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Abstract

Acetyl-CoA is not only an important intermediate metabolite for cells but also a
significant precursor for production of industrially interesting metabolites.
Methylobacterium extorquens AM1, a model strain of methylotrophic cell factories
using methanol as carbon source, is of interest because it produces abundant
coenzyme A compounds capable of directing to synthesis of different useful
compounds from methanol. However, acetyl-CoA always does not efficiently
accumulate in M.extorquens AM1, as it is located in the center of three cyclic central
metabolic pathways. Here we successfully demonstrated a strategy for sensor-assisted
transcriptional regulator engineering (SATRE) to control metabolic flux
re-distribution to increase acetyl-CoA flux from methanol for mevalonate production
in M.extorquens AM1 with introduction of mevalonate synthesis pathway. A
mevalonate biosensor was constructed and we succeeded in isolating a mutated strain
(Q49) with a 60% increase in MEV concentration (an acetyl-CoA—derived product)
following sensor-based high-throughput screening of a QscR transcriptional regulator
library. The mutated QscR-49 regulator (Q8*,T61S,N72Y,E160V) lost an N-terminal
a-helix and underwent a change in the secondary structure of the RD-1 domain at the
C terminus, two regions that are related to its interaction with DNA. **C labeling
analysis revealed that acetyl-CoA flux was improvement by 7% and transcriptional
analysis revealed that QscR had global effects and that two key points, NADPH
generation and fumC overexpression, might contribute to the carbon flux

re-distribution. A fed-batch fermentation in a 5-L bioreactor for QscR-49 mutant



yielded a mevalonate concentration of 2.67g/L, which was equivalent to an overall
yield of 0.055mol acetyl-CoA/mol methanol, the highest yield among engineered
strains of M. extorquens AML1. This work was the first attempt to regulate M.
extorquens AM1 on transcriptional level and provided molecular insights into the

mechanism of carbon flux regulation.
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pathway; Acetyl-CoA; Mevalonate;



1. Introduction

Acetyl-CoA is one of the most important intermediate metabolites in organisms
that is widely used as a precursor for production of industrially interesting compounds
including terpenoids (e.g., flavors, biofuels and pharmaceuticals), lipids
(e.g.,biodiesels and dietary supplements), polyketides and polyhydroxyalkanoates
(Pietrocola et al., 2015). The most well-studied acetyl-CoA—mediated strains for
bioproductions are Escherichia coli and Saccharomyces cerevisiae, which have been
intensively investigated for more than 60 years. However, the use of sugars in these
microbial systems as the feedstocks to generate acetyl-CoA has led to some debate
about competing uses for human foods and the resulting high costs. It is more and
more important to explore alternative carbon sources for production of different
useful metabolits via acetyl-CoA synthesis.

Methylobacterium extorquens AM1, an aerobic facultative methylotrophic
a-proteobacterium, can use reduced one-carbon compounds such as methanol as its
sole carbon and energy source (Chistoserdova et al., 2003), which could make this
methylothrophic cell factory (MeCF) economically competitive with the sugar-based
ones (Schrader et al., 2009). M. extorquens AM1 could be a potential methanol-based
production platform via acetyl-CoA, as it has abundant acetyl-CoA flux within its
central metabolic pathways (Alber, 2011). By using acetyl-CoA as a precursor,
syhthesis of mevalonate acid (Zhu et al., 2016), a-humulene (Sonntag et al., 2015),

1-butanol (Hu and Lidstrom, 2014) and PHB-co-3HV (Orita et al., 2014) have been



reported. These products, however, always synthesized at very low yields, suggesting
that the supply or accumulation of acetyl-CoA was still the bottleneck problem.

Acetyl-CoA is located in the cyclic central metabolic pathways in MeCF-the
serine cycle, the citric acid (TCA) cycle and the ethylmalonyl-CoA (EMC) pathway,
which are correlated with one another. Improper modification of a single pathway will
interrupt the balance of these three correlated central pathways, resulting in growth
inhibition or even cell death on the methanol carbon source (Hu and Lidstrom, 2014;
Orita et al., 2014; Shen and Wu, 2007). Thus, unlike E. coli or S. cerevisiae, rational
push-pull-block strategies to increase precursor supply of acetyl-CoA are, in many
cases, invalid for M. extorquensAML1. Global transcription machinery engineering
(gTME) (Alper et al., 2006), a non-targeted strategy, has successfully reprogrammed
the  cellular  transcriptome by  engineering transcriptional  regulators
(Klein-Marcuschamer and Stephanopoulos, 2008; Santos et al., 2012). For M.
extorquens AM1, QscR, a LysR-type transcriptional regulator that acts as a positive
transcriptional regulator for most of the genes involved in the serine cycle
(Kalyuzhnaya and Lidstrom, 2005, 2003), could be a potential engineering candidate
to redirect the metabolic flux to increase the acetyl-CoA supply for its downstream
synthesis of metabolites. However, no attempts have been made to engineer the QscR
to date in M. extorquens AM1.

Most examples of gTME have involved tolerance engineering, in which the
desired phenotype can be easily screened for by lethal selection (Klein-Marcuschamer

and Stephanopoulos, 2008; Tan et al., 2016). Only a few studies focused on the



production of the metabolites such as lycopene (Alper and Stephanopoulos, 2007),
avermectin (Zhuo et al., 2010) and L-tyrosine (Santos et al., 2012). Among these,
color-based high-throughput screening was most frequently used, which is not
suitable for most metabolites without color. In recent years, the use of small-molecule
biosensors, which can transform intracellular metabolite concentration into a
fluorescent signal, have become a more attractive high-throughput screening method
by combining with flowcytometry (Fang et al., 2016; Raman et al., 2014; Tang and
Cirino, 2011; Xu et al., 2014). In this study, to redistribute the metabolic flux to
increase the acetyl-CoA supply in M. extorquens AM1 from methanol, we tried to use
a novel approach that combines the advantages of gTME and small-molecule
biosensors: sensor-assisted transcriptional regulator engineering (SATRE),

In this study, mevalonate, a downstream product of acetyl-CoA, was chosen as
the target product by introducing mevalonate pathway into M. extorquens AM1.
Mevalonate is also the precursor of more than 50,000 terpenoids via the downstream
pathway. A mevalonate biosensor was first constructed and characterized in M.
extorquens AM1 containing mevalonate synthesis pathway. This biosensor was then
used in high throughput screening of the constructed QscR mutant library by
combining with fluorescence-activated cell sorting (FACS) to obtain the target
mutants with the increased production of mevalonate, i.e., enlargement of acetyl-CoA
supply (Fig. 1). By only subsequently overexpressing the mutated QscR-49 (Q8%,
T61S, N72Y, E160V), we obtained an engineered M. extorquens AM1 with the

highest known level of mevalonate production from methanol (mevalonate
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concentration: 2.67 g/L, equivalent yield: 0.055mol acetyl-CoA/mol methanol in a

5-L fermenter).

