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ABSTRACT: As resistance to current anti-malarial therapeutics
spreads, new compounds to treat malaria are increasingly needed.
One promising compound is FR900098, a naturally occurring
phosphonate. Due to limitations in both chemical synthesis and
biosynthetic methods for FR900098 production, this potential
therapeutic has yet to see widespread implementation. Here we
applied a combinatorial pathway engineering strategy to improve
the production of FR900098 in Escherichia coli by modulating each
of the pathway’s nine genes with four promoters of different
strengths. Due to the large size of the library and the low screening
throughput, it was necessary to develop a novel screening strategy
that significantly reduced the sample size needed to find an optimal
strain. This was done by using biased libraries that localize
searching around top hits and home in on high-producing strains.
By incorporating this strategy, a significantly improved strain was
found after screening less than 3% of the entire library. When
coupled with culturing optimization, a strain was found to produce
96mg/L, a 16-fold improvement over the original strain. We believe
the enriched library method developed here can be used on other
large pathways that may be difficult to engineer by combinatorial
methods due to low screening throughput.
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Introduction

Despite decades of progress in fighting malaria, the disease
continues to afflict over 200 million people annually and leads to
over half a million deaths each year (World Health Organization,

2013). Although several drug treatments are available, Plasmodium
falciparum and related malaria-causing parasites have been
acquiring resistance to these treatments (Dondorp et al., 2011).
Therefore, there is an urgent need for new anti-malaria drugs.
FR900098 is a natural product phosphonate (Metcalf and van der
Donk, 2009) with promising anti-malaria capabilities (Jomaa et al.,
1999). This molecule inhibits 1-deoxy-D-xylulose 5-phosphate
reductoisomerase (DXR) of the non-mevalonate pathway (Jomaa
et al., 1999; Umeda et al., 2011), which is responsible for isoprenoid
synthesis in prokaryotes and some eukaryotes (Eisenreich et al.,
2004), including the Plasmodium species that cause malaria.
Because humans utilize the mevalonate pathway, FR900098 does
not affect our isoprenoid synthesis, making it an effective anti-
malarial (Tahar and Basco, 2007).

FR900098 was discovered in the extracts of Streptomyces
rubellomurinus cultures (Okuhara et al., 1980), and a minimal eight
gene cluster (frbABCDEFGH) was identified by integrating S.
rubellomurinus derived fosmids in S. lividans for expression (Eliot
et al., 2008). Further characterization of the pathway was done in E.
coli, elucidating the activities of the first two enzymes (FrbD and
FrbC) and the final three enzymes (FrbH, FrbG, and FrbF)
necessary for heterologous production, whereas the middle
transformations (FrbA, FrbB, and FrbE) have yet to be verified
(Fig. 1) (Bae et al., 2011; Johannes et al., 2010). In E. coli, the
expression of dxrB, an immunity gene outside of the minimal
cluster, was also found necessary for FR900098 production. The
E. coli strain HZ960 was created by placing each gene under a strong
T7 promoter on three separate plasmids. When induced, a titer of
6 mg/Lwas achieved from HZ960 (Johannes et al., 2010), a fraction
of the 22.5 mg/L production seen in the natural producer
S. rubellomurinus (Okuhara et al., 1980). A significant increase
in FR900098 titers is necessary before it can be biologically
produced at an economical scale. Despite the compound’s simple
structure, chemical synthetic routes either require harsh conditions
(Fokin et al., 2007; Perruchon et al., 2007) or multiple steps (Suresh
et al., 2013), thus making biosynthesis an attractive option.

Several obstacles prevent rational metabolic engineering of the
FR900098 pathway. For example, multiple steps have yet to be
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conclusively demonstrated, and promiscuous activity of the enzyme
FrbF leads to dead-end byproducts (Johannes et al., 2010).
However, high expression of FrbF may be necessary to prevent the
fast over-oxidation of its substrate CMP-50-N-hydroxy-3-amino-
propylphophonate (Cobb et al., 2015). A toxic final product and a
less toxic intermediate (2-amino-4-phophonobutyrate) also com-
plicate straightforward rational design.
In this study, we pursued a combinatorial pathway engineering

