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Balancing relative expression of pathway genes to minimize flux bottlenecks and metabolic burden is one of the
key challenges in metabolic engineering. This is especially relevant for iterative pathways, such as reverse
B-oxidation (rBOX) pathway, which require control of flux partition at multiple nodes to achieve efficient syn-
thesis of target products. Here, we develop a plasmid-based inducible system for orthogonal control of gene
expression (referred to as the TriO system) and demonstrate its utility in the rBOX pathway. Leveraging effortless
construction of TriO vectors in a plug-and-play manner, we simultaneously explored the solution space for
enzyme choice and relative expression levels. Remarkably, varying individual expression levels led to substantial
change in product specificity ranging from no production to optimal performance of about 90% of the theoretical
yield of the desired products. We obtained titers of 6.3 g/L butyrate, 2.2 g/L butanol and 4.0 g/L hexanoate from
glycerol in E. coli, which exceed the best titers previously reported using equivalent enzyme combinations. Since
a similar system behavior was observed with alternative termination routes and higher-order iterations, we
envision our approach to be broadly applicable to other iterative pathways besides the rBOX. Considering that
high throughput, automated strain construction using combinatorial promoter and RBS libraries remain out of
reach for many researchers, especially in academia, tools like the TriO system could democratize the testing and

evaluation of pathway designs by reducing cost, time and infrastructure requirements.

1. Introduction

One of the key challenges in the engineering and optimization of
metabolic pathways is the imbalance of metabolic fluxes leading to
bottlenecks and undesired byproduct formation (Stephanopoulos et al.,
1998). At large, flux debottlenecking can be accomplished by: (1)
employing pathway enzymes with the proper catalytic efficiency and
substrate specificity; and (2) fine-tuning the relative concentrations of
said enzymes (Lee et al., 2013, 2023). Kinetic properties greatly affect
the pathway flux and advanced tools in genome mining and protein
engineering can be leveraged to ensure the use of proper enzymes (Lee
et al., 2023). However, even catalytically efficient enzymes expressed at
high levels often lead to suboptimal operation and cause metabolic
burdens. Current metabolic engineering strategies often rely on gene
expression from a constitutive promoter or a single inducible promoter
that does not allow independent control of relative expression of mul-
tiple pathway enzymes. While recent developments in promoter (Fleur
etal., 2021) and RBS (Reis and Salis, 2020) engineering allow individual
gene regulation via genetic modifications, its use in optimizing relative
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gene expression often requires construction of promoter and/or RBS
libraries followed by extensive screening (Park et al., 2023). Moreover,
such approaches relying on constitutive expression could exert meta-
bolic burden at exponential growth phase resulting in decreased enzyme
expression levels and lower product titer (Ni et al., 2021). Alternatively,
gene expression could be controlled in situ through dynamic gene
expression control systems (Ni et al., 2021). These systems can be
regulated by various sensors such as temperature (Harder et al., 2018),
light (Zhao et al., 2018), pH (Yin et al., 2017) and small molecules
(Meyer et al., 2019). Among them, orthogonal inducible promoters to
independently regulate individual gene expression is particularly rele-
vant for the goal of optimizing relative gene expressions in metabolic
pathways consisting of multiple enzymes.

Optimization of relative gene expression levels becomes particularly
important in iterative pathways, where a small set of core elongation
enzymes catalyze the same biochemistries in a repetitive fashion using
substrates of different chain lengths. Therefore, these core enzymes must
be promiscuous and exhibit broad change-length specificities towards
their substrates, otherwise a different set of enzymes would be needed
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for each iteration of the pathway. Unfortunately, this enzyme pro-
miscuity often leads to the synthesis of product mixtures as opposed to
the desired pure, single product. Byproduct formation and yield loss
could be further exacerbated by the accumulation of pathway in-
termediates, often resulting from imbalance between substrate and
enzyme concentrations (Ni et al., 2021). We hypothesized that such
limitations could be overcome by finetuning relative expression levels of
individual pathway enzymes, thereby creating optimal metabolic flux
streamlining entry to desired product in the iterative pathways. As a
testbed for this system, we decided to use the reverse $-oxidation (rBOX)
cycle (Fig. 1), which has previously been implemented only with a single
inducible promoter system (Clomburg et al., 2012; Dellomonaco et al.,
2011). The rBOX pathways allow efficient production of alcohols and
acids with various chain lengths and functionalities through iterations of
priming and elongation steps, followed by termination at specific nodes
(Cheong et al., 2016; Clomburg et al., 2015; Kim et al., 2015; Tan et al.,
2020; Tarasava et al., 2022). A recent study demonstrates relative pro-
tein levels in rBOX pathway are crucial in determining product profile
and titer (Courtney et al., 2023) in vitro, but this phenomenon has yet to
be demonstrated in vivo.

Exploration of the two-parameter solution space comprising enzyme
selection and enzyme expression can quickly become impractical,
especially for pathways consisting of multiple reaction steps. While
advances in scale-down and automation of strain construction as well as
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decreasing costs of DNA synthesis have made combinatorial approaches
more accessible, these methods remain out of reach for many re-
searchers especially in academia (Park et al., 2023). To address this, we
developed a plasmid-based orthogonal gene expression system to enable
independent control of 3 different operons in vivo (and more when used
in combination with other systems), which we refer to as the TriO sys-
tem. This work builds upon the previously developed orthogonal
inducible transcription machinery, known as the “Marionette” system
(Meyer et al., 2019). Combinatorial optimization of relative expression
levels of pathway enzymes allowed substantial debottlenecking of the
rBOX pathway and resulted in significant improvement in titers, rates
and yields of rBOX products in different functional groups and chain
lengths. Moreover, parallel investigation of enzyme selection and
expression revealed the previously unidentified tradeoff between effi-
ciency and stability in the enzyme choice for the pathway.