2. Materials and methods
2.1. Chemicals, strains, plasmids and media

Mevalonolactone and antibiotics were purchased from Sigma-Aldrich (China)
and mevalonolactone was pre-treated according to the literature (Martin et al., 2003).
Chemical reagents were purchased from Sinopharm Chemical Reagent Corporation in
China. DNA polymerase, restriction enzymes and ligases were purchased from New
England Biolabs in China.

Strains and plasmids used in this work are summarized in Table 1. E. coli DH5a
(Biomed), which was used for plasmid construction, was grown at 37°C in
Luria-Bertani (LB) medium (Bertani, 1951). M. extorquens AM1 was purchased from
NCIMB (NCIMB9133). MC minimum medium containing 1% (v/v) methanol was
used to cultivate M. extorquens AM1 and its derivative strains (Zhu et al., 2016).
Solid medium was prepared by adding 1.5% agar (w/v). Antibiotic was added if
necessary. Standard working concentrations of tetracycline, kanamycin, ampicillin
and chloramphenicol were 10ug/mL, 50ug/mL, 100ug/mL and 34ug/mL. Cell density
was measured by the optical density (OD) at 600 nm (ODggp). Standard cultivation
procedures for M. extorquens AML1 and its derivatives were carried out as follows.
Strains were pre-cultivated in 10mL MC medium in a 50-mL flask at 30°C in a rotary

shaker at 170rpm until the ODggo reached 3-4. Then the seed culture was sub-cultured



in 100mL fresh MC medium ina 500-mL flask with an initial ODggq 0f 0.25 at 30°C in
a rotary shaker at 170rpm for 5 days. During this process, the ODggo and mevalonate
concentration were measured every day. 48 well deep-well plate cuture was the same
as above except the culture volume was set as 1.5 mL. The ODggpand mevalonate
concentration were measured at the end of fermentation. All experiments were carried

out as biological triplicates.

2.2. DNA manipulations

All primers (Table S1) were purchased from Taihe Biotechnology Co., LTD
(Beijing, China). All cloning was carried out as described (Sambrook and Russell,
2001). AIll constructed plasmids were confirmed by sequencing by Taihe
Biotechnology Co., LTD.

2.2.1. Plasmid backbone

The tetracycline resistance gene within the pCM110 plasmid (Marx and
Lidstrom, 2001) was replaced with the ampicillin or chloramphenicol resistance gene
to generate pPCM110A or pCM110C, respectively. Specifically, pPCM110 was used as
the template for PCR amplification of the plasmid backbone using the primer
pairbackbone-F and backbone-R, and pUC19 or pCom10 was used as the template for
PCR amplification of the resistance geneusing the primer pair 110A-F and 110A-R or
110C-F and 110C-R, respectively. The resistance gene was assembled with the
plasmid backbone via Gibson Assembly (Gibson et al., 2009) to created pCM110A or

pCM110C.



2.2.2. Mevalonate biosensor

Sensor-1 fragment was synthesized by GenScript Co., LTD (China) as based on
pUC57-sensor (Tang and Cirino, 2011). The construction of pSensor-1, pSensor-2 and
pSensor-3 is described in the supplementary material (Fig. S2). pSensor-3 was used as
the template for amplification of the Pny.r-arac-Psap fragment and the sfgfp fragment
using primer pairs Pmxae-F and Pgap-R and Sfgfp-F and Sensor-1-R, respectively.
These two fragments were assembled with Hindlll/Kpnl-digested pCM110C to
construct pSensor-4.

The integration of Sensor-4 into the M. extorquens AM1 genome required
additional subcloning steps. First, pT18 was derived from pK18mobsacB by replacing
the gene encoding kanamycin resistance with the gene for tetracycline resistance.
pK18mobsacB was used as a template to amplifythe pT18 backboneusing the primer
pair K18-F and K18-R, and pCM110 was used as the template to amplify the
tetracycline resistance gene using the primer pair Tet-F and Tet-R. The template was
digested with Dpnl. The pT18 backbone and the tetracycline resistance gene were
assembled via Gibson Assembly to create pT18. pT18 was digested with EcoRland
Hindlll to linearize the plasmid.Second, theM. extorquens AM1 genome was used as
the template to amplify the upstream and downstream fragment of the cel ABC gene
cluster using the primer pairs Cel-up-F and Cel-up-R and Cel-down-F and
Cel-down-R, respectively. Third, pSensor-4 was used as the template to amplify the

Sensor-4 fragment using the primer pair Sensor-4F and Sensor-4R. Finally, linearized



pT18, the upstream fragment, the Sensor-4 fragment and the downstream fragment
were assembled via Gibson Assembly to create pT18-Sensor-4. pT18-Sensor-4 was
used to insert Sensor-4 into the celABC site in M. extorquens AM1AcelABC by

homologous recombination (Marx, 2008) to generate strain S.

2.2.3. Mvt-3 plasmid for mevalonate synthesis

Mvt-3 plasmid (pMvt-3) for mevalonate synthesis from acetyl-CoA was
optimized from pARBSU1 (Zhu et al., 2016), which contains the entire mevalonate
synthesis pathway. The expression level of the gene encoding HMGR was optimized
by RBS engineering (see Table S2). The pARBSU1 was used as the template to
amplify the backbone and the optimized HMGR. The backbone was amplified by
primer pair Mvt-2F and Mvt-2R, and the HMGR was amplified by the primer pair
HMGR-3F and HMGR-3R, which contains the optimized RBS sequence. The
template was digested with Dpnl.The backbone and the optimized HMGR were

assembled via Gibson Assembly to create pMvt-3.

