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ABSTRACT: The discipline of synthetic biology requires
standardized tools and genetic elements to construct novel
functionalities in microorganisms; yet, many model systems
still lack such tools. Here, we describe a novel set of vectors
that allows the convenient construction of synthetic operons in
Methylobacterium extorquens AM1, an important alphaproteo-
bacterial model organism for methylotrophy and a promising
platform organism for methanol-based biotechnology. In
addition, we provide a set of constitutive alphaproteobacterial
promoters of different strengths that were characterized in
detail by two approaches: on the single-cell scale and on the
cell population level. Finally, we describe a straightforward
strategy to deliver synthetic constructs to the genome of M.
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extorquens AM1 and other Alphaproteobacteria. This study defines a new standard to systematically characterize genetic parts for
their use in M. extorquens AM1 by using single-cell fluorescence microscopy and opens the toolbox for synthetic biological
applications in M. extorquens AM1 and other alphaproteobacterial model systems.
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he discipline of synthetic biology integrates concepts of

engineering, such as abstraction, standardization, and
modularity, into classical biology" and is aimed at modulating”
or even creating de novo biological functionalities in living
systems.> These tasks require a toolset of well-characterized,
standardized, and reusable genetic elements that are optimized
for the host organism of choice. Such building blocks include
plasmid backbones, selection markers, promoters, terminators,
ribosome binding sites (RBS), and open reading frames
(ORFs). Genetic elements must comply with certain standards
to meet the aforementioned requirements, such as the BioBrick
standard.” To date, almost 10 000 genetic elements complying
with this standard are cataloged in the Registry of Standard
Biological Parts (partsregistry.org) and have been employed in
numerous successful projects mainly in Escherichia coli, e.g. for,
such as the construction of pollutant-detecting bacterial cells,’
the bacterial production of even-chain alkanes,® and the
development of RBS-linked toggle switches.” Tools compatible
with the BioBrick standard have been recently developed for
other organisms, such as Corynebacterium glutmm‘cum,8 Bacillus
subtilis” or the plant model organism Arabidopsis thaliana.'®
However, similar standardized BioBrick toolsets are still lacking
for many other bacterial model systems, especially those of
biotechnological relevance.
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In recent years, the concept of a methanol-based
biotechnology has garnered considerable interest. This concept
makes use of methanol as the carbon source for methanol-
utilizing microorganisms, so-called methylotrophs. Methanol
can be synthesized from natural gas, which makes it an
interesting raw material for biotechnological processes because
chemically synthesized methanol does not directly compete
with food crops. Thus, it provides an alternative supply to the
classical ethanol- and sugar-based biotechnology.'’ Methanol
has already been successfully applied for the industrial-scale
production of single-cell protein in the 1970s;'> however,
current efforts have shifted to the production of fine chemicals
from methanol in microbial cell factories,, the most prominent
example of which being the European research initiative
PROMYSE (seventh FWP, KBBE.2011.3.6-04). The key
model organism for methylotrophy and methanol-based
biotechnology is the Alphaproteobacterium Methylobacterium
extorquens AML.'>'* Besides using methanol as its carbon
source, the organism can also grow on several C2, C3, and C4
compounds as its sole source of carbon and energy. The
genomes of M. extorquens AM1 and six related strains have
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Figure 1. Methylobrick cloning scheme. Methylobrick module A carrying a promoter sequence (dark gray) and Methylobrick module B carrying a
gene (light gray) to be expressed in M. extorquens AMI1. Methylobrick module B is combined with Methylobrick module A using isocaudomeric
restriction, by digesting module A with Spel and PstI and module B with Xbal and Pstl. The overhangs of Xbal and Spel are ligated by deleting both
restriction sites and creating a “scar”. The Spel/Pstl site downstream of the combined modules allows the addition of further modules and the

generation of polycistronic operons.

been fully sequenced, and many more genomes are waiting to
be closed."””™"7 A genome-scale metabolic network was
reconstructed that allows the systems analysis of M. extorquens
AMI1 metabolism and provides the basis for its rational
remodeling and the design of new synthetic pathways.'®

For basic applications in M. extorquens AM1, a 9genetic toolkit
and specialized vectors have been developed'®?® that were
successfully used for homo- and heterologous gene expression
in this organism.'"**'~* However, many well-characterized
promoters commonly used in Escherichia coli are either not
functional in M. extorquens AM1 (e.g.,, APL and PR) or promote
only low-level protein expression (e.g, Plac). Therefore, gene
expression in M. extorquens AM1 has almost exclusively been
driven by the strong promoter region of the mxaF gene
(PmxaF) that encodes the large subunit of methanol
dehydrogenase, which represents up to 9% of the total soluble
protein in M. extorquens AMI under methylotrophic growth
conditions.”® Only very recently has the similarly strong
promoter PR from the rhizobial phage 16—3 (PR,16—3) been
introduced for gene expression in M. extorquens AM1.%°
Inducibility of gene expression was achieved by combining
these promoters with regulatory elements, such as the CymR or
TetR repressor.zs’27

All of these genetic tools for M. extorquens AM1 have proven
to be valuable, but they represent adaptions to specific needs or
stand-alone solutions. The construction of synthetic pathways
in M. extorquens AM1, however, requires a more systematic set
of tools and standardized parts. Here, we introduce a vector
system that allows for the easy assembly of multiple genes and
other genetic elements for their use in M. extorquens AMI.
These Methylobrick vectors are restriction site compatible with
well-established vector expression systems (such as the pET
series from Novagen) as well as with the BioBrick system.
Moreover, we provide a novel set of constitutive promoters of
different strengths for the stable expression of genes in M.
extorquens AM1 and other alphaproteobacterial species. To
evaluate the strength and variability of these promoters, we
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established a simple readout based on fluorescence that allows
promoter characterization on the single-cell level and that we
propose as a standard procedure for future characterizations of
novel promoter and regulatory elements in M. extorquens AM1.
Finally, we provide a second vector system that enables the
stable integration of synthetic operons into the genome of M.
extorquens AMI1 (and other Alphaproteobacteria) through Tn$
delivery. In summary, this toolbox of vectors and genetic
elements provides the basis for the future implementation of
artificial, fine-tuned metabolic pathways in M. extorquens AM1
(and other Alphaproteobacteria), which is indispensable for the
realization of the biotechnological potential of these organisms.