strategy to overcome these limitations. Combinatorial pathway
engineering consists of modulating the activity of each enzymatic
step either intensively (changing enzyme activity, e.g., by
substituting homologues (Kim et al., 2013)) or extensively
(changing enzyme expression, e.g., by altering promoter strength
(Du et al., 2012)). By assembling and screening different
combinations of enzymes with varying activities, the parameter
space of the pathway is explored with the expectation that a
certain arrangement of assigned activities will optimize the
desired metabolic flux. This strategy has been implemented in
the engineering of several metabolic pathways, including the
production of isoprenoids (Ajikumar et al., 2010; Farasat et al.,
2014; Nowroozi et al., 2014), (2S)-pinocembrin (Wu et al., 2013a),
and resveratrol (Wu et al., 2013b), the utilization of xylose (Du
et al., 2012; Kim et al., 2013; Latimer et al., 2014), and the
fixation of nitrogen (Smanski et al., 2014). Examples of
combinatorial engineering where phenotypes have been enhanced
either have pathways that consist of a small number of genes (Du
et al., 2012; Farasat et al., 2014; Kim et al., 2013), utilize high-
throughput screening assays (Du et al., 2012; Kim et al., 2013;
Latimer et al., 2014), or have genes grouped together in
expression modules or operons (Ajikumar et al., 2010; Nowroozi
et al., 2014; Wu et al., 2013a,b). These conditions allow for
workable library sizes that are critical for combinatorial pathway
engineering to be effective, for it is important that the screening
throughput accommodates the library size. For example, very
large libraries (>104 samples) require growth-based assays to
find optimal strains (Du et al., 2012; Latimer et al., 2014) whereas
products requiring low-throughput analytical quantification need
their library sizes reduced, which may lead to overlooked optimal
combinations (Ajikumar et al., 2010; Wu et al., 2013a) (see
Supplementary Figure S1).

This limitation of feasible library size and screening is a problem
for large pathways that produce small molecules, including
FR900098. Modulating each step of the FR900098 nine-gene
pathway with just four different activity levels per enzyme creates
262,144 possible combinations, a library size that cannot be
reasonably screened by mass spectrometry, the fastest method to
quantify FR900098. Therefore, we implemented two strategies to
overcome the limitations of our system. First, we incorporated a
qualitative screening assay that allowed us to determine if
FR900098 was present above a certain threshold. Second, we
developed an iterative library construction and screening strategy
that significantly reduced the number of samples that needed
screening before an optimal pathway could be identified. This latter
strategy, which we call enriched library screening, can be used on
other large libraries to speed up screening for top performing
pathways.
Enriched library screening relies on subsequent rounds of

pathway assembly and screening where each new library assembled
is enriched or biased with activity assignments (such as promoter
assignments or homologues) from the best strain of the previous
library. This strategy is similar to directed evolution that is
commonly used in protein engineering, where mutations are
introduced into a gene by mutagenesis or DNA shuffling, the
resultant proteins are screened, and then beneficial mutations are
incorporated with new mutations in a subsequent library to be
screened (Kuchner and Arnold, 1997; Wang et al., 2012). With
protein engineering, mutations are introduced into a known wild-
type sequence; with combinatorial pathway libraries, however, the
wild-type activity or expression levels are unknown or ill-defined.
At the end of a round of combinatorial pathway screening, one
cannot determine which promoter assignments are different from
wild-type to carry over to the subsequent library. This problem is
overcome in the strategy described here by biasing the next library
with all the promoter assignments of the previous library’s top
pathway. Similar to the directed evolution of enzymes, this biasing
allows for a localized search around the previous top hit but without
knowing beforehand the wild-type expression or activity of each
step in the native pathway.
Simulations we performed on a mock pathway show that

enriched library screening can be effective in significantly reducing

Figure 1. FR900098 biosynthetic pathway. PEP, phosphoenolpyruvate; PnPy, phosphonopyruvate; 2-PnMM, 2-phosphonomethylmalate; 3-PnMM, 3-phosphonomethylmalate;

2-OPn, 2-oxo-4-phosphonobutyrate; 2-APn, 2-amino-4-phosphonobutyrate; CMP-50-3APn, CMP-50-3-aminopropylphosphonate; CMP-50-H3APn, CMP-50-N-hydroxy-3-amino-
propylphosphonate; CMP-FR900098, CMP-50-FR900098.
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the overall number of samples screened to find an optimal pathway
in silico. By searching only 3% of the possible samples in the
FR900098 pathway library space, a top producing strain was
converged upon using the enriched library screening method.
When combined with optimized culturing conditions, production
reached 96mg/L of FR900098, a 16-fold increase over the original
E. coli production strain.