2.2.4. Mevalonate-producing strains

To generate pT18-Mvt-3 to introduce mevalonate synthesis into M. extorquens
AM1, the genome of M. extorquens AM1 was used as the template to amplify
upstream and downstream fragments of the attTn7site. The upstream fragment was
amplified with the primer pair Att-up-F and Att-up-R, and the downstream fragment

was amplified with the primer pair Att-down-F and Att-down-R. pMvt-3 was used as
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the template to amplify Mvt-3 mevalonate synthesis pathway containing kanamycin
resistance using the primer pair Mvt-3F and Mvt-3R. Linearized pT18 (as described
above), the upstream fragment, the Mvt-3 fragment and the downstream
fragmentwere assembled via Gibson Assembly to create pT18-Mvt-3. pT18-Mvt-3
was used to insert the Mvt-3 pathway into the attTn7 site of the M. extorquens AM1
strain S by homologous recombination to generate strain MS.

pMvt-3 was also electroporated into strain S to create strain MS-2, and

pARBSU1 was electroporated into strain MS to create strain MS-3.

2.2.5. Evaluation of the QscR regulator

To evaluate the QscR regulator, we attempted to knock out endogenous gscr. The
genome of M. extorquens AM1 was used as the template to amplify the upstream and
downstream fragments of gscr using the primer pairsk-gscr-up-F and k-gscr-up-R and
k-gscr-down-F and k-gscr-down-R, respectively. Linearized pT18 (as described
above), the upstream fragment of gscr andthe downstream fragment of gscr were
assembled via Gibson Assembly to create pT18-gscr. pT18-gscr was used to knockout
endogenous gscr by homologous recombination.

To overexpress gscr, pCM110A was used as the template to amplify the
backbone using the primer pair CM110-F and CM110-R. The genome of M.
extorquens AM1 was used as the template to amplify gscr using the primer pair

Qscr-F and Qscr-R. The amplified plasmid backbone and gscr were assembled via
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Gibson Assembly to create pCM110A-gscr. pPCM110A-gscr was electroporated into
the MS strain.

To overexpress ftfl, the genome of M. extorquens AM1 was used as the template
to amplify ftflwith the primer pair Ftfl-F and Ftfl-R. The pCM110A backbone (as
described above) and the amplified ftfl were assembled via Gibson Assembly to create
pCM110A-ftfl. pPCM110A-ftfl was electroporated into the MS strain.

The resulting strains were cultured as described in section 2.1.

2.3. Generation and screening of QscR mutant library

A QscR mutant library on the pCM110C backbone was created by error-prone
PCR with primer pair Qscr-ep-F and Qscr-ep-R to generate low mutation frequencies
(2-6 mutations/kb). To replace the Pryar promoter in pCM110C with the native Pgser
promoter to drive the expression of the mutated gscr genes in M. extorquens AM1, the
Pgser promoter fragment was first amplified with primer pair Pgscr-F and Pgscr-R.
Then pCM110C was digested with Hindlll and Kpnl to remove the Pmxar promoter
and multicloning site. The plasmid backbone, Pgsr promoter fragment and mutated
gscr fragments were assembled via Gibson Assembly to generate the pQscR mutant
library. The pQscR library was electroporated into strain MS to generate a QscR
mutant strain library, and the resulting strain library was grown on MC plates
containing chloramphenicol antibiotic. A total of 20 plates were carried out and there
were at least 2000 colonies on each plate. After 5 days, colonies were transfered into

10 mL fresh liquid MC medium in a 50-mL flask and subcultured for 5 days. Single
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cells with the highest fluorescence (indicating the highest mevalonate levels) were
then isolated by FACS (see section 2.5). Single-cell subculture and fermentation were
carried out in 48-well deep-well plates.

To reconstruct pQ49, the mutant Q49 strain (isolated from the QscR strain
library) was used as the template for colony PCR to amplify the mutated gscr-49
using primer pair Qscr-ep-F and Qscr-ep-R and to amplify the plasmid backbone
using primer pair CM110-F and Pgscr-R. The mutated gscr-49fragment and backbone
were assembled via Gibson Assembly to create pQ49. pQ50 was similar to pQ49,
except the mutated gscr-49 was replaced with gscr-50 amplified using the primer pair

Q50-F and Qscr-ep-R.

2.4. Extraction of intracellular mevalonate

The extraction of intracellular mevalonate was carried out as described (Yang et
al., 2013), with some modifications. Cells were cultured in 200mL MC medium in a
500-mL flask, and 10™ cells were harvested every 24 hrwith a filtration device. Cells
on the filtration . membrane were washed twice with deionized water, and the
membrane was transferred to a 50-mL tubfe in liquid nitrogen for quenching. Boiling
water (10 mL) was added to the tube, and the tube was incubated in a water bath at
100°C for 12 min. The tube was centrifuged at 10,000 xg at 4°C for 10 min, and an
8-mL portion of the supernatant was then transferred to a new 50-mL tube. The
supernatant was dried in a freeze dryer (FDU-1100, EYELA), and the dried sample

was redissolved in 1mL of deionized water. The sample was then centrifuged at
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10,000xg for 2 min at room temperature to remove any debris. The supernatant was

used to analyze intracellular mevalonate as described below.

2.5. Measurement of mevalonate, methanol and fluorescence

Mevalonate and methanol were detected as described (Zhu et al., 2016). Briefly,
fermentation broth was centrifugedat 10,000xg for 2min at room temperature, and the
supernatant was used to analyze the methanol concentration by gas chromatography.
For mevalonate detection, the supernatant was adjusted to pH <2 with 20%(v/v)
sulfuric acid and then was incubated in a waterbath at 45°C for 1 hr and extracted
with two volumes of ethyl acetate. The organiclayer was used to analyze the
mevalonate concentration by gas chromatography.

To measure fluorescence, cell cultures were diluted to an ODggo 0f 0.2—0.8 with
PBS buffer, 200 pL cultures were added into 96 well plate and fluorescence was
measured with an Infinite M200pro Tecan Fluorescence Reader (excitation
wavelength, 485 nm; emission wavelength, 535 nm). Fluorescence was normalized
based on the ODgg Value of the culture. For flow cytometry, cell cultures were diluted
to an ODggo 0of 0.1 with PBS buffer, and fluorescence was measured with a FACS Aria
flow cytometer (BD Biosciences). Excitation wavelength was 485 nm and emission
wavelength was 535 nm. Data were processed using BDFACSDiva software (BD

Bioscience).

