-10A). For example, ScTKL1 and SsTAL showed a slight preference for lower 
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expression. Most striking is the enrichment of SsXR, which not only enriched 
exclusively for high expression for the gene controlled by the variable promoter but also 
enriched for an additional two or three copies yielding a total of four or five copies of 
SsXR in each strain. A number of these strains also enriched for stronger promoters 
driving XDH and XKS expression compared with previous anaerobic enrichments, 
which we speculate may be necessary to balance increased xylose reductase flux. For a 
number of the downstream enzymes, there was weaker enrichment, which suggests 
that these activities are no longer critical for achieving high pathway flux. An exception 
is SsPYK which enriched for higher expression compared to previous libraries. 

	

Figure 3-10. Iterative expression optimization enriches for four copies of SsXR and 
improves xylose utilization. A) Enrichment profile heatmap generated from 
genotyping 48 colonies from an anaerobically enriched promoter library regulating the 
chimeric xylose pathway with 0-3 extra copies of pCCW12-SsXR in strain background 
yJD228. B) Genotypes and description of enriched strains. C) Anaerobic fermentations 
in synthetic xylose media supplemented with 0.01g/L ergosterol, 0.43g/L Tween 80 
and 1.4 g/L ethanol for strains indicated in (B. OD600 ( ) Xylose ( ), Xylitol (

) Ethanol ( ). Error bars represent SD of biological triplicates. 

To test whether these changes in the library improved xylose utilization and ensure any 
improvement was not a result from strain adaptation, we reassembled an enriched 
genotype, LL321B in the yJD228 background. Compared with the first optimized strain, 
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LL321B outperforms LL121A utilizing 19% more xylose and producing 15% more 
ethanol (Fig. 3-10B and C; Table 3-1). Because they have similar growths, these 
differences in metabolite fermentation are the result of improved productivities of the 
cells (Table 3-1). Overall, the course of these optimizations described in this chapter and 
Chapter 2 resulted in a 20% increase in growth rate, a 4-fold increase in xylose 
consumption rate, and a 2.5-fold increase in ethanol productivity. The improvements of 
LL321B demonstrates that iterative optimization informed by combinatorial expression 
libraries can improve strain performance. Compared to adapted XR-XDH-XKS 
expressing strains reported in the literature (Table 3-1), LL321B shows a little less than 
half the xylose fermentation rates, indicating further modifications to the strain 
background are needed. 
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Table 3-1. Comparison of xylose fermentations in this and previous studies. 

Strain Description Conditions µa 
Xylose 
Consu. 
Ratea 

EtOH 
rate.a 

EtOH 
yield 

Xylit. 
Yield 

Glyc. 
yield Ref. 

pTDH3 
full 

pathway 

All pTDH3 S. 
stipitis pathway; 

plasmid 

Anaerobic serum 
vial, synthetic media 

(20 g/L xylose) 
0.045 0.097 0.046 0.29 0 N.R. 2-11 

LL111A 
Optimized S. 

stipitis pathway; 
plasmid 

Anaerobic serum 
vial, synthetic media 

(20 g/L xylose) 
0.050 0.277 0.115 0.28 0.20 N.R. 2-11 

LLTDH3C 
All pTDH3, 

chimeric pathway; 
plasmid 

Anaerobic serum 
vial, synthetic media 

(20 g/L xylose) 
0.049 0.232 0.122 0.48 0.02 0.08 3-4 

LL121A 
Optimized 

chimeric pathway; 
plasmid 

Anaerobic serum 
vial, synthetic media 

(20 g/L xylose) 
0.053 0.335 0.103 0.37 0.17 0.07 3-4 

LL321B 
Optimized 

chimeric pathway; 
plasmid 

Anaerobic serum 
vial, synthetic media 

(20 g/L xylose) 
0.054 0.403 0.116 0.35 0.22 0.06 3-10 

LL121A 
Optimized 

chimeric pathway; 
plasmid 

Anaerobic serum 
vial, synthetic media 

(40 g/L xylose) 
0.050 0.438 0.163 0.37 0.26 0.06 3-4 

LL321B 
Optimized 

chimeric pathway; 
plasmid 

Anaerobic serum 
vial, synthetic media 

(40 g/L xylose) 
0.049 0.450 0.181 0.40 0.20 0.08 3-10 

Top int. 
Strains(n=

4) 

Integrated 
chimeric pathway, 

enriched 

Anaerobic serum 
vial, synthetic media 

(40 g/L xylose) 

0.090
b 0.520b 0.234b 0.40 0.12 0.04 3-15 

LL441AE 
Integrated 

chimeric pathway, 
adapted 

Anaerobic serum 
vial, synthetic media 

(40 g/L xylose) 
0.113 

b 0.665b 0.230b 0.35 0.22 0.07 3-16 

SR8 XR-XDH-XKS, 
�ald6 adapted 

Anaerobic serum 
vial, synthetic media 

(20 g/L xylose) 
0.047 0.352 0.092 0.32 0.23 0.09 3-16 

SR8 XR-XDH-XKS, 
�ald6 adapted 

Microaerobic 
shakeflask, YP (40 

g/L xylose) 
0.09c 0.87c 0.28c 0.31 N.R. N.R. [32] 

TMB3420 

XR-XDH-XKS1 
+GAL2 +RPE1 
+RKI1 +TKL1, 
�gre3, adapted 

Bioreactor, synthetic 
media (60 g/L 

xylose) 

0.079
d 0.89d 0.32d 0.36 0.13 N.R. [110] 

µ is specific growth rate (1/h) 
a calculated over first 72 hrs fermentation (majority of exponential growth) based on 
average OD; (units: g/[g DCW x hr]) 
b calculated over first 41.5 hrs fermentation due to shorter exponential growth phase 
c calculated when over 90% of xylose was consumed 
d calculated over 2-3 doubling during exponential phase 
*N.R.  not reported 
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3.2.4. Integration of combinatorial expression libraries 
	
Many metabolic engineering applications require genomic integration of the enzymes 
for expression reproducibility, stability, and selection-free fermentations111. In our 
implementation of this iterative strain engineering strategy, expression optimization 
occurred using episomal plasmids. A common solution would be the integration of the 
optimized plasmid sequence to ascertain the benefits of chromosomal expression. To 
test the stability of our plasmid expression system, we repeatedly back-diluted nearly 
saturated culture every 72 hours into non-selective xylose media of yeast strains 
expressing the xylose utilization pathway on a plasmid or integrated. While we did not 
measure xylose fermentation, growth over the course of three weeks in this non-
selective media showed no difference between the strains and over the course of the 
experiment, suggesting that the selective pressure of growth on xylose is sufficient to 
maintain the plasmids (Fig. 3-11). However, in high density fermentations, this selective 
pressure may decrease. Furthermore, we are also interested in applying this 
methodology for other growth-independent metabolic pathways, there remains a need 
for genomic integration. The main complication with integration of these metabolic 
pathways is that strain performance can decrease upon integration because expression 
from a given sequence typically decreases when integrated112. Indeed, when we 
compared isogenic strains differing only by whether the xylose pathway was expressed 
on a low copy plasmid or integrated in the genome, the integrated strain showed 
inferior xylose utilization (Fig. 3-12). As a result, further optimization after integration 
by increasing enzyme expression or copy number is likely needed. A superior solution 
would be to optimize expression in the genome from the start. By integrating initially, 
these reductions in expression can be corrected for during the optimization and the final 
strain can be used directly. Thus, we sought to implement chromosomal-based 
combinatorial expression optimization. We did not initially pursue this approach in 
Chapter 2, because genomic integration of these large 105 member libraries was 
impractical due to low integration efficiency at the time, however this efficiency has 
been dramatically improved with recently developed techniques93,113,114. 
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Figure 3-11.	 Plasmid-based expression of the xylose pathway is stable in non-
selective xylose media. Repeated anaerobic growth in synthetic xylose (20 g/L) media 
without amino acid dropouts supplemented with 0.01 g/L ergosterol, 0.43 g/L Tween 
80 and 1.4 g/L ethanol for the indicated strains. 
 
 

	

Figure 3-12. Chromosomal integration reduces growth and xylose utilization. A) 
Genotypes and description of enriched strains. +XR and +XDH indicate additional 
copies of the genes with strong promoters B) Anaerobic growth curves and extracellular 
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metabolic concentrations after 99 hours of anaerobic growth in synthetic xylose media 
(40 g/L) supplemented with 0.01g/L ergosterol, 0.43g/L Tween 80 and 1.4 g/L ethanol 
for strains indicated in (A). Error bars represent SD of biological triplicates. 

To implement the use of chromosomally-integrated combinatorial expression libraries, 
we redesigned our starting strain and library to 1) reduce recombination rates and 2) 
increase expression of limiting enzymes identified earlier, anticipating an overall 
decrease in expression. Accordingly, we recloned the xylose utilization pathway with 
unique terminators using the Golden Gate scheme defined in our Yeast Toolkit93 
comprising 10 genes divided for integration into two loci (Fig. 3-13). To simplify the 
library integration, we assigned five genes a single promoter (i.e., fixed expression) and 
integrated them into yRC864, a BY4741 strain with an I-SceI restriction site integrated at 
the Ura3 locus115, to create yJD231. These genes included ScRPE1 and SsRKI regulated 
by intermediate strength promoters and two extra copies of recoded (to lower the 
probability of undesired recombination) SsXR and one copy of SsXDH expressed by 
strong promoters. The combinatorial library included five genes: SsXR, SsXDH, SsXKS, 
SsTAL, and ScTKL1 targeted for integration into the Ura3 locus. We transformed this 
library along with an I-SceI cutter plasmid into yJD231 to enhance integration 
efficiency93, which yielded over 20-fold library coverage. As before, we subjected the 
library to selection by anaerobic growth on xylose. 
 

	

Figure 3-13. Vector design for chromosomally integrated combinatorial expression 
library strains. Homology regions correspond to the associated auxotrophic marker 
locus. *indicates recoded genes. 

	
Chromosomally integrated expression libraries select for multiple integrations 

By comparing enrichment profiles for colonies before enrichment and after ~66 
generations we observed that the library enriched for strains that had integrated the 
combinatorial library genes multiple times as indicated by multiple genes each showing 
probe signal in the TRAC reaction for multiple different promoters (Fig. 3-14). 
Enriching for the subpopulation of strains with multiple integrations results in loss of 
the information provided by genotyping because the expression space of the library is 
no longer defined. However, identifying that multiple integrants results in superior 
strains still indicates that expression is limiting for one or more of these enzymes. Thus, 
these integrated libraries may yield a high performing, though not fully understood 
strains. For other metabolic pathways that are enriched by screening, these multiple 
integrants strains should not break interpretation of the library so long as sufficient 
single-integration colonies are screened to observe enrichment trends. 
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Figure 3-14. Integrated library enrichment genotypes.Strain genotypes for 30 colonies 
immediately after combinatorial library integration for the five genes in the library. 
B) Enriched strain genotypes for 30 colonies from the library in (A) after 11 100-fold 
dilutions on xylose under anaerobic conditions. Colored in boxes in each row/color 
corresponds to detection of a library promoter by TRAC. Relative promoter strength 
is from high to low expression going down. Strains lacking data had no signal 
above background in the TRAC reactions, which could be a result of poor cell lysis 
or off-target integration of Ura3. 
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3.2.5. Adaptation of integrated expression library results in a rapid xylose 
utilizing strain 
	
After further enrichment of the integrated library, we discovered that the library culture 
started utilizing xylose faster between 126 and 174 generations, presumably due to a 
mutation in one of the library members (Fig. 3-15). We compared an isolated strain, 
LL441AE, to two top performing xylose utilizing laboratory S. cerevisiae strains from the 
literature116 (Fig. 3-16A) and found that LL441AE consumes xylose faster and produces 
ethanol faster than either XR-XDH harboring SR832 or XI-based SXA-R2P-E117 in an 
anaerobic, high-density batch fermentation (Fig. 3-16B, C). 

	

Figure 3-15. Adaptation of the integrated combinatorial expression library improves 
anaerobic growth and xylose fermentation. Anaerobic fermentation results after 72 
hours’ growth in synthetic xylose media (41.4 g/L xylose) supplemented with 0.01 g/L 
ergosterol, 0.43 g/L Tween 80 and 1.5 g/L ethanol. Five individual colonies from each 
generation were assayed. Initial culture density was normalized to 0.1. Error bars 
correspond to the range of values. 
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Figure 3-16. The adapted strain LL441AE shows superior xylose utilization. A) 
Description of various adapted laboratory strains. B, C) High density (initial OD = 20) 
fermentations in synthetic xylose media supplemented with 0.01g/L ergosterol, 0.43g/L 
Tween 80 and 1.4 g/L ethanol for strains indicated in (A).  Xylose ( ), Ethanol 
), Xylitol ( ), Glycerol ( ). Error bars represent SD of biological triplicates. 
 

To further characterize our adapted strain and verify gene duplication of the library as 
detected by TRAC, we sequenced LL441AE using PacBio technology, which provides 
reads up to 30 kilobases long, enabling detection of tandem gene duplications. Our de 
novo genome assembly showed that LL441AE has five or more tandem repeats of the 
first four genes in the combinatorial library expression construct (SsXR, SsXDH, SsXKS, 
and SsTAL), spanning 50 kilobases, at the Ura3 locus (Fig. 3-17A). Based on the absence 
of ScTKL1 in all but the last repeat, we propose a mechanism of tandem integration 
mediated by homologous recombination between the promoter of SsXR on one DNA 
polymer and the promoter of ScTKL1 on another DNA polymer (Fig. 3-17B). 
Furthermore, at least three of these repeats were likely integrated during the initial 
library transformation because the promoters driving SsXDH and SsXKS are different 
for each of these repeats. To generate these unique combinations of promoters, unique 
DNA fragments from the transformation mixture would be required. Based on the 
duplicated set of promoters between the first two repeats and the third and fourth 
repeats, we hypothesize that the first two repeats arose from a later gene duplication 
event of the 3rd and 4th repeats. Such a duplication may be the cause of the marked 
improvement in LL441AE compared to earlier library strains. Alternatively, mutations 
elsewhere in the strain are responsible for the rapid xylose utilization in LL441AE. That 
the library adapted indicates that a key enzyme(s) remains excluded from the library or 
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starting strain genotype. Based on these findings, going forward, a more comprehensive 
systematic pathway engineering scheme that includes procedures to identify additional 
important enzymatic reactions should be considered. Thus, adaptation is a powerful 
strategy to expand upon a combinatorial expression library starting strain when a 
selection is available. 

	

Figure 3-17. Adapted strain LL441AE has five tandem integrations of the expression 
pathway. A) Genome architecture at the Ura3 locus for expression library isolate, 
LL441AE, as determined by PacBio sequencing. Dashed lines are shown for continuity, 
however there is no extra DNA between rows. Terminators are omitted for clarity. B) 
Proposed mechanism for multiple integration events mediated by homologous 
recombination at repeated promoters in the combinatorial library. 
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3.3. Conclusion 
	

In this chapter, we presented a workflow designed to iteratively and systematically 
improve a metabolic pathway, which should be pathway-independent, and 
demonstrated its use with the fungal xylose utilization pathway as a model system. The 
final strain resulting from iterative optimization, LL321B, grows to approximately three 
times the density while consuming five times more xylose during anaerobic 
fermentation compared to the initial, naive strain where all enzymes were from S. 
stipitis and expressed with pTDH3: “pTDH3 full pathway” as shown in Fig. 2-11. 
Further improvements were achieved through enrichment of chromosomal integration 
of the pathway which resulted in selection for strains that had undergone gene 
duplication, which were even further improved as a result of strain adaptation. To 
improve this workflow and other metabolic engineering efforts, better methods for 
enzyme characterization, ideally activity-based, are needed. Further, methods for 
identifying other key regulatory enzymes in central metabolism, such as inverse 
metabolic engineering, can be incorporated into this scheme to decrease initial biases in 
enzymatic reaction space that is optimized. While this workflow is a step towards better 
engineering of heterologous metabolism, further development of generalizable, 
systematic optimization strategies to rapidly engineer and debug metabolic pathways 
are needed. 

