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ABSTRACT: Harnessing cell factories for producing biofuel
and pharmaceutical molecules has stimulated efforts to develop
novel synthetic biology tools customized for modular pathway
engineering and optimization. Here we report the develop-
ment of a set of vectors compatible with BioBrick standards
and its application in metabolic engineering. The engineered
ePathBrick vectors comprise four compatible restriction
enzyme sites allocated on strategic positions so that different
regulatory control signals can be reused and manipulation of
expression cassette can be streamlined. Specifically, these
vectors allow for fine-tuning gene expression by integrating
multiple transcriptional activation or repression signals into the
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operator region. At the same time, ePathBrick vectors support the modular assembly of pathway components and combinatorial
generation of pathway diversities with three distinct configurations. We also demonstrated the functionality of a seven-gene
pathway (~9 Kb) assembled on one single ePathBrick vector. The ePathBrick vectors presented here provide a versatile platform
for rapid design and optimization of metabolic pathways in E. coli.
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As an emerging discipline, synthetic biology is becoming
increasingly important to design, construct, and optimize
metabolic pathways leading to desired phenotypes such as
overproduction of biofuels'™> and pharmaceuticals®® in
genetically tractable organisms. One of the major challenges
for heterologous expression of multigene pathways is to
orchestrate the expression level of each of the enzymes
among the selected pathways and achieve optimal catalytic
efficiency. Thus, delicately designed molecular control
elements have been integrated into the cell chassis to enable
the host strain to precisely respond to environmental stimuli or
cellular intermediates and drive carbon flux toward a target
pathway. For example, engineering promoter architecture has
achieved tunable gene expression in both E. coli® and yeast” at
transcriptional levels; engineered metabolite-responsive ribos-
witches® and synthetic ribosome binding sites’ can be used
to precisely control protein expression at the translational level;
metabolic flux channeling by spatial recruitment of desired
metabolic enzymes at a stoichiometric ratio on a synthetic
protein scaffold can efficiently prevent the loss of intermediates
due to diffusion and has resulted in a 77-fold improvement
in production titer.'” As witnessed by these endeavors, the
advances in synthetic biology have greatly speeded up our
ability to design and construct cell factories for metabolic
engineering application.

To date, a number of synthetic biology approaches have been
applied to metabolic pathway optimization including modification
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of plasmid copy number,'" promoter strength,'>"* and gene
codon usage.'* However, most of these approaches are not
modular and require time-consuming work tweaking the indi-
vidual pathway components until the desired performance is
achieved, which greatly compromises our ability to unlock the
metabolic potential of host metabolism. From an engineering
perspective, we need a more efficient approach that allows us to
streamline the process of pathway construction and engineering
of biological systems to be much easier and faster. Despite
the availability of advanced cloning tools such as the DNA
assembler,''® sequence and ligation-independent cloning
(SLIC),"” and Gibson isothermal assembly,"® these tools largely
rely on site-specific homologous recombination and are limited
in terms of automation and the number of DNA fragments that
can be assembled for pathway optimization;'? in particular, these
advanced cloning tools are not amenable to very short genetic
elements such as promoter, ribosome binding site, operator,
and other regulatory control elements.”® Hence, there exists
a pressing need to develop efficient molecular assembly tools
customized for metabolic pathway optimization.

Assembly of biological standard parts that conform to the
BioBrick paradigm is being adopted rapidly and is becoming
a standard practice in metabolic pathway engineering”' and
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Figure 1. Basic configuration and functional analysis of the engineered ePathBrick vectors. (a) Compatible sticky ends can be generated by four
isocaudamer pairs (AvrIl, Nhel, Spel, and Xbal) with unique DNA recognition sequence. The resulting sticky ends can be rejoined together upon
simple ligation thereby nullifying the old restriction sites. (b) The basic configuration of engineered ePathBrick vectors. (c) The dose response of
promoter activity to inducer IPTG using eGFP as a reporter among the five engineered ePathBrick vectors harbored by E. coli BL21*(DE3) in LB

media at 30 °C.

genetic circuit design.”*** This technical standard was first
described by Knight** and further developed by Endy and co-
workers.”>*® The BioBrick standards take advantage of the
isocaudamer pairs Xbal and Spel, which generate compatible
cohesive ends and upon ligation result in a scar sequence that
cannot be cleaved by either of the original restriction enzyme
pairs. Basic molecular components flanked with these iso-
caudamer pairs can be assembled together by iterative res-
triction enzyme digestion and ligation. Several groups have
developed similar biological part assembly vectors (BglBricks)
that utilize the BglII and BamHI compatible cohesive ends and
can be used for engineering fusion proteins and expressing
multiple operons from different plasmids varying in promoter
strength, inducers, and plasmid copy number.'”?” Nevertheless,
we envision that further development in synthetic biology tools
for metabolic pathway engineering will depend on more
efficient molecular assembly tools that support tunable gene
expression, modular assembly of muti-gene pathways, and
generation of pathway diversities in a combinatorial manner.
Here we present the development of a set of robust yet
flexible standard vectors (so-called ePathBricks) compatible
with the BioBrick standards and its application in metabolic
pathway engineering. Despite sharing the same advantages as
BioBrick standards (BBF RFC10) in terms of part reuse and
standardization, the engineered ePathBrick vectors are designed
to address several of the critical challenges faced by metabolic
engineers and synthetic biologists such as lack of efficient tools
for fine-tuning gene expression and construction of pathways
with multiple gene components. The ePathBrick vectors feature
in four isocaudamer pairs (Avrll, Xbal, Spel, and Nhel) and
support the modular assembly of a number of molecular com-
ponents including regulatory signal elements (promoters,
operators, ribosome binding sites, and terminators) and multi-
gene pathways; in addition, ePathBricks provide a platform
for optimizing pathway configurations (ie, how individual
genes are connected with each other) and efficient generation
of pathway diversities. To demonstrate the in vivo functionality
and compatibility, we have successfully integrated multiple
transcriptional activation and repression signals into the regu-
latory region of the engineered vectors. Furthermore, we have
assembled and tested the production potential of a three-
configuration flavonoid pathway. We show that a three-gene
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flavonoid pathway can be easily diversified to 54 pathway
variations through modular pathway engineering, simply by
varying pathway configuration and gene order. At the end, we
showcase the efficient assembly of a seven-gene heterologous
pathway (around 9 Kb) on one single ePathBrick vector. The
ePathBrick standard assembly method presented here allows
the user to rapidly construct and optimize multigene pathways
with different regulatory control elements and gene config-
urations as well as generation of pathway diversities.

