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The establishment of erythromycin production within the heterologous host E. coli marked
an accomplishment in genetic transfer capacity. Namely, over 20 genes and 50 kb of DNA
was introduced to E. coli for successful heterologous biosynthetic reconstitution. However,
the prospect for production levels that approach those of the native host requires the appli-
cation of engineering tools associated with E. coli. In this report, metabolic and genomic
engineering were implemented to improve the E. coli cellular background and the plasmid
platform supporting heterologous erythromycin formation. Results include improved plasmid
stability and metabolic support for biosynthetic product formation. Specifically, the new plas-
mid design for erythromycin formation allowed for >89% stability relative to current stand-
ards (20% stability). In addition, the new strain (termed LFO0I) designed to improve carbon
flow to the erythromycin biosynthetic pathway provided a 400% improvement in titer level.
© 2017 American Institute of Chemical Engineers Biotechnol. Prog., 34:271-276, 2018
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Introduction

Erythromycin is an antibiotic built from a complex bio-
synthetic pathway composed of two portions: polyketide for-
mation and  polyketide tailoring.'”* A  polyketide
intermediate, 6-doxyerythronolide B (6dEB), is produced by
three large (~300 kDa each) polyketide synthases that
resemble fatty acid synthases both in structure and catalytic
mechanism.® 6dEB is then subjected to a series of tailoring
reactions that include hydroxylations, methylation, and gly-
cosylations.“’5 Thus, the final erythromycin product results
from a unique production pathway that offers numerous
molecular engineering opportunities® (Figure 1A).

However, designed manipulations of erythromycin biosyn-
thesis (and similarly complex natural products) are often
complicated by the biological features of the native produc-
tion hosts. In the case of erythromycin, the original produc-
tion host is Saccharopolyspora erythraea.® In contrast to the
innate features of most native natural product production
hosts are the properties of Escherichia coli, with rapid
growth kinetics and a wide range of molecular biology
tools.”'® To access such properties,  heterologous
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erythromycin biosynthesis was established in E. coli.>'"'?

Though this step confirmed that complex natural product sys-
tems could be reconstituted through a significantly different
host system, accessing the engineering possibilities of
the erythromycin pathway and the E. coli host is still
developing.

To this end, one of the primary challenges in establishing
heterologous E. coli erythromycin production was efficiently
transferring the >20 genes and ~55 kbp of DNA required
for biosynthesis. Original efforts relied on revisions to com-
mon expression plasmids to accommodate multiple genes per
plasmid.” Later upgrades improved and expanded upon these
efforts through improved operon design and plasmid consoli-
dation.” However, each of these systems suffered from plas-
mid instability and the need to carry a minimum of five or
six plasmids (Figure 1B).

In the current report, we present a new plasmid design
based upon a bacterial artificial chromosome (BAC) means
of stabilizing the polyketide and tailoring portions of eryth-
romycin biosynthesis. Comparisons were made between pre-
vious plasmid designs regarding plasmid stability and
biosynthetic production. In addition, the new BAC plasmids
were compared across several E. coli strains metabolically
engineered to improve production.
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Figure 1. E. coli heterologous erythromycin biosynthesis and plasmid redesign. (A) The heterologous erythromycin pathway estab-
lished in E. coli featuring the DEBSI, 2, and 3 polyketide synthases, Sfp (required for polyketide synthase posttranslational
modification), PrpE (a propionyl-CoA synthetase native to E. coli), PCC (a propionyl-CoA carboxylase), EryF (hydroxylase),
the desosamine and mycarose deoxysugar pathways, EryK (hydoroxylase), and EryG (methylase). Engineering steps were
taken to improve metabolic conversion and genetic stability. (B) The left,’ middle,” and right (this study) successive plasmid
designs to address stability. Pr;: T7 promoter; BiPy;: bi-directional T7 promoter; Ty;: T7 terminator sequence; Pys: TS

promoter.

Materials and Methods

Chemicals and reagents

The reagents and chemicals used in this study were pur-
chased from Fisher Scientific (Pittsburgh, PA) or Sigma (St.
Louis, MO). All restriction enzymes were purchased from
New England Biolabs (Beverley, MA). The GeneArt™
PYESIL vector was purchased from ThermoFisher Scientific
(Waltham, MA). Gotaq Green Master Mix from Promega
(Madison, WI) was used for all PCR reactions in this study,
and PCR primers were purchased from Eurofins MWF
Operon (Huntsville, AL).