	

3.4. Materials and Methods 
	

Strains and Media  
All plasmid transformations were performed as described in Section 2-4. All cells were 
grown as described in Section 2-4.  
Plasmids and Combinatorial Expression Libraries  

All DNA oligomers were ordered through Integrated DNA Technologies (IDT). All S. 
stipitis cassette plasmids were used as described in Section 2-4. Recoded SsXRs 
sequences were designed using http://genedesign.jbei.org/ and IDT codon 
optimization tool and synthesized by IDT. S. cerevisiae genes were cloned by PCR from 
the BY4741 genome using primers listed in Table 3-2 followed by either subcloning or 
golden gate57. Cassette plasmids were assembled as described previously in Section 2-4. 
YFP fusion cassettes were cloned using standard parts from the Yeast Toolkit93. Multi-
gene plasmid libraries or plasmids with specific promoter genotypes were assembled in 
a BsmBI golden gate reaction using 20 fmol of each plasmid. For the variable copy 
number of XR libraries (Fig. 3-10), four libraries (pLNL336-9 corresponding to 0-3 SsXR 
copies, respectively) were cloned and purified separately and then mixed at equal 
molarity. Plasmid information is summarized in Table 3-3 and all plasmid sequences 
are deposited in the SynBERC registry (https://registry.synberc.org/login) and 
backbone vector construction details are available upon request.   
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Table 3-2. Oligomer sequences used in Chapter 3. 

Oligo Name Sequence 
ScRPE-for+BglII-5’ AATTAGATCTATGGTCAAACCAATTATAGC	
ScRPE-rev+XhoI-3’ TTAACTCGAGCTAATCTAGCAAATCTCTAGAACG	
ScTKL-for+BglII-5’ TTAAAGATCTATGACTCAATTCACTGACATTGATAAGCTAGCCATCTC	
ScTKL-rev+XhoI-3’ AATTCTCGAGTTAGAAAGCTTTTTTCAAAGG	
SsXR-part3-for GCATCGTCTCCTCGGTCTCCtagcatgaccgctaacccatcttt	
SsXR-part3-rev ATGCCGTCTCAGGTCTCAGGATCCgacgaagataggaatctt	
SsXDH-part3-for GCATCGTCTCCTCGGTCTCCTATGactgctaacccttccttggt	

SsXDH-part3-rev ATGCCGTCTCAGGTCTCAGGATttacaatttggaaccctcagggccgtcaa
tgag	

SsXKS-part3-for GCATCGTCTCCTCGGTCTCCTATGaccactaccccatttgat	
SsXKS-part3-rev ATGCCGTCTCAGGTCTCAGGATCCgtgtttcaattcactttc	
SsRPE-part3-for GCATCGTCTCATCGGTCTCCTATGgtccagcctatcatctctc	
SsRPE-part3-rev ATGCCGTCTCAGGTCTCAGGATCCcttagtgagcaagcccttg	
SsRPE-part3b-for GCATCGTCTCATCGGTCTCCGTAGCgtccagcctatcatctctc	
ScRPE1-part3-for1 GCATCGTCTCATCGGTCTCCTATGGTCAAACCAATTATAGCTCCC	
ScRPE1-part3-rev1 ATGCCGTCTCAGATGGTtTCCTTGCCCAAACCACC	
ScRPE1-part3-for2 GCATCGTCTCACATCCCGAAAGCCGCCAAAG	
ScRPE1-part3-rev2 ATGCCGTCTCAGGTCTCAGGATCCatctagcaaatctctagaacgc	
ScRPE1-part3b-for GCATCGTCTCATCGGTCTCCGTAGCgtcaaaccaattatagctccc	
SsRKI-part3-for GCATCGTCTCATCGGTCTCCTATGtcatctctctcccttgtgg	
SsRKI-part3-rev ATGCCGTCTCAGGTCTCAGGATCCgatagaccagatattgacctg	
SsRKI-part3b-for GCATCGTCTCATCGGTCTCCGTAGCtcatctctctcccttgtgg	
ScRKI-part3-for GCATCGTCTCATCGGTCTCCTATGgctgccggtgtccc	
ScRKI-part3-rev ATGCCGTCTCAGGTCTCAGGATCCcttttcggtaacttcaacactac	
ScRKI-part3b-for GCATCGTCTCATCGGTCTCCGTAGCgctgccggtgtccc	
SsTKL-part3-for1 GCATCGTCTCATCGGTCTCCTATGTCGTCCGTCGATCAAAAAG	
SsTKL-part3-rev1 ATGCCGTCTCAGCTGGcCTCCAGACAGAGATGTTTG	
SsTKL-part3-for2 GCATCGTCTCACAGCTGATGGTAATGAAACCTCTGC	

SsTKL-part3-rev2 ATGCCGTCTCAGGTCTCAGGATCCAAATTTAACATAACTAAATGTAACTAG
ATAAA	

SsTKL-part3b-for GCATCGTCTCATCGGTCTCCGTAGCtcgtccgtcgatcaaaaag	
ScTKL1-part3-for1 GCATCGTCTCAtTCCACCATAAGAATTTTGGCTGTGG	
ScTKL1-part3-rev1 ATGCCGTCTCAGCTGGcCTCCAAACTTGAATGTTTGGTAG	
ScTKL1-part3-for2 GCATCGTCTCACAGCTGATGGTAACGAAGTTTCTGC	
ScTKL1-part3-rev2 ATGCCGTCTCAGGTCTCAGGATCCgaaagcttttttcaaaggagaaattag	
ScTKL1-3-anneal1 TCGGTCTCCTATGACTCAATTCACTGACATTGATAAGCTAGCCGT	
ScTKL1-3-anneal2 GGAaACGGCTAGCTTATCAATGTCAGTGAATTGAGTCATAGGAGA	
ScTKL1-part3b-for GCATCGTCTCATCGGTCTCCGTAGCatgactcaattcactgacattga	
SsTAL-part3-for GCATCGTCTCATCGGTCTCCGTAGCtcctccaactcccttgaac	
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SsTAL-part3-rev ATGCCGTCTCAGGTCTCAGGATCCgaatctggcttccaattgttc	
SsTAL-part3b-for GCATCGTCTCATCGGTCTCCGTAGCtcctccaactcccttgaac	
SsPYK-part3-for GCATCGTCTCATCGGTCTCCTATGtcgtcttcttctctcgcc	
SsPYK-part3-rev ATGCCGTCTCAGGTCTCAGGATCCagcttgaacgattctgacag	
ScPYK-part3-for GCATCGTCTCATCGGTCTCCTATGtctagattagaaagattgacctc	
ScPYK-part3-rev ATGCCGTCTCAGGTCTCAGGATCCaacggtagagacttgcaaag	
ScPYK-part3b-for GCATCGTCTCATCGGTCTCCGTAGCtctagattagaaagattgacctc	

 
Table 3-3. Plasmids used in Chapter 3. 

Plasmid Registry ID Description Fig. 

pLNL164 SBa_001840 pTEF1-SsTAL-Venus_tADH1- Ura3_Cen6-
AmpR_ColE1 3-2 

pLNL166 SBa_001840 pTEF1-SsRPE-Venus_tADH1-Ura3_Cen6-
AmpR_ColE1 3-2 

pLNL168 SBa_001841 pTEF1-SsTKL-Venus_tADH1-Ura3_Cen6-
AmpR_ColE1 3-2 

pLNL175 SBa_001842 pTEF1-Venus-ScRPE-tADH1-Ura3_Cen6-
AmpR_ColE1 3-2 

pLNL176 SBa_001843 pTEF1-Venus-ScTKL-tADH1-Ura3_Cen6-
AmpR_ColE1 3-2 

pLNL177 SBa_001844 pTEF1-Venus-SsTAL-tADH1-Ura3_Cen6-
AmpR_ColE1 3-2 

pLNL178 SBa_001845 pTEF1-Venus-SsRPE-tADH1-Ura3_Cen6-
AmpR_ColE1 3-2 

pLNL179 SBa_001846 pTEF1-Venus-SsTKL-tADH1-Ura3_Cen6-
AmpR_ColE1 3-2 

pLNL180 SBa_001847 pTEF1-4X_GlySer-ScRPE-Venus_tADH1-
Ura3_Cen6-AmpR_ColE1 3-2 

pLNL181 SBa_001848 pTEF1-4X_GlySer-ScTKL-Venus_tADH1-
Ura3_Cen6-AmpR_ColE1 3-2 

pLNL216 SBa_001849 pTEF1-4X_GlySer-SsRKI-Venus_tADH1-
Ura3_Cen6-AmpR_ColE1 3-2 

pLNL217 SBa_001850 pTEF1-Venus-SsRKI-tADH1-Ura3_Cen6-
AmpR_ColE1 3-2 

pLNL342 SBa_001851 pTEF1-Venus-ScRKI-tADH1-Ura3_Cen6-
AmpR_ColE1 3-2 

pLNL343 SBa_001852 pTEF1-Venus-ScPYK1-tADH-Ura3_Cen6-
AmpR_ColE1 3-2 

pLNL344 SBa_001853 pTEF1-ScRKI-Venus_tADH1-Ura3_Cen6-
AmpR_ColE1 3-2 

pLNL345 SBa_001854 pTEF1-ScPYK1-Venus_tADH1-Ura3_Cen6-
AmpR_ColE1 3-2 
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pLNL346 SBa_001855 pTEF1-SsPYK-Venus_tADH1-Ura3_Cen6-
AmpR_ColE1 3-2 

pLNL380 SBa_001856 
pTDH3-ScRPE-tADH1-pTDH3-ScRKI-tADH1-
pTDH3-ScTKL-tADH1-pTDH3-SsTAL-tADH1-
pTDH3-ScPYK1-tADH1-Ura3_Cen6-KanR_ColE1 

3-2 

pML660 SBa_001149 All promoters pTDH3, SsRPE-SsRKI-SsTKL-
SsTAL-SsPYK_Ura3_Cen6-KanR_ColE1 

3-2, 
3-5 

pML661 SBa_001150 All promoters pTDH3, SsXR-SsXDH-
SsXK_Leu2_Cen6-Chlor_ColE1 

3-2, 
3-4, 
3-5 

pLNL125L SBa_001857 Assembled ScRPE-SsRKI-ScTKL-SsTAL-SsPYK 
library plasmid 

3-4, 
3-10 

pLNL244 SBa_001858 
pTDH3-scRPE-tADH1-pTDH3-SsRKI-tADH1-
pTDH3-scTKL-tADH1-pTDH3-SsTAL-tADH1-
pTDH3-SsPYK-tADH1-Ura3_Cen6-KanR_ColE1 

3-4 

pLNL414 SBa_001859 pREV1-ScRPE-pREV1-SsRKI-pTEF1-ScTKL-
pRPL18B-SsTAL-pRPL18B-SsPYK 

3-4, 
3-10  
3-7 

pLNL52L SBa_001125 Assembled SsXR-SsXDH-SsXK library 
plasmid_Leu2_Cen6-Chlor_ColE1 3-4 

pLNL64 SBa_001152 pTDH3-SsXR-pRPL18B-SsXDH-pRPL18B-
SsXK_Leu2_Cen6-Chlor_ColE1 

3-4, 
3-7 

pLNL74 SBa_001156 
pREV1-SsRPE-pREV1-SsRKI-pRPL18B-SsTKL-
pTDH3-SsTAL-pRNR2-SsPYK _Ura3_Cen6-
KanR_ColE1 

3-4 

pLNL107 SBa_001160 pTDH3-SsXR-pTEF1-SsXDH-pRPL18B-
SsXK_Leu2_Cen6-Chlor_ColE1 

3-4, 
3-10 
3-7 

pLNL336L SBa_001860 Assembled XR-XDH-XKS library -RNR2probe-
Spacers1-3 3-10 

pLNL337L SBa_001861 Assembled XR-XDH-XKS library -RPL18Bprobe-
CCW12-XR-Spacers1 3-10 

pLNL338L SBa_001862 Assembled XR-XDH-XKS library -REV1probe-
pCCW12-XR-pCCW12-XR-Spacer1 3-10 

pLNL339L SBa_001863 Assembled XR-XDH-XKS library -TEF1probe-
pCCW12-XR-pCCW12-XR-pCCW12-XR 3-10 

pLNL456 SBa_001864 
Ura3_Int_5'-pTDH3-SsXR-RPL15At-pPGK1-
SsXDH-NAT1t-pCCW12-scTKL-JJJ2t-pALD6-
SsTAL-tADH1-HIS3-Ura3_Int-3'-KanR_ColE1 

3-10 

pLNL469 SBa_001865 

pTDH3-SsXR-tADH1-pTDH3-SsXDH-tADH1-
pRNR2-SsXKS-tADH1-Con3+REV1probe-
pCCW12-XR-tADH1-pCCW12-XR-NAT1t-spacer-
Leu2_Cen6-KanR_ColE1 

3-10 

pLNL632 SBa_001866 pTDH3-scRPE-tADH1-pRPL18B-SsRKI-tADH1- 3-10 
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pRPL18B-scTKL-tADH1-pRNR2-SsTAL-tADH1-
pTDH3-SsPYK-tADH1-Ura3_Cen6-KanR_ColE1 

pLNL616L SBa_001867 Assembled SsXR-SsXDH-SsXKS-SsTAL-ScTKL 
promoter library integration plasmid 3-13 

pLNL647 SBa_001868 

pYRA1-ScRPE-tTDH2 -pHTB2s-SsRKI-tTDH3 -
pHHF2s-SsXR-recode1-tRPL15A -pCCW12-SsXR-
recode2-tNAT1 -pHXT7-SsXDH (ARSdR mut)-
tJJJ2- LEU2 3' Hom-KanR-ColE1-Leu2 5' Hom 

3-13 

pML1429 SBa_001880 I-SceI cutter plasmid; pPGK1-I-SceI ORF-tPGK1 3-14 
Adapted 
Ura3 
Locus 

SBa_001869 Ura3 locus from LL441AE 3-17 

pLNL444 SBa_001870 

pTDH3-SsXR-tADH1 -pTEF1-SsXDH-tADH1 -
pRPL18B-SsXK-tADH1-Con3+RPL18Bprobe-
pCCW12-XR-JJJ2t -pCCW12-XR-NAT1t -spacer -
Leu2_Cen6-SpecR_ColE1 

3-9 

pLNL445 SBa_001871 

pTDH3-SsXR-tADH1 -pTEF1-SsXDH-tADH1 -
pRPL18B-SsXK-tADH1-Con3+RPL18Bprobe-
pCCW12-XR-JJJ2t -spacer2 -spacer -Leu2_Cen6-
SpecR_ColE1 

3-9 

pLNL446 SBa_001872 

pTDH3-SsXR-tADH1- pTEF1-SsXDH-tADH1- 
pRPL18B-SsXK-tADH1-Con3+RNR2probe-
Spacer3- spacer2- spacer1 -Leu2_Cen6-
SpecR_ColE1 

3-9 

pLNL447 SBa_001873 

pTEF1-SsXR-tADH1- pTEF1-SsXDH-tADH1- 
pRPL18B-SsXK-tADH1-Con3+RNR2probe-
Spacer3- spacer2- spacer1- Leu2_Cen6-
SpecR_ColE1 

3-9 

pLNL448 SBa_001874 

pRPL18B-SsXR-tADH1- pTEF1-SsXDH-tADH1- 
pRPL18B-SsXK-tADH1-Con3+RNR2probe-
Spacer3- spacer2- spacer1- Leu2_Cen6-
SpecR_ColE1 

3-9 

pLNL415 SBa_001875 pREV1-ScRPE-pRPL18B-SsRKI-pRNR2-ScTKL-
pTEF1-SsTAL-pTEF1-SsPYK 3-7 

pLNL232 SBa_001876 

pTDH3-SsRPE-tADH1- pTDH3-SsRKI-tADH1- 
pTDH3-Venus-ScTKL-tADH1- pTDH3-SsTAL-
tADH1- pTDH3-SsPYK-tADH1- Ura3_Cen6-
KanR_ColE1 

3-5 

pLNL243 SBa_001877 
pTDH3-SsRPE-tADH1 -pTDH3-SsRKI-tADH1- 
pTDH3-scTKL-tADH1- pTDH3-SsTAL-tADH1- 
pTDH3-SsPYK-tADH1- Ura3_Cen6-KanR_ColE1 

3-5 

pLNL824 none 
pTDH3-SsXR-tTDH1-pTDH3-SsXDH-tPGK1-
pTEF1-SsXK-tENO1-pRPL18B-SsTAL-tPDC1-
pTEF1-ScTKL-tSSA1-AmpR-ColE1-URA3 5' Hom- 

3-12 
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URA3 (pSc-native-tSc)-URA3 3' Hom  

pLNL825 none 
pTDH3-SsXR-tTDH1-pTDH3-SsXDH-tPGK1-
pTEF1-SsXK-tENO1-pRPL18B-SsTAL-tPDC1-
pTEF1-ScTKL-tSSA1- AmpR-ColE1  

3-12 

pLNL827 none 

pYRA1-ScRPE-tTDH2-pHTB2s-SsRKI-tTDH3-
pHHF2s-SsXR-recode1-tRPL15A-pCCW12-SsXR-
recode2-tNAT1-pHXT7-SsXDH (ARSdR mut)-tJJJ2-
AmpR-ColE1 

3-12 

 
Library plasmids were transformed as described previously in Section 2-4 then 
resuspended in 500 mL SX-LU under anaerobic conditions (media supplemented with 
0.01 g/L ergosterol, 0.43 g/L Tween 80 and 1.4 g/L ethanol; 1 L Erlenmeyer screw cap 
flask flushed with N2(g)) with an aliquot plated on SD-LU for sampling initial library 
coverage and diversity. For the integrated library transformation, a 50 mL culture 
(OD600 = 2) was prepared and transformed with 12 ug of NotI linearized pLNL616L 
library plasmid and 4 ug of linearized I-SceI cutter plasmid, pML142993. 