2. Results
2.1. Construction and characterization of the TriO vector system

The TriO vectors were designed to enable the exploration of the
largest pathway solution space possible with a minimal amount of strain

construction and cloning. To this end, a plasmid-based system was
envisioned for convenience. Plasmids can be rapidly constructed,
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Fig. 1. Reverse p-oxidation (rBOX) pathway for butyrate, n-butanol, and hexanoate production in FTBOX host. FTBOX strain represents an engineered variant of
E. coli strain MG1655 (DE3), deficient in fermentation, thioesterase, and beta-oxidation pathways. The orange crossed lines indicate the deletion of native
fermentative pathways (AldhA ApoxB Apta AadhE AfrdA). The tan crossed lines indicate the deletion of the native thioesterases (AyciA, AybgC, AtesA, AtesB, AfadM,
and Aydil). The brown crossed lines represent the deletion of the native p-oxidation pathway (AfadBA, AfadJl, AatoB, and AyqeF). Major products observed in the
extracellular media are highlighted in bold with colored boxes. Bold solid arrows of different colors represent rBOX enzymes expressed under four orthogonal
inducible promoters. Thl: 3-ketoacyl-CoA thiolase; Hacd: 3-hydroxyacyl-CoA dehydrogenase; Ech: enoyl-CoA hydratase; Ter: transenoyl-CoA reductase; Te: acyl-CoA
thioesterase; 1dhA: lactate dehydrogenase; poxB: pyruvate oxidase; adhE: acyl-CoA reductase-alcohol dehydrogenase; pta: phosphoacetyltransferase; Pfl: pyruvate

formate lyase; Pdh: pyruvate dehydrogenase complex.
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maintained, and sequence-verified using well-established methods with
low cost, and they can be readily implemented in different host chassis.
Moreover, plasmid-based systems also provide an additional point of
gene expression control by manipulating the number of copies through
varying the origin of replication. While the cost of the antibiotics and
long-term stability become the concern under industrial settings, mea-
sures to address these drawbacks, such as plasmid addiction systems
(Kroll et al., 2010) have been demonstrated for stable product synthesis
under extended timeframe with no antibiotics requirement (Laguna
et al., 2015).

We designed a cloning strategy that maximizes the ability to
assemble various gene candidates in a combinatorial manner (Fig. 2A).
First, we constructed individual vectors, named “entry vectors”, each
with transcription units comprised of one of three independent inducible
promoters controlled by cuminic acid (cumate), 2,4-diacetylphophloro-
glucinol (DAPG) or vanillic acid (vanillate), a strong RBS, a cloning site,
and a terminator sequence. Genes encoding the enzymes of interest can
be inserted into the entry vectors in the same way as other common
plasmids, for example by Gibson Assembly or restriction enzyme
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digestion and ligation. We further constructed “destination vectors”
which harbor an operon for constitutive expression of the repressors for
each inducible promoter (CymR, PhlF, and VanR for cumate, DAPG and
vanillate, respectively). We used pACYCDuet-1(Novagen) as the back-
bone, which carries the P15A replicon and the chloramphenicol resis-
tance gene, and ultimately formed the pACYC3 destination vector. The
three entry vectors (pCEntry: cumate, pPEntry: DAPG, and pVEntry:
vanillate) and the destination vectors (pACYC3) can be assembled into
the final vector, named the “TriO” vector, via one-step Golden Gate
Assembly (Fig. 2A). This approach, which draws inspiration from
MoClo-based strategies (Peccoud et al., 2011), allows for sequence
verified entry vectors to be stocked and the various transcription units to
be assembled in a combinatorial manner as needed. The laborious
cloning steps therefore need to be undertaken only once, after which
expression of the enzymes can be implemented in different combina-
tions and at different levels.

We utilized the expression of fluorescent proteins to validate the
design and functionality of the TriO vector system. The genes encoding
eYFP, mRFP1, and eGFP were inserted into the pCEntry, pPEntry, and
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Fig. 2. Trio vector construction and validation. (A) Construction of TriO vector using one-step Golden Gate assembly of three entry vectors carrying genes under
orthogonal inducible promoters and the destination vector (pACYC3). pCEntry harbors a cumate-inducible CymRC promoter; pPEntry harbors a DAPG-inducible PhIF
promoter; and pVEntry harbors a vanillate-inducible VanCC promoter. (B) Validation of independency of individual gene expression using fluorescent proteins.
Cumate-inducible yellow fluorescent protein (YFP), DAPG-inducible red fluorescent protein (RFP), vanillate-inducible green fluorescent protein (eGFP) and IPTG-
inducible blue fluorescent protein (eBFP2) are orthogonally expressed in response to varying concentrations of each individual inducer. (C) Validation of orthog-
onality of TriO vector in the presence of other inducers: each inducible promoter was tested in the presence of 0.1 mM of other 3 inducers (e.g., cumate induction was
tested in the presence of 0.1 mM DAPG, 0.1 mM vanillate and 0.1 mM IPTG). Dots are drawn to the mean values with error bars indicating the standard deviation of

biological triplicates.
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pVEntry vectors, respectively. The TriO expression vector was assem-
bled using the pACYC3 destination vector (Fig. 2A). To verify its
compatibility with commonly used IPTG-inducible promoters (such as
the trc and T7lac promoter systems), we placed eBFP2 in the P1 site of
the standard pCDFDuet-1 vector (Novagen). E. coli MG1655 (DE3) strain
harboring the assembled vector was grown in the presence of varying
concentrations of cumate, DAPG, vanillate and IPTG to induce expres-
sion of eYFP, mRFP1, eGFP and eBFP2, respectively. We found that a
linear vertical and exponential horizontal plot better demonstrated the
relationship between different concentrations of inducers and the fluo-
rescence of the expressed proteins (Fig. S2). As illustrated in Fig. 2B, the
addition of inducers resulted in the dose-dependent expression of the
relevant fluorescent proteins. Additionally, none of the inducers affected
expression of other fluorescent proteins significantly, indicating that the
transcriptional units were well insulated.

To test the orthogonality of the TriO vector in the presence of other
inducers, we examined the expression of eYFP, mRFP1, eGFP, and eBFP2
under various concentrations of cumate, DAPG, vanillate, and IPTG with
three other inducible promoters at high expression levels (0.1 mM)
(Fig. 2C). A comparison between Fig. 2B and C reveals a consistent trend
in the expression of fluorescent proteins with different concentrations of
inducers, with minimal interference from other inducers. These results
demonstrate that the TriO vector, in combination with pCDFDuet-1,
forms a four-control-point orthogonal gene induction system, where
each inducer independently regulates the expression levels.