Strains and plasmids

The 6dEB biosynthetic pathway (the genes encoding the
deoxyerythronolide B synthase enzymes [DEBSI1, 2, 3]),
genes encoding the GroES/EL chaperonin, and the pccAB
and sfp genes encoding for the enzymes to produce (25)-
methylmalonyl-CoA and to posttranslationally modify the
DEBS enzymes, respectively, were codon-optimized via syn-
thesis and placed under a bi-directional T7 promoter and
assembled into vector pYESIL by Sapphire technology to
generate pDEBS (Figure 1B). The resistance marker for
pDEBS was converted from kanamycin to spectinomycin
through lambda Red-mediated genetic exchange.”'® Briefly,
the kanamycin resistance gene was PCR-amplified from

pKD4 and swapped with the spectinomycin resistance gene
on pDEBS using the primers indicated in Table 1. Similar to
pDEBS construction, the erythromycin tailoring pathways
were consolidated and inserted to pYESIL under T7 and T5
promoter designs to yield pTailoring (Figure 1B).

Lambda Red homologous recombination was also utilized
to knock out vioA/vioB/wzx (wzx is next to the target vioA/
vioB genes and was truncated in the following knockout pro-
cedure) and wecD/wecE from strain TB3 to create LFO1
(Table 1). To produce donor linear DNA, vioA/vioB and
wecD/wecE were first amplified by PCR and cloned into
pET21c from the TB3 chromosome, followed by ligating
corresponding FRT-flanked antibiotic resistance genes inside
the pET2lc inserts, yielding pET21c-vioAB-cat (cat resis-
tance gene inserted using Mfel) and pET21c-wecDE-kan (kat
resistance gene inserted using Ncol and Xhol). The plasmids
were then used as templates to obtain donor DNA with
homologous sequences to enable lambda Red-mediated chro-
mosomal deletions as described previously (Figure
2B).!31%17 The same method was applied to delete gene
rmID from LFO1, which resulted in strain LFOS5.

Cellular cultures and assessment

Strains were cultured in 25-mL production medium for 6
days at 22°C and 250 rpm. When the culture ODgoonm
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Table 1. Oligonucleotide Primer and E. coli Strain List
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Name Oligo Sequence
Sugar 1 CGCTCTAGAAGATTAT C T CC AATAGCGC TTGGT
Sugar2 GAT C AC AGATTAT C T CC AATAGCGC TTGG
cat-Mfell GC GC AATT GGTGTAGGCT GGAGC TGC T TC
cat-Mfel2 GCGCAATT GCATAT GAATAT CCTCCTTAG

vioB Homol AT GGCCTATTTAGAT GAAATACAGTT

vioB Homo2 T C AC AGATTAT C T CC AATAGCGC TTGG

wecD&E-Ncol
wecD&E-Xhol
kan-Bsal
kan-EcoR V
wecD&E Homol
wecD&E Homo2
rmlAJD-BamHI

GCGCCAT GGGTGCAGGCCAAAATT GCGGCAT CA
CGCCT CGAGT C AGGAAAAGTAGTT C AACAAAGTCGC
CGCCAC AAGAGACCT GTGTAGGCT GGAGCT GCTTCG
CGCGATAT CC ATTAT GAATAT CC TCC TTA