Fluorescence Measurements 
BY4741 transformed with each YFP fusion cassette were inoculated in 300 µL of SD-Ura 
in a 96-well block and grown 18 hours. Culture optical density and YFP fluorescence 
were measured using a TECAN Infinite® M1000 at 600 nm and 515/528 nm (5 nm 
bandwidth), respectively. 
Fluorescent microscopy 

Colonies were grown in SD-Ura for 24 hours then back-diluted 1:50 into fresh SD-Ura 
for 4 hours of aerobic growth in 24-well block at 750 rpm before imaging using an 
Observer D1 microscope (Zeiss) using a 100× phase objective. Images were captured 
using an Orca-flash 4.0 camera (Hamamatsu no. C11440) using 30 ms exposure for 
phase images. For fluorescence images, a X-Cite Series 120 lamp (Excelitas) and filter set 
45 (Zeiss) using TurboYFP excitation/emission settings with a 400 ms exposure. 

Shotgun Proteomics 

BY4741 transformed with pML661 and either pML660 or pLNL244 were grown 
anaerobically on xylose for 48 hours under identical conditions to “Xylose 
Fermentations” below. Using these cultures, proteomes were prepared, quantified, and 
analyzed as described in Section 2-4. 
Library Enrichments 
Library enrichments were performed as described in Section 2-4. Primers used to 
genotype individual colonies with the TaqMan-based TRAC protocol55 are listed in 
Table 3-4. 

Table 3-4. TRAC oligos used in Chapter 3. 
TRAC oligomers for plasmids (Section 3.2.1 & 2) 
GibB-for:XR+RKI CCAGATGTCAACACAGCTAC	
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XR-rev GTTCCACAACTTGGAGGTAA	
GibC-for:XDH+TKL ACACACTGGCTTAAGGAGAC	
XDH-rev GTAGAAGTGGATGTCGGAAC	
GibA-for:XK+RPE GCCGATAATTGCAGACG	
XK-rev AGCTTATCTGGAGCATCAAA	
RPE-rev AGATGGACGGAGAGATGATA	
ScRPE-rev CCATGACATCGATATGTAACC	
RKI-rev TTCAGCTACGTAAACGACAG	
TKL-rev CCTTAGGGTTGAATCTCATCT	
ScTKL-rev ATTCTTATGGTGGAAACGGC	
GibD-for:TAL AATAAAGCTCCACACAGTCG	
TAL-rev CGTATTCAGGCTTCTTAGCA	
GibE-for:PYK TATGGGCACAGACAACCTA	
PYK-rev GACCAAGACTTCGACAGAGT	
MultiXR-for TATGGGCACAGACAACCTA	
MultiXR-rev GATTATCAAGCATGCCGACT	

TRAC oligomers for integration (Section 3.2.3) 
ConLS-for: XR GCCGATAATTGCAGACG	
ConL1-for: XDH CCAGATGTCAACACAGCTAC	
ConL2-for: XK ACTGGCTTAAGATGACAACG	
ConL3-for: TAL TATGGGCACAGACAACCTA	
ConL4-for: TKL GACTACCCATGAGTCACAATG	

 

Xylose Fermentations  
Anaerobic xylose fermentations were performed as described in Section 2-4. Briefly, 
colonies were grown in SD-LU for 24 hours then diluted into SX-LU for 48 hours of 
aerobic growth in 24-well blocks at 750 rpm. A normalized OD600 was diluted into 40 
mL of SX-LU in a 125 mL serum vial sealed with a rubber stopper, flushed with N2(g) 
and shaken at 100 rpm.  

For plasmid stability experiments, SX-LU media was supplemented with leucine and 
uracil. Cells were iteratively back-diluted to OD = 0.1 after 72 hours’ growth into fresh 
media under anaerobic conditions. 
Metabolite quantification 
Previously frozen media samples were pelleted, and supernatant was transferred to 
GC/MS vials. Refractive index was measured for 10 µL sample on a Shimadzu LC20AD 
HPLC equipped with a Rezex RFP-fast acid H+ column (100x7.8 mm, 55 °C) run with 1 
mL/min 0.01 N H2SO4 mobile phase. Metabolite concentrations were calculated using a 
standard curve. 

PacBio Sequencing 
Strain LL441AE (marked as glycerol stock BRg6X1AD-1 in the freezer) was inoculated 
in 5 mL SD-LU for 24 hours from glycerol stock. The saturated culture was diluted 1:100 
into three 50 mL cultures in SD-LU media and grown in baffled shake flasks (250 mL, 
200 rpm). When culture OD600 was 6, the cultures were combined and genomic DNA 
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was prepared using QIAGEN Genomic-tip 100/G according to manufacturer 
instructions using spooling to isolate the precipitated DNA. Genomic DNA was 
prepared as a PacBio Long Insert Library and sequenced by the Genomics Resource 
Center at the University of Maryland School of Medicine using two SMRT cells (P6-C4). 
Sequencing yielded 120-fold genome coverage with 143,753 reads averaging ~10 kb 
with a P90 of 18,000. The genome sequence was assembled de novo using SMRT Portal 
(Pacific Biosciences) HGAP.3 yielding 53 scaffolds to determine tandem sequence at the 
Ura3 locus.  
Genomic Sequence Alignment 

PacBio reads were mapped to the BY4741 genome (BY4741_Toronto_2012; 
http://www.yeastgenome.org) using Geneious ‘Map to Reference’ function with 
medium sensitivity, no fine tuning, trimming of reads and ignoring reads that map to 
multiple regions. N was called for nucleotides below 50% threshold of the total reads or 
if coverage < 10. 
 

	 	



63 
	

Chapter 4. Biosynthesis of base-labile indigo 
precursor, indoxyl acetate, in Escherichia coli 
	

4.1. Introduction 
 
Indigo is one of the oldest textile dyes118. Before the early 1900’s indigo was harvested 
from a number of plants including woad (Isatis tinctoria) and Indigofera tinctoria118. In 
1905, the Nobel Prize in Chemistry was awarded for the chemical synthesis of indigo, 
and soon afterwards virtually all indigo production was made by organic synthesis119. 
Since then, despite the vast array of novel dyes that have been synthesized, indigo has 
remained a staple dye for dyeing denim jeans, which in 2011 accounted for 95% of the 
50,000 ton indigo market120. Indigo has proven irreplaceable because of its unique 
chemical properties. Rather than covalently bonding to cotton fibers, indigo crystals 
embed in between the fibers121. The kinetics of dye diffusion into the fibers are slow 
relative to dye adsorption to the fibers. As a result during dyeing, the outside of the 
fibers adsorb much more indigo, resulting in ring dyeing of the fibers, where the 
outside is dyed but core remains white122. Ring dyeing allows for abrasion and repeated 
washing to reveal the white core furnishing the prized worn look exclusive to jeans. 
Additionally, indigo is neither too brilliant nor too dull as its concentration varies (Fig. 
4-1B), which enables retention of the fresh worn look as dye is slowly lost123. 
 
Unfortunately, the indigo chemical synthesis and dyeing process are environmentally 
pernicious and despite washing, some of these byproducts end up in final jeans124. To 
begin, the three-step synthesis of indigo from aniline requires and yields a number of 
toxic compounds, such as formaldehyde, ammonia, cyanide, and strong bases123,125. 
Treatment of these compounds is difficult and typically inadequate before wastewater 
is dumped into rivers126. In order to dye with indigo, because of its general insolubility, 
it must first be reduced to the water-soluble leucoindigo to adhere to the cotton fibers. 
Reduction of indigo is accomplished using the strong reducing agent, sodium dithionite 
(sodium hydrosulfite), and strong base127. Wastewater from the dyeing process is 
similarly dumped with limited treatment leading to concerns such as coloration of the 
water, depletion of oxygen in rivers, and high salinity126. 
 
This process is in dire need of green chemistry solutions. The ideal solution to these 
environmental damages would be to biologically synthesize indigo and use alternative 
dyeing methods. The most obvious solution of reverting back to agricultural production 
of indigo via indigo plants is counterproductive as growing plants and extracting the 
low yield of indigo is less environmental friendly than the chemical synthesis124. 
Alternatively, microbial production is promising, and extensive engineering by Amgen 
and Genencor of Escherichia coli resulted in biosynthesis of indigo at titers and yields 
nearly competitive with the chemical synthesis128,129. However, bio-indigo does not 
address the dyeing process. In an alternative strategy that addresses both indigo 
synthesis and dyeing, our group previously proposed and demonstrated 
biosynthesizing indican, one of the natural indigo precursors found in plants, and using 
indican to directly dye denim (unpublished). To do this, the denim was soaked in 
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indican-rich media and the indican was subsequently hydrolyzed to indoxyl and 
glucose by application of a β-glucosidase. The subsequent dimerization and oxidation 
of indoxyl to indigo yielded indigo-dyed denim.  
 
While this work is promising and sufficient for a green indigo-dyeing process, there are 
opportunities to improve this methodology. Of notable interest is the unfavorable 
indican hydrolysis conditions, which requires either an enzyme or acid130. Enzyme 
production is expensive compared to reducing agents and base131; while acidic dyeing 
conditions dramatically slows the oxidation rate of indoxyl to indigo132. Furthermore, 
high pH is an important factor in efficient adsorption of leucoindigo to cotton fibers and 
fastness of the dye133. An improved process would use a base-labile biochemical 
protecting group, as basic conditions are already used in the dyeing process, are 
favorable for rapid oxidation of indoxyl and leucoindigo, and promote adsorption of 
leucoindigo to the denim fibers. 
 
In work described in this chapter, we sought to improve upon the glucosyl protecting 
group in indican with a base-labile acetyl ester protecting group. We demonstrate the 
use of indoxyl acetate in rapid dyeing of denim with base. We then address the two 
immediate challenges for biosynthesis of indoxyl acetate: 1) reducing the degradation of 
indoxyl acetate by non-specific hydrolases in E. coli and 2) identifying acetyltranferases 
that recognize indoxyl. 
 

4.2. Results 
 

4.2.1. Indoxyl acetate is a base-labile indigo precursor that can be used to 
dye denim. 
	
Previous work by our group biosynthesized indican at high titers in E. coli and used this 
indican-rich media to directly dye denim fibers by hydrolyzing the indican using a β-
glucosidase (Unpublished). To improve upon this dyeing process, we were interested in 
a base-labile biochemical protecting group particularly given the sensitivity of the dye 
process to pH132,133. Surveying the biochemical protecting group diversity, we noted that 
esters are a common, base-labile protecting group. 

We sought to biosynthesize indoxyl acetate for the following reasons: indoxyl acetate is 
known to be base-labile132,134, the acetyl protecting group is readily available in the form 
of acetyl-CoA, and the atom economics of this protecting group are favorable. Using 
fewer carbon atoms in the protecting group is beneficial for higher theoretical yields 
from sugar and in downstream waste-treatment where the biological oxygen demand 
per mole of acetate released into the effluent stream is 1/3 that of glucose135. Our 
proposed synthesis and dye process using indoxyl acetate is shown in Figure 4-1A. 
First, indole is oxygenated to form indoxyl, which is acetylated to form indoxyl acetate. 
Once purified (likely by extract with an organic solvent), indoxyl acetate can be applied 
to the cotton and then hydrolyzed with base, which ultimately yields indigo embedded 
in the cotton fibers. 
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We began by characterizing the solubility of indoxyl acetate to determine how it could 
be used as a dye. We found that indoxyl acetate is sparingly soluble in water, which 
means if high titers were produced, we expect it to crash out of solution (Table 4-1). 
Despite being fairly hydrophobic, indoxyl acetate is not soluble in alkanes. We next 
verified the rapid indigo formation following addition of hydroxide to indoxyl acetate 
(Fig. 4-1B). To ensure indoxyl acetate is a suitable dye replacement, we compared 
dyeing with molar-equivalent solutions of indigo and indoxyl acetate. For indigo 
dyeing, we dissolved indigo in sodium hydroxide and sodium dithionite before 
application to the denim136. For indoxyl acetate dyeing, based on our solubility tests, we 
dissolved indoxyl acetate in ethyl acetate, applied this solution to the denim, then after 
drying added sodium hydroxide to hydrolyze the ester, releasing indoxyl which 
ultimately oxidized to form indigo. We found that denim swatches dyed using indoxyl 
acetate were only slightly less blue by eye after three or five applications of dye (Fig. 4-
1C). Interestingly, during the initial seconds of indoxyl acetate hydrolysis on the denim 
swatches, we observed formation of a pink color which is then masked by the blue 
indigo seconds later. We found that this pink compound extracts in methanol and that 
most of this pink compound seemed to wash out during the laundry step after dyeing 
based on methanol extraction of dyed swatches (Fig. 4-2). Based on previous reports of 
indoxyl acetate hydrolysis128,132 we immediately suspected that this pink color is the 
byproduct indirubin forming as a result of overoxidation of indoxyl to isatin and the 
subsequent dimerization between isatin and indoxyl to form indirubin. Isatin formation 
is caused by hydrogen peroxide formed during the indoxyl dimerization and 
leucoindigio oxidation. The extracted pink dye has the characteristic methanol 
solubility137 and has a maximum absorption at 546 nm (Fig. 4-3) as reported for 
indirubin138. Furthermore, it runs identically on TLC as an indirubin standard 
synthesized by hydrolyzing indoxyl acetate in the presence of isatin139. Thus, it appears 
that indirubin forms during the indoxyl acetate dyeing process, however not sufficient 
quantities to obviously compromise the indigo dye quality. 

 

Table 4-1. Solubility of indoxyl acetate in various solvents. 