2.2. Reconstruction of one-turn rBOX pathway using the TriO vector

We initially used TriO vector to implement the one-turn rBOX
pathway producing butyric acid (butyrate). A previous study (Clomburg
et al., 2012) used a single inducible promoter system (Py.) to express
AtoB (thiolase, Thl) and FadB (hydroxyacyl-CoA dehydrogenase, Hacd,
and enoyl-CoA hydratase, Ech) from E. coli and EZTER (enoyl-CoA
reductase, Ter) from Euglena gracilis (Fig. 1). Subsequently, a TriO vector
harboring cumate-inducible atoB, DAPG-inducible egTER and
vanillate-inducible fadB was constructed (Fig. 3). To investigate the
impact of relative gene expression, three inducer levels (high, medium,
and low) from each promoter were used based on the results from
fluorescent protein assays (Fig. 2B). These inducer levels were then ar-
ranged in a full factorial, which makes up 27 different combinations of
inducer concentrations (Fig. S1). Based on the fermentation results,
butyrate production ranged from 0.1 g/L to 0.9 g/L, which shows the
importance of relative gene expressions in the product synthesis. These
experiments also demonstrate that finetuning of expression levels is
necessary to achieve optimal pathway performance.

2.3. Host engineering to minimize crosstalk between rBOX and native
metabolic pathways

For initial testing of the TriO vector, we utilized strain JCO1, which is
devoid of fermentative pathways (AldhA ApoxB Apta AadhE AfrdA)
(Clomburg et al., 2012; Dellomonaco et al., 2011) to minimize the for-
mation of byproducts (lactate, ethanol and acetate) that compete with
the rBOX for precursor metabolites (pyruvate and acetyl-CoA) and
reducing equivalents (NADH) (Fig. 1). A follow up study (Kim et al.,
2015) demonstrated that knocking out six native thioesterases (yciA,
ybgC, tesA, tesB, fadM and ydil) significantly improves the yield and titer
of medium-chain (C6-C10) rBOX products by preventing the undesired
hydrolysis of CoA thioesters acting as primers, extenders, and in-
termediates in the rBOX pathway. This strain harboring ADE3 lysogen
for chromosomal T7 RNA polymerase expression and having an addi-
tional deletion of the gene encoding acyl-CoA dehydrogenase (fadE) was
named JSTO7 (DE3) and used to generate various rBOX products
(Cheong et al., 2016; Clomburg et al., 2015; Kim et al., 2015; Kim and
Gonzalez, 2018) (Fig. 1). In the context of this study, it is also important
to finetune individual gene expression and avoid any background
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Fig. 3. Investigation of termination enzymes for one-turn rBOX cycle. Metab-
olite profiles of strain FTBOX harboring the TriO vector with cumate-inducible
EcAtoB, DAPG-inducible EgTER, and vanillate-inducible EcFadB with empty
pCDFDuet-1 vector, IPTG-inducible EcYciA, aTc (anhydrotetracycline)-induc-
ible EcYciA, IPTG-inducible Pr655 or aTc-inducible Pr655. Bars are drawn to
the mean values with error bars indicating the standard deviation of biological
triplicates. BUT: butyrate; 3HB: 3-hydroxybutyrate; PYR: pyruvate; AC: acetate.

from/crosstalk with native enzymes. To achieve this, we deleted all
known native p-oxidation genes (fadBA, fadJl, atoB and yqeF) from
JSTO7 (DE3) to make it a fermentation-, thioesterase-, and
beta-oxidation-deficient strain, which was named as FTBOX strain
(Fig. 1 and Table S1). The FTBOX chassis minimizes fermentative
byproduct synthesis, undesired hydrolysis of rBOX primers, extenders,
and intermediates, and prevents native p-oxidation enzymes from
competing with rBOX enzymes expressed via the TriO vector (Fig. 1).

2.4. Controlled thioesterase expression with TriO vector for butyrate
production

Previous studies on butyrate production from rBOX relied on
endogenous “background” thioesterase activity of the host JCO1 while
the overexpression of an active thioesterase, yciA, under inducible pro-
moter resulted in significant decrease in butyrate titer and acetate
accumulation (Clomburg et al., 2012). We hypothesized that although
YciA has approximately 10-fold higher specific activity with
butyryl-CoA than with acetyl-CoA, the abundance of acetyl-CoA in the
cell caused premature hydrolysis to acetate causing significant drop in
the rBOX products (Clomburg et al., 2012). Finding an enzyme that is
more specific toward butyryl-CoA (i.e., lower promiscuous activity with
acetyl-CoA) would be a possible solution to address this. Alternatively, it
could be feasible to finetune the flux from acetyl-CoA between the
condensation (thiolase) and the hydrolysis (thioesterase) by manipu-
lating enzyme expression levels.

To investigate whether we can address the undesired hydrolysis by
independently controlling the expression of thioesterase and rBOX
genes, the TriO vector harboring rBOX genes (atoB, fadB and egTER) and
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pCDFDuet-1 harboring E. coli yciA (pCDFDuet-P1-yciA) were trans-
formed into strain FTBOX (Fig. 3). Cumate, DAPG and vanillate con-
centrations for the TriO vector were set at the same level as the best
condition observed from JCO1 control with 3 x 3 x 3 full factorial
(Fig. S1 and 5 pM cumate, 10 pM DAPG and 10 pM vanillate). The
control strain harboring empty pCDFDuet-1 vector produced primarily
pyruvate with minimal rBOX products (Fig. 3). This result indicates
successful deletion of native thioesterases that have a major role in
hydrolyzing intermediate and product acyl-CoAs. The absence of a

Metabolic Engineering 82 (2024) 262-273

termination enzyme likely caused a bottleneck downstream of pyruvate
node in the rBOX pathway, where intermediate acyl-CoA molecules
cannot be transported intermembrane of the cells. A small amount of
acetate is potentially due to spontaneous hydrolysis of acetyl-CoA and
weak activities of endogenous thioesterase other than the six already
deleted. Interestingly, introduction of yciA dramatically shifted the
production to acetate, even when there is no IPTG addition (Fig. 3). This
indicates that the leaky expression of YciA under the T7lac promoter is
enough to hydrolyze most acetyl-CoA before it enters the rBOX. To
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address this issue, we explored 1) a more tightly controlled promoter
and 2) an alternative thioesterase that is more specific toward butyryl-
CoA. For the former, we replaced the T7lac promoter in the
pCDFDuet-1 vector with Tet promoter, which is known to have tighter
regulation of the lac operon (Lutz and Bujard, 1997). However, basal
expression under Tet promoter with no induction was still not successful
in decreasing acetate accumulation (Fig. 3).