B RESULTS AND DISCUSSION

Design and Characterization of ePathBrick Vectors.
Strain development through metabolic engineering leading to
biofuel and pharmaceutical molecules typically involves the
manipulation of a handful of precursor or rate-limiting path-
ways, as illustrated in the recent example of biobutanol pro-
duction from non-fermentative pathway***” and the heterolo-
gous production of taxol'> and arteminisin®® precursors in
E. coli. One popular approach to express multigene pathways is
to use the Novagen Duet vectors, which carry compatible re-
plication origins (ColE, CloDF13, P15A, CoLA, and RSF1030)
and independent antibiotic markers (Am, Sm, Cm, Km),
allowing for effective propagation and maintenance of four
plasmids and simultaneous expression of up to eight genes in a
single cell>® The Duet vector sets have been successfully
applied to engineering a number of pathways for synthesizing
hydroxybutyrate,** biofuels,**** phenylpropanoids,®*® isopre-
noids,>” and polyketides.*® Despite these achievements, the
Duet vector sets are not innate to modular pathway engineering
and tunable gene expression, eclipsing its major features such as
versatile plasmid copy number, broad host spectrum, as well as
independent antibiotic marker. To expand its applicability in
metabolic pathway engineering, we engineered the Duet
vectors in order to make them conform to the basic principles
of synthetic biology.

We have taken a retrosynthetic approach to design the
original Duet vectors. The four isocaudamer pairs (AvrIl, Xbal,
Spel, and Nhel) were chosen mainly because they are
compatible with the BioBrick standards, cut with high efficiency
generating four letter high-affinity cohesive ends (CTAG,
Figure 1a), and are rarely affected by dam or dem methylation.
(Note: only Xbal have dam overlapping methylation when TC
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Figure 2. Fine-tuning gene expression by expanding the regulator control elements on engineered ePathBrick vectors. (a) Incorporation of repetitive
tandem copies of regulatory elements (X) using Xbal site on ePathBrick vectors and Nhel-flanked PCR products. The PCR product contains another
Xbal site and can be reused for iterative integration of multiple regulatory elements on ePathBrick vectors. X is any regulatory sequence that could
potentially interact with the open/closed form of promoter-RNA polymerase complex thereby activating or repressing gene expression from the
downstream reporter gene. (b) Characterization of promoter activity arising from multiple copies of upstream activation sequence (UAS) and lactose
repressor binding site (IacO) on pETM6 harbored by BL21*(DE3) growing in LB media at 30 °C.

comes with it). On the basis of the basic principles of synthetic
biology,>**" the four isocaudamers were arranged in such a way
that the different molecular control or structural elements can
be easily reused and standardized. AvrIl was inserted upstream
of the T7 promoter, Xbal was inserted between the operator
(lacO) and ribosome binding site (RBS), Spel was between the
multiple-cloning site (MCS) and T7 terminator, and Nhel was
placed downstream of the T7 terminator. Sall and the native
Apal on the lacl gene was designed for easy cloning with any of
the four isocaudamers. Following this principle, we have made
6, 4, 4, 4, and 3 modifications to the original pET-Duet, pCDF-
Duet, pACYC-Duet, pCOLA-Duet, and pRSF-Duet vectors,
respectively. The resulting vectors, pETM6, pCDM4, pACM4,
pCOM4, and pRSM3 are collectively named ePathBrick vectors.
A representative vector configuration is shown in Figure 1b.
Detailed sequence information in Genbank format can be found
in the Supporting Information (Boxes S1—S5).

To test the functionality of engineered ePathBrick vectors,
enhanced fluorescence protein (eGFP) was used as a reporter
and inserted at the same loci of multicloning sites among
the five ePathBrick vectors to eliminate any restriction sites-
associated translational inhibition.*” We observed that green
fluorescence linearly increased with time after a short time
window (about 90 min) in all of the tested five constructs
(Supplementary Figure S1). The rate of fluorescence change
normalized with cell density and culture volume was used to
characterize the promoter activity. Results shown here indicate
that the dynamic range of tested promoters spanned over 3
orders of magnitude toward IPTG and the same promoter
behaved distinctly in different genetic contexts (Figure lc).