2.6. 13C labeling analysis of acetyl-CoA
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13C labeling analysis was performed by the protocol reported before (Yang et al.,
2013). 3C-labeled methanol was purchased from Sigma (St. Louis, MO, USA). Cells
were grown in MC medium with **C methanol as the carbon source. In the middle of
the exponential phase (ODgoo = 2.0£0.05), 15 mL of the culture were extracted and
rapidly passed through the membrane filter (0.22 pum, 47 mm, Sartorius) using a
pipette. The filter was immediately removed and placed on an agar plate of MC
medium with **C methanol for 30 min in 30°C, then transferred to another agar plate
with the same concentration of '*C-labeled methanol. At 20 min, the filter was
immediately transferred to a 50-mL tube with liquid nitrogen for quenching. The
sample was stored in a -80°C freezer until it was ready for subsequent extractions.

The extraction method for in vivo metabolites was modified based on a previous
study (Yang et al., 2013). Briefly, 10 mL of boiled water was added to the tube
containing the sample and incubated in a water bath at 100 °C for 10 min. The sample
was centrifuged at 5000xg at 4 °C for 10 min to remove cell debris. The supernatant
was dried in a freeze dryer (FDU-1100, EYELA). The dried sample was dissolved in
1.5 mL of water and centrifuged at 13,000xg at 4 °C for 10 min to remove debris. The
supernatant was dried again in the freeze dryer.

The sample was separated on a ZIC-HILIC column (150x4.6 mm, 3 pm, 100 A
pore size; EMD Merck, Billerica, MA, USA) and detected by Agilent LC-QQQ-MS
system (Agilent 1290 Infinity-6460). For the metabolites detected in the positive and
negative ESI mode, the mobile phase A was 10% (v/v) buffer in water and mobile

phase B was 10% (v/v) buffer in acetonitrile. The buffer consisted of 200 mM formic
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acid adjusted to pH 4.0 with ammonium hydroxide solution. The linear gradient was
as follows: 0—4 min, 100 % B; 4-15 min, 100-81 % B; 15-21 min, 81-70 % B;
21-26 min, 70-40 % B; 26-27 min, 40-100 % B; and 27-39 min, 100 % B. The total
run time was 39 min at 0.2 mL/min. The injection volume was 10 pL. The
LC-MS/MS experiments were conducted as described previously (Yang et al., 2013).
The dwell time for each MRM (multiple reaction monitoring) transition was 25s. All
of the peaks were integrated using the Qualitative Analysis B.06.00 software. The **C
incorporation of a metabolite with N carbon atoms was calculated by normalizing to

its total carbon number according to the previous protocol (Fang et al., 2015).

2.7. Transcriptional analysis

Cells were grown in MC medium to an ODggo of ~3.0 (exponential phase). A
2-mL aliquot of the cell culture was centrifuged at 4,500xg for 2 min at room
temperature. After removal of the supernatant, the cell pellet was dealt with liquid
nitrogen, and then RNA was extracted using the QIAGEN RNeasy Mini kit. RNA
sequencing was carried out by Annoroad Genomics Co., LTD (China). Data were
processed using Rockhopper software (McClure et al., 2013). Triplicate samples were

used for transcriptional analysis.

2.8. Fed-batch fermentation
A 5-L stirred tank bioreactor (Applikon, Delft, TheNetherlands) was used for

fermentation with a working volume of 3L. MO medium (Zhu et al., 2016) was used
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for fermentation. The seedling culture for the fermentation was as described above
(section 2.1). The bioreactor was operated at 30°C with shaking at 500 rpm. The
dissolved oxygen concentration was maintained at 35+ 5% using compressed air. The
pH of the bioreactor was maintained at 6.8 +0.05 using 10%(v/v) ammonia in water.
The methanol concentration was detected off-line every 12hr, and methanol was

supplemented manually to maintain a 1%(v/v) concentration.

3. Results
3.1. Construction and characterization of the mevalonate biosensor

A biosensor for intracellular mevalonate was previously constructed in E. coli by
engineering the regulatory protein AraC in the arabinose operon. The mutated
AraC-mev (T24L, H80L, Y82L, H93R) responds to a change in the intracellular
mevalonate concentration across a 3.8-fold dynamic range in E. coli. (Tang and Cirino,
2011). However, this mevalonate sensor did not function in M. extorquens AM1 (see
Fig.S5), as the organisms tightly control their regulatory systems and biosensors
based on these mechanisms are often limited in their ability to function in non-native
hosts (Mahr and Frunzke, 2016). For this reason, we engineered this biosensor
suitable for M. extorquens AML.

As shown in Fig. 2A, AraC-mev blocks the Pgap promoter in the absence of
mevalonate and prevents the transcription of reportor gene sfgfp (Pédelacq et al.,
2006). In the presence of mevalonate, mevalonate-bound AraC-mev binds to thePgap

promoter and stimulates transcription of the Psap promoter via direct interactions with
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RNA polymerase (Zhang et al., 1996), and consequently results in the expression of
sfGFP. Therefore, the concentration of AraC-mev was the key for transcriptional
regulation of the mevalonate biosensor (Fig. S1). We thus first tried to change the
promoter, terminator and RBS in the AraC-mev expression cassette to precisely
control the expression of AraC-mev (Figs. S2B-D) and then deleted the RBS in the
sfGFP expression cassette to weaken the leakage of fluorescent protein expression
(Fig. S2E). Finally, the engineered mevalonate biosensor, named Sensor-4, was
inserted into the cel ABC site of the M. extorquens AM1 chromosome by homologous
recombination. M. extorquens AM1 with the Sensor-4 integration was named the
strain S.