Solvent Solubility Solvent H2O 
solubility Structure Boiling 

point (°C) 

Water ~0.1% N/A 
 

100 

Ethanol 1-10% Miscible 
 

78.4 

Acetone 10%+ Miscible 
 

56 



66 
	

DMSO 10%+ Miscible  189 

Acetonitrile (+ 
0.1% formic acid) 10%+ Miscible 

 

 

 

82 

Diethyl ether 1-10% 69 g/L 
 

34.6 

Methyl tert-butyl 
ether 3% 26 g/L 

 
55.2 

Ethyl Acetate 10% 83 g/L 
 

77.1 

Dichloromethane 10%+ 17.5 g/L 
 

39.6 

2,5-
dimethylfuran 1-3% Insoluble 

 
93 

Hexane >0.1% Insoluble  68.5 

Dodecane >0.1% Insoluble 
 

214 

6-Undecanone ~3% 0.002 g/L (2-
undecanone)  

228 
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Figure 4-1. Indoxyl acetate can be used as a base-labile indigo precursor. A) Proposed 
scheme for indoxyl acetate biosynthesis and oxidation to indigo. The yellow box 
corresponds to the biosynthetic route while the blue is the base-mediate dyeing process. 
B) Hydrolysis of indoxyl acetate in 20 mM NaOH (pH = 12.3). C) Denim swatches dyed 
using either leucoindigo or indoxyl acetate, washed in water, and dried. Each 
application of dye used 200 µL of 6 mM leucoindigo or 12 mM indoxyl acetate (pH = 
12.9). D) Stability of 1 mM indoxyl acetate in LB at 37 °C as measured by mass 
spectrometry. Blue (dashed) is LB only, grey is LB inoculated with boiled E. coli strain 
RE630 (OD = 1), and black is LB inoculated with RE630 (OD = 1). Error bars represent 
standard deviation of biological triplicates. 
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Figure 4-2. Methanol extraction of dyed swatches. All swatches were laundered before 
extract except the one of the right labeled “no soap” which was washed in water. 5 mm2 
sections of swatches dyed using leucoindigo prepared from indigo (“leuco”) or dyed 
with indoxyl acetate (“I-Ac”) were vortexed with 100 µL of methanol for 1 min. The 
number indicates the number of dye applications. 

	

	

Figure 4-3. Absorbance scans of methanol extract of dyed swatches shown in Figure 
4-2. 

 

4.2.2. Indoxyl acetate is rapidly hydrolyzed by E. coli 
 

Satisfied that indoxyl acetate is an adequate replacement for leucoindigo, we focused on 
biosynthesizing indoxyl acetate. Earlier work in our lab (Unpublished) and others128,140 
has had good success using E. coli as the production host for indigo biosynthesis, so we 
chose to stay in this chassis. In pursuing indoxyl acetate biosynthesis, we anticipated 
two challenges initially: 1) stability of indoxyl acetate in E. coli, which contains many 
hydrolase enzymes, some of which may degrade indoxyl acetate and 2) identification of 



69 
	

an alcohol acetyltransferase (AAT) that recognizes indoxyl, as none have been described 
in the literature. 

The literature consensus on the extent of indoxyl acetate hydrolysis to expect in E. coli is 
unclear. Indoxyl acetate and other halogenated indolyl acetates have been used as dyes 
to detect cell viability141, study esterase localization in a variety of organisms132,142 and 
investigate properties of hydrolases in vitro143,144,145. There have also been reports of 
certain hydrolase knockouts in E. coli improving bioproduction of 7-
aminocephalosporanic acid and simvastatin acid146,147. Furthermore, early work 
screening E. coli lysates separated by zymography demonstrated in vitro esterase 
activity indoxyl acetate148. However, E. coli has also been recognized as having 
comparatively low non-specific esterase and lipase activity149, and has been used in the 
production of a number of aliphatic esters in high yields150,151. Suspecting significant 
endogenous indoxyl acetate hydrolysis activity based on the screen of lysate148, we 
tested indoxyl acetate stability and found that when dissolved in media, indoxyl acetate 
is rapidly hydrolyzed in the presence of E. coli compared to media alone or culture 
where the cells had been boiled before inoculation (Fig. 4-1D). Thus, efficient 
biosynthesis of indoxyl acetate will likely require a substantial reduction in the 
endogenous esterase activity of E. coli. 

 

4.2.3. Translation knockout of endogenous hydrolases in E. coli reduces 
the rate of indoxyl acetate hydrolysis. 
 
Given the two challenges described earlier, we first focused on stability of indoxyl 
acetate in E. coli, because we were concerned that an in vivo screen of acetyltransferases 
would be confounded by the competing hydrolysis by endogenous hydrolases. 
Additionally, without a major reduction in indoxyl acetate hydrolysis rate, it is unlikely 
viable titers could be obtained. Attempting to knockout indoxyl acetate hydrolysis 
activity in E. coli raises some questions: how many hydrolases degrade indoxyl acetate? 
Can these hydrolases be knocked out? The most likely instigators in the hydrolysis of 
indoxyl acetate are serine hydrolases, a broad class of enzymes that includes esterase, 
thiolases and proteases, which are defined by a conserved catalytic triad of Ser-His-
Asp152. However, other metabolic enzymes, particularly those that catalyze acid-base 
reactions, may also have this activity. Gene ontology classification of the E. coli genome 
predicts 58 hydrolases that do not act on phosphodiesters153, suggesting the number of 
enzymes to theoretical knockout is quite large. However, in the E. coli lysate screen for 
esterase activity against indoxyl acetate and other aromatic esters, the majority of 
hydrolase activity was located in 2-5 bands148. Similar results have also been observed in 
Saccharomyces cerevisiae154. In vitro characterization of substrate specificity has been 
reported for a number of E. coli hydrolases and a few stood out as likely contributing to 
indoxyl acetate hydrolysis and thus these enzymes would be promising initial targets to 
knockout (Table 4-2). 
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Table 4-2. Description of hydrolase knockout order and relevant activities. 

KO 
number Gene Description of protein activity % hydrolase 

activity Reference 

1 aes Promiscuous hydrolase; short p-nitrophenyl 
(pNP)-ester esterase activity 41% 155 

2 yjfP 
pNP-butyrate esterase activity detected in a 

high throughput screen (HTS) of purified 
proteins 

14% 156 

3 bioH Thioesterase involved in biotin synthesis; short 
pNP-ester esterase activity 0% 157 

4 yeiG S-formylglutathione serine hydrolase; pNP-
acetate esterase activity 0% 158 

5 frmB S-formylglutathione serine hydrolase; pNP-
acetate esterase activity 0% 158 

6 entH Thioesterase involved enterobactin 
biosynthesis 0% 159 

7 ydiL 1,4-dihydroxy-2-naphthoyl-CoA thioesterase; 
part of menaquinone biosynthesis 0% 160 

8 tesA Promiscuous hydrolase; pNP-acetate esterase 
activity 5% 161 

9 nanS 9-O-acetyl-N-acetylneuraminic acid (found in 
mammalian guts) esterase 21% 162 

10 yqiA pNP-butyrate esterase activity detected in a 
HTS of purified proteins 0% 158 

11 ybfF 1-phenylethyl acetate esterase activity 0% 163 

12 ypfH pNP-butyrate esterase activity detected in a 
HTS of purified proteins 0% 158 

13 frsA pNP-butyrate esterase activity detected in a 
HTS of purified proteins 0% 158 

14 tnaA Tryptophanase, cleaves L-tryptophan into 
indole, pyruvate, and ammonium 0% 164 
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The secondary concern we faced was whether it is possible to knockout all the involved 
hydrolases. None of the enzymes on our list are essential in rich media, and for those 
with known functions, they are involved in non-essential metabolic pathways (Table 4-
2). This was encouraging, but concerns of growth defects or synthetic lethality upon 
knockout out of multiple enzymes remained. We explored a few different screens as 
methods to identify the indoxyl acetate hydrolases in E. coli. Our attempts to use the 
KEIO collection failed as we were unable to achieve the necessary sensitivity to detect 
small decreases in hydrolysis rate in a higher throughput manner. A more promising 
route is overexpression. We tested most of the hydrolases listed in Table 4-2 in TXTL 
reactions and found that a number of them show significant hydrolysis activity in vitro: 
yjfP, nanS, tesA, yeiG and maybe frmB and yqiA (Fig. 4-4). Expression was not verified 
for these reactions, so it is possible that more of these hydrolases also have activity, but 
did not express in the TXTL reactions. 

 

	
Figure 4-4. Screening of in vitro indoxyl acetate hydrolysis activity for various E. coli 
hydrolases. The indicated genes were expressed in vitro using PureEXPRESS. After 
protein expression, each reaction was diluted into PBS + 1 mM indoxyl acetate and 
monitored by indoxyl fluorescence. A) Genes that showed high indoxyl formation rates; 
yjfP is flat because the fluorescence detector was saturated. B) Genes that showed low 
indoxyl formation rates. 

 
Using a recombineering-proficient MG1655 E. coli strain, RE630 (gift from A. Arkin), 
which enabled rapid strain engineering, we sequentially mutated translational stop 
codons into 14 hydrolases to knock them out (Table 4-2). We phenotypic verified 
knockout of yeiG and frmB by testing formaldehyde sensitivity as well as knockout of 
entH by testing salicylate sensitivity. All strains showed expected phenotypes except 
knockout of nanS, which also resulted in increased sensitivity to salicylate (Fig. 4-5). We 
also labelled RE630 and LL9x lysate with the broad-specificity hydrolase probe 
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fluorophosphonate-rhodamine (FP-rhodamine)165 to verify knockout of these 
hydrolases. After separation by SDS-PAGE, we observed the disappearance of a 
number of prominent bands, indicating successful knockout (Fig. 4-6). We compared 
the initial indoxyl acetate hydrolysis rate for this series of 14 hydrolase knockouts and 
found that four hydrolases significantly contribute to indoxyl acetate hydrolysis: ∆aes, 
∆yjfP, ∆tesA, and ∆nanS with half of this reduction in activity caused by ∆aes (Fig. 4-
7A). Interestingly, knockout of yeiG had no impact on hydrolysis despite having clear 
activity in vitro (Fig. 4.4). We hypothesize this is due to very low expression of yeiG. The 
final knockout strain, LL14x, showed a 68% reduction in hydrolysis rate compared to 
the starting RE630 strain (Fig. 4-7B, Fig. 4-8). Interestingly, the extent of indigo 
formation (by eye) between the two RE630 and LL14x is more different than expected 
after equivalent concentrations of indoxyl acetate have been degraded as determined by 
mass spectrometry (after 8 hrs ~50% of indoxyl acetate gone in LL14x, but these wells 
do not show as much indigo). Part of this is likely due to non-indigo forming 
degradation of indoxyl acetate and indoxyl (Fig. 4-1D; unpublished). However, if this is 
sufficient to explain this discrepancy remains unclear. Much to our delight, we 
observed no growth defect in LL14x (Fig. 4-7C). For further characterization of 
hydrolase activity, we measured indoxyl acetate hydrolysis activity as a function of 
growth phase and found increasing hydrolysis activity per cell for both RE630 and 
LL13x strains at later time points with the ratio of hydrolysis rates remaining constant 
between the strains (Fig. 4-7D). This indicates that activity for the relevant knocked out 
hydrolases are not growth-phase dependent and that hydrolysis rates will be higher in 
saturated cultures. 

	

Figure 4-5. Hydrolase knockout phenotypic analysis shows expected 
sensitivities.Formaldehyde sensitivity. Various knockout strains were grown to 

saturation and back diluted 1:220 in LB with (dashed) or without (solid) 800 µM 
formaldehyde and grown in microtiter plates. Double knockout of frmB and yeiG 
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(LL5x) are reported to show slower growth in formaldehyde158. B) Salicylate 
sensitivity. Various knockout strains were grown to saturation and diluted 1:200 in 
LB with 250 µM dipyridyl and 350 µM salicylate in microtiter plates. Knockout of 
entH (LL6x) is reported to show a growth defect in these conditions159. Error bars 
represent standard deviation of six biological replicates. 

	

	
Figure 4-6. The 9x hydrolase knockout strain shows substantially reduced labeling 
with FP-rhodamine. E. coli lysates were incubated with either 2 or 8 µM of FP-
rhodamine in the presence of 0, 10 µM, 100 µM, or 1000 µM indoxyl acetate for 10 
minutes and separated by SDS-PAGE. The gel was imaged by rhodamine fluorescence.	
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Figure 4-7. Hydrolase knockout strains have reduced indoxyl acetate hydrolysis 
activity. A) Initial indoxyl acetate hydrolysis rate for the indicated saturated E. coli 
strains resuspended in PBS + 1 mM indoxyl acetate monitored over 7 minutes by 
indoxyl fluorescence. n = 6. B) Indoxyl acetate hydrolysis time course for RE630 (black) 
and LL14x (grey) strains. Saturated cultures were resuspended to OD = 2 in LB + 1 mM 
indoxyl acetate and extracellular indoxyl acetate was measured by mass spectrometry. 
n = 3. C) Growth curves in LB for RE630 (black) and LL14x (grey) started by diluting 
saturated cultures to OD = 0.004. n = 4. D) Initial indoxyl formation rate as a function of 
OD during growth. Starting from OD = 0.04, 50 mL cultures of RE630 (black) and LL13x 
(grey) were grown in shake flasks at 220 rpm. At various times, standardized culture 
volumes equal to 1 OD/mL were pelleted and assayed for indoxyl acetate hydrolysis as 
in B. n = 3. Error bars represent standard deviation. 
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Figure 4-8.	 Indoxyl acetate hydrolysis time course for RE630 and LL14x strains.  
Saturated cultures were resuspended to OD = 2 in LB + 2 mM indoxyl acetate, grown at 
37 °C and photographed at the indicated times.  

 
Previous reports have identified a few of hydrolases – aes and bioH – that degrade 
molecules of interest for semisynthetic synthesis in E. coli146,147. To see if our hydrolase 
knockout strains may be useful for biosynthesizing other esters, we characterized the 
stability of a panel of eight biologically-derived therapeutic esters containing different 
biochemical scaffolds in RE630 culture compared with LL14x culture (Fig. 4-9). We only 
observed differences in stability for indoxyl acetate and eugenol acetate. Thus, it seems 
that aromatic esters are particularly susceptible to degradation by these hydrolases. 
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Figure 4-9. Ester stability in LL14x hydrolase knockout strain compared to RE630. A) 
Chemical structures of assayed esters. Ester bonds are shown in red and amide bonds 
are in blue. B) Triplicate saturated cultures were pelleted and resuspended to OD = 2 in 
LB with 400 µM of the indicated ester and grown in a 96-well block. After 6 hours for 
indoxyl acetate and 16 hours for all other esters, cultures were filtered and analyzed by 
mass spectrometry. C) Triplicate cleared lysates were prepared from late-log phase 
cultures lysed by sonication. To 100 µg of protein lysate, 400 µM of the indicated ester 
was added and incubated for 2 hours. Lysates were filtered and analyzed by mass 
spectrometry. The dashed line indicates no difference between knockout and wild-type 
samples. 

Indoxyl acetate is equally toxic with reduced hydrolysis activity. 

During the course of our experimentation with indoxyl acetate, we observed that 
exogenously supplied indoxyl acetate is toxic to E. coli at millimolar concentrations. The 
mechanism of toxicity was not immediately obvious, because not only is indoxyl acetate 
present, but it is also hydrolyzed inside the cells producing intracellular indoxyl and 
acetate, which may be cause of toxicity. Having the hydrolase knockout strains, we 
tested whether the toxicity would decrease with lower hydrolysis rates. Comparing 
growth for RE630 and LL14x cultures in media with or without indoxyl acetate, we 
observed no difference in growth between the two strains (Fig. 4-10A). We found that 
indoxyl acetate is equally toxic to S. cerevisiae (Fig. 4-10B). Therefore, the mechanism of 
toxicity for indoxyl acetate seems to be due to an inherent chemical property, likely its 
hydrophobicity166 or the indole ring167, rather than its degradation products. While 
undesirable, this toxicity could be mitigated using an overlay or periodic extraction 
from the media to keep indoxyl acetate concentrations low. 