GT GCAGGCC AAAATT GCGGCAT C A

T C AGGAAAAGTAGTT C AAC AAAGT CGC

CGCGGAT CC AT GAATAT CCTCC TAT T CGGC AAAAC

rmlA/D-Notl CGCGCGGCCGCATTAATAACCTTTAATCATTTTGAGCAGATAC

Kan-rmlDI GCGGTCGACTGTGTAGGCTGGAGCTGCTTCG

Kan-rmID2 GCGTACGTACATTATGAATATCCTCCTTAG

rmlA/DI ATGAATATCCTCCTATTCGGC AAAAC

rmlA/D2 ATTAATAACCTTTAATC ATT TTGAGCAG

kan-specl CCAGCC AGGACAGAAAT GCCTCGACTT CGCT GCTACCCAAGGTT GCCGGGT
GT GTAGGCTGGAGCTGCTTCG

kan-spec2 TTATTTGCCGACTACCTTGGTGATCTCGCCTTTCACGTAGTGGACAAATTCCC
ATTATGAATATCCTCCTTAG

Strain Description Reference

BL21(DE3) F~ ompT hsdSB (rg, m) gal dem (DE3) 14

BAPI BL21(DE3); AprpRBCD ::T7prom-sfp-T7prom-prpE 15

TB3 BAP 1 ; AygfH 16

LFO1 TB3; AvioAB Awzx AwecDE This study

LF05 LFO01; ArmID This studv

L s \/\_ " _ B) p— TDP-Rhamnose MW: 547
e \‘-m.l) I
L PCR fragment from
\’}\ \A o el ey - MR -+ LFO1
- L4
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Metabolic pathway engineering to improve erythromycin formation. (A) Competing pathways to desosamine and mycarose

that were deleted in strains LF01 and LF05. (B) Chromosomal gene deletion schematic (vioA/vioB/wzx deletion example)
and verification by PCR. PCR bands represent the expected deletion fragments of indicated knockouts. (C) Deoxysugar
assessment by LC-MS supporting metabolic engineering design.

reached 0.4-0.6, 250 uM of isopropyl f-D-1-thiogalactopyra-
noside (IPTG), 2 mg mL ™" arabinose, and 20 mM sodium
propionate were added. Production medium was comprised
of the following components (per 1 L): 5g yeast extract,
10 g tryptone, 15 g glycerol, 10 g sodium chloride, and
100 mM 4-(2-hyroxyethyl)-1-piperazineethanesuffonic acid
(HEPES) buffer with the final medium adjusted to pH 7.5
using 1M NaOH. The starting ODggonm, Of each culture was
adjusted to 0.1 by diluting from a seed culture (incubated in
lysogeny broth [LB] at 37°C and 250 rpm) that had reached
an ODgppnm Of 0.6. Culture samples were taken approxi-
mately every 24 h for optical density measurements. Kana-
mycin (50 mg L"), chloramphenicol (12.5 mg LY,

streptomycin (50 mg L"), apramycin (50 mg L"), specti-
nomycin (50 mg L"), and tetracycline (5 mg L™ ') were
added, as needed, to maintain plasmids in corresponding
cultures.

Plasmid stability assay

The erythromycin producing strains were cultured in 25-
mL production medium containing appropriate antibiotics at
37°C and 250 rpm until the ODgppnm reached 0.6. At this
time, the culture temperature was reduced to 22°C and the
cells were mixed with 250 uM IPTG, 2 mg mL ™! arabinose,
and 20 mM sodium propionate. Plasmid stability analysis
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Table 2. Plasmid Stability Assays Across Strains
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Ist day Cm Tet Apr Sm Km Spec Combined
Plasmid pGro7 pBPIW 144 pBPIW130 pIMO3 pJMO02/pDEBS pTailoring

Strain 1 100% 46% 40% 73% 83% N/A 27%
Strain 2 N/A N/A N/A N/A 100% 100% 100%
Strain 3 N/A N/A N/A N/A 100% 100% 100%
Strain 4 N/A N/A N/A N/A 100% 100% 100%
5™ Day Cm Tet Apr Sm Km Spec Combined
Plasmid pGro7 pBPIW 144 pBPIW130 pIMO3 pJMO02/pDEBS pTailoring

Strain 1 100% 23% 23% 67% 70% N/A 20%
Strain 2 N/A N/A N/A N/A 90% 90% 90%
Strain 3 N/A N/A N/A N/A 89% 89% 89%
Strain 4 N/A N/A N/A N/A 93% 93% 93%

Strain 1: TB3 (pBPJW130/pBPIJW 144/pJMO03/pJM02/pGro7); Strain 2: LFO1(pDEBS/pTailoring); Strain 3: TB3(pDEBS/pTailoring); Strain 4:
LFO5(pDEBS/pTailoring). Cm: chloramphenicol; Tet: tetracycline; Apr: apramycin; Sm: streptomycin; Km: kanamycin; Spec: spectinomycin

was completed on days 1 and 5 after culture temperatures
were reduced to 22°C. At these time points, cells were
streaked on LB agar plates and incubated at 37°C overnight
to obtain single colonies. Twenty-eight colonies for each
plate were selected and transferred to LB plates containing
individual and combined antibiotics according to associated
expression plasmids as indicated in Table 2. Resulting col-
ony development was recorded, presented as a percentage of
transferred colony growth on LB agar containing no antibiot-
ics, and compared between strains.