Materials and Methods

Strains, Media, and Reagents

All plasmid cloning was performed in E. coli DH5a, and all
FR900098 production was done in E. coli BL21(DE3). All cloning
cultures and starter cultures were grown in LB broth (Fisher
Scientific, Pittsburgh, PA) at 37�C with 250 rpm shaking. Screening
and production culturing conditions are described in their
respective sections below. Antibiotics were used at the following
concentrations: ampicillin (Amp), 100mg/L; chloramphenicol
(Cm), 34mg/L; kanamycin (Kan), 50mg/L, and streptomycin
(Sm), 100mg/L. Antibiotics and isopropyl-beta-d-thiogalactoside
(IPTG) were purchased from Gold Biotechnology (St. Louis, MO).
Sodium acetate was from Fisher Scientific. All other reagents were
from Sigma–Aldrich (St. Louis, MO). PCR primers were synthesized
by Integrated DNA Technologies (Coralville, IA) and are listed in
Supplementary Table S1. PCR reactions were performed in FailSafe
PCR PreMix G (Epicentre Biotechnologies, Madison, WI) with
either Phusion or Q5 DNA polymerase (New England Biolabs,
Ipswich, MA). PlasmidSafe ATP-Dependent DNase was from
Epicenter, restriction enzyme Esp3I was from Thermo-Scientific
(Pittsburgh, PA), and other restriction enzymes and T4 ligase were
from New England Biolabs. Plasmids pET26b, pETDuet-1, and
pACYCDuet-1 were from EMD Millipore (Billerica, MA), and
plasmids containing FR900098 genes that were used as templates
were previously constructed in our laboratory (Johannes, 2008,
2010). Plasmids were purified using QIAprep Spin Miniprep Kit
(QIAGEN, Valencia, CA) and DNA from agarose gels were purified
using QIAquick Gel Extraction Kit (QIAGEN).

Promoter Library Construction and Screening

Degenerate forward primers T7-mut-3N and T7-mut-6N were used
to introduce mutations within the strength region of the T7
promoter (Temme et al., 2012) when amplifying a GFP promoter-
gene cassette with reverse primer XhoI-GFP-rev. Amplified
fragments were ligated into pET26b with cutsites NdeI and XhoI,
electroporated into E. coli BL21(DE3), and plated on LBþKanþ0.5
mM IPTG agar plates. The next day, colonies were analyzed under
ultraviolet light and 164 colonies which exhibited a range of
fluorescence were inoculated into 300mL of LBþKan in 96-well
plates and grown overnight at 37�C. The next day, 5mL of each
culture was inoculated into 300mL of M9þKanþ0.5 mM IPTG and
grown for 3 hours at 37�C then another 3 hours at 30�C. Plates were
then analyzed for GFP fluorescence (395 nm excitation/509 nm
emission) by a Synergy H4 fluorescent plate reader (BioTek,
Winooski, VT) and 15 cultures that exhibited a range of
fluorescence strengths were streaked out onto LBþKan agar plates.

Two colonies from each plate were then inoculated into LBþKan,
grown overnight, washed twice in M9, and inoculated into 5mL M9
in a culture tube and grown at 37�C. After 3 hours, cultures were
induced with 0.5 mM IPTG and then moved to a 30�C shaker. A
sample of culture was diluted 2-fold in water for a final volume of
120mL and analyzed by fluorescent plate reader, and larger cultures
were diluted into phosphate buffer and analyzed by a BD LSR II
Flow Cytometry Analyser (BD Biosciences, San Jose, CA). Three
strains exhibiting a nearly logarithmic range of expression (3%,
15%, and 45% of wild-type) had their plasmids purified and their
promoters sequenced by ACGT, Inc (Wheeling, IL) using their in-
house T7 terminator reverse primer. To ensure that strength of
fluorescence was due to the promoter sequence and not any other
mutation on the plasmid, each of these plasmids were reconstructed
using primers T7-low-for, T7-med-for, or T7-hi-for. The promoter
strengths of the recreated plasmids were similar to those found in
the original plasmids (Supplementary Figure S2).