	

Figure 4-10.	Indoxyl acetate toxicity is independent of endogenous hydrolysis rate. A) 
Saturated RE630 (black) and LL14x (grey) were diluted to OD 0.001 in LB with (dashed) 
or without (solid) 3 mM indoxyl acetate. At the indicated time points, a serial dilution of 
cells was spotted on LB + Amp plates. Plates were grown overnight and colonies 
counted. B) S. cerevisiae BY4741 strain grown in YPD in the presence of varying indoxyl 
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acetate concentrations as indicated on the graph. Cultures were spotted on YPD plates 
as in (A). Error bars represent biological triplicates. 

4.2.4. Biosynthesis of indoxyl acetate 
	
Acetyltransferases ScATF1, ScATF2, and CAT catalyze indoxyl acetylation. 

Having achieved a substantial reduction in indoxyl acetate hydrolysis activity in the 
LL14x hydrolase knockout strain, we sought to identifying acetyltransferases with 
activity on indoxyl. To our knowledge, no one has attempted to identify an indoxyl 
AAT nor has indoxyl acetate been described to exist in nature. Thus, we hypothesized a 
promiscuous AAT could be used to biosynthesize indoxyl acetate151,168. Searching the 
literature, we assembled a panel of AATs to screen which included a number 
transferases from fruit, yeast, and bacteria (Table 4-3). We initially cloned each 
transferase using the inducible PBAD promoter on high copy plasmids, but found that 
this level of expression appeared to be toxic upon induction based on much slower 
growth and heterogeneous colony size on plates (Table 4-4). To reduce toxicity, we 
recloned the transferases with a c-terminal mRuby2 fusion using a moderate strength 
constitutive promoter on a medium copy plasmid and optimized expression by 
inserting a RBS library which we screened for larger colonies with high mRuby 
fluorescence. To screen the various AATs for indoxyl acetylation, we fed an indoxyl 
precursor, 3-indoxyl-β-D-galactopyranoside (I-gal), to LL14x cells expressing AATs 
while simultaneously inducing endogenous lacY and lacZ expression using IPTG. In 
this experiment, I-gal was uptaken by the cells via lacY, hydrolyzed to indoxyl and 
galactose by lacZ and then the indoxyl was either acetylated or dimerized to form 
leucoindigo and ultimately indigo (Fig. 4-11). Mass spectrometry of the supernatant 
after six hours identified three AATs capable of producing indoxyl acetate: S. cerevisiae 
paralogs ScATF1 and ScATF2, as well as chloramphenicol acetyltransferase (CAT) (Fig. 
4-12A). The fact that these enzymes showed activity on indoxyl is not surprising 
because ScATF1 has been successfully used for metabolic engineering in E. coli151,169, 
while CAT is known to be promiscuous with a large active site relative to indoxyl170. 

 
Table 4-3. Description of acetyltransferases used in this study. 

Name Species Known Substrates Uniprot 
accession Reference 

AbWS/DGAT Acinetobacter 
baylyi 

Phenylethanol, 
hexadecanol Q8GGG1 171 

CAT Clostridium 
scindens 

Chloramphenicol, 
isobutanol O64988 151, 170 

CbBEAT Clarkia breweri Benzyl alcohol, 
cinnamyl alcohol P62577 172 
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FaAAT2 Fragaria 
ananassa 

Cinnamyl alcohol, 
eugenol 

G1EFQ3 
 173 

FaSAAT Fragaria 
ananassa Geraniol, 1-octanol Q9FVF1 174 

PhCFAT Petunia hybrida Coniferyl alcohol, 
eugenol A1XWY7 175 

RhAAT1 Rosa hybrida Geraniol, 1-octanol Q5I6B5 176 

RsVS Rauvolfia 
serpentina 16-epi-Vellosimine Q70PR7 177 

ScATF1 S. cerevisiae Ethanol, phenylethanol, 
isobutanol P40353 151 

ScATF2 S. cerevisiae Isoamyl alcohol P53296 169 

ScEEB1 S. cerevisiae Ethanol Q02891 178 

ScEHT1 S. cerevisiae Phenylethanol, 
isobutanol P38295 151 

 

Table 4-4. Relative growth for 11x KO cells expressing the indicated AAT under 
regulation of the PBAD promoter. 

AAT Dex Arab 
FaAAT2 +++ ++ 
RhAAT1 +++ +++ 

AbWS/DGAT +++ ++ 
CbBEAT +++ +++ 
ScATF1 +++ + 
ScATF2 +++ ++ 
ScEEB1 +++ +, m 
ScEHT1 +++ +, m 
PhCFAT +, m + 
FvSAAT +, m + 

RsVS +, m + 
Transformed cells were plated on either LB + 1% dextrose or LB + 1% arabinose plates 
and grown overnight at 37 °C (+++ = wild-type growth) (++ = moderate growth) (+ = 
very small colonies) (m = mixed phenotype with mostly small colonies and a few large 
colonies). 
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Figure 4-11. Diagram of the indoxyl acetylation assay. E. coli induced with IPTG for 
lacY and lacZ expression are fed indoxyl galactoside. Free indoxyl generated by uptake 
and hydrolysis of indoxyl galactoside is either acetylated by an AAT or diffuses out of 
the cell and oxidizes to indigo. 
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Figure 4-12. In vivo acetylation of indoxyl and effects of the hydrolase knockouts in 
improving this bioconversion. A) Screen of acetyltransferases (described in Table 4-3) 
identified indoxyl acetylation activity for three enzymes. Extracellular indoxyl acetate 
concentrations for high OD cultures of LL14x constitutively expressing the indicated 
transferases six hours after addition of 1 mM IPTG and 3 mM indoxyl galactoside 
(indoxyl precursor). B) Extracellular indoxyl acetate concentrations for RE630 (black) 
and LL14x (grey) strains constitutively expressing chloramphenicol acetyltransferase. 
Saturated cultures were pelleted and resuspended 1:2 in fresh media with 1 mM IPTG 
and 3 mM indoxyl galactoside. Error bars represent standard deviation of biological 
triplicates. 

Biosynthesis of indoxyl acetate is improved in the hydrolase knockout strain 
compared to the wild-type strain. 

We performed the initial AAT screen in the LL14x knockout strain to hopefully 
maximize indoxyl acetate production. To test what effect the hydrolase deletions had on 
indoxyl acetate biosynthesis, we measured indoxyl acetate concentrations over time 
using the same assay described above in RE630 and LL14x strains expressing CAT. 
LL14x produced 50% more indoxyl acetate than RE630 at peak titer (Fig. 4-12B). We 
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also noted that after maximum titer was reached, the stability of this titer was much 
different between the strains: the RE630 cultures had rapid loss of indoxyl acetate 
compared to LL14x cultures as is expected given the difference in indoxyl acetate 
hydrolysis rate between these strains. Thus, we have demonstrated that CAT is capable 
of acetylating indoxyl and that knockout of endogenous hydrolases improves in vivo 
biosynthesis of indoxyl acetate in E. coli. 

Thermodynamics of phenol acetylation 

In these bioconversion assays, we were disappointed by the low conversion rates (~3%) 
(Fig. 4-12). The reason for this is confounded by multiple variables such as the enzyme 
kinetics (particularly Km), CAT expression, indoxyl acetate hydrolysis by hydrolases, 
acetyl-CoA availability, and the reaction thermodynamics. To check the 
thermodynamics of indoxyl acetylation, we estimated the Gibbs free energy under E. 
coli physiological conditions (pH = 7.4; 0.6 mM acetyl-CoA; 1.37 mM CoA)179 for a 
number of acetylation reactions for 1 mM substrate using eQuilibrator180. We found that 
formation of all phenolic esters are thermodynamically disfavored, with 4-
methylumbelliferone, the closest analog to indoxyl, having the largest ∆G (Table 4-5). 
In contrast, allylic acetylation is favored, as expected based on reported titers151. 
Typically, ester bond formation from acyl-CoA is favored given the higher energy of the 
thioester bond in the CoA donor. However, the phenolic esters have higher heats of 
formation181, which apparently is less favorable than the thioester bond. These 
thermodynamics are likely contributing to the low titers observed in the in vivo 
reactions. 

Table 4-5. Estimated Gibbs free energies for various alcohol modifications under 
physiological conditions. 

Reactant Product ∆G (kJ/mol) 
Eugenol Eugenol acetate 6.5 

4-methylumbelliferone 4MU acetate 7.6 
Phenol Phenyl acetate 6.4 

Salicylic acid Aspirin 6.4 
Isobutanol Isobutyl acetate -34.6 

Flavonol-3-O-glucoside Flavonol-3-O-(6-O-
malonyl-glucoside) -30.8 

Indoxyl Indican -97.5 
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4.3. Discussion 
 
The goal of green chemistry is to generate valuable products while minimizing 
hazardous waste. With improved metabolic engineering tools, bioproduction is 
becoming an important component of green chemistry solutions by allowing conversion 
of sugars and other bio-derived molecules into valuable chemicals under mild 
conditions using microbes. In this work, we focused on biosynthesizing indoxyl acetate 
for use as a replacement in an alternative indigo dyeing processes. We are interested in 
this biosynthetic route to indigo for two reasons: 1) biologically-derived indoxyl 
replaces petroleum-based indigo, which is produced in an environmentally harmful 
synthesis and 2) indoxyl acetate enables an alternative dyeing process to the indigo 
dyeing process, which should remove the need for hazardous reducing agents while 
lowering water usage. 
 
In the commercial dyeing of indigo, denim fibers are dipped into vats full of 
leucoindigo, which are prepared by reducing indigo using a mixture of base (sodium 
hydroxide) and reducing agent (sodium dithionite) in water133. Dipped denim fibers are 
exposed to oxygen to allow oxidation of leucoindigo to indigo, and the process is 
repeated. We envision an alternative process using indoxyl acetate: concentrated 
solutions of indoxyl acetate in an organic solvent are sprayed onto the denim fibers; 
evaporation and collection of the solvent for reuse leaves the fibers saturated with 
indoxyl acetate. The denim fibers would then be sprayed with basic solution to 
solubilize and hydrolyze the indoxyl acetate followed by dimerization and oxidation to 
indigo in air (Fig. 4-1A). This process would eliminate the use of sodium dithionite and 
reduce water usage by removing the vat; however, infrastructure for handling and 
recycling an organic solvent will be more complicated. Our initial comparison by 
dyeing of denim swatches with these two methods suggests that our proposed indoxyl 
acetate dyeing can work (Fig. 4-1C). Our observations of the formation of indirubin are 
concerning. If too much indirubin forms, it could ruin the applicability of indoxyl 
acetate and other protected-indoxyl substrates as replacements to indigo dyeing. These 
initial experiments suggest that this doesn’t seem to be a huge issue as much of the 
indirubin seems to have washed out during the laundering step and while indigo yield 
from indoxyl acetate hydrolysis is reported at best to be 95%, the previous studies of 
this hydrolysis have indicated that indirubin is only a minor byproduct132,134. 
 
A significant challenge in biosynthesizing indoxyl acetate is that it is likely unstable in 
all organisms due to the small size indoxyl acetate and abundance of hydrolases 
involved in many metabolic processes. In the case of E. coli MG1655, we demonstrated 
that at least four hydrolases are responsible for endogenous hydrolysis activity of 
indoxyl acetate (Fig. 4-7A), and clearly more hydrolases with activity on indoxyl acetate 
exist (Fig. 4-7B). A high-throughput overexpression library screened using plates 
containing indoxyl acetate could likely identify these remaining hydrolases. A 
complication in this screen or an in vitro screen is that some of these hydrolases may 
promiscuously degrade indoxyl acetate in vitro, like yeiG (Fig. 4-4), but may be 
expressed sufficiently in vivo under laboratory growth conditions to have a significant 
impact on indoxyl acetate hydrolysis (Fig. 4-7A). Beyond stabilizing indoxyl acetate in 
culture, these hydrolase knockout strains may be of interest for studying the biological 
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function of E. coli hydrolases or for identifying and characterizing substrate specificity 
of heterologous hydrolases. 
 
Our in vivo screen of 12 acetyltransferases identified three that acetylate indoxyl acetate 
(Fig. 4-12A). Biosynthesis of indoxyl acetate in the hydrolase knockout strain, LL14x, 
improved titers by 50% compared to wild-type, however in both instances, titers were 
quite low (Fig. 4-12B). Between the observed toxicity and the estimated 
thermodynamics of the reaction (Table 4-4), an almost essential avenue going forward 
would be to develop a compatible overlay or use a resin to bind indoxyl acetate. An 
overlay or resin would aid in pulling the reaction forward by removing product, protect 
indoxyl acetate from hydrolases, and hopefully eliminate toxicity observed with higher 
exogeneous indoxyl acetate concentrations (Fig. 4-10); if achieved, this solution would 
simultaneously address many of the concerns described in this chapter. 
 
Biochemical protecting groups offer a lot of potential in biosynthetic150 and semi-
synthetic syntheses182. Beyond the obvious control of reactivity, as is the case for indoxyl 
and N-acetylglucosamine150, where protection allows spatial and temporal control over 
subsequent reactivity, these groups could be used in a number of other ways, such as 
promoting product secretion or reducing toxicity183, as well as pulling reactions forward 
when the final enzymatic step before protection is reversible. Given all these powerful 
applications, we envision a toolkit of protecting groups, where different protecting 
groups are available to selectively tailor the chemical and biochemical properties of 
metabolites. Our initial work started the toolkit by providing a glucosyl protecting 
group to prevent indoxyl oxidation (Unpublished). This piece of the toolkit stabilized 
indoxyl very effectively, but was not compatible with our desired basic hydrolysis 
conditions. In this work, we added another crucial component to this toolkit – an ester – 
that affords similar stabilization while also being base-labile. Furthermore, we 
demonstrated the first bioconversion generating indoxyl acetate, and identified 
challenges preventing scaled-up bioproduction of acetylated aromatics. As this panel of 
protecting groups expands, the increasing diversity of chemical and biochemical 
properties will enable specific tailoring of the protecting group for a given application. 
Ultimately, we hope these technologies will expand the diversity, utility, and success of 
small molecule biosynthesis for this and other green chemistries. 
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4.4. Materials and Methods 
 
Strains and media 
 
All cloning was performed using chemically competent TG1 (Lucigen, Madison, WI) 
and grown in Lysogeny Broth (LB; Becton, Dickinson and Company, Franklin Lakes, 
NJ) using chloramphenicol (34 mg/L) or kanamycin (25 mg/L). E. coli were grown at 37 
°C and 750 rpm for all experiments. For strain engineering, MG1655 derivative RE630 
(EcNR1 ilvG+ dam@λTerm dualTetO-pTet<>{kil, λ cI} cymR<>SS7 pConst::araE 
pConst::araC lacIQ1 recJ_off xonA_off dnaG.Q576A) was used and grown in LB with 
ampicillin (100 mg/L) except during indoxyl acetate fermentations. 
 
Indoxyl acetate hydrolysis with base 
 
Indoxyl acetate (VWR, Radnor, PA)  stock solutions (100x) in DMSO were aliquoted (1 
µL) into each well. Using a multichannel pipette, 100 µL of 20 mM sodium hydroxide 
was added to each well simultaneously. 
 
Denim swatch dyeing 
 
A leucoindigo bath was prepared as described previously136. Briefly, indigo (60 mg) was 
added to a 4 mL solution of sodium hydroxide (750 mM) and heated to a boil. Sodium 
dithionite (1 mL; 10% wt/vol) was added and stirred for 2 min to dissolve the indigo. 
This stock was poured into 35 mL of water to make the bath. To dye, 200 µL of bath 
solution was pipetted onto the denim swatches (gift from Levi Strauss & Co). To dye 
with indoxyl acetate, 200 µL of indoxyl acetate (12 mM in ethyl acetate) was pipetted 
onto denim swatches and waved in the air for 1 min to dry. Sodium hydroxide solution 
(75 mM) was pipetted onto the swatch. Swatches were dried for 15 min between dye 
applications for both methods. Dyed swatches were washed with deionized water and 
left to dry overnight on paper towels. 
 