As Figure lc shows, the saturation promoter activity in
pETMS6 is about 6 times stronger than that in pCOM4. The
promoter activity observed in three of the ePathBrick vectors
(pETM6, pCDM4, and pACM4) correlated well with their
reported plasmid copy number (Figure 1c) except for pCOM4,
which is not unexpected as the DNA quantity of pCOM4
isolated from an E. coli culture was the lowest, possibly due to
the low stability of the pCOLA-derived vectors as reported by
Kroll.*' Both pCOM4 and pRSM3 vectors share almost the
same genetic context except for the origin of replication region,

258

which can account for the relatively low promoter activity in
pRSM3 as the specific promoter activity (promoter activity
normalized by plasmid copy number) in pRSM3 was com-
parable with that in pCOM4. These data suggests that all of the
redesigned ePathBrick vectors are functional and the promoter
activity tested in E. coli BI21*(DE3) is ranked in the following
order: pETM6 > pRSM3 > pCDM4 > pACM4 > pCOM4.
Given that one single cell is able to harbor four compatible
plasmids, the broad range of promoter activity should be an
invaluable tool to coordinate the expression of multigene
pathways for metabolic engineering application.

Tunable Gene Expression with Expandable Regula-
tory Elements. Promoter architecture with defined activator
or repressor binding site is directly correlated with the output
of promoter activity.® Thus, engineering of hybrid promoters is
an effective approach to transcriptional fine-tuning with various
applications, especially in the metabolic engineering area.” "
Here we have developed a standardized method for modular
integration of repetitive tandem copies of transcriptional acti-
vation or repression signals into the operator region of the
ePathBrick vectors. Specifically, by using the isocaudamer pairs
Xbal and Nhel, the Nhel-flanked PCR products can be easily
incorporated into the regulatory region of the engineered
ePathBrick vectors. Since the PCR products contained another
Xbal site that can be reused, multiple copies of a regulatory
signal can be integrated on the same ePathBrick vector in a
tandem manner (Figure 2a), thus providing a way for modi-
fiable transcription output.

As a case study, we chose a random upstream activation
sequence (UAS)43 and the native lac promoter repression
signal (lacO) as a transcriptional modulator and evaluated how
they impact the promoter activity. By iterative digestion and
ligation, we have been able to incorporate up to three copies of
UAS and four copies of repression sequence (lacO) into the
operator region of pETM6. The time course analysis of fluore-
scence change (Supplementary Figure S2) demonstrated that
the resulting synthetic promoters exhibited tunable activity
ranging from 81% to 122% of the activities of the unmodified
promoter (Figure 2b). In order to characterize the underlying
mechanisms associated with promoter-RNA polymerase
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Table 1. Best Fit of the Characterized Promoter Activity Using Modified Regulatory Control Elements”

construct P, (au) P, (au) K (uM) n R?
pETM6—lX[UAS]—eGFP 19.42 + 9.53 653.54 + 13.32 17.20 + 1.38 1.17 £ 0.10 0.9950
pETMé-ZX[UAS]-eGFP 16.74 + 8.08 715.62 + 10.63 15.34 + 091 1.23 + 0.08 0.9971
pETMé-SX[UAS]-eGFP 21.95 + 8.39 659.40 + 10.29 13.74 + 0.86 140 + 0.11 0.9960
pETMé-lX[laCO]—eGFP 22.00 + 7.75 592.90 + 12.01 19.43 + 1.54 1.01 + 0.08 0.9962
pETMé—ZXDaCO}—eGFP 2249 + 491 522.55 + 7.03 18.11 + 0.96 1.17 + 0.07 0.9978
pETM6—4X[1aCO]—eGFP 19.62 + 6.04 481.67 + 8.84 19.82 + 1.39 1.25 + 0.10 0.9958

“Data shown here indicate the simulated parameters of the Hill equation. au, arbitrary units (fluorescence unit per minute per OD per milliliter).

(RNAP) interaction, inducer and promoter input-output
correlations were fitted to a phenomenological Hill equa-
. 44,45

tion of the form

[1]"

P([1]) = By + (B 0T

min)
where [I] is the inducer concentration; P, is the basal level of
promoter activity due to leakage; P,,., is the maximal promoter
activity due to saturation induction; n is the Hill coeflicient
that determines the sensitivity (cooperativity) of repressor-
promoter-RNAP interactions; and K is the apparent dissociation
constant related to the half saturation concentration of inducer
when promoter activity reaches half of the maximum output.
As summarized in Table 1, the half saturation constant
(K value) was decreased with increasing number of upstream
activation sequence (UAS) used, indicating that the incorpo-
ration of UAS into the operator region did contribute to the
formation of transcriptionally competent promoter-RNAP
complexes; thus the transcription output was improved
compared with that of the native counterpart (native one is
pETM6-1X[lacO]-eGFP in Table 1). At the same time, the
promoter responded more sensitively toward IPTG, as eviden-
ced by the Hill coefficient (1) that increased with increasing
number of UAS used, suggesting increased cooperativity among
the repressor-promoter-RNAP complex. When multiple copies
of lacO were used, the half saturation constant (K) did not
change while the cooperative interaction among repressor-
promoter-RNAP increased (n increased), thereby resulting in
more stringent control over promoter output. This data
illustrates that the operator context in the engineered vectors
has a profound impact on the transcription output, and the
modular approach presented here can be directly translated to
other ePathBrick vectors for fine-tuning gene expression.
Multigene Pathway Can Be Assembled in Three
Configurations. Prokaryotic cells such as E. coli tend to
organize metabolic enzymes in operon form, where the func-
tionally related pathways are arranged in gene clusters and are
under the control of a single regulatory signal. It is estimated
that about 50% of the structural genes are organized in operon
form in E. coli.*® Gene cotranscription and coregulation provide
an evolutionary advantage since various proteins synthe-
sized from a single mRNA transcript could facilitate the spatial
and temporal coordination of gene expression to build up
multienzyme complexes often at the right subunit ratio. Using
a synthetic operon comprising three fluorescence re-
porter genes as a model system, Lim et al. found that the
expression of a given gene increased with the length of the
operon, as increased transcription distance provided more
time for translation to occur during transcription.*” In terms
of metabolic pathway reconstruction, a fundamental question
is how individual pathways are assembled and which genetic
organization or configuration is adopted for optimal pathway
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output. For example, an artificial operon carrying all of the
necessary genes (atoB, hbd, crt, ter, and adhE2) for conversion
of acetyl-CoA to butanol along with the optimization of
NADH driving force has led to the production of butanol at
a titer of 30 g/L in E. coli;29 heterologous production of
resveratrol favored the operon configuration of two plant
enzymes, A. thaliana 4-coumaroyl-CoA ligase and V. vinifera
stilbene synthase, resulting in the highest resveratrol production
of around 2.3 g/L in E. coli*® Hence, it is of vital importance
to develop efficient tools that allow us to organize mutligene
pathways in different configurations, thereby possibly exploiting
the full potential of cell metabolism.