Alternatively, thioesterase Pr655 from P. ruminicola is reported to
have high activity toward saturated C4-C5 acids and minimal activity
with acetyl-CoA (McMahon and Prather, 2014). When replacing YciA
with Pr655 we observed more than 3-fold improvement in rBOX prod-
ucts butyrate and 3-hydroxybutyrate (3HB). However, the best perfor-
mance was obtained with basal expression (no IPTG addition) and
replacement with Tet promoter did not improve performance (Fig. 3).
This indicates the need to further balance the expression of core and
termination enzymes.

2.5. Addressing enoyl-CoA reductase expression to shift production from
3-hydroxybutyrate to butyrate

Although replacing YciA with Pr655 for the termination appreciably
improved the butyrate titer, 3HB was also observed as a major
byproduct under tested inducer concentrations in TriO vector (Fig. 3).
While the bottleneck from entering the rBOX cycle causes accumulation
of either pyruvate or acetate depending on the presence of the termi-
nation enzyme, imbalance of rBOX gene expressions often results in
accumulation of 3HB, possibly due to thermodynamically favorable
NADH-dependent reduction from acetoacetyl-CoA to 3-hydroxybutyryl-
CoA (AG®xn = - 13.8 kJ/mol (Flamholz et al., 2012)) and unfavorable
dehydration from 3-hydroxybutyryl-CoA to crotonyl-CoA (AG®ixy = +
3.3 kJ/mol (Flamholz et al., 2012)), making 3-hydroxybutyryl-CoA a
“thermodynamic sink” (Fig. 1). Nevertheless, the subsequent
NADH-dependent reduction of crotonyl-CoA to butyryl-CoA is highly
exergonic (AG®xn 50.6 kJ/mol (Flamholz et al., 2012)), which can
drive the flux toward butyryl-CoA production from 3-hydroxybutyryl--
CoA with proper balance of expression levels between FadB and
EgTER. To validate this hypothesis, we tested increasing EgTER
expression by increasing DAPG concentration to direct flux from 3HB to
butyrate (Fig. 4A). The impact of DAPG concentration on 3HB and
butyrate titers corroborates the hypothesis as higher EGTER expression
(higher DAPG concentration) leads to flux shift from 3HB production to
butyrate production (Fig. 4A). However, butyrate production appears to
saturate at near 10 pM DAPG (1.6 g/L), with 3HB still representing the
major rBOX product (2.5 g/L). Interestingly, both butyrate and 3HB
production dropped at DAPG concentrations higher than 10 pM. Ex-
amination of protein expression in the crude lysates (Fig. S4), revealed
that DAPG concentrations of 50 pM and higher cause substantial
decrease in Pr655 expression possibly due to the high level of inducer
concentration affecting expression from other promoters. The saturation
of expression level of DAPG-inducible promoter at near 10 pM DAPG is
consistent with the result from the fluorescent protein expression
(Fig. 2B). Since T7 is one of the strongest promoters available (Tabor,
1990) and high expression level of thioesterase (Pr655) is not likely
needed (see previous section), we performed a promoter swap between
EgTER and Pr655, to explore stronger expression of EgTER while also
assessing the tightness of the DAPG-inducible promoter (Fig. 4B). As
anticipated, EGTER expression driven by the stronger T7 promoter (even
at a relatively low IPTG concentration of 10 pM) further shifted the flux
from 3HB (1.4 g/L) to butyrate (2.5 g/L) more so than the DAPG in-
duction at the saturating levels (Fig. 4B).

Since 3HB production was still significant, we hypothesized that the
kinetic properties of EGTER could be causing a bottleneck in the rBOX
pathway and subsequently replaced EGTER with TdTER, which is shown
to have superior kinetics with crotonyl-CoA (Hu et al., 2013). Indeed,
introduction of TdTER substantially reduced 3HB production across the
entire range of IPTG concentrations and completely shifted the flux from
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3HB to butyrate (Fig. 4C). Butyrate production was highly dependent on
the concentration of IPTG with the highest titer reaching 6.3 g/L at 10
pM IPTG. Under suboptimal inducer concentrations, accumulation of
pyruvate was observed instead of acetate or 3HB (Fig. S4b). According
to the protein expression analysis, the expression level of TdTER is
dominant at 50 pM IPTG and likely affects the expression of other genes
due to the limit in the amount of protein expression per cell (Fig. S4a). Of
note, when Pr655 was moved to DAPG-inducible promoter, we observed
a complete shift in product synthesis from butyrate to acetate with
increasing expression (Fig. S4c). This is likely due to promiscuity of the
enzyme with acetyl-CoA, consistent with previous observations with
YciA. The maximum observed titer for butyrate (6.3 g/L at 10 uM IPTG,
5 pM cumate, 0.1 pM DAPG and 10 pM vanillate addition), represents
close to a two-fold increase over previous best titer from the use of a
single promoter system without controlled thioesterase expression
(Clomburg et al., 2012).

To investigate whether enzyme selection alone was the key driver of
improved butyrate production, we constructed the same combination of
genes all under T7lac promoter using two Novagen Duet vectors. After
testing 5 different IPTG concentrations under the single promoter sys-
tem, we found accumulation of acetate at IPTG concentrations higher
than 5 pM with both EGTER and TdTER (Figs. S4d and S4e). Even with
the best result at 1 pM IPTG, only about 1 g/L (with TdTER) and 0.5 g/L
(with EgTER) of butyrate was produced with significant 3HB accumu-
lation (Figs. S4d and S4e). In comparison with optimized inducer con-
centrations using the TriO vector, the butyrate titer when using the
single promoter system was only 23% with EgTER and 17% with TdTER
(Fig. 4D). Interestingly, under the single promoter system, the product
profiles were similar for EGTER or TdTER (Fig. 4D), which indicates that
enzyme activities could be misinterpreted under unoptimized relative
enzyme concentrations.

2.6. Exploring additional enzyme combinations and inducer
concentrations

A key advantage of the TriO vector system is its ability to evaluate
the choice of pathway enzymes in a plug-and-play combinatorial
manner. To illustrate this, we considered an alternative thiolase (Thl),
Clostridium acetobutylicum ThlA (CaceThlA) (Stim-Herndon et al., 1995),
in place of AtoB, and hydroxyacyl-CoA dehydrogenase (Hacd) and
enoyl-CoA hydratase (Ech), Cupriavidus necator PhaB1 (Zhang et al.,
2019) and Aeromonas caviae PhaJ (Fukui et al., 1998), respectively, in
place of the bifunctional Hacd-Ech, FadB. These enzymes are known to
be viable choices based on literature for catalyzing the corresponding
reactions in a one-turn rBOX pathway.