Construction of Golden Gate Compatible FR900098 Genes

Nine mutations were made in six of the FR900098 genes as given in
Supplementary Table S2. These mutations were made by PCR and
overlap extension PCR (OE-PCR) as outlined in Supplementary
Table S3. The final fragments (A7, C4, D4, E1, G1, and H2) were
then ligated into pET26b at cutsites NdeI and HindIII.

FR900098 Pathway Assembly

Primers and setup of PCR reactions for all 36 promoter-gene
fragments are listed in Supplementary Table S4. In the first round of
Golden Gate assembly (three plasmids with three genes each) for
the random library, three 20mL reactions were set up, each with
20 U restriction enzyme (BbsI or BsaI), 400 U T4 ligase, 1x T4
ligation buffer, 100 ng of PCR-amplified backbone (BB-I for
pFRGG1 and BB-II/III for pFRGG2), and 1:1 molar ratio of each
gene fragment mixture to the backbone. The following thermo-
cycler program was used for the assembly: Step 1, 37�C for 20min;
step 2, 37�C for 10 min; step 3, 16�C for 10min; step 4, go to step 2,
10 times; step 5, 16�C for 20min; step 6, 37�C for 30min; step 7,
80�C for 20min. After assembly, 5mL of the reaction was run on a
gel to confirm assembly, and the remaining reaction was treated
with Plasmid-Safe DNase (1x buffer, 5 U enzyme) at 37�C for 10min
then 80�C for 20min. Five microliter of the reaction was then heat
shocked into E. coli DH5a and plated onto LBþCm agar plates. The
next day, colonies were scraped from the plates and their plasmids
were purified. The concentration of each plasmid batch (pFRGG1,
pFRGG2, and pFRGG3) was measured, and another 20mL Golden
Gate reaction was set up as described for the first-round assemblies,
but with 100 ng of the final plasmid backbone (pFRGG-BB) and
equimolar ratios of the three newly purified pFRGG1, pFRGG2, and
pFRGG3 plasmids. For this second round of DNA assembly, the
same thermocycler assembly program, gel confirmation, Plasmid-
Safe DNase treatment, E. coli DH5a transformation, and plasmid
collection as stated above were carried out, except LBþAmp agar
plates were used after transformation. The final plasmid library was
then electroporated into E. coli BL21(DE3) and plated on LBþAmp
agar plates. For the construction of pFRGG-BB, fragments were
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amplified by PCR as outlined in Supplementary Table S5, and
Golden Gate assembly was used as stated above to build the
plasmid.

Library Screening

About 2,250 individual colonies were inoculated in 150mL
LBþAmp in 96-well plates that were then covered with a rayon
breathable membrane (VWR, Radnor, PA) and grown overnight at
37�C with 250 rpm shaking. Cultures were diluted 50-fold into
500mL of M9GF (M9 with 0.4% glycerol as carbon source and
10mM FeSO4) in deep-well 96-well plates and grown at 37�C. After
4 h, 500mL of M9GFþ1mM IPTG was added for induction, the
incubation temperature was reduced to 30�C, and the cultures were
grown for another 24 h. Five microliters of culture was diluted 20-
fold in H2OþSm, and 5mL of this solution was added to 150mL of
WM6242þpCDFDuet-1 in LBþSmþ0.5 mM IPTG. After 8 h, the
OD600 of each well was measured. The supernatant from 30 to 40
wells with the least cell growth had the corresponding
supplemented supernatant collected for LC-MS analysis, which is
detailed below. After quantification, the top 10 to 20 strains were
grown in duplicate in 5mL LB overnight, washed twice in M9GF,
and diluted 100-fold in fresh M9GF and grown at 37�C. After 4 h,
cultures were induced with 0.5 mM IPTG and moved to 30�C. After
48 h, supernatants of these cultures were collected and FR900098
concentrations were analyzed by LC-MS to find the top producer
from each round of screening. E. coli BL21(DE3) strains carrying
retransformed plasmids showed FR900098 production similar to
that of the original strains.