Pathway configuration engineering was a built-in feature
for ePathBrick vectors, where individual pathway components
can be assembled and organized in three different configura-
tions. Using a three-gene heterologous flavonoid pathway, we
have been able to integrate 4-coumaroyl-CoA ligase (from
Petroselinum crispum), chalcone synthase (from Petunia
hybrida), and chalcone isomerase (from Medicago sativa) into
pETMG6 with three configurations by modular pathway engine-
ering (Figure.3). Specifically, each of the pathway components
can be organized either in operon (Figure 3a), pseudo-operon
(Figure 3b), or monocistronic (Figure 3c) configuration using
different isocaudamer pairs. The difference is that in the operon
form, all of the genes were transcribed and regulated together
(Figure 3a, one promoter and one terminator); in pseudo-
operon form, each of the pathway genes was under the control
of an independent promoter but all mRNA transcripts shared
the same terminator (Figure 3b, multiple promoters but one
terminator); for monocistronic form, each of the functional unit
was under the control of an independent regulatory signal
(Figure 3c, multiple promoters, multiple terminators).

We then tested the production potential of these three
distinct flavonoid pathways in the BI21*(DE3) strain. As shown
in Figure 4, the pathway with the pseudo-operon configuration
led to the highest flavonoid production of 36.7 mg/L, whereas
the pathway with the operon form showed the lowest pro-
duction of 1.2 mg/L, representing only 3.3% of the production
obtained from the pseudo-operon form. The pathway with the
monocistronic form showed slightly lower production
compared with the pseudo-operon form, presumably due to
the unintended interaction between the adjacent promoter and
terminator. It is speculated here that the strong secondary
structure (usually stem-loop hairpin structure) in the
terminator region would sterically interact with the adjacent
promoter and repress transcription, which is unlikely to happen
in the operon or pseudo-operon configurations. Malonyl-CoA,
an essential precursor in the flavonoid biosynthesis, has been
proven to be a limiting factor for their production.’® By
overexpressing a putative four-subunit acetyl-CoA carboxylase
(ACC from P. luminescens) to provide sufficient amount of
malonyl-CoA, flavonoid production was significantly increased
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Just flavonoid pathway but still followed the same pattern as the pathways without
Flavonoid pathway with ACC overexpression ACC overexpression, suggesting that intrinsic genetic config-
80 uration plays an important role in determining pathway output

regardless of whether precursors are supplied.
=) Combinatorial Generation of Pathway Diversities.
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£ While pathway configuration has a direct impact on the path-
'qg) way output, other context-dependent genetic factors need to be
2 401 considered when designing and optimizing a target metabolic
S pathway. One such genetic context is the order of the genes
20 present in the pathway architecture. Studies have shown that
rearrangement of gene order could lead to balanced turnover
Py constant among investigated genes in a three-gene operon.49
Operon Pseudo-operon Monocistronic However, advanced gene assembly tools like overlap-PCR,
SLIC, In-Fusion PCR (Clontech), and Gibson isothermal
Figure 4. Impact of pathway configuration on the production potential cloning are not sufficiently efficient in terms of rearranging gene
of a three-gene flavonoid pathway in BL21*(DE3) growing in basic order or configuration due to the predetermined fragment
M9 media supplemented with p-coumaric acid as substrate at 30 °C. context specified by the overlap sequence.’® Each of the
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Table 2. Flavonoid Pathway Libraries Generated by ePathBricks-Directed Combinatorial Assembly”

pETM6-Pc4CL-
[ JPhCHS-[ ]MsCHI

pETM6-Pc4CL-
[ IMsCHI-[ JPhCHS

pETM6-PhCHS-

0,0 0,0 0,0
o,m o,m o,m
o, p o,p oPp
m, 0 m, 0 m, 0
m, m m, m m, m
m, p m, p m, p

p,© p,;0 p, o
pym pym p,m
p)p 13 PP

[ ] Pc4CL-[ JMsCHI

pETM6-PhCHS-
[ IMsCHIL-[ ]Pc4CL

pETM6-MsCHI-
[ JPc4CL-[ JPhCHS

pETM6-MsCHI-
[ JPhCHS-[ ]Pc4CL

0,0 0,0 0,0
o, m o,m 0, m
o,p o,p o,p
m, o m, o m, o
m, m m, m m, m
m, p m, p m, p
p,o p,o p,o
pym p,m p,m
PP PP PP