Indirubin characterization 
 
Small sections (5 mm2) of dyed swatches were vortexed with 150 µL of methanol for 2 
minutes to detect extract dye. An absorbance scan of this methanol extract was taken 
using a TECAN Infinite M1000. For TLC separation, cut swatch sections were extracted 
with 100 µL of dimethylfuran, spotted three times and then separated with a 7:4:1 
(chloroform:hexane:methanol) mobile phase: indigo (Rf = 0.86), indirubin (Rf = 0.80). To 
synthesize the indirubin reference, isatin (3 µL, 100 mM in DMSO) and indoxyl acetate 
(2 µL, 100 mM in DMSO) were mixed before 75 mM NaOH (105 µL) was added and 
allowed to react for 5 minutes. The mixture was then pelleted at 18,000 xg for 20 sec, 90 
µL of solvent removed, and then 100 µL of DMF added to redissolve the indirubin and 
indigo mixture for spotting. 
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Indoxyl acetate stability 
 
Overnight saturated RE630 and LL14x cells were pelleted and resuspended to the 
indicated OD in media (10 mL) containing indoxyl acetate (1 mM) and grown in a 50 
mL culture tube. For the pre-boiled cells, the cells were resuspended in 250 µL of fresh 
LB and heated to 95 °C for 20 min before inoculation. 
 
Indoxyl acetate quantification 
 
Filtered samples were kept at 4 °C and run within 16 hours of sampling. Indoxyl acetate 
was detected and quantified by injecting 5 µL of media on a ZORBAX Eclipse Plus C18 
4.6 × 100 mm 3.5 µm column (Agilent, Santa Clara, CA) kept at 30 °C connected to a 
LTQ XL Ion Trap MS (Thermo Scientific) using a 0.5 mL/min gradient mobile phase 
flow rate controlled by an Agilent1200 pump. Mobile phase A was 0.1% formic acid in 
water and mobile phase B was 0.1% formic acid in acetonitrile. The gradient profile was 
0 min 95% A, 2 min 95% A, 10 min 2% A, 13 min 2% A, 14 min 95% A, 16 min 95% A. 
Indoxyl acetate was ionized by electrospray ionization in positive mode and detected 
by scanning a parent mass of 176 m/z [M+H]+, with a 2 m/z iso width and a 
normalized collision energy of 35. To quantify indoxyl acetate, Xcalibur 4.0 Qual 
Browser was used to integrate (Rt 11-11.8 min) the MS/MS indoxyl peak ([M+H]+ 133.5-
134.5 m/z) derived from the parent mass scan. Concentrations were calculated using a 
standard curve of known indoxyl acetate in media. 
 
Indoxyl acetate hydrolysis rates 
 
E. coli cultures were pelleted, resuspended in 100 µL phosphate buffered saline (137 mM 
NaCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 2.7 mM KCl, pH = 7.4), and added to 1 µL of 
indoxyl acetate (100 mM in DMSO) in a microtiter plate to initiate hydrolysis. Indoxyl 
fluorescence (410/490 nm) was measured using a TECAN Infinite� M1000 every 
minute. The relative hydrolysis rate was calculated using the slope of a linear fit to the 
measured fluorescence. 
 
E. coli recombineering for knockouts 
 
All DNA oligomers used in this study were synthesized by Integrated DNA 
Technologies (IDT, Coralville, Iowa). Recombineering oligos were designed as 
translational knockouts using MODEST184 (http://modest.biosustain.dtu.dk/), are 
described in Table 4-6 and were resuspended to 500 µM in water. To make each 
knockout, a colony was grown to saturation overnight in LB, diluted 1:100 into fresh LB 
(10 mL) with anhydrotetracycline hydrochloride (100 ng/mL) and grown for 2 hours. 
The culture was pelleted, washed twice in 10% glycerol (5 mL), and resuspended in 10% 
glycerol (150 µL). 50 µL of cells were mixed with 1 µL of oligo and electroporated at 1.8 
or 2.5 kV for the first seven and last seven rounds of recombineering, respectively. Cells 
were recovered in fresh LB + Amp (10 mL) for at least three hours before plating on LB 
+ Amp. Successful recombineering was screened by multiplex allele-specific colony 
PCR (MASC) as described previously185 and genome editing was confirmed by sanger 
sequencing of genomic PCRs using “seq” oligos (Table 4-7). For MASC PCR, 24 
colonies were inoculated in 35 µL LB and 1 µL was used as template in two taq PCR 
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reactions (10 µL), one using a wild-type specific forward oligo and the other using a 
mutant specific forward oligo with the reverse oligo. Loss of the wild-type PCR product 
and production of the mutant PCR product, as detected on an agarose gel, indicated 
successful recombineering. 
 
Table 4-6. Recombineering oligos for hydrolase knockout. 

Oligo Name Sequence 

aes KO T*G*GCAGTGGTTCCTTACAATGACGTAATTTGAAAGGAGTTTTTGTAGTGAAGCCGGAAAA
CAAACTACCTGTTCTGGACCTTATTTCTGC	

bioH KO T*T*GGTCTGCCACCAGATGTTATTCACTATCCGCTATTGTTCTCTTTTGACTTACAAGGAT
GAACATATGCTAACAGTACCGGGATTATGC	

yjfP KO A*A*GAACGGGAATATCTGCCAGCTCGCGTGATTCTATTTCAATCACTATGTCTCTCCTTTT
TGTCTGGTATGACATGAAGAAATCCTTAGC	

yeiG KO A*A*ACGGTATGATGAAGAAATTGCAAACAACACAACAAGGAGCCACGTAGTGGAAATGCTC
GAAGAGCACCGCTGTTTTGAAGGCTGGCAG	

frmB KO T*A*ATACTCTCCCCGGGCAGCCGTCCGGGGGATTAACCCTGAGATAATGACTTAGTGGAAC
TCATTGAAAAACATGTCAGCTTTGGCGGCT	

entH KO G*C*GTTCAGTTCGTCGAGCGTTAAATGtCaTTaCtAGATCATGCTTATGCCCCCAGCGTTG
AGCCGCCATCGACCACAATATCCTGTAGGG	

ydiL KO G*A*TTGCCCAGACCGGTGACAGTGAAAGCTGGCGTtAGTGatAAAATGGCAAGTGTGCCAT
TCCTGATCGTGTAGTCGAGCAACTGTTGGC	

tesA KO G*A*CTTCTTAAGATGATGAACTTCAACAATGTTTTCCGCTGatAaTaGCCCTTCCTGTTCC
TGGTCCTGTTAACCTTCCGTGCCGCCGCAG	

nanS KO G*C*GGATCGGCTTTTACCGCGGGCAGCGAAGGGACATAgTgAtAACGGCACGGAGCCAGCC
ATGATGCTTGTCGTTGGGGAACGGATACTC	

yqiA KO C*C*GCCAGCCAGTTTTaTcACtAGCTCGCTTTTGCAGAGCGCGGCGAGCTGTTGAAACCGT
GTAAATAAAGAAGCGTAGACATCAGTAGCC	

ybfF KO C*A*GGTTGATATGCGTAACCACGGTCTTTaAtaGtGAGATCCGGTAATGAATTACCCGGCG
ATGGCGCAGGATCTTGTTGATACTCTGGAT	

ypfH KO G*C*CCCTACTCCGCTCTGTTTCTatCAtTAGCGCACCGTTTCAATAAACGTCGGCATGATC
GCATCCACACGCGCCTGGCGATTATCTTCC	

frsA KO C*A*CACCATCGCCTGGGTGGCtCACTatTAAATCCAGTTGCCGCCACGGTAGCCAATCACC
GTATCGTATAAATCATCGTCGGTACGTTCG	

tnaA KO G*A*ACCGTTCCGCATTCGTGTTATTGAGCCAGTAAAACGTACCACTCGCGCTTAgtGatAA
GAGGCAATTATTAAATCCGGTATGAACCCG	
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Table 4-7. Sequences of oligomers used in Chapter 4. 

Oligo Name Sequence 
aes for CCGGCGCTTAATCCATAACG	
aes seq-r GGTGTAATCAATACCAATCACCG	
aes MASC WT-r AGTTTGTTTTCCGGCTTCAT	
aes MASC KO-r AGTTTGTTTTCCGGCTTCAC	
bioH for AGACGAAAGGCATTTTTCAGG	
bioH MASC WT-r TCTGCCACCAGATGTTATTcat	
bioH MASC KO-r TGCCACCAGATGTTATTcacta	
yjfP seq-f CAGGCACTTAACATCAACACC	
yjfP rev CCAGAATTGATTTAACCGCCG	
yjfP MASC WT-f CCAGACAAAAAGGAGAGACAGA	
yjfP MASC KO-f CCAGACAAAAAGGAGAGACAtAg	
yeiG seq-f GCTTCTTTACTGAGTGATGGC	
yeiG rev GCGTGGCATTAAGATAAAAGCC	
yeiG MASC WT-f CAACAAGGAGCCACGCA	
yeiG MASC KO-f ACAACAAGGAGCCACGTAG	
frmB for GGGCATGGTTGAAGATGCG	
frmB seq-r CAATAATGTTGTGCTCAGCCG	
frmB MASC WT-r ACATGTTTTTCAATGAGTTCCATC	
frmB MASC KO-r CATGTTTTTCAATGAGTTCCACTA	
entH seq-f CGCCAACACGATTTTGTTCC	
entH rev CACACTGTCCGTCGCGGGTCA	
entH MASC WT-f CTGGGGGCATAAGCatgATCTGGAAACG	
entH MASC KO-f CGCTGGGGGCATAAGCatgATCTaGtAAtGa	
ydiL seq-f GCCATTACACGatgAACGC	
ydiL rev ACCCGCGGCATTAGTCTGCCA	
ydiL MASC WT-f GACAGTGAAAGCTGGCGTCAGTGGG	
ydiL MASC KO-f GGTGACAGTGAAAGCTGGCGTtAGTGat	
tesA seq-f CCAGCAAGGTTGACTTACC	
tesA rev CCTCCTGCAACTGCCCGTTCACC	
tesA MASC WT-f AAGatgATGAACTTCAACAATGTTTTCCGCTGGC	
tesA MASC KO-f GACTTCTTAAGatgATGAACTTCAACAATGTTTTCCGCTGatAaTa	
nanS seq-f ACAGTACGGCACCGTTGGCC	
nanS rev TCTTTCCAGTACCAGGTGGTATCGCC	
nanS MASC WT-f CGGGCAGCGAAGGGACATATTCAG	
nanS MASC KO-f CGGGCAGCGAAGGGACATAgTgAt	
yqiA seq-f GGCGGACACACGTTTCCAACC	
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yqiA rev CGGTGAGTACCTCAATGGCATCAGCG	
yqiA MASC WT-f GCGCTCTGCAAAAGCGAGCTTGTTAA	
yqiA MASC KO-f GCGCTCTGCAAAAGCGAGCTaGTgAt	
ybfF seq-f CCCTAACCCGACAACGCG	
ybfF rev AATTCTCCCATCGTTCTTGTCCACGGTC	
ybfF MASC WT-f GTTGATATGCGTAACCACGGTCTTTCACCGA	
ybfF MASC KO-f CCAGGTTGATATGCGTAACCACGGTCTTTaAtaGt	
ypfH seq-f GTTTGCACCGCTGTTTCC	
ypfH rev GGTATAACGCAAGTGATCCAGG	
ypfH MASC WT-f CGGTGCGCTACTGGCA	
ypfH MASC KO-f TGAAACGGTGCGCTAaTGat	
frsA seq-f CATGATTAACCGTCTGATGTGG	
frsA rev AACGTTAGCGCCGAAACG	
frsA MASC WT-f GGCAACTGGATTTATGAGTGGG	
frsA MASC KO-f GCGGCAACTGGATTTAatAGTGa	
tnaA seq-f TTTTAGTAAATGATGGTGCTTGCATA	
tnaA rev TGGTGATGGTTGCAACG	
tnaA MASC WT-f CACTCGCGCTTATCGTG	
tnaA MASC KO-f CCACTCGCGCTTAgtGat	
J23110 RBS lib-r ttaaGGTCTCtcatagaHHHHYYYYYHHNNNNgaagctagcgctagcattgtac	
ScATF1-f1 GCATCGTCTCATCGGTCTCATATGAATGAAATCGATGAGAAAAATCAGG	
ScATF1-r1 ATGCCGTCTCAATTCaTCTCTTAAATCATGAAAAAAGTGGATC	
ScATF1-f2 GCATCGTCTCAGAATTAAATAATATTAAAACTCCACCAAAAAAATTA	
ScATF1-r2 ATGCCGTCTCAGGTCTCAGGATCCAGGGCCTAAAAGGAGAGC	
ScATF2-f GCATCGTCTCATCGGTCTCATATGgaagatatagaaggatacgaacc	
ScATF2-r ATGCCGTCTCAGGTCTCAGGATCCaagcgacgcaaattcgcc	
ScEEB1-f GCATCGTCTCATCGGTCTCATTCTtttcgctcgggttactatc	
ScEEB1-r ATGCCGTCTCAGGTCTCAGGATCCtaaaactaactcatcaaagctgc	
ScEHT1-f GCATCGTCTCATCGGTCTCCTATGtcagaagtttccaaatggcc	
ScEHT1-r ATGCCGTCTCAGGTCTCAGGATCCtacgactaattcatcaaacttagtg	
AbWS/DGAT-f TATCGGTCTCATATGtcttataagaataaccattctattttatc	
CAT-f GCATCGTCTCATCGGTCTCATATGgagaaaaaaatcactggatatacc	
CAT-r ATGCCGTCTCAGGTCTCAGGATCCcgccccgccctgc	
CbBEAT1-f TATCGGTCTCATATGaatgttacaatgcattcaaag	
FaAAT2-f TATCGGTCTCATATGtcttataagaataaccattctattttatc	
FaSAAT-f TATCGGTCTCATATGgagaaaatcgaggtttcg	
PhCFAT-f TATCGGTCTCATATGggtaacaccgacttcc	
RhAAT1-f TATCGGTCTCATATGgagaagatcgaagtctc	
RsVS-f TATCGGTCTCATATGgcaccgcagatgg	
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Growth curve 
 
Saturated overnight RE630 and LL14x cultures were diluted to OD =  0.004 in fresh LB + 
Amp (12 mL) and grown in a 50 mL culture tube. 
 
Formaldehyde and salicylate sensitivity 
 
RE630 and the knockout strains were inoculated in 200 µL LB + Amp in a 96-well block 
and grown overnight. For formaldehyde, each culture was diluted 1:220 in 120 µL LB 
with (800 µM) or without formaldehyde in a microtiter plate and grown at 37 °C in a 
Sunrise TECAN with high amplitude orbital shaking. For salicylate, each culture was 
diluted 1:200 in 120 µL LB with 250 µM dipyridyl and 350 µM salicylate in a microtiter 
plate and grown the same way. 
 
Lysate labeling with FP-rhodamine 
 
Strains RE630 and LL9x were grown overnight in 50 mL of LB + Amp in a 250 mL shake 
flask. Saturated culture were pelleted, resuspended in 5 mL PBS, and sonicated for 60 
sec (5 sec on 10 sec off). Lysate was pelleted at 12,000 xg at 4 °C for 10 min and protein 
concentration determined by Bradford with BSA as a standard. Each lysate (50 µg in 50 
µL) was incubated with varying concentrations of indoxyl acetate for 5 minutes at room 
temp. Then FP-rhodamine (53 µM in DMSO) was added to the indicated final 
concentration and incubated at room temp. for 15 min. The reaction was quenched with 
the addition of 4x Laemmli’s SDS-sample buffer (30 µL) followed by heating at 95 °C for 
6 min. Samples were loaded onto a large SDS-PAGE gel and separated over 4 hours at 
60 V. The gel is then imaged for rhodamine fluorescence. 
 