Determining Promoter Assignments

To determine the promoter assignments for a pathway, four PCR
reactions were set up for each of the nine genes for a total of 36
PCR reactions. For a single gene, four different forward primers
(T7-low-for-check, T7-med-for-check, T7-hi-for-check, T7-WT-
for-check) were used in separate reactions, with each primer
having an annealing preference to one of the four promoters.
Because these primers were gene independent, they could be
used to determine the assignments for all nine genes depending
on the reverse primers used, which were unique for each gene
(FrbA-prom-seq-rev, FrbB-prom-seq-rev, FrbC-prom-seq-rev,
FrbD-prom-seq-rev, FrbE-prom-seq-rev, FrbF-prom-seq-rev,
FrbG-prom-seq-rev, FrbH-prom-seq-rev, and DxrB-prom-seq-
rev). The PCR reactions were resolved on an agarose gel, and if a
clear band was seen for only one of the forward primers for a
gene, the respective promoter was assigned to that gene. For
ambiguous results, samples were submitted for sequencing to
ACGT, Inc. using the reverse primers stated above.

FR900098 Production Cultures

All production cultures were grown in M9GF, except for the
optimized production culture which was supplemented with 0.8%
acetate. Starter cultures were washed twice in fresh media and then
diluted 100-fold into 5mL of fresh media in culture tubes. Cultures
were grown at 37�C, induced at 4 h after inoculation with 0.5 mM

IPTG, and moved to 30�C; for optimized conditions, induction was
done at 10 h after inoculation. Forty-eight hours after induction,
cultures were collected and analyzed by LC-MS.

Liquid Chromatography-Mass Spectrometry (LC-MS)
Analysis

Supernatant from 1mL of culture was collected after pelleting at
20,000g for 2min. Supernatant was diluted 10-fold into water. For
the standard curve, standards of 5, 15, 30, 60, and 120mg/L
FR900098 in water were made and diluted similarly to the
production samples. LC-MS was performed on an Agilent 1100
series LC/MSD XCT plus ion trap mass spectrometer (Agilent, Palo
Alto, CA). Ten microliter of sample was loaded on a Luna 5u C18(2)
100Å 100� 4.6mm 5 micron column (Phenomenex, Torrance, CA)
with mobile phases H2Oþ0.1% formate (solvent A) and
acetonitrileþ0.1% formate (solvent B) at a flow rate of 350mL/
min with 100% solvent A for 0.5min, a gradient of 0–100% solvent
B over 7min, 100% solvent B for 6min, a gradient from 100% to 0%
solvent B over 1min, and 100% solvent A for 3.5 min. Manual
MS(3) was set up scanning for a 198m/z to 138m/z fragmentation
from MS(2) to MS(3) with positive polarity. Using an extracted ion
chromatogram MSn filter of 138.1� 0.3 m/z, the FR900098 peak
with a retention time of �7.5 min was measured. Interpolation of
the FR900098 standards was used to measure the concentrations of
the experimental samples.

Results and Discussion

Growth-Inhibition Assay

To increase the throughput of our screening, a qualitative screening
methodwas developed that could determine if FR900098 levels were
above a certain threshold. By exploiting FR900098’s antibiotic
capability, a growth-inhibition assay was developed. Culture
supernatant from producing strains was added to a target strain
culture, and the growth of the target strain could be correlated with
FR900098 concentration. Phosphonates are usually not readily
taken up by cells, but E. coli strainWM6242 is sensitive to FR900098
when induced with IPTG, because it carries phosphonate trans-
porter genes phnCDE under a Ptac promoter (Eliot et al., 2008;
Wanner and Metcalf, 1992). We found that a 400-fold dilution of
spent media from the FR900098 production strain HZ960 was
capable of completely inhibiting growth of WM6242 whereas a
1,200-fold dilution did not (Supplementary Figure S3a). Although
the bioassay’s small dynamic range could not give reliable
quantification of FR900098 in test samples, it did allow for a
qualitative evaluation of whether FR900098 concentrations were
above a certain threshold. By using a growth-inhibition assay of
diluted supernatants added to WM6242 cultures, thousands of
samples could be relatively compared in a matter of hours.