“Pc4CL, 4-coumaroyl-CoA ligase from Petroselinum crispum; PhCHS, chalcone synthase from Petunia hybrida; MsCHI, chalcone isomerase from
Medicago sativa; o denotes the neighboring genes are organized in operon configuration; m denotes the neighboring genes are organized in
monocistronic configuration; and p denotes the neighboring genes are organized in pseudo-operon or artificial operon configuration.

overlapping fragments is added through synthesized gene or
customer-designed primers that overlap with the neighboring
fragment, an approach that is not scalable for the construction
of pathway libraries with variations in pathway configuration
and gene order. For example, it would require 600 versions of
primers or gene cassettes to assemble 10 overlapping DNA
fragments in every possible arrangement and configuration. As
a result, it is desirable to develop new tools adept at com-
binatorial assembly that would result in a library of possible
pathway equivalents differing in pathway configuration and
gene order.

Here we demonstrate that, with ePathBrick vectors, a three-
gene flavonoid pathway library with 54 constructs could be
efficiently assembled by three rounds of cloning in one week,
when considering both pathway configuration and gene order
(Table 2). Specifically, for the first round of cloning, 3 con-
structs with single pathway entities were assembled; for the
second round of cloning, 18 constructs with double pathway
entities were assembled based on the first round of cloning
(€' X ,C' X 3 = 18; note here double pathway entities could
take six different orders out of the three gene pools and the
second pathway entity could take three distinct configurations);
for the third round of cloning, 54 constructs with triple pathway
entities were assembled based on the second round of clon-
ing (note here that the third pathway entity could take three
distinct configuration). A detailed process about generation
of pathway diversities is shown in Supplementary Table S3.
Since all of the DNA manipulations are performed at the
subcloning level, post-assembly sequence verification is optional
and thereby the turnaround time for pathway assembly
is greatly reduced and the whole process streamlined. By
screening using double digestion, we successfully obtained all
of the 54 constructs (Table 2) in one week, and representa-
tive digestion patterns of constructed pathways are shown in
Figure S (digestion patterns for all of the 54 pathways can be
found in Supplementary Figure S4). To our knowledge,
ePathBrick vectors are the first synthetic biology tools that
allow metabolic engineers to manipulate pathway configura-
tions and generate pathway diversities at the individual gene
level (subunit level), which would afford a promising approach
in strain design and pathway optimization with practical appli-
cations in metabolic engineering,

Modular Assembly of Multigene Pathways on a
Single ePathBrick Vector. The construction of multigene
pathways and complex genetic circuits and redesign of existing
biological systems require the precise and concerted assembly
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Figure S. Representative digestion patterns of constructed flavanone
pathway library. Ladder digestion pattern shows the operon, pseudo-
operon, and monocistronic gene configuration. Pseudo-operon
configurations are 80 bps more than operon configurations and
monocistronic configurations are 96 bps more than pseudo-operon
configurations. All plasmids were digested with Apal and Kpnl. Lane 0:
1 Kb plus ladder (bp); lane 1: pETM6-Pc4CL-mPhCHS-oMsCHI;
lane 2: pETM6-Pc4CL-mPhCHS-pMsCHI; lane 3: pETM6-Pc4CL-
mPhCHS-mMsCHI; lane 4: pETM6-Pc4CL-mMsCHI-oPhCHS; lane
S: pETM6-Pc4CL-mMsCHI-pPhCHS; lane 6: pETM6-Pc4CL-
mMsCHI-mPhCHS; lane 7: pETM6-PhCHS-mPc4CL-oMsCHI;
lane 8: pETM6-PhCHS-mPc4CL-pMsCHI; lane 9: pETM6-PhCHS-
mPc4CL-mMsCHI; lane 10: pETM6-PhCHS-mMsCHI-0oPc4CL; lane
11: pETM6-PhCHS-mMsCHI-pPc4CL; lane 12: pETM6-PhCHS-
mMsCHI-mPc4CL. Digestion pattern for all 54 pathway constructs
can be found in Supplementary Figure S4.

of multiple gene cassettes of various sizes.”' Sophisticated
assembly tools based on yeast homologous recombination have
been developed for assembling large DNA fragments encoding
an entire biochemical pathway'> or iteratively integrating
multigene pathways into yeast chromosome.>* Nevertheless,
these tools are not amenable to E. coli cells due to the low
recombination efficiency in most of the lab strains, and more
importantly, current assembly tools are not flexible enough to
support further modification of each of the expression cassette
with elegantly designed regulatory control elements. From a
pathway engineering perspective, it is of pressing importance to
develop such tools that allow quick and reliable DNA assembly
leading to programmable or predictable pathway output for
strain optimization.