B RESULTS AND DISCUSSION

Construction of Methylobrick Vectors for the Con-
venient Assembly of Genetic Parts. To allow for the
standardized cloning and assembly of genetic parts and
synthetic operons for expression in M. extorquens AMI, we
designed a multiple cloning site (MCS) based on the following
criteria: (1) the use of the best combinations of isocaudomeric
restriction sites flanking the MCS that enable the sequential
assembly of genetic elements by isocaudomeric cloning and
that are compatible with the BioBrick system, (2) a RBS
optimized for expression in Alphaproteobacteria upstream of
the MCS, (3) a maximum number of restriction sites within the
MCS that are compatible with established vector systems
(notably, the pET and pSEVA®® vector series), and (4) an
optimized sequence downstream of the MCS that contains stop
codons in three reading frames. The MCS was introduced into
the previously described vectors pCM80>° and pLMO01*° to
create the two basic promoterless brick vectors, pTE100 and
pTEI101, that confer resistance to tetracycline and kanamycin,
respectively. Once introduced into the MCS, two genetic
elements can be readily combined by isocaudomeric cloning
either by using the isocaudomers Xbal and Spel (forward
assembly) or the isocaudomers BsrGI and Acc6SI (reverse
assembly). For standard brick cloning in the forward direction,
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Figure 2. Single-cell fluorescence of promoters PmxaF, PfumC, PcoxB, and Ptuf with the GFPmut3 reporter during different growth phases of M.
extorquens AM1 in two different media. The GFP fluorescence of a minimum of 400 individual cells of M. extorquens AMI1 carrying pTE102-
GFPmut3 (A, E), pTE103-GFPmut3 (B, F), pTE104-GFPmut3 (C, G), or pTE105-GFPmut3 (D, H) was assessed during different growth stages in
minimal medium (early exponential phase, light blue bars; mid-exponential phase, dark blue bars; stationary phase, red bars) that contained either
methanol (A—D) or succinate (E—H) as the sole carbon source. The fraction of the total cell population is given with respect to the fluorescence in

milli absorption units (a.u.) per exposure time.

the host vector carrying the future upstream genetic element is
opened by digesting 5’ with Spel and 3’ with either Pstl, Kpnl,
or Sbfl before being combined with a downstream fragment
that was excised from the donor vector using 5’ Xbal and 3’ the
same restriction enzyme that was used to open the host vector
(Pstl, Kpnl, or Sbfl). This scars the former restriction sites for
Xbal and Spel after ligation, which enables the further addition
of novel elements downstream, as depicted in Figure 1.

Identification and Molecular Characterization of a
Basic Methylobrick Promoter Set. Many well-characterized
promoters of E. coli are not functional in M. extorquens AMI.
Thus, we selected four different promoters from the genome of
M. extorquens AM1 to drive constitutive expression from
Methylobrick vectors. Besides the previously characterized
promoter region PmxaF, the putative promoter regions of three
genes, fumC coding for a fumarase (MexAM1_ METAp2857),
coxB coding for the cytochrome ¢ oxidase subunit II
(MexAM1_META1p3474), and EF-Tu coding for the trans-
lation elongation factor thermo-unstable (MexAM1 ME-
TAp4832), further referred to as PfumC, PcoxB, and Ptuf,
respectively, were chosen for further characterization. All three
putative promoters were expected to be constitutively ex-
pressed, as deduced from transcriptomics studies of M.
extorquens AM1 with microarrays®® and RNA-Seq (unpublished
data, Francez-Charlot and Vorholt).

The four different promoter regions were inserted into the
basic brick vectors to allow expression of genes and operons
introduced downstream by isocaudomeric cloning. This
procedure created pTE102, pTE103, pTE104, and pTE105
containing PmxaF, PfumC, PcoxB, and Ptuf, respectively (Table
3). In order to verify that the core regions of the three novel
promoters were present in plasmids pTE103—10S5 and to
enable the application of these promoters as genetic elements
in constructs including a minimal promoter region, we
determined the start of the 5’-untranslated regions (5'-UTR)
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of the three mRNA transcripts from RNA-Seq data as well as
through transcription start site mapping by S’-RACE (rapid
amplification of ¢cDNA ends).” Both approaches yielded
consistent results for the S'-UTRs of all three genes (fumC,
coxB, and tuf). These results were also generally in line with in
silico analyses of the core promoter regions by the BPROM
software®” (www.softberry.com), according to which the —35/
—10 boxes were predicted at an approximate distance upstream
of the experimentally determined transcriptional start sites (see
Supporting Information Figure S1).

Quantification of Methylobrick Promoter Activities
and Intrapopulation Variability in Different Growth
Phases on the Single-Cell Level. To quantify the promoter
activities of PmxaF, PcoxB, PfumC, and Ptuf in the
Methylobrick vectors, the expression level of fluorescent
proteins was chosen as a readout.**** To account for
intrapopulation variability or potential heterogeneity of gene
expression, we decided to analyze all promoter activities on the
single-cell level®> To that end, the fluorescent proteins
GFPmut3,%® eYFP,*” and mCherry38 were cloned into
pTE100 to create pTE100-GFP, pTE100-eYFP, and pTE100-
mChe, respectively (Table 3). pTE100-GFPmut3 and pTE100-
mCherry were subsequently used as donors, ie., reporter
modules, for integration into promoter modules pTE102,
pTE103, pTE104, and pTE10S (Figure 1). The resulting
reporter constructs, containing both a promoter and a
fluorescent reporter, were then transformed into M. extorquens
AMI.

First, we tested the growth phase-dependent behavior of
promoter activities with the GFP-reporter constructs on two
standard minimal media that are typically used for cultivation of
M. extorquens AM1 and that are either based on methanol or
succinate as the sole carbon source. For that, the single-cell
fluorescence of M. extorquens AM1 strains each containing one
of the GFP-based reporter plasmids was analyzed during
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www.softberry.com

ACS Synthetic Biology

Research Article

A

° -
E 15
22
22 10
® o
S g
@ X
<)
Lo .
— 1
= == [
E o N — T "
O Y Q >
& +q> \\& o+ Q\'
S & ® ¢
o :
g 1000
§ § 800
3 3
* 8 2001 ==
E  ol= . . —
> < (<] Q >
L & & S
& F S 9 oy
& & &

° -

E 15

o 2

2z 10

® o

S g

3

<)

53 5 T

==

= 1T

E ol
> X O Q2 3
S L

)

o°o & & ©

m -

'§1000

§§ 800

§§600-

° 3

§§ 400+ ‘

= 8 200 L\,J

E  ol= . . . ,
> & O Q& &
L & s+
& F o &
O A

Figure 3. Single-cell fluorescence of PmxaF, PfumC, PcoxB, and Ptuf promoters as well as promoterless control constructs with either GFPmut3 (A,
B) or mCherry (C, D) as the reporter during the mid-exponential growth phase of M. extorquens AM1. M. extorquens AM1 cells carrying pTE100-,
pTE102-, pTE103-, pTE104-, and pTE105-GFPmut3 or -mCherry as reporter genes were cultivated in minimal medium with methanol (A, C) or
succinate (B, D) as the sole carbon source. The fluorescence of a minimum of 400 individual cells at the mid-exponential growth phase was analyzed.
Box, 25th to 75th percentile; horizontal line, median; upper and lower whiskers, Sth and 95th percentiles, respectively.

different growth stages of shaken liquid cultures on methanol or
succinate medium (Figure 2). The single-cell fluorescence
signals of the different constructs remained stable during all
growth phases of all liquid cultures, indicating constitutive
expression from the promoter independent of the cell’s
physiological status. Only in succinate grown cells did we
notice a second, small nonfluorescent cell population emerging
in the stationary phase (Figure 2, red bars). These cells could
not be differentiated from the fluorescent cells in phase contrast
images, so we hypothesize that they represent cells that died
upon reaching the stationary phase. However, in mid-
exponential phase, all cultures exhibited normally distributed
fluorescence intensities on the single-cell level (Figure 2, dark
blue bars), indicating the absence of population-based
phenomena, such as bistability, for all constructs and growth
media tested. Interestingly, fluorescence of cells grown on
succinate showed a higher standard deviation than that of cells
grown on methanol by approximately a factor of 2 (PmxaF, 2.5;
PfumC, 2.2; PcoxB, 1.6; Ptuf, 1.9), indicating expression control
that is slightly less tight in succinate medium.