Enriched Library Screening

A biased library screening strategy was developed that significantly
decreased the necessary number of samples screened to find an
optimal production strain (Fig. 2). For the FR900098 pathway and in
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the example below we used promoter strength as an activity
modulator, but ribosome binding site strength, enzyme homologues,
or mutants could also be used to alter enzyme activity. First, a
random combinatorial library is constructed by a multi-fragment
assembly method (Fig. 2, step I) such as Golden Gate (Engler et al.,
2009), Gibson Assembly (Gibson et al., 2009), or DNA Assembler
(Shao et al., 2009). For the initial random library, an equimolar
mixture of fragments is used for each gene under a different
promoter. A fraction of possible combinations are screened as
determined by the screening throughput (step II). The pathway from
the first round’s top producing strain is designated as the parent
pathway for the subsequent round, and the promoter assignment for
each enzyme in this parent pathway is determined by either a PCR
assay or sequencing (step III). Unlike the first round library,
subsequent libraries are not generated from an equimolar mixture of
fragments. Rather, the new assembly library is enriched in fragments
found in the parent pathway allowing for a more localized search
around the first round’s top hit (step IV). Although all combinations
are possible in an enriched library, the average distance is shorter
between the parent pathway and an enriched library than the parent
pathway and a random library (step V). The new library is screened
for a top producer and the process is repeated until improvements in
production are no longer seen (step VI).

Using a basic model we developed, simulations were performed to
understand howwell the biased library strategy searches for an optimal
strain (see Enriched Library Simulations in Supplementary Methods).
A nine-gene mock pathway was modeled in silico that had similarities
to the FR900098 pathway (eight biosynthetic genes, an immunity gene,
toxic intermediate, and toxic product) yet does not represent the
FR900098 pathway itself. Because many of the interactions we are
interested in have yet to be quantified (such as metabolic load or the
effect of the toxic intermediate) and many parameters are unknown
(such as enzyme kinetics), a simplified dimensionlessmodelwas used.
It is important to note that the purpose of the simulations is to explore

how well the enriched library screening algorithm searches the flux
space and not to understand the flux space of the FR900098 pathway
specifically. Themodelwe developeduses the promoter assignments as
input to calculate a cellular production term (PC), which is dependent
on the rate-limiting step of the pathway, and a total cell mass term (m),
which considers metabolic load, intermediate toxicity, and final
product toxicity in its calculation. The total output is then a product of
the cellular production and total cell mass terms. Details of this model
are given in the Supplementary Methods.

Thismodel and simulationswere used to investigate how the degree
of fragment enrichment affects the search for an optimal pathway. We
define the enrichment ratio as themolar ratio of the biased fragment to
a non-biased fragment, and enrichment ratios of twofold (low
enrichment), fivefold (moderate enrichment), and 17-fold (high
enrichment) were used. For example, with the four different promoter
strengths we used, an enrichment ratio of fivefold would give molar
ratios of 5:1:1:1 for each of the promoter-gene fragments. In other
words, 62.5% of the fragments will contain the biased promoter
assignment, while the non-biased fragments each comprise 12.5% of
the total fragment pool. The percentages for the other enrichment
ratios are 40%biased and 20%non-biased for twofold enrichment, and
85% biased and 5% non-biased for 17-fold enrichment.

For the first round of each simulation, 1,800 pathways with
random promoter assignments were modeled. The product
output for each pathway was calculated with our mock pathway
model, and the top pathway was used as the parent pathway for
the next library. This was done by using the best pathway’s
promoter assignments for each gene and increasing the
probability that these assignments will be incorporated into
the new library based on the enrichment ratio being tested (either
no enrichment, twofold, fivefold, or 17-fold). All 1,800 pathways
of the enriched library had their outputs calculated using our
model, and the top performing pathway was used as the parent
pathway for the next round. For each simulation this process was
repeated for a total of nine rounds of enriched library screening,
and each enrichment ratio was tested with 100 simulations. By
examining how many rounds it takes before a simulation finds
the optimal strain, it was found that the moderate enrichment
ratio (fivefold) performed best with 95% of the simulations
finding the best pathway in just three rounds of enrichment and
all 100 simulations reaching the optimal in eight rounds of
enrichment (Fig. 3A). The highly enriched (17-fold) simulations
performed well, but plateaued after six rounds of enrichment.
This was because the more biased library gave a narrower search,
leaving a few of the simulations to persist on a local maximum.
The low enrichment library (twofold) gave a much broader
search, but the simulations had a tendency to overlook the global
optimum. They had no traction in progressing towards the
maximum because the new pathways were too different from the
parent pathway used to bias each new library. However, the low
enrichment simulations still considerably outperformed the
random libraries alone in finding an optimum.