To evaluate the performance of this sensor, strains that generated various
concentrations of mevalonate were constructed. The mevalonate-producing plasmid
pMvt-3, which was derived from the mevalonate pathway in pARBSUL (Zhu et al.,
2016) and the HMGR was RBS-optimized, was inserted into the genome site attTn7
(Choi et al., 2006) of strain S by homologous recombination with the help of
pT18-Mvt-3 to generate strain MS. In addition, pMvt-3 was also electroporated into
strain S to create strain MS-2, and pARBSUL1 was electroporated into strain MS to
create strain MS-3. The extracellular mevalonate concentration and fluorescence
intensity of these three strains and of the parental strain S were analyzed. The
mevalonate biosensor had a good linear relationship within a range of 0-1.7 mM
extracellular mevalonate (Fig. 2B). We also found a positive correlation between

extracellular mevalonate and intracellular mevalonate across this same range (Fig.2C).
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Thus the fluorescence output of GFP by the biosensor was positively correlated with

the intracellular mevalonate concentration.

3.2. Screening for high mevalonate producers

We first confirmed the function of the QscR regulator by changing its expression
level (i.e., by deleting genomic gscR or overexpressing gscR) or changing the
concentration of its co-inducer (formyl-H,F) by overexpressing ftfl (Kalyuzhnaya and
Lidstrom, 2005). As shown in Table S3, there was no difference in the growth of these
three resulting strains relative to the parental strain MS, but these changes did strongly
influence mevalonate productivity, which indicated that the QscR regulatorcan change
carbon flux significantly.

A library of mutated QscR fragments was constructed by error-prone PCR to
generate a low frequency of mutations (2-6 mutation/kb) in QscR. The library was
then ligated under the control of the native Pgsr promoter to generate the pQscR
library. MS cells were electroporated with the pQscR library and MS/pQscRs were
then cultured for 5 days before FACS sorting. Flow cytometry was used to isolate the
cells with high fluorescence. Forty-nine cells with high fluorescence were sorted from
the original 2 million cells and were cultured individually in 48-well deep-well plates.
Five of these constructed strains had higher mevalonate levels than the control strain
MS/pCM110C, indicating a positive rate of 10.2% to the 49 sorted strains (Fig. 3) and
0.00025% to the library. The highest mevalonate-producing strain was MS-QscR-49

(Q49), which had a 60% increase in mevalonate level as compared with control strain.
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We further compared the performance of Q49 and control strain by culturing
both strains in shake flasks (Fig.4). The growth curve of Q49 was nearly the same as
that of control strain. In terms of mevalonate production, however, Q49 showed a
more rapid and higher production than control strain. The mevalonate concentration
after 5 days in culture was 88 + 1 mg/L for Q49, which was about 60% higher than

that for control strain MS/pCM110C.

3.3. Sequence analysis of the mutant Q49

The fragment of gscr from strain Q49, which encodes the mutated QscR-49, was
sequenced. As shown in Fig. 5, there were four mutations (Q8*,T61S,N72Y,E160V)
in QscR-49. Because of the introduced stop codon at Q8, the real functional QscR-49
is most likely translated from the second start codon at nucleotide 61. To confirm this
hypothesis, the gscr-50 fragment was amplified from the second start codon at
nucleotide 61 to generated pQ50. pQ50 had a similar effect on mevalonate production
as pQ49 (data not shown), indicating that real effective QscR-49 was most likely
translated from nucleotide 61 and the corresponding protein was QscR-50
(T41S,N52Y,E140V). The missing 20 amino acids consisted of part of the
DNA-binding domain, and the C-terminal mutated site was located in the RD-I region,
which was also related to DNA recognition (Maddocks and Oyston, 2008). The first
and second mutated sites of QscR-50 are located in the coiled-coil linker, which
connects the N-terminal domain and C-terminal domain (Maddocks and Oyston,

2008).

20



This was also confirmed by a three-dimensional structure simulation using
I-TASSER on-line software (Yang et al., 2015) (Fig.S3). Compared with the original
QscR, QscR-50 lost the first a-helix in the N-terminal region, which is located in the
DNA-binding domain of wild-type QscR and underwent a change in its secondary
structure in the RD-I region. There are three a-helices in the DNA-binding domains of
LysR-type regulators in general (Aravind et al., 2005). The second and the third
a-helices recognize DNA sequences and the third a-helix interacts with DNA;
however, the function of the first a-helix is unknown, although it may participate in
DNA recognition (Otting et al., 1990). Thus the improvement in mevalonate
production might be due to the structural changes in these two regions, both of which

could interact with DNA.

3.4. Fermentation of strain Q49 in a 5-L bioreactor

To evaluate the fermentation performance of the strain Q49, a 5-L fermenter was
run by fed-batch fermentation using MO medium (Zhu et al., 2016). The initial
methanol concentration was set to 1%(v/v), and methanol was analyzed and
supplemented every 12hr to maintain the concentration. Cell growth increased to an
ODggo of 23.3 within 400hr and mevalonate production was associated with cell
growth (Fig. 6). The mevalonate concentration was 2.67 g/L at the end of
fermentation, which was equivalent to an overall yield of 0.085 g mevalonate/g

methanol and a volumetric productivity of 6.6 mg/L/hr. This would provide at least
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the equivalent of 0.055mol acetyl-CoA/mol methanol and it is the highest yield for
engineered M. extorquens AM1 to date.

The level of mevalonate produced by strain Q49 was almost the same as that
produced by the AM1-ARBSUL strain constructed previously in our lab (Zhu et al.,
2016) for 300 hr fermentation, but the yield achieved by the Q49 strain showed a
2.8-fold increase. There are two differences between the strains of AM1-ARBSU1 and
Q49: (1) the mevalonate synthesis pathway is retained on a non-integrated plasmid
(about five copies per cell) in AM1-ARBSUL, whereas the pathway is present as a
single integrated copy in genome in Q49 and (2) this pathway undergoes QscR
regulation in strain Q49. This result indicated that QscR regulation could alter the
carbon flux re-distribution and lead to improved production in a single-copy strain as

compared with a multi-copy strain without QscR regulation.