Next, we analyzed fluorescence readouts from midexponen-
tial phase cultures in more detail. Measurements were repeated
with all promoter—reporter constructs containing GFPmut3 or
mCherry for comparison (Figure 3). Because no significant
differences in growth rate (i) were observed between the
different strains (Table 1), the fluorescent readout served as a
direct proxy for the intrinsic promoter activity of the different
promoters. The expression pattern observed between both
reporter systems was comparable (Figure 3) and followed the
trend PfumC < PcoxB < Ptuf ~ PmxaF. However, strains
expressing mCherry constructs were more than 10 times
brighter per millisecond exposure time than their GFPmut3
expressing analogues. In addition, the signal-to-noise level was
much lower in mCherry expressing cells, and the fluorescence
showed a much higher dynamic range, suggesting that mCherry
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Table 1. Growth Rates of M. extorquens AM1 Carrying
Different pTE Promoter—Reporter Constructs Grown in
Minimal Medium Containing Methanol or Succinate®

strain growth medium growth rate (h™")
M.ex. AM1 (pTE102-GFP) Methanol 0.120 + 0.026
M.ex. AM1 (pTE103—GFP) Methanol 0.133 + 0.025
M.ex. AM1 (pTE104-GFP) Methanol 0.125 + 0.019
M.ex. AM1 (pTE10S-GFP) Methanol 0.115 + 0.031
Mex. AM1 (pTE102-GEP) Succinate 0.119 + 0.031
M.ex. AM1 (pTE103-GFP) Succinate 0.115 + 0.036
M.ex. AM1 (pTE104-GFP) Succinate 0.104 + 0.019
M.ex. AM1 (pTE10S-GFP) Succinate 0.111 + 0.020
M.ex. AM1 (pTE100-mChe) Methanol 0.150 + 0.019
M.ex. AM1 (pTE102-mChe) Methanol 0.170 =+ 0.002
M.ex. AM1 (pTE103-mChe) Methanol 0.154 + 0.018
M.ex. AM1 (pTE104-mChe) Methanol 0.158 + 0.013
M.ex. AM1 (pTE105-mChe) Methanol 0.166 + 0.063
M.ex. AM1 (pTE100-mChe) Succinate 0.114 + 0.030
M.ex. AM1 (pTE102-mChe) Succinate 0.143 + 0.014
M.ex. AM1 (pTE103-mChe) Succinate 0.121 + 0.014
M.ex. AM1 (pTE104-mChe) Succinate 0.137 + 0.006
M.ex. AM1 (pTE10S-mChe) Succinate 0.140 + 0.036

“Given values are the average of at least two independent
measurements + SD. No significant differences were detected between
all samples (one-way ANOVA, p < 0.05).

is better suited for accurate expression analysis in M. extorquens
AM1 than is GFP. Compared to GFP, eYFP also showed an
improved signal-to-noise ratio, better dynamic range, and
stronger fluorescence signal, indicating that it also is suitable for
expression analysis in M. extorquens AM1 (Supporting
Information Figure S2). On the basis of these results, we
propose the use of mCherry as the standard reporter protein
for fluorescent readouts in M. extorquens AM1.

dx.doi.org/10.1021/sb500221v | ACS Synth. Biol. 2015, 4, 430—443



ACS Synthetic Biology

Research Article

Table 2. Growth Rates of M. extorquens AM1 Accr Strains Carrying Different pTE Promoter—Ccr Constructs Grown in Minimal

Medium Containing Methanol or Succinate®

strain growth medium
M. ex. AM1 (wild type) Methanol
M.ex. AM1 Accr (pTE100) Methanol
M.ex. AM1 Accr (pTE100-Ccr) Methanol
M.ex. AM1 Accr (pTE102-Ccr) Methanol
M.ex. AM1 Accr (pTE103-Ccr) Methanol
M.ex. AM1 Accr (pTE104-Ccr) Methanol
M.ex. AM1 Accr (pTE105-Ccr) Methanol
M. ex. AM1 (wild type) Succinate
M.ex. AM1 Accr (pTE100) Succinate
M.ex. AM1 Accr (pTE100-Ccr) Succinate
M.ex. AM1 Accr (pTE102-Ccr) Succinate
M.ex. AM1 Accr (pTE103-Ccr) Succinate
M.ex. AM1 Accr (pTE104-Ccr) Succinate
M.ex. AM1 Accr (pTE105-Ccr) Succinate

growth rate (h™") Cer activity (mU/mg)

0.16 + 0.01% 570 + 807°
b c

0.07 + 0.01 40+ 0
0.15 + 0.03 6400 + 90
0.14 + 0.02 390 + 10
0.15 + 0.02 2600 + 110
0.13 + 0.01 4400 + 170
0.17 + 0.01% 190 + 207°
0.16 + 0.04 €

0.18 + 0.05 70 + 10
0.12 + 0.02 5000 + 270
0.15 + 0.05 720 + 10
0.12 + 0.02 2600 + 50
0.15 + 0.04 4700 + 130

“Given values are the averages of three independent measurements =+ SD. *No growth. “Cer activity could be determined.

Methylobrick Promoter-Driven Expression of Croton-
yl-CoA Carboxylase/Reductase. In order to characterize
promoter activities by a second, independent approach, the
gene coding for crotonyl-CoA carboxylase/reductase (Cecr)
from M. extorquens AM1 was chosen as the reporter. Ccr is the
key enzyme of the ethylmalonyl-CoA pathway, the central
pathway for biomass formation from C1 or C2 substrates, such
as methanol or acetate, in M. extorquens.’” The enzyme
catalyzes the reductive carboxylation of crotonyl-CoA to
ethylmalonyl-CoA. Deletion of ccr prohibits growth of M.
extorquens AM1 on methanol (or other Cl and C2
substrates),** so methylotrophic growth of a ccr knockout is
possible only when Ccr is complemented to sufficient levels
(e.g., by plasmid-based expression).