To demonstrate the applicability of the engineered
ePathBrick vectors for rapid biosynthetic pathway assembly, a
seven-gene recombinant pathway comprising the E. coli four-
subunit acetyl-CoA carboxylase (encoded by accA, 960 bp;
accB, 471 bp; accC, 1350 bp; and accD, 915 bp) and plant-
derived three-gene flavonoid pathway (4 coumaroyl-CoA ligase
Pc4CL, 1635 bp; chalcone synthase PhCHS, 1170 bp; and
chalcone isomerase MsCHI, 669 bp) was assembled in pETM6
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Figure 6. Efficient multigene pathway assembly on one single
ePathBrick vector. (a) A seven-gene construct with plant-derived
flavonoid pathway and E. coli four subunits acetyl-CoA carboxylase.
accA, 960 bp; accB, 471 bp; accC, 1350 bp; and accD, 915 bp; Pc4CL, 4
coumaroyl-CoA ligase from Petroselinum crispum, 1635 bp; PhCHS,
chalcone synthase from Petunia hybrida, 1170 bp; and MsCHI,
chalcone isomerase from Medicago sativa, 669 bp. bla: ampicillin
resistance gene; lacl: lactose repressor gene. (b) Digestion pattern for
seven-gene construct pETM6-Pc4CL-PhCHS-MsCHI-accDCBA with
Apal and Xhol. First lane, 1 Kb plus ladder; second lane, digested
plasmid (note CHS gene contains an intergenic Xhol site).
(c) Digestion pattern for seven-gene construct pETM6-Pc4CL-
PhCHS-MsCHI-accDCBA with Apal and Ndel. First lane, 1 Kb plus
ladder; second lane, digested plasmid. Supplementary Figure SS contains
a detailed plasmid map with labeled restriction sites.

vector (Figure 6a). Assembly of this seven-gene pathway
(~9 Kb including regulatory region) required three rounds of
cloning in one week, and intermediary subpathway constructs
such as pETM6-Pc4CL-PhCHS-MsCHI and pETM6-accD-accC-
accB-accA were assembled in parallel, thus greatly increasing the
assembly efficiency. Elegantly selected restriction enzymes were
used to verify the final construct, and the digested plasmid
showed the correct fragment pattern (Figure 6b and c).
Plasmids isolated from five out of seven randomly picked
colonies were positive constructs, representing more than 70%
assembly efficiency, which is comparable to the efliciency
reported in yeast when using the homologous recombination-
based DNA assembler method."® Tested in the BI21*(DE3)
strain, this seven-gene pathway led to a slightly lower flavonoid
production (61.2 mg/L) compared with the strain carrying
individual flavonoid biosynthetic pathway encoding genes and
acetyl-CoA carboxylase encoding genes on two separate vectors
(68.6 mg/L, Figure 4), suggesting that this seven-gene pathway
was functional.

Summary and Conclusions. As the cost of commercial
synthesis of genes is declining, our ability to physically
construct complex biological devices/pathways from basic

DNA parts is becoming a limiting factor in implementing the
vision of synthetic biology. Though past decades’ advancement
in synthetic biology has led to a variety of strategies to tackle
DNA constructs, a robust platform specifically for metabolic
pathway construction and optimization has yet to be developed.
Here we present the development of a set of standard vectors
customized for modular pathway design and optimization. The
engineered ePathBrick vectors extend the BioBrick paradigm in
terms of part reuse and standardization. By strategically engine-
ering four isocaudamer pairs (Avrll, Xbal, Spel, and Nhel)
into Novagen Duet vectors, the resultant ePathBrick vectors
encompass several unique features allowing for tunable trans-
cription output, combinatorial generation of pathway diver-
sities, and modular assembly of multigene pathways (~9 Kb on
one vector). In addition, ePathBricks have retained the major
advantages of the original Duet vectors (Table 3), such as
versatility in promoter strength and plasmid copy number,
compatible replication origin, and independent antibiotic
marker. Since four compatible plasmids can be used simul-
taneously, it is estimated that a pathway of 36 Kb total size
can be easily assembled, which is sufficient for expressing a
typical secondary metabolic pathway.

Perhaps the most prominent feature for the engineered
ePathBrick vector is that expression cassettes and individual
regulatory elements such as promoter, operator, ribosome
binding sites, and terminators can be combinatorially swapped
and rearranged in any order and any configuration. Indeed,
combinatorial transcription control through modification of the
regulatory element has offered tremendous opportunities for
fine-tuning gene expression and generating digital-like genetic
circuits.”>** With ePathBrick vectors, hybrid promoters with
complex regulatory architecture can be easily composed
through iterative incorporation of transcriptional activation or
repression signals, representing a powerful tool for coordinating
gene expression among the investigated pathways. Another
challenge faced by synthetic biologists is the ability to com-
binatorially generate pathway diversities.’® As an attempt to
address this challenge, a three-gene flavonoid pathway with
three distinct configurations was successfully constructed and
further diversified to 54 pathway equivalents differing in path-
way configuration and gene order; coupled with high-through-
put screening techniques, we envision that this combinatorial
strategy would greatly improve our ability to exploit the full
potential of microbial cell factories for recombinant metabolite
production.