Erythromycin A and TDP-deoxysugar analysis

For erythromycin A assessment, culture samples
(0.75 mL) were extracted twice with an equal volume of
ethyl acetate each time. The extract was allowed to dry
before being dissolved in 75-pL. methanol containing 0.25
pg mL ™! roxithromycin to serve as an internal standard dur-
ing subsequent analysis. The erythromycin relative titer rep-
resents the ratio of the peak area of erythromycin over the
peak area of the internal standard. Experimental samples
were analyzed using an AP 13000 Triple Quad LC-MS with
a Turbo Ion Spray source (PE Sciex) coupled with a Shi-
madzu Prominence LC system. Chromatography was per-
formed on a Waters X Terra CI18 column (2.1 mm X
250 mm). All MS analyses were conducted in positive ion
mode. A linear gradient of 70% buffer A (95% water/5%
acetonitrile/0.1% formic acid) to 100% buffer B (5% water/
95% acetonitrile/0.1% formic acid) was used at a flow rate
of 0.2 mL min~"' for the LC.

For TDP-deoxysugar analysis, overnight cultures of LFO1,
LFO5, TB3 were inoculated (1% v/v) into 25-mL production
medium for culturing at 37°C and 250 rpm for 96 h. Cells
were collected by centrifugation, stored at —20°C overnight,
resuspended in 2 mL phosphate-buffered saline (PBS), and son-
icated for 2 min (Fisher Scientific Model FB50 at an amplitude
of 35). Cell lysates were centrifuge at 4000 rpm (ThermoFisher
Scientific Sorvall Primo Benchtop centrifuge) for 10 min, and
the supernatant was analyzed by LC-MS (AP 3000 Triple
Quad LC-M S with a Turbo Ion Spray source [PE Sciex] cou-
pled with a Shimadzu Prominence LC system). Chromatogra-
phy was performed on a Waters Xbridge amide 3.5 um
(2.1 mm X 150 mm) column. All MS analyses were conducted
in negative ion mode. A linear gradient of 100% buffer B
(10% water/90% acetonitrile/SmM ammonium acetate) to
100% buffer A (100% water and 5 mM ammonium acetate
[pH 9]) was used at a flow rate of 0.2 mL min~ ! for the LC.

Results and Discussion

Heterologous erythromycin plasmid design and stability

A significant challenge in establishing heterologous pro-
duction of erythromycin in E. coli was the transfer of the
prerequisite genetic pathway. Comprised of >20 genes and
spanning ~50 kbp of DNA, the pathway posed several issues
to conventional E. coli expression plasmids which were gen-
erally designed for single genes.'*'®* Further complicating
the reconstitution process was the significant size (~10 kb
each) of the polyketide synthase genes.'*

The initial approach to deal with the transfer of a complex
modular polyketide system such as erythromycin was to
rebuild existing expression plasmids (from the pET family)
with constructed operons containing the erythromycin path-
way genes.'” As opposed to localizing all of the pathway to
one expression plasmid, several pET vectors were utilized in
part because of the difficulties in cloning >20 kbp into indi-
vidual plasmids. There were also concerns about the stability
of such plasmids (both in terms of culture maintenance and
unwanted recombination events) with large inserts. As a
result, the original system to enable complete erythromycin
production from E. coli required six different expression
plasmids which was later refined to five plasmids.” As
expected, due to a combination of incompatible origins of
replication and insert size, plasmid stability was an issue.”’

In the current study, the biosynthetic process was divided
between polyketide formation and downstream tailoring (Fig-
ure 1). In addition, a systematic plasmid construction was
undertaken to address issues of instability and enhance even-
tual gene expression. Namely, genetic content was synthe-
sized to optimize codon usage and incorporate all needed
genes into two bacterial artificial chromosome (BAC) plas-
mids. The BAC plasmids utilize the F plasmid sop system to
maintain plasmid number to one copy per cell, which aids
the prospect for proper plasmid segregation during replica-
tion and subsequent plasmid stability over time (in contrast,
the original pET plasmids utilized for initial production rely
upon the pBR322 origin of replication and are expected to
reside at ~40 copies per cell).”* Furthermore, the separation
of polyketide formation and downstream tailoring to two
separate plasmids enables future efforts to systematically
manipulate either aspect of biosynthesis for the purpose of
generating erythromycin analogs.***%*