To quantify promoter activities, we used the ccr knockout
strain M. extorquens AMI1 61ADH,* henceforth called M.
extorquens AM1 Accr, that was transformed with different
promoter—ccr constructs in which the ccr gene was placed
under the control of one of the four promoters. The growth
rates of these ccr-complemented mutant strains were
investigated in minimal medium containing methanol as the
sole carbon source as well as in minimal medium containing
succinate as a positive control. Expression of ccr under the
control of any of the four promoters was sufficient to restore
wild-type-like growth of M. extorquens AM1 Accr on methanol
(Table 2). In contrast, introduction of ccr in a promoterless
plasmid resulted in slow growth of the M. extorquens AM1 Accr
mutant on methanol, demonstrating a very low background
expression of ccr that rate limits the growth of this strain. This
was confirmed by Cer activity measurements in cell extracts of
the different strains (Table 2). Ccr activities span 2 orders of
magnitude, starting from promoterless constructs with
approximately 1% relative activity and following the order
PfumC (5—15%) < PcoxB (40—50%) < Ptuf (70—100%) ~
PmxaF (100%). Notably, PcoxB and Ptuf showed very similar
absolute expression levels on both carbon substrates, whereas
PfumC was slightly upregulated on succinate, and PmxaF was
slightly upregulated on methanol, as reported before.*' In
summary, these experiments independently confirmed the
order of promoter strength obtained with mCherry as the
reporter (Supporting Information Figure S3).

Expression Levels and Application of Polycistronic,
Synthetic Operons. To investigate expression levels of
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synthetic operons and to test for positional effects of genes
within operons, two vector constructs containing eYFP and
mCherry in both possible permutations under the control of
PcoxB were generated. Single-cell eYFP and mCherry
fluorescence was quantified after growth in liquid minimal
medium (Supporting Information Figure S4). A negligible
positional effect could be determined for mCherry fluorescence.
mCherry appeared minimally brighter when upstream of eYFP
(1.06-fold; two-tailed t test, P = 0.044). This effect was more
pronounced for eYFP fluorescence when the eYFP gene was
positioned upstream of the one encoding mCherry (1.4-fold;
two-tailed ¢ test, P < 0.0001), similar to other experiments in
which some fluorescence reporter genes stimulate downstream
gene expression to some extent.*” In summary, our experiments
did not indicate any substantial positional silencing effect,
suggesting that the Methylobrick vector system is, in principle,
suited to create polycistronic operons.

To demonstrate the applicability of polycistronic, synthetic
operons in vivo, we sought to engineer M. extorquens AM1 for
the production of value-added compounds from simple carbon
substrates using the Methylobrick vector system. As mentioned
earlier, the central pathway for biomass formation from
methanol or acetate in M. extorquens is the ethylmalonyl-CoA
pathway. This metabolic pathway features several CoA esters of
CS dicarboxylic acids that are of high interest for the chemical
industry, which makes it a promising biotechnological source
for the sustainable production of these CS compounds.*>**
However, the essential role of the ethylmalonyl-CoA pathway
in C1 and C2 assimilation does not allow CS$ building blocks to
be depleted from M. extorquens AM1 by a simple pathway
blockage because this would result in a complete breakdown of
biomass formation, and thus survival, in this organism.18 This is
exemplified by the fact that the deletion of both isoforms of
malyl-CoA/f-methylmalyl-CoA lyase (AmclAl1/A2), the en-
zyme catalyzing the last step in the ethylmalonyl-CoA pathway,
completely abolishes growth of M. extorquens AM1 on acetate
(or other C1 and C2 carbon substrates).**® To overcome this
problem, we sought to equip M. extorquens AM1 AmclA1/A2
with an additional pathway module that would allow the
organism to form biomass from short-chain carbon substrates
by alternative means.

For this purpose, we assembled a three-gene operon on the
Methylobrick vector backbone that would allow the conversion

dx.doi.org/10.1021/sb500221v | ACS Synth. Biol. 2015, 4, 430—443
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Figure 4. Engineering of a AmclA1/A2 mutant strain of M. extorquens AM1 for mesaconate production from acetate and glyoxylate. (A) Three-
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enzyme activities in cell-free extracts of a AmclA1/A2 mutant carrying the empty vector pTE102 (gray bars) or pTE102-Gly encoding the glyoxylate
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M. extorquens AM1. (C) Cultivation experiments on acetate and glyoxylate. Cells carrying pTE102 (gray diamonds) fail to grow, whereas cells
carrying pTE102-Gly (purple circles) grow with an estimated doubling time of about 160 h. (D) Mesaconate production experiments on acetate and
glyoxylate. Cells carrying pTE102 produce only negligible amounts of mesaconate (gray diamonds) compared to cells carrying pTE102-Gly that
accumulate more than 10-fold the amount of mesaconate in the supernatant (purple circles). For panels B—D, representative experiments performed

in triplicate are depicted (error bars indicate SD).

of the C2 compound glyoxylate into 3-phosphoglycerate, a
central metabolite from which biomass can be generated. We
reasoned that upon co-feeding of the C2 substrates acetate and
glyoxylate, a M. extorquens AM1 AmclAI/A2 mutant
engineered with such a synthetic pathway module could survive
and sustain biomass formation from glyoxylate (Figure 4A),
whereas acetate could be converted into CS dicarboxylic acids.
When tested for functionality, all three enzyme activities of the
synthetic operon could be quantified in cell extracts of a M.
extorquens AM1 AmclA1/A2 mutant complemented with the
synthetic construct compared to that of the control, indicating
that the pathway module for alternative biomass generation in
M. extorquens was functional (Figure 4B).

Indeed, when a culture of M. extorquens AM1 AmclAl/A2
that carried the empty Methylobrick vector pTE102 was
incubated with acetate and glyoxylate, this noncomplemented
mutant strain did not show any observable increase in ODg,
and accumulated negligible amounts of the C5 compound
mesaconate in the supernatant (Figure 4C,D). In contrast, M.
extorquens AM1 AmclA1/A2 X pTE102-Gly, carrying the
synthetic glyoxylate pathway module, grew slowly when
incubated under the same conditions with a doubling time of
approximately 160 h, as calculated from the increase of ODg
over the time course of the experiment. More importantly,
formation of mesaconate in the supernatant of the engineered
strain was increased by more than an order of magnitude
compared to that of the noncomplemented mutant. The
maximum mesaconate concentration reached with this strain
(32 mg L) was comparable to a recently reported mesaconate
production strain of M. extorquens. This production strain was
based on partially depleting products from the ethylmalonyl-
CoA pathway by overexpressing an unspecific CoA thioesterase
and accumulated a maximum of 72 mg L™' free mesaconate
when cultivated on methanol medium.** However, in contrast
to the latter, which showed a strong decrease in free
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mesaconate after maximum production by almost 50% to 42
mg L™ within 16 h, the concentration of mesaconate in the
supernatant of our strain remained stable for more than 30 h,
indicating that our engineered strain shows a greater
productivity tolerance. In summary, our experiments demon-
strated that the Methylobrick vector system is well-suited to
functionally express polycistronic operons in M. extorquens
AM]1 (e.g, for metabolic engineering purposes).