In light of the past two decades’ achievements, metabolic
engineering has remained a collection of elegant demonstra-
tions instead of becoming a state-of-the-art discipline. The
primary reason behind this dilemma is that many of the tools
adopted for pathway engineering are only specific to certain
pathways or hosts.*> An ambitious goal for a synthetic biologist

Table 3. Major Features of ePathBrick Vectors

vector name promoter promoter strengtha size (bp)
pETM6 T7 1.00 5203
pCDM4 T7 0.38 3810
pACM4 T7 0.29 3956
PCOM4 T7 0.14 3667
pRSM3 T7 0.52 3777

replication origin resistance marker antibiotic (yg/mL)

ColE1l ampicillin 80
CloDF13 streptomycin S0
P15A chloramphenicol 25
CoLA kanamycin 50
RSF1030 kanamycin S0

“Promoter strength reported here is the relative promoter activity compared to pETM6. Full sequence for each vector in Genbank format can be

found in the Supporting Information.
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is to develop generalizable tools and techniques that are
universally applicable to all microbial hosts and pathways.
Central to this endeavor is an approach called “multivariate
modular metabolic engineering” (MMME), which aims at de-
bottlenecking pathway limitations and optimizing a pathway’s
potential through systematic investigation of pathway input
variables. Several excellent examples, such as tuning promoter
strength and plasmid copy numbers, have been presented
for optimizing the biosynthesis of important metabolites, such
as taxol'* and artemisinin'® precursors. However, the whole
engineering process associated with the MMME optimization is
tedious and time-consuming as it usually involves the assembly
of several dozens of pathway constructs for a small-scale
pathway (<10 genes). With ePathBrick vectors, the process of
pathway construction is streamlined and thus the assembly
efficiency can be greatly increased. It is important to note here
that delicately designed statistical experiments can be used to
screen main effects for identifying pathway limitations instead
of performing a full factorial experiment. Pathway performance
can be directly tested on the basis of sophisticated statistical
design. Combined with synthetic promoter libraries®* or
synthetic ribosome binding sites,” the ePathBrick vectors
provide a robust tool for rapid design, construction, and
optimization of multigene pathways in E. coli. Taken together,
the ePathBrick vectors presented here provide a flexible
platform for engineering metabolic pathways in E. coli with a
variety of applications in biofuels, fine chemicals, and
pharmaceuticals production.

B METHODS

ePathBrick Vectors Construction. Plasmid construction
and DNA manipulations were performed following standard
molecular cloning protocols. Strains and plasmids used in this
study are listed in Supplementary Table S1. All PCR primers
used for site-directed mutagenesis and gene amplification are
listed in Supplementary Table S2. Plasmid maintenance and
propagation were performed using E. coli DHSa strain. Site-
directed mutagenesis was performed in E. coli BW27784 using
QuikChange II Site-Directed Mutagenesis Kits from Agilent.
The five duet vectors pET-Duet, pCDF-Duet, pACYC-Duet,
pCoLA-Duet, and pRSF-Duet were purchased from Novagen.
Seven rounds of DNA manipulations were performed in order
to create pETMS. Specifically, Ndel was inserted before Ncol
on pET-Duet resulting in plasmid pETMO using site-directed
(SD) primers Nde IF and Nde_IR. Next, the Ndel digestd
pETMO was self-ligated (note here pETMO contains two Ndel
sites) to excise multicloning site I resulting in plasmid pETM1.
The Avrll site on pETM1 was eliminated to give pETM2 using
SD primers Avr_RF and Avr_ RR. The Nhel site was inserted
after the T7 terminator on pETM2 to give pETM3 using SD
primers Nhe IF and Nhe IR. The Sall site was inserted
between the Nhel site and f1 origin on pETM3 to give pEM4
using SD primers Sal IF and Sal IR. The Awrll site was
inserted before the T7 promoter on pPETM4 to give pETMS
using SD primers Avr_IF and Avr_IR. Finally, the Spel site was
inserted into pETMS to give pETM6 using SD primers Spe_IF
and Spe_IR. To create pCDM4, the native Nhel site on pCDF-
Duet was eliminated to give pCDMI1 using SD primers
Nhe CdF and Nhe CdR. The Sall site was inserted after the
T7 terminator on pCDMI to give pCDM2 using SD primers
Sal_CdF and Sal CdR. An Apal-Sall digested fragment from
pETMS was ligated into Apal-Sall digested pCDM2 to give
pCDM3. An Apal-Sall digested fragment from pETM6 was
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ligated into Apal-Sall digested pCDM2 to give pCDM4. The
construction of pACM4, pCOM4, and pRSM3 is described in
detail in the Supporting Information. All clones were screened
by restriction digestion analysis and verified by gene
sequencing.

Reporter Plasmid Construction. A randomly chosen
upstream activation sequence™ (UAS) attached with eGFP
was synthesized by Integrated DNA Technologies (IDT).
Detailed sequence and gene context information is provided
in supplementary Figure S3. eGFP was PCR amplified from
pIDTBlue-UAS-eGFP using primers eGFP_NdeF and
eGFP_KpnR. Next, Ndel/Kpnl digested PCR products were
inserted into the Ndel and Kpnl site of pETM6, pCDM4,
pACM4, pCOM4 and pRSM3 to give construct pPETM6-eGFP,
pCDM4-eGFP, pACM4-eGFP, pCOM4-eGFP and pRSM3-
eGFP, respectively. To incorporate UAS into the regulatory
region of pETM6, UAS-eGFP fragment was PCR amplified
from pIDTBlue-UAS-eGFP using primer pairs UAS_NheF and
eGFP_KpnR. Next, Nhel/Kpnl digested PCR products were
inserted to the Xbal/Kpnl site of pETM6 to give pETM6-
1X[UAS]-eGFP. The original Xbal site on pETM6 was
destroyed upon Xbal and Nhel ligation and the resulting
pETM6-1X[UAS]-eGFP contains another copy of Xbal, which
can be used for iterative integration of multiple copies of UAS
in a tandem manner. For incorporation of additional copies of
lacO into the regulatory region, detailed experimental
procedures are provided in Supporting Information. All clones
were screened by restriction digestion analysis and verified by
gene sequencing.