Ester stability in culture 
 
RE630 and LL14x strains were inoculated in triplicate in 3 mL of LB + Amp in a 24-well 
block and grown overnight. Each culture was pelleted and resuspend to OD = 2 in fresh 
media. Ester stocks (100 mM) were prepared by dissolving each ester in DMSO. The 
cultures were split in a 96-well block and each ester (400 µM) was added. After 16 hours 
(6 hours for indoxyl acetate), the cultures were filtered using an AcroPrep Advance 96 
Filter Plate. Esters were detected by injecting 5 µL of media on a ZORBAX Eclipse Plus 
C18 2.1 × 30 mm 3.5 µm column (Agilent, Santa Clara, CA) kept at 30 °C connected to a 
6520 Accurate-Mass Q-TOF LC-MS (Agilent). Positive mode was used for indoxyl 
acetate ([M+H]+ 176.06 m/z; Rt 5.5 min), eugenol acetate ([M+H]+ 207.09 m/z; Rt 6.4 
min), lovastatin ([M+H]+ 405.26 m/z; Rt 6.5 min), paclitaxel ([M+H]+ 854.33 m/z; Rt 6.5 
min), and vinblastine ([M+H]+ 811.42 m/z; Rt 5.2 min) with mobile phase A was 0.1% 
formic acid in water and mobile phase B was 0.1% formic acid in acetonitrile. 
Echinomycin and Ivermectin ([M-H- 872.51 m/z; Rt 5 min), were run in negative mode 
using mobile phases containing 0.05% ammonium hydroxide instead of formic acid. 
Regardless of mobile phase, the following gradient was used: 0 min 95% A, 1.5 min 95% 
A, 7 min 2% A, 9 min 2% A, 9.5 min 95% A, 12 min 95% A. Aspirin ([M+H]+ 181.04 m/z; 
Rt 1.6-1.7 min) and atropine ([M+H]+ 290.17 m/z; Rt 1.1 min) used the following 
gradient in positive mode: 0 min 85% A, 3 min 70% A, 4 min 2% A, 6 min 2% A, 6.5 min 
85% A, 8 min 85% A. Echinomycin ([M-H]- 1099.42 m/z; Rt 9.7-9.9 min) was separated 
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using the ZORBAX Eclipse Plus C18 4.6 × 100 mm 3.5 µm column with the following 
gradient: 0 min 95% A, 3 min 95% A, 14 min, 2% A, 18 min, 2% A, 19 min, 95% A, 24 
min 95% A. 
 
Ester stability in lysate 
 
RE630 and LL14x strains were inoculated in triplicate in 3 mL of LB + Amp in a 24-well 
block and grown overnight. Cultures were diluted into 75 mL of LB + Amp and grown 
5 hours at 37 °C and 220 rpm. Cultures were pelleted, resuspended 1:15 on ice in 
phosphate buffered saline (137 mM NaCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 2.7 mM 
KCl, pH = 7.4), and sonicated (40% amplitude; 5s on, 15s off for 60 sec). Cleared lysates 
were prepared by pelleting (4 °C; 12,000 xg; 20 min) and protein concentration was 
estimated using Bradford reagent (Bio-Rad) with a bovine serum albumin standard 
curve. For each lysate, 100 µg of protein was diluted to 100 µL final volume (PBS + 1% 
triton X) with ester (400 µM from 100 mM in DMSO). After incubation for two hours at 
37 °C, hydrolysis reactions were quenched with 100 µL acetonitrile, filtered using the 
96-well filter plate, and run on the QTOF mass spectrometer as described above. 
 
Indoxyl acetate toxicity 
 
RE630 and LL14x strains were inoculated in 200 µL LB + Amp in a 96-well block and 
grown overnight. Each culture was diluted to OD 0.001 in 350 µL of fresh LB + Amp + 3 
mM indoxyl acetate (prepared using 1 M indoxyl acetate in DMSO). At various times, 
20 µL of each culture was serially diluted 1:10 and 4 µL from each dilution were spotted 
on a LB + Amp plate. Plates were incubated overnight and colonies were counted to 
determine colony forming units (cfu). For BY4741 cultures, cells saturated in YPD were 
diluted 1:100 (OD = 0.1) into fresh YPD with varying indoxyl acetate concentrations. 
Every ~3 hours 1:10 serial dilutions were made in PBS and 4 µL spotted on YPD plates. 
After two days’ growth at 30 °C, colonies were counted. 
 
Plasmid cloning 
 
All acetyltransferase genes except those from S. cerevisiae and CAT were synthesized by 
IDT. S. cerevisiae genes and CAT were cloned by PCR from the BY4741 genome with 
primers listed in Table 4-7, expect CAT, which used pYTK001 as a template93. All 
plasmids were assembled using golden gate cloning as described previously with parts 
compatible with the Yeast Toolkit93. Expression plasmids used are summarized in Table 
4-8. Ribosome-binding site libraries were created by BsaI golden gate reactions of 
purified enzymatic inverse PCR products generated by PCR of each expression cassette 
using the universal reverse oligo “J23110 RBS lib-r” and the transferase gene forward 
oligos listed in Table 4-7. 
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Table 4-8. Plasmids used in Chapter 4. 

Plasmid Description Fig. 
pJL108 PBAD-FaAAT2-tL3S2P24_KanR_ColE1 Tab. 4-4 
pJL109 PBAD-RhAAT1-tL3S2P24_KanR_ColE1 Tab. 4-4 
pJL110 PBAD-CbBEAT-tL3S2P24_KanR_ColE1 Tab. 4-4 
pJL112 PBAD-AbWS/DGAT-tL3S2P24_KanR_ColE1 Tab. 4-4 
pJL113 PBAD-ScATF1-tL3S2P24_KanR_ColE1 Tab. 4-4 
pJL114 PBAD-ScATF2-tL3S2P24_KanR_ColE1 Tab. 4-4 
pJL115 PBAD-ScEEB1-tL3S2P24_KanR_ColE1 Tab. 4-4 
pJL116 PBAD-ScEHT1-tL3S2P24_KanR_ColE1 Tab. 4-4 
pJL122 PBAD-PhCFAT-tL3S2P24_KanR_ColE1 Tab. 4-4 
pJL123 PBAD-FvSAAT-tL3S2P24_KanR_ColE1 Tab. 4-4 
pJL124 PBAD-RsVS-tL3S2P24_KanR_ColE1 Tab. 4-4 
pLNL1126 PJ23110-RBS-FaAAT2-mRuby2-tL3S2P24_KanR_p15A Fig. 4-12 
pLNL1127 PJ23110-RBS-RhAAT1-mRuby2-tL3S2P24_KanR_p15A Fig. 4-12 
pLNL1128 PJ23110-RBS-CbBEAT-mRuby2-tL3S2P24_KanR_p15A Fig. 4-12 
pLNL1130 PJ23110-RBS-AbWS/DGAT-mRuby2-

tL3S2P24_KanR_p15A 
Fig. 4-12 

pLNL1131 PJ23110-RBS-ScATF1-mRuby2-tL3S2P24_KanR_p15A Fig. 4-12 
pLNL1132 PJ23110-RBS-ScATF2-mRuby2-tL3S2P24_KanR_p15A Fig. 4-12 
pLNL1133 PJ23110-RBS-ScEEB1-mRuby2-tL3S2P24_KanR_p15A Fig. 4-12 
pLNL1134 PJ23110-RBS-ScEHT1-mRuby2-tL3S2P24_KanR_p15A Fig. 4-12 
pLNL1135 PJ23110-RBS-CAT-taa-mRuby2-tL3S2P24_KanR_p15A Fig. 4-12 
pLNL1141 PJ23110-RBS-PhCFAT-mRuby2-tL3S2P24_KanR_p15A Fig. 4-12 
pLNL1142 PJ23110-RBS-FvSAAT-mRuby2-tL3S2P24_KanR_p15A Fig. 4-12 
pLNL1143 PJ23110-RBS-RsVS-mRuby2-tL3S2P24_KanR_p15A Fig. 4-12 
pLNL1151 PJ23110-BBa_B0029-CAT-mRuby2-tL3S2P24_KanR_p15A Fig. 4-12 

 
 
Indoxyl acetate fermentations 
 
Chemically competent RE630 and LL14x cells were prepared, transformed with the 
plasmids listed in Table 4-8, and plated on LB + Kan. Colonies were inoculated in 2 mL 
production media (2YT [Fisher Scientific, Waltham, MA], 2% glycerol, 17 mM KH2PO4, 
72 mM K2HPO4, kanamycin) and grown overnight. Saturated cultures were pelleted 
and resuspended in 2x volume of production media supplemented with Isopropyl β-D-
1-thiogalactopyranoside (IPTG; 1 mM) and 3-indoxyl-β-D-galactopyranoside [VWR] (I-
gal; 3 mM). To sample, the cultures were filtered by centrifugation (1500 xg 2 min) 
using a AcroPrep Advance 96 Filter Plate (PALL, Port Washington, NY) and analyzed 
by mass spectrometry as described above. 
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Chapter 5. Towards biosynthesis of indoxyl 
malonate 
	

5.1. Introduction 
	
During the course of our investigations of the biosynthesis indoxyl acetate, as described 
in Chapter 4, we realized a number of undesirable properties of indoxyl acetate. One of 
the largest concerns is from the physical perspective, which is the very low solubility of 
indoxyl acetate in water. The consequence of this is that during the dyeing process, we 
would have to use an organic solvent to apply the dye. Use of an organic solvent could 
be a non-starter for the dyeing industry and certainly complicates the process. Another 
obvious concern is the instability of indoxyl acetate in the presence of cells (Fig. 4-1D). It 
would be much more ideal to have a protecting group that is not degraded by 
endogenous hydrolases (or only very few). Yet another concern is the relatively high 
toxicity of indoxyl acetate. Just 3 mM (0.5 g/L) shows significant growth defects (Fig. 4-
10). In an attempt to circumvent this concern, we tested a few common overlays (oleyl 
alcohol, dodecane) however, as would be expected based on general solubility of 
indoxyl acetate (Table 4-1), we found that indoxyl acetate was insoluble in these 
solvents. The closest we came to was various undecanone isomers, and while these 
form overlays, they are toxic to E. coli and therefore untenable. 

Given all of these concerns, using an alternative base-labile protecting group that does 
not interact poorly with E. coli would be greatly preferred. Ideal properties would 
include: stability expect in the presence of base, water-solubility, and non-hazardous. 
This need for protecting groups with different properties highlights the utility of a 
protecting group toolkit, as briefly described in the Discussion of Chapter 4. It would be 
idyllic to have a large array of protecting groups to choose from, with production 
chassis ready to support cofactor production and a large panel of transferases to screen 
in order to identify an enzyme with our desired activity. In this instance, we realized 
that by modifying the acyl-CoA donor, we could retain the desired base-labile 
properties furnished by the ester while tailoring the biological and physical properties 
of the indoxyl ester. 

Specifically, we became interested in indoxyl malonate (Fig. 5-1) for the following 
reasons: 1) malonyl groups contain a carboxylic acid, which impart a negative charge to 
the molecule in a buffered, neutral pH solution (such as the cell). 2) The negative charge 
should drastically alter the physical and biochemical properties. For example, 
carboxylates are known to dramatically increase water solubility. This prevents the 
molecule from diffusing across membranes and generally reduces the hydrophobicity, 
which we hypothesize is the mechanism of toxicity for indoxyl acetate. 3) The non-
specific hydrolases that degrade indoxyl acetate likely will not recognize and hydrolyze 
indoxyl malonate as the charge would repel the molecule from binding in the active 
site. However, other enzymes may hydrolyze indoxyl malonate that did not bind 
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indoxyl acetate. 4) The malonyl protecting group retains the low carbon economy of the 
protecting group, similar to acetate. This is because malonyl has only one extra carbon, 
which is highly oxidized. As a result, the biochemical oxygen demand of malonate, 
released after hydrolysis by base, should be similar to acetate. 

While we predicted these favorable properties on paper, it was also evident that 
substantial engineering would be necessary to achieve in vivo production of indoxyl 
malonate. First, similar to indoxyl acetylation, there are no reported indoxyl malonyl 
transferases. So, work would need to be done identifying or engineering a malonyl 
transferase. Second, the cofactor in this synthesis is changed from acetyl-CoA to 
malonyl-CoA. While some work has been done improving malonyl-CoA pools186, the 
total flux to malonyl-CoA is generally much lower, which may become limiting for 
titers. Of particular concern is the competition between malonyl-CoA for use in our 
desired biosynthetic pathway and its incorporation into fatty acids187. If the pull on the 
malonyl-CoA by a heterologous pathway is too great, cell growth can suffer 
dramatically188. This may be why, of all the pathways tested in E. coli that have used 
malonyl-CoA, the highest yield has been about 1 g/L, which is not hugely 
encouraging186. However, the products of these pathways have been flavonoids, which 
require multiple malonyl-CoA molecules per flavonoid189. As we only require a single 
malonyl group for each molecule of indoxyl malonate, we could achieve higher titers in 
the ~5 g/L range using the same amount of malonyl-CoA. 

In this chapter, we describe the physical and biochemical characterization of indoxyl 
malonate as well as the biosynthesis of indoxyl malonate in vitro using the promiscuous 
chloramphenicol acetyltransferase. 

 

	

Figure 5-1. Chemical structures of indoxyl malonate (left) and indoxyl acetate (right). 
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5.2. Results and Discussion 
 

Physical and biochemical characterization of indoxyl malonate 

Before tackling the biosynthesis of indoxyl malonate, we first sought a chemical 
standard to verify our predictions for the beneficial properties and to use for validating 
detection in production assays. Much to our surprise, there are no reports in the 
literature for the synthesis of this molecule, so we collaborated with Kyle Owens from 
the Sarpong group to synthesize a standard. After a number of attempts, Kyle was able 
to chemically synthesize indoxyl malonate as verified by mass spectrometry and NMR. 
During his synthesis, Kyle observed that indoxyl malonate seems to be quite labile 
under standard workup conditions. He hypothesized that spontaneous decarboxylation 
may be the primary mechanism for this. 

With some indoxyl malonate in hand we began by verifying the base-lability of indoxyl 
malonate. We observed comparable indigo formation for equimolar solutions of indoxyl 
acetate or indoxyl malonate in the presence of 20 or 40 mM sodium hydroxide (Fig. 5-2). 
However, the kinetics for hydrolysis of indoxyl malonate were slightly slower, which 
we hypothesize may be due to the initial deprotonation of indoxyl malonate before 
hydrolysis as well as the repulsion of the hydroxide from nucleophilic attack due to the 
negatively charged carboxylate. 

	

Figure 5-2. Hydrolysis of 1 mM indoxyl acetate and 1 mM indoxyl malonate in the 
indicated base solutions. IBA is the non-hydrolysable analog, indole-3-butyric acid. 

We next tested the stability of indoxyl malonate in solution. Initial hydrolysis rates were 
measured for both indoxyl acetate and indoxyl malonate when diluted into either 
water, 0.1% formic acid in water, or PBS (pH = 7.4). We found that, as suggested by 
Kyle, indoxyl malonate is significantly less stable than indoxyl acetate in all solutions 
(Fig. 5-3). Decarboxylation should yield indoxyl acetate, however in this assay we were 
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measuring free indoxyl, so hydrolysis of the ester is occurring much faster in addition to 
possible decarboxylation. This basal hydrolysis rate in water is of significant concern, as 
product would be lost over time during production and storage. In the hypothetical 
scale up, the dyeing may have to be done immediately following production to prevent 
product loss. Further long-term stability assays are necessary to ensure indoxyl 
malonate is adequately stable for a dyeing process. 

 

	

Figure 5-3. Comparison of initial indoxyl acetate and indoxyl malonate hydrolysis 
rates in solution. The indicated indoxyl derivative were diluted into the indicated 
solutions and indoxyl formation was monitored over 7 minutes by fluorescence. 