Genomic Integration and Expression of Methylobrick
Constructs. To test the transfer of genetic constructs from
Methylobrick vectors to the genome of M. extorquens AM1, we
used a mini-TnS delivery system that is based on the vector
pAG408*” and that is compatible with the flanking restriction
sites of the Methylobrick vector MCS. This allows for the
simple subcloning of genetic constructs from Methylobrick
vectors and their subsequent delivery to the Methylobacterium
genome. When tested with the mCherry reporter constructs,
the integration of these constructs into the chromosome of M.
extorquens AMI1 via two-parental mating and mini-Tn$
transposition appeared very effective, with fluorescent con-
jugants growing within 3 days. Under the fluorescence
stereomicroscope, no obvious differences in fluorescence
intensity were observed for most colonies of the same
promoter—reporter construct. However, on the single-cell
level, about 10% of the clones were significantly brighter than
all other clones carrying the same inserts. This has been
reported before*” and is likely due to random insertions behind
promoters that are more active than the inserted promoters or
multiple insertions events in the same transconjugant.

Ten randomly chosen colonies for each promoter—reporter
construct were picked and grown on minimal medium
methanol to mid-exponential phase for single-cell character-
ization. Single-cell fluorescence was well visible, but it was
approximately 1 order of magnitude lower with 13% relative
fluorescence for PfumC, 11% for PcoxB, and 8% for Ptuf, as
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compared to the plasmid-borne expression of mCherry. In
summary, constitutive expression from single chromosomal
insertions was driven from the Methylobrick promoters tested,
following the order of promoter strength observed before (ie.,
PfumC < PcoxB ~ Ptuf; Figure S). Thus, TnS delivery with
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Figure S. Single-cell fluorescence of independent insertions of PfumC,
PcoxB, and Ptuf promoter constructs with mCherry as reporter into
the genome of M. extorquens AMI1. Each point represents the mean
fluorescence of an independent clone carrying a chromosomal
insertion of a PfumC-, PcoxB-, or Ptuf-mCherry construct that was
delivered by TnS transposition. All clones were grown in methanol
minimum medium until mid-exponential phase before the fluorescence
was quantified for a minimum of 200 individual cells. The automated
outlier detection method “Iterative Grubbs” of the software Prism 6
was used to remove unusually bright and dim transconjugants. Error
bars depict the SEM.

PAGA408 as a shuttle plasmid offers a fast and efficient approach
for the integration and expression of single-copy Methylobrick
modules in the M. extorquens AM1 chromosome.
Application of Brick Vectors and Tn5 Delivery in
Other Alphaproteobacteria. To test the applicability of the
Methylobrick vector system and the promoter library created in
this study in other alphaproteobacterial model organisms, we
introduced the plasmid-borne Methylobrick-mCherry con-
structs into three other species. These included Agrobacterium
tumefaciens CS8, Caulobacter crescentus CB1S, and Paracoccus
denitrificans, which represent the bio(techno)logically most
relevant alphaproteobacterial orders Rhizobiales, Caulobacter-
ales, and Rhodobacterales, respectively. When mCherry
fluorescence was quantified on the single-cell level, the results
demonstrated that all promoters were active in their
alphaproteobacterial hosts, with Ptuf consistently promoting
the highest expression levels (Figure 6), whereas the other

promoters showed similar patterns as that in M. extorquens
AM]1, with some exceptions in different hosts (e.g., PmxaF in P.
denitrificans).

In addition to that, we also tested the TnS-delivery and
expression of reporter constructs in other alphaproteobacterial
hosts. Matings were successful with Sphingomonas melonis Fr1,
Sphingomonas phyllosphaerae DSM17258, Sphingomonas witti-
chii DSM6014, and Bradyrhizobium japonicum 110spc4 (H.-M.
Fischer, R. Ledermann, personal communication). In all of
these hosts we were able to detect significant mCherry
fluorescence at the single-cell level, and even though we did
not quantify the expression level exactly, the promoter PflumC
proved to be the least active promoter in the tested
heterologous hosts, whereas PcoxB and Ptuf yielded trans-
conjugants of similar brightness, confirming the results
obtained for M. extorquens AM1 (see above).

In summary, our results indicate the transferability of the
promoters and vectors of the Methylobrick toolbox to other
Alphaproteobacteria, which opens up new possibilities for
detailed investigations and biotechnological applications in this
diverse bacterial class.

B CONCLUSIONS AND OUTLOOK

We have created a set of vectors that allow isocaudomeric
cloning of genes and operons, whose expression is driven from
one of four different promoters that allow constitutive
expression of genes in M. extorquens AM1 at different levels.
This Methylobrick system is compatible with other commonly
employed expression vectors, allowing direct cloning of ORFs
from the pET (Novagen) and pSEVA (http://seva.cnb.csic.es)
systems. Furthermore, it offers stop codons in three reading
frames, a RBS optimized for Methylobacterium and other Gram-
negative bacteria, and a wide choice of restriction sites in the
MCS.

Besides the previously described PmxaF promoter, we have
characterized three novel promoters that all allow stable,
constitutive gene expression in M. extorquens AMI at different
levels of expression. We have mapped the core elements of
these promoters, allowing the use of these minimal promoter
elements in future genetic constructs. Promoter activity was
quantified by two independent approaches, yielding a definite
order of the promoters on the two standard media used in M.
extorquens AMI cultivation.
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Figure 6. Single-cell fluorescence of PmxaF, PfumC, PcoxB, and Ptuf promoter as well as promoterless control constructs during mid-exponential
growth phase of Agrobacterium tumefaciens CS8 (A), Caulobacter crescentus CB1S (B), and Paracoccus denitrificans JVZ2585 (C). Cells of the three
alphaproteobacterial species carrying pTE100-, pTE102-, pTE103-, pTE104-, and pTE105-mCherry and of the respective WT were cultivated in LB
(A, C) or PYE (B) medium. The fluorescence of a minimum of 400 individual cells in midexponential growth phase was analyzed. Box, 25th to 75th
percentile; horizontal line, median; upper and lower whiskers, Sth and 95th percentiles, respectively.
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strain or plasmid

E. coli

DHSa

S17-1pir

M. extorquens AM1

M. extorquens AM1

M. extorquens AM1 61ADH

M. extorquens AM1

Agrobacterium tumefaciens C58
Caulobacter crescentus CB1S
Paracoccus denitrificans JVZ2585
Sphingomonas melonis Frl
Sphingomonas phyllosphaerae DSM17258
Sphingomonas wittichii DSM6014
Bradyrhizobium japonicum 110spc4

pCMS0

pLMO1

pTE100”

pTE101°

pTE102

pTE103

pTE104

pTEI0S
pTE100-GFP
pTE100-mChe
pTE100-eYFP
pTE100-mChe-eYFP
pTE100-eYFP-mChe
pTE102-GFP
pTE103-GEP
pTE104-GFP
pTE105-GEP
pTE102-mChe
pTE103-mChe
pTE104-mChe
pTE105-mChe
pTE102-mChe-eYFP
pTE103-mChe-eYFP
pTE104-mChe-eYFP
pTE105-mChe-eYFP
pTE102-eYFP-mChe
pTE103-eYFP-mChe
pTE104-eYFP-mChe
pTE105-eYFP-mChe
pTE100-Ccr
pTE102-Ccr
pTE103-Ccr
pTE104-Ccr
pTE10S-Cer
pTE102-Gly