FR900098 Pathway Library Assembly and Screening

Assembly of the FR900098 pathway library required the construction
of thousands of plasmids with high efficiency. To modulate each gene

Figure 2. Schematic of enriched library construction and screening. A random

pathway library is constructed of multiple genes (different arrow columns) with a range

of expression strengths (multiple arrow sizes) (I) and screened (II). The promoter

assignments of the top strain are identified (III) and enriched in the following library

assembly (IV). This leads to strains in the new library having promoter assignments

biased toward its parent pathway (V). The new library is screened (VI) and the enriched

library cycle can be repeated.
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separately in a library of this size without sacrificing efficiency, two
rounds of Golden Gate assembly were required (Fig. 4). A total of nine
silent mutations weremade in six of the pathway genes in order for the
pathway to be compatible with the type IIs restriction enzymes used in
the Golden Gate assemblies (see Supplementary Table S2). Each gene
was placed into the plasmid pET28a from which the promoter-gene-
terminator fragment would be amplified for assembly. In the first
round, three plasmids were made, each containing three genes. These
three plasmids were then combined to build a single plasmid with all
nine genes. Also to assist with assembly efficiency, the set of four-base-
pair overhangs used for annealing between each fragment were
optimized (see SupplementaryMethods and Supplementary Table S4).
For each first round assembly, hundreds of plasmids were assembled,
covering the possible library of 64 combinations several times over
with a correct assembly efficiency of 95%. For the second round

assembly, enough cellswere plated for thousands of colonies and afinal
correct assembly efficiency of 80% was reached. About 2,250 colonies
were used per screening, giving an effective library size of 1,800. To
modulate each gene in the FR900098 library with a wide range of
expression levels, we used the wild-type T7 promoter and three weaker
promoters found by screening a T7 mutant library. These new
promotershad expression levels of 3%, 15%, and 45%compared to that
of the wild-type promoter (see Supplementary Figure S2).
An initial random library was constructed, and library strains

were grown in 96-well plates for 24 h after induction with 0.5mM
IPTG. The culture supernatants were then diluted and fed to freshly
inoculated cultures of WM6242 in shallow-well 96-well plates. After
8 h, OD600 was measured (Supplementary Figures S3b–d), and the
top growth-inhibiting supernatants were then directly quantified by
LC-MS. The strains producing the most FR900098 as quantified by

Figure 3. Results of pathway enrichment simulations. (A) The percent of simulations ran that found the optimal pathway after the initial random round (R1) and nine rounds of

enriched library screening (E1 through E9) for different ratios of enrichment. (B) All 100 simulations graphed for each of the three enrichment ratios over the ten rounds of screening.

All output normalized to the theoretical top performing pathway.
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LC-MS of the 96-well plate samples were streaked out onto
LBþAmp plates, and single colonies were re-inoculated to 5mL
cultures in duplicates for more reliable production quantification,
with these supernatants also being analyzed by LC-MS. A
production comparison of the random library’s top strains grown
in 5mL of media are shown in Supplementary Figure S4 (red bars)
along with the top pathways from the subsequent libraries (green
and purple bars). The best strain from the random library, 4pT,
produced about 10mg/L of FR900098 (Fig. 5). A PCR assay was
used with the purified pathway plasmid as template to determine

the promoter assignments for each gene, and any ambiguities of
promoter assignment were resolved by DNA sequencing. These
assignments were used as the parent pathway for the second library,
which had a fivefold enrichment ratio. Similar screening steps were
used to find this library’s highest producer, 4pTR, which had a 40%
increase in production. A third round of enrichment based on
4pTR’s promoter assignments was carried out, and the top pathway,
4pTRA, produced similar titers as 4pTR (Fig. 5).