Indoxyl malonate is not degraded by E. coli 

We were hoping that the negative charge of indoxyl malonate would protect it from 
degradation by non-specific endogenous hydrolases, unlike indoxyl acetate. To test this, 
we grew high density E. coli cultures in the presence of either indoxyl acetate or indoxyl 
malonate in either buffered or unbuffered media. During the first 7 hours of growth, we 
observed no obvious indigo formation for cells grown in the presence of indoxyl 
malonate, in contrast to clear indigo formation in the cultures with indoxyl acetate (Fig. 
5-4). This indicates significantly improved biological stability of indoxyl malonate. 
However, the most probable cause of this stability is lack of transport of indoxyl 
malonate into the cells. In some plants, non-specific malonylation has been reported as a 
mechanism to detoxify xenobiotics, where malonylated products are exported from the 
cell and appear to be no longer toxic, presumably due to inhibited import190. To assess 
whether transport was preventing degradation of indoxyl malonate, we compared 
initial hydrolysis rates of indoxyl acetate and indoxyl malonate in the presence of whole 
cells and cell lysate (Fig. 5-5). We observed drastically increased indoxyl acetate 
hydrolysis in RE630 compared to PBS alone for both whole cells and cell lysate. 
However, indoxyl malonate showed no difference between any conditions, suggesting 
that it is not degraded by endogenous soluble proteins. 
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Figure 5-4. Time course indoxyl ester hydrolysis in culture. Photographs of saturated 
RE630 (WT) or LL14x (KO) cells resuspended in fresh media of either LB or buffered 
2YT with 500 µM indoxyl acetate (3AI) or indoxyl malonate. 

	

	

Figure 5-5. Initial indoxyl acetate or indoxyl malonate hydrolysis rates for whole cells 
or lysates. Saturated E. coli strains were resuspended in PBS or lysed by sonication. To 
normalized cells or protein in lysate, 500 µM indoxyl acetate or indoxyl malonate was 
added and hydrolysis was monitored over 7 minutes by indoxyl fluorescence. WT = 
RE630. 
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Growth inhibition of E. coli from indoxyl malonate is lower than indoxyl acetate 

These characterizations of indoxyl malonate were promising, except the increased basal 
hydrolysis rate. Our final concern was the toxicity of indoxyl malonate, as indoxyl 
acetate showed significant toxicity to both yeast and E. coli (Fig. 4-10). To test toxicity, 
RE630 cells were grown in buffered media in the presence of varying concentrations of 
indoxyl acetate and indoxyl malonate and were periodically spotted to determine cfu. 
We observed much higher tolerance for indoxyl malonate compared to indoxyl acetate 
in E. coli (Fig. 5-6). Where 0.75 g/L of indoxyl acetate inhibits growth, at least 2 g/L of 
indoxyl malonate shows only a minor growth defect. In a separate test (not shown), 5 
g/L of indoxyl malonate completely inhibited growth, so the IC50 of indoxyl malonate is 
between 2 and 5 g/L, which is not ideal, but dramatically better than the IC50 of indoxyl 
acetate. In a separate growth curve, we observed that the toxicity of a non-labile analog, 
indole-3-butryic acid, was comparable to indoxyl malonate (Fig. 5-7), which indicates 
that this toxicity is indeed due to this molecular structure. 

 

	

Figure 5-6. Indoxyl malonate inhibits growth at much higher concentrations than 
indoxyl acetate. E. coli strain RE630 was diluted into buffered LB media with the 
indicated concentration of indoxyl ester. At the indicate times, serial dilutions were 
made and spotted on LB + Amp plates. Colony forming units (cfu) were determined the 
following day. 
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Figure 5-7.	Indole-3-butryic acid (IBA) inhibits growth of E. coli. E. coli strain RE630 
cultures were diluted into buffered LB media with the indicated concentration of IBA 
and grown in a TECAN. 

 

CAT can malonylate indoxyl in vitro 

Satisfied that indoxyl malonate has our desired properties, we began work to identify a 
malonyl transferase. Our previous screen of acetyltransferases that recognize indoxyl 
used in vivo expression, however we realized that competition for binding of acetyl-
CoA in conjunction with much lower concentrations of malonyl-CoA would demand 
the enzyme have exquisite selectivity for indoxyl malonate formation in vivo. Rather 
than convolute our search with these in vivo variables, we opted to screen for activity 
with purified protein. The second problem we discovered is that there are far fewer 
small molecule malonyltransferases described in the literature compared to 
acetyltransferases. The majority of these enzymes malonylate hydroxy groups on sugars 
of glycosylated small molecules168, which are likely specific for sugars.  

In our initial screen, we cloned two malonyltransferases, AtPMAT1183 and NtMAT1191, 
and compared them with CAT in in vitro indoxyl malonylation reactions. We were 
delighted to find that CAT is capable of using malonyl-CoA to malonylate indoxyl, 
while the two MATs performed worse (NtMAT1 was mostly insoluble when expressed) 
(Fig. 5-8). The titer of this in vitro reaction for wild-type CAT was 2 µM, which is much 
lower than the ~50 µM yields of indoxyl acetate that are typical in the same reaction 
conditions, but with acetyl-CoA instead of malonyl-CoA. That CAT is capable of 
performing this reaction is perhaps not surprising considering a previous report that 
CAT can acylate small alcohols using isobutyryl-CoA151. 

 



101 
	

	

Figure 5-8. Screen for in vitro malonylation of indoxyl. The indicated enzymes were 
cloned with 6x his tags and purified from E. coli. Point mutants correspond to mutations 
in CAT. Anaerobic in vitro reactions containing enzyme, indoxyl, and malonyl-CoA 
were quenched with 1 volume acetonitrile, filtered, and analyzed by mass spectrometry. 

 

Screening of CAT mutants for improved malonylation activity 

Because there are crystal structures of CAT170,192 and it is known to have activity on 
indoxyl (Fig. 4-12), we opted to try and engineer CAT for higher activity. This should be 
feasible, based on previous reports have described successfully engineering drastic 
changes in CoA substrate specificity for other acyl transferases with only one or two 
point mutations193,194,195. We began collaborating with the Kortemme group at UCSF to 
identify beneficial point mutations to improve CAT malonylation activity. Our goal was 
to achieve sufficient activity to begin to screen mutants in a high-throughput assay, 
which would be necessary to improve CAT sufficiently for our end goal of producing 
indoxyl malonate as an alternative, green, indigo dye precursor. While the Kortemme 
group predicted mutants using Rosetta modeling, we developed a 96-well purification 
procedure to enable expression, isolation, and characterization of many CAT mutants to 
be subsequently assayed in vitro for both acetylation and malonylation activity. Using 
this purification, we tested ~30 mutants of CAT (Fig. 5-8 and data not shown). 
Unfortunately, none of these mutants showed increased activity for either indoxyl 
acetate or for indoxyl malonate. Since this initial screen of mutants, a larger set of 
double mutants have been predicted by the Kortemme group, however these remain to 
be tested.  

While the findings up to this point are disappointing, they may not be particularly 
surprising. First of all, there has been very limited success in predicting mutations that 
improve existing catalytic activity using Rosetta. We were hopeful that the use of a new 
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method, Backrub196, would improve results where previous attempts have failed. 
Unfortunately, the engineering challenge we presented of mutating CAT to an indoxyl 
malonyltransferases is an awful system with which to attempt this Rosetta modeling. 
CAT is a trimer, and its active site is at the interface of the trimer170. Thus, mutations 
near the active site may perturb multimerization and thus abolish catalytic activity. 
Second, we are engineering a bimolecular reaction, where the enzyme is binding two 
substrates, both of which are non-native substrates. As a result, making predictions 
becomes more difficult as indoxyl has not been crystalized in the active site and indoxyl 
positioning and energies are estimated from modeling its binding to the enzyme rather 
than through known interactions. The combination of these effects adds substantial 
uncertainty to the predictions. 

Conclusion 

The commercial indigo synthesis and dyeing process has remained mostly unchanged 
since the main chemical synthesis was developed in 1925123. The only green technology 
to penetrate the market has been pre-reduced indigo synthesized by catalytic 
hydrogenation (DyStar)125. Thus, there remains a need for green chemistry solutions 
that address this hazardous synthesis and dye process. In this chapter, we laid the 
groundwork for biosynthesis of an alternative indigo dye precursor that can hopefully 
be used to replace the current indigo process. We demonstrated that indoxyl malonate 
has mostly preferable properties other than its higher rate of spontaneous 
decomposition in water. This rate may be too high to allow for viable industrial 
production, but further characterization is needed. Finally, we found that CAT is 
capable of malonylating indoxyl in vitro. Given the low activity of CAT and specificity 
issues associated with mutating an acetyltransferase to be a malonyltransferases, it 
seems that the route to pursue going forward would be to screen malonyltransferases 
for indoxyl activity to avoid having two simultaneous enzyme engineering challenges. 

 

5.3. Materials and Methods 
 

Strains and media  

Strain RE630 (see Section 4.4) was grown at 37 °C and 750 rpm for all experiments in 
Lysogeny Broth with ampicillin (100 mg/L). For cloning, chemically competent TG1 
cells were used (Lucigen, Madison, WI). Rosetta cells (BL21(DE3) pLysSRARE[T7p20 
ileX argU thrU tyrU glyT thrT argW metT leuW proL orip15A](ChlR) were grown with 
ampicillin and chloramphenicol (34 mg/L) in media as described below in protein 
purification. 

Indoxyl ester hydrolysis with base 

As described in Section 4.4, 50 mM stock solutions of the indicated compounds in 
DMSO were prepared. Into each well 1 µL was added. Then either 20 or 40 mM sodium 
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hydroxide (100 µL) was multichanneled into each well simultaneously while being 
video recorded. 

Indoxyl acetate hydrolysis rates 

Reactions were run as described in Section 4.4. For E. coli lysate preparation, 5 OD units 
of saturated cells (where 1 OD unit is 1 mL of cells at OD600 = 1) were pelleted and 
resuspended in 1 mL of PBS. Cells were sonicated for 1 min (10 sec on, 10 sec off) and 
pelleted at 4 °C and 18,000 xg for 10 min. Protein concentration was measured using 
Bradford with Bovine serum albumin as a standard. For each lysate sample, 40 µg of 
protein were diluted to 100 µL in PBS. 

Growth curve 

RE630 colonies were grown in a 96-well block overnight. Each culture was diluted to 
OD 0.001 in 350 µL of fresh LB + Amp + chemical (100 mM stock in DMSO). At various 
times, 20 µL of each culture was serially diluted 1:10 in PBS and 4 µL from each dilution 
were spotted on a LB + Amp plate. Plates were incubated overnight and colonies in 
least diluted spot were counted to determine colony forming units (cfu). 

For indole-3-butyric acid growth curves, cultures were prepared as described above, 
but in 100 µL volumes and grown in a Sunrise TECAN with maximum orbital shaking. 

Protein purifications 

Chemically competent Rosetta cells were transformed with plasmids listed in Table 5-1 
and plated on LB plates with ampicillin and chloramphenicol. Colonies were inoculated 
in LB + Amp + Chlor overnight. Cells were back diluted 1:100 in 3 mL of 2YT (24-well 
block), grown for 5 hours, induced with 1 mM IPTG, and grown overnight at room 
temperature with shaking (200 rpm). Cultures were pelleted, frozen at -80 °C for 10 
minutes, then resuspended in 250 uL lysis buffer (40 mM Tris, 300 mM NaCl, 5% 
glycerol, 1 mM DTT, 2 mM MgCl) + lysozyme (1 mg/mL) + benzonase (1 µL per 7 mL 
lysis buffer). The cultures were shaken at 37 °C for 30 min, then refrozen for 10 min at -
80 °C and thawed for 15 min at 37 °C. Blocks were pelleted for 15 min at 4800 xg 
followed by transferring 250 µL of lysate into 96-well block containing 10 µL of Ni2+ 
beads (Qiagen). Beads were incubated 30 min to bind protein, pelleted at 1000 xg for 2 
min, then 235 µL removed, then 1 mL of wash buffer (4 °C, 40 mM Tris, 300 mM NaCl, 
20 mM imidazole) was added and incubated for 3 min. This process was repeated two 
more times. After the last pellet, all wash buffer was removed and 25 µL of elution 
buffer (wash buffer + 200 mM imidazole) was added for 5 min, then 25 µL pipetted off 
yielding ~1-4 mg/mL of purified protein as quantified by Bradford with BSA standard. 
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Table 5-1. Plasmids used in Chapter 5. 

Plasmid Description Fig. 
pLNL1273 T7 C-term TevHis-NtMaT1  5-8 
pLNL1274 T7 C-term TevHis-AtPMAT1  5-8 
pLNL1068 T7 C-term TevHis-CAT  5-8 
pLNL1257 T7-CAT C31M-His6x 5-8 
pLNL1258 T7-CAT T93A-His6x 5-8 
pLNL1259 T7-CAT S103A-His6x 5-8 
pLNL1260 T7-CAT L158V-His6x 5-8 
pLNL1261 T7-CAT T172C-His6x 5-8 
pLNL1262 T7-CAT H21W-His6x 5-8 
pLNL1263 T7-CAT A29L-His6x 5-8 
pLNL1264 T7-CAT T32S-His6x 5-8 
pLNL1265 T7-CAT N34S-His6x 5-8 
pLNL1266 T7-CAT S104V-His6x 5-8 
pLNL1267 T7-CAT F144W-His6x 5-8 
pLNL1268 T7-CAT V145I-His6x 5-8 
pLNL1269 T7-CAT D157S-His6x 5-8 
pLNL1270 T7-CAT N159V-His6x 5-8 
pLNL1271 T7-CAT L158L-His6x 5-8 
pLNL1272 T7-CAT Y92F-His6x 5-8 
pLNL1276 T7-CAT V170Y-His6x 5-8 
pLNL1277 T7-CAT Y33V-His6x 5-8 
pLNL1278 T7-CAT F102W-His6x 5-8 
pLNL1279 T7-CAT Y33G-His6x 5-8 
pLNL1280 T7-CAT L158K-His6x 5-8 
pLNL1281 T7-CAT L158R-His6x 5-8 
pLNL1301 T7-CAT C31R Y33G-His6x 5-8 
pLNL1302 T7-CAT C31V Y33D-His6x 5-8 
pLNL1303 T7-CAT C31T Y33A-His6x 5-8 
pLNL1304 T7-CAT C31R Y33A-His6x 5-8 
pLNL1305 T7-CAT C31D Y33G-His6x 5-8 
pLNL1306 T7-CAT C31K Y33G-His6x 5-8 
pLNL1307 T7-CAT Y33V L158K-His6x 5-8 
pLNL1308 T7-CAT Y33G L158R-His6x 5-8 
pLNL1309 T7-CAT Y33E L158R-His6x 5-8 
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In vitro activity assays 

Reactions were setup and run in an anaerobic chamber. Indoxyl formation was 
performed first by mixing indoxyl phosphate (5 µL, 30 mM) with phosphatase (5 µL, 5 
mg/mL) with buffer (30 µL, 50 mM Tris 100 mM NaCl) and reacting at ambient temp 
for 30 min. Acetyl-CoA or malonyl-CoA (Sigma) were then added to the master mix (5 
µL, 10 mM), which was then added to 5 µL of purified enzyme (2 µg total) to initiate the 
acylation reaction. Reactions were run for one hour. To quench the reaction, 50 µL of 
acetonitrile was added and reactions were then filtered using an AcroPrep Advance 96 
Filter Plate before being stored at 4 °C until being analyzed by mass spec within 16 
hours. 

Indoxyl ester quantification 

Indoxyl malonate was quantified in the same manner as indoxyl acetate as described in 
Section 4.4. Indoxyl malonate (220.05 m/z [M+H]+ Rt 10.7-11) was quantified by 
integrating the MS/MS indoxyl peak  ([M+H]+ 133.5-134.5 m/z) derived from the 
parent mass scan. Concentrations were calculated using a standard curve of purified 
indoxyl malonate. 
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