pJBA2S

PMP7604

pAG408
PMRE-103-mCherry
PMRE-104-mCherry
PMRE-105-mCherry

Table 3. Strains and Plasmids Used in This Study

supE44 AlacU169 (®80lacZDM1S) hsdR17 recAl endAl gyrA96 thi-1 relAl

genotype or relevant features”

source or ref

Life Technologies

recA, thi, pro, hsdR-M+RP4:2-Tc:Mu:Km Tn7 Apir; Tp¥, Sm® S3
wild-type 49
Accr; Km® 40
AmclA1/AZ; Km® 4s
wild-type 69
wild-type 70
Rif* 51
wild-type 71
wild-type 72
wild-type 73
Spc® 74
M. extorquens AM1 expression vector, pCM62 derivative, mxaF promoter; Tc® 20
pCM80-based; Km® 29
Brick vector, no promoter; Tc® this work
Brick vector, no promoter; Km" this work
Brick vector, mxaF promoter; Tc® this work
Brick vector, fumC promoter; Tc® this work
Brick vector, coxB promoter; Tc® this work
Brick vector, tuf promoter; Tc® this work
Brick vector, no promoter, GFPmut3; Tc® this work
Brick vector, no promoter, mCherry; Tc® this work
Brick vector, no promoter, eYFP; Tc® this work
Brick vector, no promoter, mCherry and eYFP; Tc® this work
Brick vector, no promoter, eYFP and mCherry; Tc® this work
Brick vector, mxaF promoter, GFP; TR this work
Brick vector, fumC promoter, GFP; Tc® this work
Brick vector, coxB promoter, GFP; TR this work
Brick vector, tuf promoter, GFP; Tc® this work
Brick vector, mxaF promoter, mCherry; Tc® this work
Brick vector, fumC promoter, mCherry; Tc® this work
Brick vector, coxB promoter, mCherry; Tc® this work
Brick vector, tuf promoter, mCherry; Tc® this work
Brick vector, mxaF promoter, mCherry and eYFP; Tc® this work
Brick vector, fumC promoter, mCherry and eYFP; TR this work
Brick vector, coxB promoter, mCherry and eYFP; Tc® this work
Brick vector, tuf promoter, mCherry and eYFP; Tc® this work
Brick vector, mxaF promoter, eYFP and mCherry; Tc® this work
Brick vector, fumC promoter, eYFP and mCherry; Tc® this work
Brick vector, coxB promoter, eYFP and mCherry; TR this work
Brick vector, tuf promoter, eYFP and mCherry; Tc® this work
Brick vector, ccr; TcR this work
Brick vector, mxaF promoter, ccr; Tc® this work
Brick vector, fumC promoter, ccr; Tc® this work
Brick vector, coxB promoter, ccr; TR this work
Brick vector, tuf promoter, ccr; Tc® this work
Brick vector, mxaF promoter, gcl, garR, glxK; Tc® this work
Mini-Tn$ delivery vector, Py, /04/03 GFPmut3, R6K-ori; Amp®, Tc® 57
Cloning vector, Py, /04/03 mCherry, Tc® S8
Mini-Tn$ delivery vector, no promoter, GFP, R6K-ori; Amp®, Km®, Gm® 47
Mini-TnS$ delivery vector, fumC promoter mCherry; Gm®, Amp® this work
Mini-Tn$ delivery vector, coxB promoter mCherry; Gm®, Amp® this work
Mini-Tn$ delivery vector, tuf promoter mCherry; Gm®, Amp® this work

“TpR, trimethoprim resistance; SmR, streptomycin resistance; KmR, kanamycin resistance; Riiﬂ, rifampicin resistance; SpcR, spectinomycin resistance;
Tc, tetracycline resistance bCompared to pCM62, the backbone of pTE100 carries two point mutations, G3610A and T5307G. Neither mutation
interferes with plasmid function. “Compared to pCM62, the backbone of pTE101 backbone carries one point mutation, G3642A. The mutation does

not interfere with plasmid function.
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Table 4. Primers Used in the Study”

target name sequence restriction site
GFPmut3 GFPmut3_fwl 5'-CGGGCCATTAATGCATGCGTAAAG-3’ Asel
GFPmut3 GFPmut3_revl §'-CCCGCCGGATCCCTTATTTGTATAGTTC-3’ BamHI
mCherry mCherry fwl 5'-GACACGCCATATGGTGAGCAAG-3’ Ndel
mCherry mCherry_revl §-GCGCCTCGGAATTCCTTGTACAG-3' EcoRI
eYFP eYFP_fwl §'-CCTCGCAGCCATATGCTGAGCAAGG-3’ Ndel
eYFP eYFP_revl §'-CCGCGAATTCATTACTTGTACAGCTCGTCC-3’ EcoRI
Ptuf tuf_fwl §'-GACGTTCTAGATGCTGGTGCGGGTGCTC-3’ Xbal
Ptuf tuf revl 5'-CAAGGCCAAGCTTCGTGCAATCCTACCG-3’ HindIII
PcoxB pcoxB_fwl §'-CCTGCATTCTAGACCGTATCCCCAGAG-3’ Xbal
PcoxB pcoxB_revl §'-CGTTCGCAAGCTTATGTCCCCGCTTGG-3’ HindIII
fumC RACE fumC 1 §'-CAGCAGCCGCTCCTGAACCTC-3'
fumC RACE_fumC 2 5'-GCGGTTGCAATGATCGTTGGG-3'
fumC RACE_fumC_3 §'-GTTGGCGTTCATGTTGGACTG-3'
coxB RACE_coxB_1 5'-CCACCGCCACGAGGATCAGGAC-3’
coxB RACE_coxB_2 §'-CGATCGCCGTGTTGTGCGTGG-3’
coxB RACE_coxB_3 5'-CCGAGATCGCGAAGGCGATCC-3’
tuf RACE tuf 1 §'-GACGGCTTCCTTGCCGATCTTG-3’
tuf RACE_tuf 2 §'-GCCCTTGGTGATCGGGATGTC-3’
tuf RACE _tuf 3 §'-CAGGATCGCGCCGTCCATCTG-3'
gcl Gibson_gcl_fw 5'-GACCATGATTACGCCAAGCTTAGATCTTGATGGAATTCTGTACATCTAGAAATAAG-3'
gcl Gibson_gdl_rv §'-ATGATCACAATAGCATTATTCATAGTGCATGAAGC-3’
garR Gibson_garR_fw §'-ATGCACTATGAATAATGCTATTGTGATCATCTAGAAATAAG-3’
garR Gibson_garR_rv §'-ATGTTCAGTATGCGATTAACGAGTAACTTCGACTTTC-3’
glxK Gibson_gIxK_fw 5'-GAAGTTACTCGTTAATCGCATACTGAACATCTAGAAATAAG-3'
glxK Gibson_gIxK_rv §5-CGACGGCCAGTGAATTAGGTACCTGCAGGATTAGTTCTTAATTCCCTGACC-3’

“Nucleotides in bold and underlined are recognition sites for endonuclease restriction enzymes.