To explore the impact of the Thl choice, we varied the expression of
AtoB and CaceThlA (0.1 pM-100 pM cumate) at already identified
optimal expression of TATER (10 pM IPTG), thioesterase Pr655 (0.1 pM
DAPG) and FadB (10 pM vanillate). With AtoB, we observed notable
butyrate production even at low expression level: between 1 and 3 g/L
butyrate at cumate between 0.1 pM and 1 pM (Fig. 5A). The optimum
inducer concentration was found to be 10 pM cumate which is identical
to that found from the initial run with EgTER and termination via
endogenous thioesterases (Fig. S1). Like what was observed from the
overexpression of EgTER and TdTER, induction at levels higher than 10
pM caused substantial reduction in butyrate titers (Fig. 5A). When AtoB
was replaced with CaceThlA, the trend changed noticeably with almost
no butyrate production at low cumate concentrations, and no decrease
in product synthesis observed at high cumate levels (Fig. 5B). Analysis of
protein expression showed that at low cumate levels, AtoB, which is a
native E. coli enzyme, could express at sufficient levels to drive carbon
flux towards rBOX while expression of heterologous CaceThlA was very
low (Fig. S5a). However, at high cumate levels, a significant decrease in
AtoB expression was observed at 50 pM and 100 pM cumate, leading to
the corresponding drop in butyrate production. In contrast, the expres-
sion of CaceThlA stays high even at cumate concentrations up to 100 pM
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Fig. 5. Enzyme choice and expression level optimization for thiolase and 3-
hydroxyacyl-CoA dehydrogenase-enoyl-CoA hydratase (Hacd-Ech) to accom-
plish global optimum in butyrate production. The effect of cumate concentra-
tion on butyrate titer for (A) EcAtoB and (B) CaceThlA, expressed under the
cumate-inducible promoter. The effect of vanillate concentration on butyrate
titer for (C) EcFadB and (D) PhaBl-Phal, expressed under the vanillate-
inducible promoter. Symbols represent mean values with error bars indi-
cating the standard deviation of biological triplicates. (E) Glycerol (GLY) con-
sumption and product synthesis at optimal inducer concentrations of four
different designs (enzyme combinations) shown in panels (A)-(D). Solid green
bars represent theoretical maximum (2/3 of total consumption). Bars are drawn
to the mean values with error bars indicating the standard deviation of bio-
logical triplicates. In all experiments, TATER and thioesterase Pr655 were
expressed from IPTG- and DAPG-inducible promoters with 10 pM IPTG and 0.1
uM DAPG, respectively.

268

Metabolic Engineering 82 (2024) 262-273

(Fig. S5a). The trend was similar when PhaB1-PhaJ were employed in
place of FadB (under constant 50 pM vanillate) but the solution space for
optimum cumate concentrations was narrower demonstrating sharp
drop from 10 to 50 pM cumate for AtoB (Fig. 5A), as well as a slight drop
in titer was observed at 100 pM cumate with CaceThlA (Fig. 5B).

Next, we assessed the impact of the choice of Hacd and Ech by
varying vanillate concentrations while other inducer concentrations
were kept constant at previously identified optima. Changes in expres-
sion levels of FadB significantly impacted the butyrate production,
almost entirely abolishing at vanillate levels of 50 pM or higher with
both AtoB and CaceThlA as thiolases (Fig. 5C). Similar to what was seen
from AtoB overexpression, protein expression analysis showed that at
these high vanillate levels the expression of TdTER and AtoB was sub-
stantially reduced, likely due to excessive expression of FadB (Fig. S5b).
Interestingly, this was again not the case when heterologous Hacd-Ecd,
PhaB1-PhalJ, were employed instead of FadB, as both butyrate produc-
tion and TATER and AtoB or CaceThlA (Fig. 5D) expressions stay at high
levels, even for high vanillate concentrations (Fig. S5b).

With four different combinations of thiolases and Hacd-Ech tested,
we were able to reach maximum butyrate titers between 6.1 g/L and 6.3
g/L at optimum inducer concentrations (Fig. 5A and D). Evaporation
during the fermentation did not significantly affect the final volume
(Fig. S6) and hence had minimal impact on the final yield (Fig. S7).
These titers could be considered “global” optima as they represent close
to 90% of the theoretical yield based on the carbon balance: 290 mM
carbon of butyrate (6.3 g/L) produced from approximately 500 mM
carbon of glycerol consumed (333 mM being the theoretical maximum
yield) (Fig. 5E). The observed trends for product concentrations mirror
similar trends in production rates/fluxes, as can be seen from the time-
course analysis of growth and product synthesis in these strains (Fig. S8).
Both product titers (6.1-6.3 g/L) and specific rates/fluxes (0.09-0.14 g/
gDCW/h) were remarkably similar for all four strains.

2.7. Expanding the pathways for a different termination route and higher-
order iterations

Having established the TriO vector system for butyrate synthesis, we
explored a different termination route by reduction of butyryl-CoA to
butyraldehyde and then to n-butanol, catalyzed by acyl-CoA reductase
(Acr) and alcohol dehydrogenase (Adh), respectively (Fig. 6A and B). We
previously reported that acyl-CoA reductase from Clostridium beijerinkii
(CbAld) has high activity toward butyryl-CoA reduction (Kim et al.,
2015). CbAld combined with E. coli alcohol dehydrogenase (FucO) were
incorporated under DAPG-inducible promoter slot replacing Pr655
while other genes (AtoB/CaceThlA, TATER and FadB/PhaB1-Phal)
remained under the same promoters. Unlike the case of thioesterase
(Pr655), where 0.1 pM DAPG addition was sufficient to drive the flux
toward butyryl-CoA hydrolysis, CbAld-FucO termination required DAPG
concentration of 5 pM and higher to drive the flux toward n-butanol
synthesis (Fig. 6C). At concentrations above this level, a saturation in
expression was observed as indicated by plateau in n-butanol titer,
which is consistent with fluorescent protein analysis (Fig. 2B). At low
DAPG concentrations below 5 pM, an accumulation of pyruvate was
observed with no rBOX product, indicating no flux entering the rBOX
pathways due to the absence of outlet (termination enzymes) (Fig. S10).
The trend in n-butanol production with changing expression levels of
AtoB, FadB and TdTER (Fig. 6C) was very similar to what was observed
with butyrate production indicating optimal relative expression levels of
core rBOX enzymes are not significantly affected by the change in
termination enzymes. However, testing different enzyme combinations
revealed that PhaB1-PhaJ resulted in significant decrease in n-butanol
titer compared to FadB, which was the key difference from butyrate
production (Fig. 6D). On the other hand, replacing thiolase from AtoB to
CaceThlA did not result in notable change in n-butanol titer although
slightly higher pyruvate accumulation was observed (Fig. 6D and
Fig. S9f). Overall, we observed n-butanol titer reaching 2.2 g/L upon
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Fig. 6. N-Butanol production from one-turn rBOX by employing acyl-CoA reductase (CbAld) and alcohol dehydrogenase (EcFucO) as termination enzymes. (A)
Plasmids used for n-butanol production. (B) Simplified schematic for the production of n-Butanol from glycerol. (C) The effect of inducer concentrations on n-butanol
titer for CbAld-EcFucO expressed under the DAPG-inducible promoter; EcFadB expressed under vanillate-inducible promoter; EcAtoB expressed under cumate-
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of biological triplicates. (D) n-Butanol titer from four different enzyme combinations tested for butyrate production under the same optimal inducer concentrations
for butyrate production. DAPG concentration was constant at 20 pM. Bars are drawn to the mean values with error bars indicating the standard deviation of biological