Assay of Gene Expression. Fluorescence signal intensity
was used to characterize the promoter activity among the
engineered ePathBrick vectors. Host cell BL21%*(DE3) trans-
formed with reporter plasmids was grown overnight in LB at
37 °C, 250 rpm. The next morning, 10 mL of fresh LB was
inoculated with 8% (v/v) overnight culture in 50-mL Corning
tubes and grown at 37 °C, 250 rpm for approximately 2.5 h
(OD of 04 in 96-well plate). Subsequently, 240 uL of cell
culture was transferred to Greiner Bio-one 96-well fluorescence
plate (Bio-Greiner, chimney black, flat clear bottom) with an
Eppendorf multichannel pipet. At the same time, 10 uL of stock
IPTG solution was added to make a gradient concentration
ranging from 1/16 yM to 1 mM. Fluorescence plate was
covered and sealed with parafilm to prevent any volume loss
due to evaporation. Cells in fluorescence plate were grown at
30 °C with shaking at 220 rpm on a benchtop plate shaker
(Labnet VorTemp 56 shaker incubator). Cell optical density
and expression of green fluorescence protein were simulta-
neously detected every 30—45 min using a Biotek Synergy 4
microplate reader. Optical density was read at 600 nm, and
the excitation and emission wavelengths for eGFP were set at
485 =+ 20 and 528 + 20 nm, respectively. All experiments were
performed in triplicates.

Flavanone Pathway Assembly. 4-Coumaroyl-CoA ligase
(4CL), chalcone synthase (CHS), and chalcone isomerase
(CHI) gene fragments were PCR amplified from either pET-
PhCHS-MsCHI or pCDF-4-CL36 using primer pairs 4Cl_
NdeF/4Cl_KpnR, CHS NdeF/CHS KpnR, and CHI NdeF/
CHI KpnR, respectively. Ndel/Kpnl digested PCR fragments
were cloned into the Ndel and Kpnl site of pETM6 to give
constructs pETM6-Pc4CL, pETM6-PhCHS, and pETM6-
MsCHI, respectively. Spel site within CHS was silently mutated
by site-directed mutagenesis with primer pairs CHS_SpeF and
CHS_SpeR, allowing for the built-in Spel site to be unique and
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be used for the future assembly step. accA, accB, and accC gene
fragments were PCR amplified from plasmid pMSD8 provided
by Prof. Cronan® using primer pairs AccA NdeF/AccA
XhoR, AccB_NdeF/AccB_XhoR, and AccC_NdeF/Ac-
cC_XhoR, respectively. accD fragment was PCR amplified
from E. coli K-12 genomic DNA (prepared by Purelink genomic
DNA kits) using primer pair AccD_NdeF/AccD_XhoR. Ndel/
Xhol digested PCR fragments were cloned into the Ndel and
Xhol site of pETMS6 to give constructs pETM6-accA, pETM6-
accB, pETM6-accC, and pETM6-accD respectively. Gene
assembly was performed based on these individual constructs.
Briefly, operon configuration was achieved by ligating the Xbal/
Sall digested donor construct with the Spel/Sall digested
receiver construct; pseudo-operon configuration was achieved
by ligating the AvrIl/Sall digested donor construct with the
Spel/Sall digested receiver construct; monocistronic config-
uration was achieved by ligating the AvrIl/Sall digested donor
construct with the Nhel/Sall digested receiver construct.
Multifragment assembly can be performed in parallel and in
rare cases, high affinity Apal site on lacI gene was used (instead
of Sall) to improve ligation efficiency.

Flavanone Fermentation and Analysis. Flavanone
production was performed based on a two-step fermentation
protocol.>® Overnight cultures were used to inoculate 40 mL of
fresh LB supplemented with 0.2% glucose at 37 °C with
shaking at 300 rpm. Heterologous gene expression was induced
during the midexponential phase (approximately OD 0.6—0.8)
by addition of 1 mM IPTG, and the cultures were allowed to
grow at 30 °C for an additional 6—8 h. After induction, the
bacterial pellet was harvested by centrifugation and suspended
with 16 mL of M9 modified medium (1 X M9 salts, 8 g/L
glucose, 1 mM MgSO,, 0.1 mM CaCl,, 6 uM biotin, 10 nM
thiamine, 2.6 mM p-coumaric acid, 1 mM IPTG). Fermentation
was performed in 250-mL flasks with orbital shaking at 300 rpm
and 30 °C. Flavanones were extracted with 50% ethanol after
24 h of fermentation, then the E. coli pellet was removed by
centrifugation (14,000 rpm for S min), and the supernatant was
analyzed for flavanone quantification. Flavanones were analyzed
by the Agilent 1260 HPLC system equipped with a ZORBAX
SB-C18 column (5 pm, 4.6 X 150 mm) kept at 25 °C and a
diode array detector (DAD). The mobile phase contained 35%
acetonitrile (with 0.1% formic acid) and 65% water (with 0.1%
formic acid). The retention time for p-coumaric acid and
naringenin were around 1.9 and 5 min, respectively. All
experiments were performed in triplets.

B ASSOCIATED CONTENT
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Detailed sequence information of ePathBrick vectors in
Genbank format. This material is available free of charge via
the Internet at http://pubs.acs.org.
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