To standardize the characterization of genetic elements in
the Methylobrick system, we propose to quantify reporter-
based fluorescence at the single-cell level relative to the
standard promoter PmxaF, using mCherry as the fluorescence
reporter, which is superior compared to GFPmut3 in M.
extorquens AMI1. The general availability of fluorescence
microscopes enables the convenient characterization of these
genetic elements and provides additional information on their
behavior in cell populations, thereby allowing the quantification
of expression variability and/or the detection of possible
population-based phenomena (e.g, bistability). We estimate
that for an experienced user image acquisition and image
analysis to characterize one promoter takes about 40 min.

On the basis of the broad host range vector pCM80,*° the
here-introduced Methylobrick vectors and the standard set of
Methylobrick promoters are functional in many different
alphaproteobacterial hosts, which enhances the molecular
toolbox for this group of organisms and enables further genetic,
biotechnological, and environmental studies. We also demon-
strated that genes integrated into the host chromosome under
the control of the newly characterized set of promoters are
actively and stably transcribed in a number of Alphaproteobac-
teria, so that chromosomal integration of Methylobrick
modules by TnS transposon delivery offers a quick and easy
method for introducing heterologous genetic elements into
alphaproteobacterial species that either do not allow stable
maintenance of plasmids or for which a continuous antibiotic
selection is not possible (e.g., Bradyrhizobium japonicum, an
important model organism for nitrogen fixation in root
nodules).

In summary, the applicability of the described Methylobrick
vectors in a variety of Alphaproteobacteria enhances the
toolbox for this metabolically diverse and biotechnologically
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relevant class of bacteria. Future adaptions of the Methylobrick
system might include the integration of the Cre—Lox system
for the targeted delivery of constructs to M. extorquens AM1*®
as well as the addition of more genetic elements, such as
different RBS modules or more promoters, to further enhance
the tunability of synthetic operons in M. extorquens and other
Alphaproteobacteria. Methylobrick plasmids pTE100 to
pTE10S5 have been made available to the community through
the Addgene plasmid repository (www.addgene.org).

B MATERIALS AND METHODS

Bacterial Strains, Culture Conditions, and Plasmid
Delivery. If not mentioned otherwise, wild-type (WT) M.
extorquens AM1* was used. For Ccr complementation assays,
the Accr mutant M. extorquens AM1 61ADH was used.* For
the overproduction of mesaconate, the AmclAl/A2 mutant of
M. extorquens AM1 was used.” E. coli DHSa was used for
construction and amplification of all plasmids used in this work.
M. extor%uens AM1 was cultured at 28 °C in minimal
medium,” supplemented with either 123.6 mM methanol,
30.8 mM succinate, or 10 mM acetate as well as 10 mM
glyoxylate, or in Nutrient Broth (NB) without additional NaCl
(Sigma-Aldrich, St. Louis, MO, USA). E. coli DHSa was
cultured in LB medium at 37 °C. When appropriate, media
were supplemented with tetracycline, kanamycin, or gentamy-
cin at a concentration of 10, 50, or 20 ug mL™} respectively.
For growth experiments, at least two independent cultures were
inoculated at an initial ODgy of 0.05 and cultured in baffled
shake flasks at 28 °C. Growth rates were determined from
exponential fits of ODgy-based growth curves using GraphPad
Prism 6 software.

Sphingomonas melonis Frl, Sphingomonas phyllosphaerae
DSM17258, Sphingomonas wittichii DSM6014, Bradyrhizobium
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japonicum 110spc4, Caulobacter crescentus CB1S, and Agro-
bacterium tumefaciens CS8 were laboratory stocks. Paracoccus
denitrificans JVZ2585 is a spontaneous rifampicin-resistant
derivative of P. denitrificans DSM413 obtained by selection
with 50 pg mL™" rifampicin.>* These strains were grown at 28
°C on solidified medium (1.5% agar) or as 30 mL cultures in
100 mL baffled flasks (with shaking at 200 rpm) in LB medium
(P. denitrificans and A. tumefaciens), NB medium (all
Sphingomonas species), PSY medium®> (B. japonicum), or
PYE medium (0.2% peptone, 0.1% yeast extract, 0.02% MgSO,-
7H,0, 0.01% CaCl,H,0; C. crescentus). Tetracycline to
maintain plasmids was added to the media in the following
concentrations (ug mL™"): 2 (C. crescentus), S (A. tumefaciens),
and 0.5 (P. denitrificans). For A. tumefaciens and C. crescentus,
electroporation was performed on a GenePulser Xcell system
(Bio-Rad) using the standard preset E. coli program. For P.
denitrificans, plasmids were delivered by conjugal transfer from
E. coli S17-1pir>* with mating on minimal medium without a
carbon source as previously described.>* Mating mixtures were
diluted and plated on LB agar plates containing tetracycline
(0.5 pg mL™!) and rifampicin (50 ug mL™") for plasmid
selection and counterselection of E. coli. Transconjugants were
reliably obtained from 10-fold dilutions of the mating mixtures.

Plasmid Construction. All plasmids used and created in
this study are presented in Table 3. All oligonucleotides are
listed in Table 4. Cloning was performed according to standard
protocols.>® Restriction enzymes and T4 DNA ligase were
obtained from NEB/Bioconcept (Allschwil, Switzerland). PCRs
were conducted with Phusion polymerase (Thermo Scientific,
Wohlen, Switzerland) following the recommendations of the
manufacturer using the protocol for GC-rich templates; in
short, 10 uL of Phusion 5X GC buffer, 5 uL 2 mM dNTPs, 12.5
uL each of 2 yuM forward and reverse primers, 0.5 xL Phusion
polymerase, up to 2.5 L DMSO, 100 ng of template DNA, and
water (to 50 uL total volume). Initial denaturation was
performed at 98 °C for S min, followed by 35 cycles of 98 °C
for 20's, 55 °C for 30 s, 72 °C for 30—60 s (60 s per 1 kb), and
a final extension at 72 °C for § min. Correct plasmid sequences
were verified by Sanger sequencing (Microsynth, Balgach,
Switzerland). Electroporation was used for plasmid delivery
into M. extorquens AMI as described previously.*®

The Methylobrick MCS was created by annealing a 1:1
mixture of oligonucleotide “lead” (5'-CAT GGA ATT CTG
TAC ATC TAG AAA TAA GAA GGA GAT ATA ATT AAT
CCATGG CAATTG AAG CTT AGATCT TGA CTA GTC
CTG CAG GTA CC-3') and “lag” (5'-GAA TTC TGT ACA
TCT AGA AAT AAG AAG GAG ATA TAA TTA ATC CAT
GGC AAT TGA AGC TTA GAT CTT GAC TAG TCC TGC
AGG TAC CTA ATT-3') by heating the mixture to 95 °C for 3
min and slowly cooling the mix to 25 °C within 3 h. This
created an insert with overhanging ends that was ligated into an
EcoRI and Pcil digested pCM80 backbone® to create pTE100
and into a similarly digested pLMOl to create pTEI10l,
respectively.