triplicates.

optimization of relative inducer concentrations.

Next, we explored the rBOX pathways with two full iterations for
hexanoate synthesis using TriO vector system. While the core elongation
enzymes FadB for Hacd-Ech and TdTER for Ter are known to have a
broad substrate specificity including C4 and C6 substrates, both thio-
lases (AtoB and CaceThlA) and thioesterase (Pr655) are reported to have
a high specificity toward C4 (McMahon and Prather, 2014; Vogeli et al.,
2022). Alternatively, thiolase from Clostridium kluyveri (CkThlA) (Vogeli
et al.,, 2022) and an engineered variant of E. coli thioesterase ‘TesA
M141L E142D Y145G (Deng et al., 2020) (TesA* from here on) are re-
ported to have high specificity toward medium-chain acyl-CoAs
including C6. Therefore, CkThIA and TesA* were introduced replacing
AtoB/CaceThlA and Pr655 under cumate-inducible and DAPG-inducible
promoters from the butyrate producing strain, respectively (Fig. 7A and
B). In addition to investigating the relative expression of the two newly
introduced genes, we explored all four gene expressions in parallel
because optimal relative expression levels could be different from single
iteration reactions. While the TdTER expression in relation to the hex-
anoate titer showed similar profile as butyrate having a sharp peak at 10
pM IPTG, FadB expression exhibited a shift in optimum from 10 pM in
butyrate production to 5 pM (Fig. 7C). Another interesting observation
was the absence of other byproducts than pyruvate (Fig. S10), which is
strikingly different from butyrate example which showed significant
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accumulation of 3HB and acetate under unbalanced expression levels of
pathway genes. This could be because the termination enzyme TesA*
(Clomburg et al., 2012; Deng et al., 2020) is highly specific toward
saturated medium-chain acyl-CoAs as opposed to YciA (Clomburg et al.,
2012) or Pr655 (McMahon and Prather, 2014) which have promiscuous
activities with acetyl-CoA and 3-hydroxybutyryl-CoA. Similar behavior
was observed during n-butanol production with CbAld, which is highly
specific toward butyryl-CoA reduction.

Upon optimization of all four inducer concentrations, we obtained
hexanoate titer of 4.0 g/L with carbon yield reaching near 70% of the
theoretical yield. Unlike the case of butyrate production, we still
observed significant production of pyruvate (~25% from all products),
which indicates room for further optimization.

3. Discussion

In this study, we employed a plasmid-based orthogonal inducible
promoter system (TriO vectors) for meticulous control of relative
expression levels in rBOX pathway enzymes. Varying relative expression
levels demonstrated dramatic impact on metabolic flux and product
profile from no production to up to 90% theoretical yield of the target
products. Using different termination enzymes and multiple iterations,
we explored different rBOX products, including butyrate, n-butanol and



S.H. Lee et al.

Metabolic Engineering 82 (2024) 262-273

A B
prch Pewe Pyance Pyruvate ——————— Acetyl-CoA BUtyryl'COA'-»._
CKThIA EcFadB —
PACYC3-pC-CKThlA-pP-EcTesA*-pV-EcFadB i Y
Glycerol  Acetoacyl-CoA Butyryl-CoA Hexanoyl-CoA
P rBOX rBOX
EcTesA*
TdTER
pCDF-T7-TdTER LRI LA
3-Hydroxybutyryl-CoA  Cortonyl-CoA
C
S4- - 54 HEX [l BUT 3HB
=) J/ Ts B2 += = PYR AC [ GLY
(V] r [0} -
3 y, - = 500
o 2- # ° 24 _= \
g S F B \
() Q _~
£ 4 £ O 400+ \
0 —I T T T 0 -l T T T E \
0.1 1 10 100 0.1 1 10 100 E \\
Cumate (uM) DAPG (uM) S 300+ N .
S
—~44 ~4 c
- - @ =
) _ ) e S 200- e
o a o * 8
S 2 - = 3 2 8
€7 L = d \ o
2 . X - N\ = T
T L dilE -
0 _I T T T 0 T —‘l— T -T-
0.1 1 10 100 0.1 1 10 100 0
Vanillate (uM) IPTG (uM)

Fig. 7. Hexanoate production from two-turn rBOX by using alternative priming (thiolase) and termination (thioesterase) enzymes. (A) Plasmids used for hexanoate
production. (B) Simplified schematic for the production of hexanoate from glycerol. (C) The effect of inducer concentrations on hexanoate titer on CkThlA expressed
under the cumate-inducible promoter; EcTesA* expressed under the DAPG-inducible promoter; EcFadB expressed under the vanillate-inducible promoter; and TdTER
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sumption and product profile at optimal inducer concentrations for hexanoate (HEX) production. Solid green bar represents theoretical maximum. Bars are drawn to
the mean values with error bars indicating the standard deviation of biological triplicates.