3.5. Acetyl-CoA flux analysis and transcriptional analysis of strain Q49

To elucidate the biochemical significance of QscR regulation, Acetyl-CoA flux
analysis by *3C labeling analysis and transcriptional analysis were used to examine the
differences between the control strain MS/pCM110C and the QscR-regulated strain
Q49. As shown in Fig. 7, acetyl-CoA flux of Q49 was about 7% higher than that of
control strain and this maybe the direct reason for mevalonate improvement in strain
Q49. Transcriptional analysis was carried out to look insight into molecular

mechanism of carbon flux re-distributiion of Q49.
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The Q49 strain had an obviously different pattern of global transcription as
compared with MS/pCM110C (Fig. S4). For this analysis, 5012 genes were compared
between the two strains and 82 genes exhibited significantly different transcription
level (>2-fold, g<0.01).

Of these differentially transcribed genes, most had an unknown function based
on KEGG, GO term (BP, CC, MF) and Pfam domain database searches. There were,
however, 17 differentially transcribed genes with known functions, and among these
several could be classified into three groups: gluconeogenesis, response regulators
and transcription and translation processes (see Table S4). Gluconeogenesis-related
genes included cbbF and gpmA showed significant up-regulation in Q49 (2-and 3-fold,
respectively; g <0.01). The genes that function as a response regulator, such as fixJ,
mucR, MexAM1_META1p1157 and MexAM1 META1p0610, which belong to the
LuxR, MucR, Crp/Fnr and MarR family of transcriptional regulators, respectively,
showed significant down-regulation (2.6- to 4.5-fold, g <0.01). The genes
MexAM1 META1ptRNA15 and MexAM1 META1p3777, which are involved in
transcription and translation process, also showed a 2.3- and 3.9-fold decrease,
respectively. In addition, fumC, which functions in the central cyclic metabolic
pathways, had a 2.2-fold increase (q <0.01).

Although the transcription of many genes was significantly affected in the Q49
strain, specific patterns within central metabolic pathways might provide a possible
explanation for the carbon re-distribution in this strain. As shown in Table S4,

gluconeogenesis and the pentose phosphate pathway were up-regulated, leading
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carbon flux into reducing power generation pathway. Transcription of fumC, which is
shared by the EMC cycle and the TCA cycle, was increased by 2.2-fold, which might
change the carbon flux of the central cyclic metabolic pathways. Other central
metabolic pathways and the mevalonate synthesis pathway were unchanged. Taken
together, as shown in Fig. 7, our results indicated that up-regulation of fumC
transcription might contribute to carbon re-distribution and guide carbon flux into
mevalonate synthesis from acetyl-CoA, and up-regulation of gluconeogenesis and the
pentose phosphate pathway might increase NADPH generation, which would satisfy
the need for NADPH consumption by the heterologous mevalonate synthesis

pathway.

4. Discussion

M. extorquens AM1 was first isolated in 1960 from soil (Peel D, 1961) and has
long been used as a useful MeCF to synthesize single cell protein (Senior and
Windass, 1980), amino acids (Sirirote P, Yamane T, 1986) and polyhydroxybutyrate
(Bourque D, PomerleauY, 1995). In recent years, characterization of its genome
sequence (Vuilleumier et al., 2009) and metabolic network (Peyraud et al., 2011),
along with the development of a set of genetic tools and omics data (Ochsner et al.,
2014) for M. extorquens AMIL1 have allowed researchers to develop this
methanol-based MeCF with different phenotypes. However, the complexity of the
cyclic central metabolic pathways makes it difficult to accumulate acetyl-CoA in M.

extorquens AML1. Here we used a SATRE strategy to control metabolic flux
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re-distribution and successfully drove the carbon flux into acetyl-CoA toward
mevalonate synthesis. As a result, we were able to identify a gscr mutant capable of
increasing mevalonate production from acetyl-CoA. This strategy provides not only a
method for modifying metabolic flux but also an opportunity for understanding the
key regulatory mechanism of carbon flux re-distribution in M. extorquens AM1 for
bioproduction.

The LysR-type transcriptional regulators are the most abundant transcriptional
regulators in bacteria, and they have similar functions across diverse bacterial species
including roles in metabolism, oxygen stress, motility, quorum sensing and so on
(Maddocks and Oyston, 2008). QscR, a LysR-type transcriptional regulator, is a
regulator of the serine cycle in methylotrophic bacteria and is essential for the growth
on methanol. As expected, the Q49 strain, which contains both mutated QscR-49 and
endogenous QscR, shows a remarkable effect on carbon flux re-distribution in cyclic
pathways of M. extorquens AM1 and no effect on its growth. Therefore, the QscR
transcriptional regulator is a notable factor in the regulation of metabolic flux for M.
extorquens AML. Protein structure modeling of QscR-49 showed that two mutations
in the linker region have no impact on the secondary structure. However, two
mutations in the DBD region and RD-I region, both of which are related to DNA
recognition, alter the secondary structure and are likely to change the transcription of
related genes. We then knocked out the endogenous gscr in both the Q49 strain and
MS strain, but we were unable to isolate strains capable of producing higher

mevalonate titer in a second round of screening (data not shown). These results
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suggested that the endogenous QscR is crucial for the metabolism on methanol and
that both endogenous QscR and mutated QscR-49 contribute to mevalonate synthesis
by acetyl-CoA regulation. We also tried to use the common Pmxr promoter in
methylotrophes to drive the transcription of the QscR library; however, no positive
mutated strains were screened out (data not shown). Overexpressing the QscR led to
reduced mevalonate levels (Table S3), demonstrating that endogenous QscR acts as an
autorepressor to control gene expression (Kalyuzhnaya and Lidstrom, 2003). In this
respect, the Pyser promoter is a substantial contributor to QscR regulation.

Screening method is the limited step for studying the QscR regulation in gTME
by the irrational design. The well used screening method for gTME is tolerance, color
screening or 96-well plate screening, which are not suitable for most metabolites.
Intracellular biosensor-based high throughput screening method has the highest
efficiency (2000 cells/second) and feasibility compared with 96-well plate screening
(on the order of hundreds of cells per screening) and color screening (1000 cells per
plate). More and more biosensors specific for small molecular metabolites have been
developed for E. coli or S. cerevisiae. However, no biosensors have been developed
for the intracellular metabolites of M. extorquens AM1 up to now and most functional
elements from the model strains reported so far can not work directly in M.
extorquens AM1 because of the cross-species. Mevalonate biosensor, originally
developed for E. coli, was successfully engineered for sensing the intracellular
mevalonate in M. extorquens AML1 in this work by three steps modification and a high

mevalonate producing strain Q49 with mutated QscR regulator was generated by this
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engineered mevalonate biosensor using FACS. Researchers can also use our QscR
library to improve other metabolites production as long as a corresponding
high-throughput screening method is established.