Utilizing this new plasmid design resulted in substantially
improved plasmid stability (Table 2). The stability afforded
is attributed to reduced copy number since the BAC
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Figure 3. Erythromycin production across different strains. Relative erythromycin titer (A; measure at final time point) and optical
density at 600 nm (ODgg9; B) comparison. Strain 1: TB3 (pBPJW130/pBPJW144/pJM03/pJM02/pGro7); Strain 2:
LF01(pDEBS/pTailoring); Strain 3: TB3(pDEBS/pTailoring); Strain 4: LFO5(pDEBS/pTailoring). Error bars represent stan-
dard deviation values from three independent experiments.

plasmids possess the same origin of replication, which could
complicate plasmid stability over extended timeframes. As
such, future directions include the localization of the entire
erythromycin pathway to one BAC plasmid.

Metabolic engineering to improve downstream tailoring

Metabolic engineering was applied to strain TB3 (Table
1). Specifically, genes identified from pathways capable of
siphoning carbon from desoxysugar biosynthesis were
sequentially deleted. In so doing, the objective was to
improve glycosylation of the erythromycin product and sub-
sequent final titers. Figure 2 shows the pathways where dele-
tions were made including the knockouts of vioA/vioB/wzx
and wecD/wecE to generate LFO1 and the additional rm/D
deletion to generate LFO5. Supporting the engineering steps
taken is a profile of specific sugar content within the TB3,
LFO1, and LFOS5 strains (Figure 2C).

Erythromycin production comparison at 22°C is presented
in Figure 3. Improved production of LFO1 (strain #2 in Fig-
ure 3A) compared to TB3 (strain #3 in Figure 3A) when
using the new BAC plasmids indicates a successful engineer-
ing alteration, especially when biomass levels are compara-
ble (Figure 3B). Interestingly, when the additional rmiD
deletion is included in LFO5 (strain #4 in Figure 3A), pro-
duction levels drop below those for strain LFO1.

The original production strain  (TB3/pBPIW130/
pBPIW144/pIMO03/pJM02/pGro7; strain #1 in Figure 3A) is
included as a reference and shows nearly identical produc-
tion levels to LFO1(pDEBS/pTailoring). However, it is diffi-
cult to compare these systems for several reasons. First,
plasmid stability, as indicated in Table 2, and copy level are
substantially different. The comparable erythromycin produc-
tion from LFO1(pDEBS/pTailoring) is impressive when con-
sidering that plasmid levels of pDEBS/pTailoring will be
substantially reduced; however, this is countered by the fact
that the reference TB3/pBPIW130/pBPIW144/pIMO03/
pIMO2/pGro7 strain demonstrates reduced plasmid stability.
Hence, only a fraction of cells within the reference culture
will be producing erythromycin; whereas, nearly all the cells
of LFO1(pDEBS/pTailoring) will be generating erythromy-
cin. Using this same rationale in comparing production from
strains 1 and 3 in Figure 3A, even with the improved plas-
mid stability of TB3(pDEBS/pTailoring), production is well
below titers from the plasmid-unstable TB3/pBPJW130/

pBPIJW144/pJMO3/pJMO02/pGro7 system. However, likely
offsetting plasmid instability of reference stain 1 is the
heightened level of plasmid copy and associated enzyme
number in the cells generating erythromycin, which offers an
explanation for the production differences observed.

By observing static metabolic maps (Figure 2A), it is
unclear why the additional deletion of rm/D within LFO5 did
not further improve or at least maintain production levels
relative to strain LFOl. However, the LFO05 strain consis-
tently produced the lowest levels of erythromycin. A possi-
ble explanation relates to the Figure 2A map and the
genomic localization of rmID in close proximity to rmlA.
Hence, the rmID deletion may have had a polarity effect on
rmlA, which as indicated in Figure 2A, encodes for the
required deoxysugar initiation step in erythromycin
glycosylation.

Conclusions

In summary, we report upon engineering steps to address
deficiencies of the current E. coli erythromycin heterologous
production system. Through BAC plasmid pathway construc-
tion, plasmid stability has been improved to ~90% retention.
Similarly, metabolic engineering improved deoxysugar con-
version of the final erythromycin product. These and related
engineering steps readily available to E. coli will continue to
be applied with the ultimate goal of matching erythromycin
productivity to that of current industrial systems (reliant on
advanced S. erythraea strains) with the additional goals of
directing the engineering platform at erythromycin analog
production and altogether different complex natural product
discovery and production projects.
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