hexanoate. In all cases, the impact of changing relative expression levels
was prominent with similar observations. Upon optimization of the
pathway enzyme concentrations, we obtained the titer of 6.3 g/L
butyrate, 2.2 g/L butanol and 4.0 g/L hexanoate from glycerol in E. coli,
exceeding the best titers from the previous reports using identical
enzyme combinations (Clomburg et al., 2012; Vogeli et al., 2022).
Exploring various expression levels of individual genes uncovered
interesting findings from the rBOX pathway, previously unnoticed due
to the inability to explore the entire solution space of relative expression
levels. For example, it is remarkable that four different combinations of
pathway enzymes employed for butyrate production all resulted in the
same “global optimum” of approximately 6.3 g/L titer. With the buty-
rate yield reaching 90% of the theoretical maximum yield, there is
minimal room for further improvement under the tested condition
indicating near complete debottlenecking of the pathway flux. In each
design, there were notable differences in the product profile with
changing individual gene expression levels. For example, it appears
significantly higher induction levels of heterologous CaceThlA is
required to achieve comparative flux with native AtoB, but AtoB exhibits
narrower range of optimal expression levels (Fig. SA and B). Similar
behavior was observed in comparison native FadB and heterologous
PhaB1-PhaJ for Hacd-Ech. We could hypothesize that native E. coli
genes, atoB and fadB have better inherent expression levels, which in
turn lead to higher efficiency as less resources would be required to
achieve the same performance. Given that protein expression is one of
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the most energy-intensive cellular activities (Marquez-Zavala and
Utrilla, 2023), identifying enzymes with high efficiency could be the key
consideration for introducing pathways with less burden. On the other
hand, from the perspective of the stability and robustness of the system,
one could argue that a wide range of saturation region as opposed to
sharp optimum provides a better stability of the system, which would
favor CaceThlA and PhaB1-PhaJ over AtoB and FadB. The stability of the
system could be the reason for observing better performance of
CaceThlA compared to AtoB in a separate report (Yang et al., 2019), in
which balancing relative expression levels was not investigated. The
tradeoff between efficiency and stability observed from this example is
likely a common feature in many other designs and the TriO system
provides a tool to investigate and find a suitable solution in a rapid,
cost-efficient manner. We conducted a preliminary study on the pro-
duction rates and found that under optimal inducer concentrations both
volumetric as well as specific rates (i.e. fluxes) corresponding to
different enzyme combinations are very similar (Fig. S8).

Exploring a different termination route for n-butanol production or
multiple iterations for hexanoate production also allowed debot-
tlenecking of the pathway, albeit not at the levels of butyrate, as indi-
cated from achieved titer and carbon yields (Figs. 6 and 7). In the case of
n-butanol production, the requirement of two additional NADH for
butyryl-CoA reduction could influence the upstream pathway flux
leading to different flux profiles. These factors might have caused the
substantial difference between FadB and PhaB1-PhaJ as Hacd-Ech for n-
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butanol production (Fig. 6E). However, the general trends in relation-
ship between core enzyme expression between butyrate and n-butanol
were identical, indicating the impact of relative expression of core rBOX
enzymes on the one-turn iteration remains largely unchanged despite
the difference in termination pathways. On the other hand, multiple
iterations that involve repeated catalysis of core enzymes on different
chain length intermediates (C4 and C6) likely caused notable shift in
optimal expression levels toward higher induction for common enzymes
like FadB and TdTER (Fig. 7C and D). This phenomenon is consistent
with a recent study on in vitro analysis of the impact of relative enzyme
concentrations in product chain-lengths in rBOX pathway, where higher
concentration of core pathway enzymes (thiolase and Hacd-Ech) led to
increased ratio of longer chain products (Courtney et al., 2023), albeit a
mixture of rBOX products was still observed. The requirement of high
thiolase expression could have caused the saturation in CkThlA
expression levels at cumate higher than 20 uM (Fig. 7A), a saturation
level in Cym promoter consistent with the fluorescent protein analysis
(Fig. 2). This could be an indication of suboptimal kinetics of this
enzyme, where a proper assessment of kinetic parameters and modeling
could elucidate an appropriate solution for further improving the
product titer and specificity.

A key advantage of the orthogonal inducible promoter system
employed in this study is its ability to directly monitor the relationship
between individual pathway gene expression and product profiles that
provides understanding of the metabolic flux distribution. While the
objective of optimizing relative gene expression can also be achieved by
employing libraries of promoter and/or RBS for each gene, the cost for
DNA synthesis and infrastructure for high throughput screening of
multi-enzyme pathways like rBOX is often beyond the budget of an ac-
ademic laboratory (Park et al., 2023). Combining the Marionette
orthogonal inducible promoter system (Meyer et al., 2019) with a
Golden Gate based modular cloning method maximizes the amount of
accessible enzyme solution space that can be explored with a minimal
amount of DNA and strain construction. In a sense, our system is
democratizing the testing and evaluation of pathway designs at low cost
and significantly reduced time and infrastructure commitment.

We believe the TriO vector system or similar tools can substantially
expand our understanding and capabilities of many other metabolic
pathways beyond rBOX pathways as seen from recent examples (Meyer
etal., 2019; Park et al., 2023). However, more study needs to be done in
how the optimal relative expression level translates during scale up or
with the use of different carbon sources or media. Given the inducible
nature of TriO, we can envision introduction of dynamic regulatory
systems to decouple production from cell growth, allowing better scal-
ability and transferability to various fermentation systems and condi-
tions (Ni et al., 2021; Ye et al., 2021). In terms of industrial applications
where expensive antibiotics and inducer molecules are not suitable, the
relative strengths of gene expression identified from rational optimiza-
tion of inducer concentrations could be transferred into
genome-integrated constitutive promoter systems by adjusting the pro-
moter and RBS strengths accordingly (Hossain et al., 2020; LaFleur
et al., 2022). This way, the substantial amount of time and cost associ-
ated with extensive library construction and screening can be avoided.
Alternatively, various inexpensive biosensors can be combined with
orthogonal gene regulation systems to accomplish the same objective
without the need for costly small inducer molecules (Koch et al., 2019).
Overall, the TriO vector system and similar tools that allow orthogonal
control of relative gene expressions has a great potential in advancing
the field of metabolic engineering and biomanufacturing.

4. Methods
4.1. Reagents

All chemicals were obtained from Fisher Scientific Co. and Sigma-
Aldrich Co. unless otherwise specified. Primers were synthesized by
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Integrated DNA Technologies or by Azenta Life Sciences. Restriction
enzymes were obtained from New England Biolabs unless otherwise
specified.