In the 5-L bioreactor fermentation, the Q49 strain showed at least a 2.8-fold
improvement in mevalonate yield as compared with the mevalonate-producing strain
without QscR regulation (AM1-ARBSU1 strain). This notable increase in the
performance of Q49 was achieved by expressing only a mutated QscR regulator,
indicating that the QscR regulator is a powerful tool for regulating the metabolic flux
in M. extorquens AM1. In another reported example of fed-batch cultivation,
a-humulene production by CM502_pFS62b, an engineered strain of M. extorquens
AML1, showed a yield of 0.031g a-humulene/g methanol (approximately equivalent to
0.044 mol acetyl-CoA/mol methanol) (Sonntag et al., 2015). The equivalent yield in
terms of acetyl-CoA by strain Q49 was 0.055 mol acetyl-CoA /mol methanol, 25%
higher than that of CM502_pFS62b, indicating that oeverepression of the mutated
QscR regulator could precisely and efficiently enhance the acetyl-CoA accumulation
in cyclic pathways in M. extorquens AM1.

13C labeling analysis to compare strain Q49 and control strain revealed that
acetyl-CoA flux was increased by 7%. A transcriptional analysis revealed the diverse
significant changes in the transcription of genes including those related to an
environmental response and gluconeogenesis. In particular, four response regulators
consisting of members of the LuxR, MucR, Crp/Fnr and MarR families of

transcriptional regulators were down-regulated. The functions of these regulators
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might presumably pertain to the redox state, oxidative stress, quorum sensing, the
secretion system, organic solvent tolerance and temperature sensing (Nasser and
Reverchon, 2007; Saridakis et al., 2008; Spiro, 1994). Although we do not know the
direct relationship between higher mevalonate levels and changes in these regulators,
we assumed that these regulators would all provide some benefits by allowing the
cells to adapt to a better physiological state after the pathway engineering. These
regulators need to be further investigated.

Pathway analysis using the transcription data in strain Q49 further revealed two
key points for the metabolic flux re-distribution. The first key point is the NADPH
generation. Cells grown on methanol are limited by reducing equivalents (NADH or
NADPH) (Guo and Lidstrom, 2006), and the ‘introduction of a heterologous
mevalonate synthesis pathway, which consumes NADPH, will enhance this effect.
The genes involved in the gluconeogenesis and the pentose phosphate pathway were
up-regulated in Q49, suggesting that the carbon flux was shifted to generate NADPH
to supplement the NADPH consumption by the mevalonate pathway. It is also
possible that NADPH (or NADP™) will affect the binding activity of (mutated) QscR
(Kalyuzhnaya and Lidstrom, 2003) and change the regulation of metabolic network,
leading to acetyl-CoA accumulation. The second key point is the overexpression of
fumC. The mechanism of accumulating mevalonate by overexpression of fumcC is still
unclear, although it does function in the cyclic pathways. The reaction catalyzed by

FumcC is shared by the TCA cycle and EMC cycle, and the product of this reaction,
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malate, pertains to these three cyclic central pathways. As this reaction is linked to the
three cyclic pathways, it might contribute to acetyl-CoA accumulation.

In conclusion, this study demonstrated a SATRE strategy for controlling
metabolic flux re-distribution of cyclic pathways in M. extorquens AM1. The QscR
transcriptional regulator is precise and efficient in driving metabolic flux into
mevalonate via acetyl-CoA by four points mutations. This established mevalonate
(acetyl-CoA)-producing platform by the biosensor-based transcriptional regulation
can be applied not only to the synthesis of mevalonate-deriven bioproducts but also to
the production of other value-added compounds based on acetyl-CoA by replacing the

mevalonate synthesis pathway with pathways of other metabolic products.
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Fig. 1. Sensor-assisted transcriptional regulator engineering (SATRE) approach in M. extorquens
AML. QscR is the regulator of the serine cycle and thus the mutations in QscR created by
error-prone PCR and the QscR library introduced in the host cells could shift the carbon flux
toward acetyl-CoA (Ac-CoA) accumulation. A heterologous mevalonate synthesis pathway was
introduced to transform acetyl-CoA into mevalonate along with a mevalonate biosensor that
transforms intracellular mevalonate concentration into GFP fluorescence (as indicated by the
green lightning bolt; see Fig. 2 for more details about the biosensor). The resultant strain was used
for high-throughput screening for the high mevalonate production strains by FACS. TCA,

tricarboxylic acid; EMC, ethylmalonyl-CoA; Ac-CoA, acetyl-CoA;
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Fig. 2. Scheme and performance analysis of the mevalonate biosensor engineered for M.
extorquens AM1. (A) The mevalonate biosensor is based on the arabinose operon. The original
regulatory protein of AraC was replaced with AraC-mev (T24L, H80L, Y82L, H93R), which
responds to mevalonate under the transcription of the Pnr promoter. The regulatory protein
AraC-mev blocks transcription from the Pgap promoter in the absence of mevalonate. In contrast,
a mixture of AraC-mev and mevalonate binds to the Pgap promoter and activates the transcription
combined with RNA polymerase (RNA polymerase not shown), leading to sfgfp transcription and,
ultimately, GFP production, so that this sensor can be induced by mevalonate and the intracellular
mevalonate concentration can be detected by the fluorescent signal. Black curved arrows represent
the promoters; blue circles represent the RBS of araC-mev; blue pentagons represent genes; red
hexagons represent terminators (T); blue protein represents Arac-mev regulatory protein; yellow
wedge represents mevalonate; green lightning shape represents green fluorescent protein (GFP);
(B) Response curve of the mevalonate biosensor in the strains S, MS, MS-2 and MS-3, showing a
good linear relationship within 0-1.7 mM extracellular mevalonate concentration. The relative
fluorescence intensity was normalized to the ODgo. (C) Relationship between intracellular and
extracellular mevalonate concentrations in strain MS. The extracellular and intracellular
mevalonate concentrations were determined by a gas chromatography. Data are shown as the