The promoter assignments for the best strain from each round
are given in Table I. Notably, the wild-type T7 promoter was not
found in any of the top strains. This strong promoter likely exerts a
metabolic load on the cells, reducing total output. The promoter
assignments from three additional top producing strains from the
second enriched library (4pTRB, 4pTRN, and 4pTRQ, Supple-
mentary Figure S4) were also determined and the consensus
assignments among these top strains and 4pTR are also shown in
Table I. Theoretically, the average number of different promoter
changes between a parent pathway and all members in the fivefold
enrichment ratio library is 3.375. Because every top strain has lower
than the average assignment changes with its parent, we can see
that the search is converging on an optimum. Near the optimum,
though, there can be several genotypes that share common
production output, as can be seen by comparing 4pTR and 4pTRA’s
similar production with differing promoter assignments.

One aspect of the pathway profile that supports what is known
about the pathway is the promoter assignments for frbD and frbC.
Thermodynamics favor phosphoenolpyruvate (PEP) over
3-phosphonopyruvate (PnPy) more than 500-fold (Bowman
et al., 1988; Seidel et al., 1988), making FrbC’s acetylation of
PnPy the driving force of the substrate into the pathway. It thus
makes sense to not waste resources on FrbD if PEP and PnPy
equilibrate quickly and instead to focus resources on FrbC
production.

Attempts were made to further increase FR900098 production by
deleting genes in the genome that influence PEP and acetyl-CoA

Figure 4. Two-round Golden Gate assembly for high-efficiency construction of the FR900098 pathway into a single plasmid. The type IIs restriction enzyme for each round of

assembly is listed.

Figure 5. FR900098 production of the top strains from each round of screening.

HZ960, strain from reference 10; All WT, all WT T7 promoters in nine-gene plasmid; 4pT,

top strain from random library; 4pTR, top strain from first round of enriched library

screening; 4pTRA, top strain from second round of enriched library screening. Error

bars indicate standard deviations of triplicate samples.

390 Biotechnology and Bioengineering, Vol. 113, No. 2, February, 2016



pools, the two building blocks of FR900098. However, no significant
improvements were seen in these modified strains (Supplementary
Figure S5). By experimenting with different culturing conditions,
we found that by supplementing the media with acetate and
inducing at higher cell density, we could further increase the titer to
96mg/L (Fig. 6). It appears that the increase in production is due to
higher cell mass, because experiments showed that production
normalized by cell growth was about equal with or without acetate.

Conclusion

By implementing the enriched library screening strategy, we were
able to significantly reduce the number of samples screened from
hundreds of thousands to less than 7,000. This strategy can be used
with any pathway, but will be most useful for large ones and in cases
where products must be quantified using low-throughput methods.
The simulations reported here show the effect enrichment ratios
have on biased libraries used to find optimal pathways. Although
the flux space topology will be different for each metabolic pathway
screened, optimal pathways may be overlooked if too low of an
enrichment ratio is used or searches may converge on local maxima
under too high of an enrichment ratio.

Several recently developed strategies have also aimed at
reducing the search space of combinatorially constructed
pathways, relying on the characterization of a fraction of the
library to model the entire space (Farasat et al., 2014; Lee et al.,
2013). These approaches are very promising, yet they were
demonstrated with smaller pathways and with modeling that may
be too simple for complex pathways (Lee et al., 2013) or do not
incorporate certain factors that may impact output, such as
metabolic load, toxicity, and promiscuous enzyme activity
(Farasat et al., 2014). If such effects significantly influence final
production, using an enriched library screening may be a
beneficial option in discovering high producing strains. It may
also be possible to couple biased searching libraries with
computational modeling tools to better understand how the
expression of each pathway enzyme affects final production.
Although a significant increase in FR900098 production was

achieved, further improvement would be required to develop a
commercially relevant bioprocess. With the best strain producing
FR900098 near 100mg/L, the production cost of FR900098 was
roughly estimated in the hundreds of dollars per gram range, a
small fraction of the $17,000/g price for the commercially available
product from Sigma–Aldrich. However, currently used anti-
malarials cost $1 or less per treatment, with which FR900098
cannot currently compete. Further strain and pathway engineering,
testing with different hosts, and culturing optimization could
continue to improve the FR900098 titers.
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