5. Plasmids, strains and genetic methods

Plasmid-based gene expression was achieved by cloning the desired
gene(s) into pETDuet-1, pCDFDuet-1 (Novagen), pCEntry, pPEntry, and
pVEntry digested with appropriate restriction enzymes and by using In-
Fusion cloning technology (Clontech Laboratories, Inc.). Linear DNA
fragments for insertion were created via PCR of the open reading frame
of interest from the genomic DNA (for genes native to E. coli) or from
plasmids used in our previous works (Cheong et al., 2016; Kim et al.,
2015; Vogeli et al., 2022). Pr655 was synthesized by Twist Biosciences
as DNA fragments and integrated into the Entry vectors via In-Fusion
assembly. In-Fusion assembly products were used to transform E. coli
Stellar cells (Clontech Laboratories, Inc.), and clones identified by PCR
screening were further confirmed by DNA sequencing. The completed
pCEntry, pPEntry and pVEntry vectors were assembled with pACYC3
Destination vector via Golden Gate Assembly using Golden Gate As-
sembly Kit (Bsal-HF v2, New England Biolabs). Plasmids used in this
study are listed in Supplementary Table 1. The Marionette Sensor
Collection was a gift from Christopher Voigt (Addgene Kit
#1000000137).

JST07 (DE3) (Kim et al., 2015) (Wild-type K12 Escherichia coli strain
MG1655 ADE3 AldhA::FRT ApoxB::FRT Apta::FRT AadhE::FRT AfrdA::
FRT AyciA::FRT AybgC::FRT Aydil::FRT AtesA::FRT AfadM::FRT AtesB::
FRT AfadE::FRT) was used as the host for all genetic modifications.
Genomic modifications were created using a CRISPR-Cas9-based system
developed for E. coli (Jiang et al., 2015). pCas and pTargetF were gifts
from S. Yang (Addgene plasmids nos. 62,225 and 62,226, respectively).
Strains used in this study are listed in Supplementary Table S1.

5.1. Fluorescent protein assay using TriO vector

FTBOX strain harboring pACYC3-pC-eYFP-pP-mRFP-pV-eGFP and
pCDFDuet-1-P1-eBFP2 was inoculated (1%) into 30 mL of LB media
containing the appropriate antibiotics from an overnight LB culture.
250 pL of the inoculated media was then distributed into the wells of a 2
mL deep, square 96-well plate. Plates containing inoculated media were
covered with a rayon microporous film (USA Scientific) and incubated in
an incubating microplate shaker (VWR International) at 30 °C and 1000
rpm. After 2.5 h, 1 pL of inducers were added from stock solutions to
achieve the indicated final concentrations. 24 h after inoculation, cells
were pelleted by centrifugation (3220xg, 8 min) and the pellet resus-
pended with 1 mL of M9 basal salt media without carbon source. 100 pL
of the cell suspension was transferred to a 96-well black, clear bottom
plate. A Synergy H1 microplate reader (Biotek) was used to measure the
OD600 and fluorescence at the following excitation and emissions: eYFP
(515, 541), mRFP1 (584, 621), eGFP (460, 500), eBFP2 (382, 448).

5.2. Culture medium and cultivation conditions

The minimal medium designed by Neidhardt et al. (1974), with 125
mM MOPS and Nay;HPOy in place of KoHPOy, supplemented with 20 g/L
glycerol, 10 g/L tryptone, 5 g/L yeast extract, 100 pM FeSO4, 1.48 mM
NaoHPOg4, 5 mM (NH4)2SO4, and 30 mM NH4CI was used for all fer-
mentations unless otherwise stated. Antibiotics (100 pg/mL carbeni-
cillin, 100 pg/mL spectinomycin and 34 pg/mL chloramphenicol) and
appropriate levels of inducers (isopropyl f-p-1-thiogalactopyranoside
(IPTG), cumate, 2,4-diacetylphophloroglucinol and vanillate) were
added.

Fermentations were conducted in 25 mL Pyrex Erlenmeyer fasks
(narrow mouth/heavy duty rim, Corning Inc., Corning, NY) filled with
10 mL (for butanol production, 20 mL were used instead of 10 mL) of the
above culture medium and sealed with foam plugs filling the necks. A
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single colony of the desired strain was cultivated overnight (14-16 h) in
LB medium with appropriate antibiotics and used as the inoculum (1%)
for all fermentations. After inoculation, flasks were incubated at 37 °C
and 200 rpm in an NBS C24 Benchtop Incubator Shaker (New Brunswick
Scientific Co., Inc., Edison, NJ) until an optical density of ~0.3-0.5 was
reached, at which point IPTG, cumate, DAPG and vanillate were added.
Flasks were then incubated under the same conditions for 48 h post-
induction unless otherwise stated.

5.3. Analytical methods

Optical density was measured at 600 nm in a Thermo Spectronic 200
(Thermo Scientific, Waltham, MA) and used as an estimate of cell mass
(1 ODgpp nm = 0.34 g dry cell weight/L). pH was measured using pH
meter (Sartorius, Gottingen, Germany). Fermentation products are
harvested, and the supernatant was analyzed by high-performance
liquid chromatography (HPLC) using a Prominence SIL-20 system
(Shimadzu Scientific Instruments) equipped with a refractive index de-
tector and an HPX-87H organic acid column (Bio-Rad) with operating
conditions to optimize peak separation (0.3 mL/min flow rate, 30 mM
H,SO4 mobile phase, column temperature of 42 °C). Data were acquired
and analyzed using Shimadzu LabSolutions v5.96. Volumetric rates
were calculated based on the change in titer over time, using formula Q
= (C2-C1)/(t2 - t1); specific rates (i.e. product fluxes) were determined
by dividing the change in titer over time by the cell mass, following the
formula q = (C2 - C1)/(t2 - t1)/Average cell mass, where ‘C’ represents
concentration and ‘t’ represents time. Cell pellets harvested were
resuspended to ~40 ODggo in B-PER® Bacterial Protein Extraction Re-
agent (Thermo Fisher) supplemented with 0.1 mg/mL chicken egg white
lysozyme and 5 U/mL Benzonase® nuclease for cell lysis. After incu-
bation in room temperature for 15 min, 100 pL of each cell lysate was
transferred to 1.5 mL microcentrifuge tubes for centrifugation at
15,000xg for 5 min. The soluble cell lysates obtained from the super-
natant were analyzed using SDS-PAGE (10% PAGE gel) following the
manufacturer instructions.
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