mean = SD, n = 3.
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Fig. 3. FACS screening for the MS/pQscR library strain. (A) FACS analysis of the MS/pQscR
library strain. Results are shown for both the control strain MS/pCM110C and for MS/pQscR
library strain. Cells with the highest fluorescence (in area P1, uppermost 2% of cells) were sorted
for single-cell culture. (B) Mevalonate titer by single-cell culture among the screened library.
Forty-nine individually cultured cells were analyzed, along with a culture of MS/pCM110C cells
as control. Strains MS-QscR-06 to MS-QscR-32 also showed no measurable mevalonate

production (data not shown). The extracellular mevalonate concentration was determined after 5 d

culture.
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Fig. 4. Shake flask culture of strains MS/pCM110C and Q49. Solid lines represent the

extracellular mevalonate concentration, as determined by a gas chromatography, and dashed lines

represent the growth curve. Data are shown as the mean = SD, n = 3.
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Fig. 5. Sequence analysis of QscR-49. Sequence analysis of QscR-49 resulted in the
characterization of four amino acid changes in Q49 as shown here. QscR-50 was the generated
from QscR-49, amplified from the second start codon. Conserved ‘regions and their proposed

functions are exhibited. WT, wild type; DBD, DNA-binding domain.
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Fig. 6. Fed-batch fermentation of strain Q49 in a 5-L bioreactor. Mev, mevalonate; MeOH,

methanol;
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Fig. 7. Acetyl-CoA flux analysis and transcriptional analysis of strain Q49. *C labeling analysis
revealed that acetyl-CoA flux of Q49 was 7% higher than that of control strain MS/pCM110C.
Transcriptional analysis revealed that two genes in gluconeogenesis and one key gene in the
pentose phosphate pathway were up-regulated. In addition, fumC, the gene product of which
functions in both the TCA cycle and EMC cycle was also up-regulated. Other central metabolic
pathways did not change. Arrow size represents the relative carbon flux. TCA, tricarboxylic acid
cycle; EMC, ethylmalonyl-CoA cycle; PPP, pentose phosphate pathway; 2PG, 2-phosphoglycerate;
3PG, 3-phosphoglycerate; F6P, fructose-6-phosphate; G6P, glucose-6-phosphate; Ac-CoA,
acetyl-CoA; gpmA, the gene encoding phosphoglyceromutase; cbbF, the gene encoding
fructose-1,6-bisphosphatase; zwf, the gene encoding glucose-6-phosphate-1-dehydrogenase; fumcC,

the gene encoding fumarase C.
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Table 1

Strains and plasmids used in this work.

Strain or plasmid Characteristics Source
Strains
M. extorgquens Wild-type strain NCIMB

AM1

E. coli DH5a

AM1

MS

MS-2

MS-3

AMI1Aqgscr

AM1-qgscr

AM1-ftfl

Plasmids

pCM110

PCM110A

pCM110C

Wild-type strain

M. extorquens AM1AcelABC
AM1AcelABC::Sensor-4

SA attTn7::Mvt-3, km®
S/IPMVT, Km®
MS/pARBSU1, km"®, Tet®
AM1Agscr
AM1/pCM110-gscr

AM1/pCM110-ftfl

M. extorquens AM1 expression vector (Ppsar, Tet?)

Derived from pCM110, tetracycline resistance gene was
replaced with ampicillin resistance gene, Amp"
Derived from pCM110, tetracycline resistance gene was

replaced with chloramphenicol resistance gene, Cm"®

(NCIMB9133)

Biomed

This work

This work

This work

This work

This work

This work

This work

This work

(C.J. Marx and

Lidstrom, 2001)

This work

This work
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pCM110-gscr

pCM110-ftfl

pSensor-1

pSensor-2

pSensor-3

pSensor-4

pQscR library

pQ49

pQ50

pK18mobhsacB

pT18

PCM110A (Pmxar::RBS of P,yg::gscr::terminator), AmpR
PCM110A (Pmxar::RBS of P,yg::ftfl::terminator), AmpR
mevalonate biosensor-1, pCM110A
(terminator::arac-mev::P¢::Pgap::RBS of
Pas::sfgfp::terminator), cmR

mevalonate biosensor-2, pCM110A (Pmxar::RBS of
Pakg::arac-mev::terminator::Pgap::RBS of
P.s::sfgfp::terminator), cmR

mevalonate biosensor-3, pPCM110A (Pmxar::RBS of
Pmxar.:arac-mev::terminator::Pgap::RBS of
P.e::sfgfp::terminator), cmR

mevalonate biosensor-4, pPCM110A (Pmxar:: RBS of
Pmxar.:arac-mev::terminator::Pgap::sfgfp::terminator), cmR
PCM110C (Pgscriigscer library::terminator), cmR

a single mutant isolated from the pQscR library with four
mutations (Q8*, T61S, N72Y, E160V), Cm®
N-terminally truncated QscR-49 protein (T41S, N52Y,
E140V), CmR

Plasmid used for homologous recombination

Derived from pK18mobsacB, the nptll resistance gene was

replaced with tetracycline resistance gene, Tet"

This work

This work

This work

This work

This work

This work

This work

This work

This work

(Kvitko and

Collmer, 2011)

This work
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pT18-gscr pT18 with upstream and downstream fragments of gscr This work
(~1000 bp each), Tet®

pT18-Sensor-4 pT18 with upstream and downstream fragments of celABC  This work
cluster (~1000 bp each) and Sensor-4 fragment was

inserted between upstream and downstream fragments, Tet"

pARBSU1 Plasmid containing the mevalonate synthesis pathway (Zhu et al.,
2016)
pMvt-3 Mevalonate synthesis pathway optimized from pARBSU1  This work

with RBS engineering of HMGR

pT18-Mvt-3 pT18 with upstream and downstream fragments of attTn7 This work
site (~1000 bp each), the Mvt-3 fragment was inserted
between the upstream and downstream fragments, Tet",

kmR

Highlights:

1. First construction of a mevalonate biosensor and establishment of high
through-put screening method for Methylobacterium extorquens AML1.

2. First sensor-assisted transcriptional regulator engineering (SATRE) to control
carbon flux in Methylobacterium extorquens AML.

3. Up to 0.055 mol acetyl-CoA / mol methanol in fed-batch fermentation.