Promoter modules were created as described in the
following. pTE102 was created by excising PmxaF from
pCM80 with Vspl and HindIII and ligation into the Vspl and
HindIII digested, dephosphorylated pTE100 backbone.
pTE103 was created by digesting a synthesized DNA fragment
(Eurofins MWG Operon, Ebersberg, Germany) containing
PfumC with Xbal and HindIII and ligating this fragment in the
similarly digested pTE100 backbone. pTE104 and pTE10S
were created by amplifying the promoter fragments of PcoxB
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and Ptuf from genomic M. extorquens AM1 DNA using primer
pairs PcoxB_fwl(Xbal) and PcoxB_revl(HindIII) and
tuf fwl(Xbal) and tuf revl(HindIII), respectively. The PCR
fragments were digested with Xbal and HindIII and
subsequently cloned into the Xbal and HindIIl digested
pTE100 backbone. Promoter sequences contained in these
plasmids can be found in Supporting Information Figure 1.

Reporter modules were created as follows. All fluorescent
protein genes were amplified via PCR. GFPmut3 was amplified
from pJBA28*" using GFPmut3 fwl and GFPmut3 revl
containing restriction sites for Asel and BamHI, respectively;
mCherry was amplified from pMP7604°® using mCherry fwl
and mCherry revl containing restriction sites for Ndel and
EcoR], respectively; eYFP was amplified from pUC18T-mini-
Tn7T-Gm-eyfp®” using eYFP_fwl and eYFP revl containing
restriction sites for Ndel and EcoRI, respectively. PCR
fragments were digested with Asel and HindIII or Ndel and
EcoRI and cloned into the correspondingly digested pTE100
backbones. A DNA fragment coding for M. extorquens AMI ccr
was excised from pGS6>® by digestion with Ndel and HindIII
and cloned into pTE100 digested with Asel and HindIIL

Thereafter, isocaudomeric cloning (as explained in Figure 1)
was used to combine promoter and reporter modules to yield
functional reporter constructs and synthetic operons. To create
mini-Tn$ transposon-based delivery vectors, pTE103-mCherry,
pTE104-mCherry, and pTE10S-mCherry were used as donors
and digested with EcoRI and Kpnl to excise the promoter—
reporter insert that was ligated into the EcoRI and Kpnl
digested pAG408 vector.*” This resulted in pMRE-mini-Tn5-
promotor-fluorescent protein delivery vectors that confer
ampicillin resistance and a transposable gentamycin resistance.
E. coli S17-Apir was transformed with these constructs and
served as donor strain for two-parental mating.

Due to time constraints, plasmid pTE102-Gly containing the
glyoxylate assimilation module was created according to the
Gibson method,®® mimicking the assembly by stepwise
isocaudomeric cloning. To this end, the genes encoding for
Gdl, GarR, and GIxK were amplified from E. coli K-12 MG1655
genomic DNA with primers for Gibson assembly (see Table 4).
The vector pTE102 was digested with Spel and used as
backbone in the assembly reaction.

Two-Parental Mating for Mini-Tn5 Transposon Deliv-
ery. TnS-delivery was performed by two-parental mating. To
that end, overnight cultures of E. coli S17-Apir carrying the
respective pMRE-mini-TnS$ delivery plasmids and M. extorquens
AM1 WT were harvested by centrifugation for 15 min at 7000g
and washed in NB twice before cells were resuspended in NB.
Equivalent amounts of cells of both strains were mixed, spun
once more, and resuspended in NB to a final OD, between 10
and 20. 100 L droplets of these mixtures were pipetted onto
NB plates containing no antibiotics, and the plates were
incubated overnight at 28 °C. Cells were recovered from the
mating plates using 1 mL 10 mM MgCl,, and dilution series of
the recovered cells were plated onto minimal medium
containing gentamycin and methanol for selection of TnS
insertion events and counterselection of E. coli.

Fluorescence Microscopy and Image Analysis. Bacte-
rial cells collected from liquid cultures were fixed in 4%
paraformaldehyde as described elsewhere.’" Briefly, bacteria
were harvested by centrifugation at 12 000g for 2 min, washed
once with 1X PBS, and resuspended in one volume of 1X PBS.
Subsequently, three volumes of PBS-buffered 4% paraformal-
dehyde were added to the cells and were incubated at room
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temperature for 3 h. To remove paraformaldehyde again, cells
were washed twice with 1X PBS before they were resuspended
in one volume of 1X PBS. To allow long-term storage, one
volume of 100% ethanol was added before the cells were stored
at —20 °C in the dark. Microscopy was performed using an
AxioObserver D1 (Carl Zeiss GmbH, Oberkochen, Germany)
with attached light source X-Cite 120Q (Lumen Dynamics
Group Inc, Mississauga, Canada). GFPmut3 and eYFP
emission was visualized using Zeiss filterset 38 HE (BP 470/
40 nm/FT 495 nm/BP 525/50 nm), and mCherry was
visualized using Zeiss filterset 43 HE (BP 550/25 nm/FT 570
nm/BP 605/70 nm). Samples were spotted on gelatin-treated
10-well Teflon-coated slides (Tekdon, Myakka City, FL, USA)
in appropriate dilutions and were mounted using Citifluor AF1
antifade mounting resin (Citifluor Ltd., London, UK). Samples
were observed with a Zeiss 100X EC Plan-Neofluar oil
objective (1.3 NA, Phaco 3). Multichanneled fluorescence
and phase contrast images were acquired using an AxioCam
Mrm camera (Carl Zeiss GmbH) and the program AxioVision
4.8 (Carl Zeiss GmbH). For the observation of colonies, an
epifluorescence stereomicroscope Discovery.V8 (Carl Zeiss
GmbH), equipped with Zeiss filterset 38 HE for green
fluorescence emitting fluorophores and Zeiss filterset 14 for
red fluorescence emitting fluorophores, was used. For image
analysis, images were imported into the software Fiji as 8 bit
images.®” If necessary, phase shifts between phase contrast and
fluorescence channels were performed before the phase
contrast channel was used to create a reference mask of all
bacterial cells per image in the phase contrast channel. The
reference mask was transferred to the corresponding
fluorescence channel(s), and average gray intensity of individual
cells was determined. Background fluorescence was determined
for every individual image and was subtracted from the
determined mean gray intensity. Finally, data was normalized
against exposure time to allow comparability between different
fluorophores and microscopy settings.

5’ Rapid Amplification of cDNA Ends (5° RACE). Total
RNA of M. extorquens AM1 was purified using the RNeasy mini
kit (Qiagen) according to the manufacturer’s instructions. Total
RNA was treated with DNase I (Qiagen) prior to cDNA
synthesis. ¢cDNA synthesis and subsequent PCRs were
performed using the 5'/3' RACE kit (second generation;
Roche) according to the manufacturer’s instructions and as
described previously.®> The primers RACE_fumC/coxB/tuf 1
were used for cDNA amplification, and primers RACE_fumC/
coxB/tuf 2 and RACE fumC/coxB/tuf 3 were used for
subsequent nested PCRs (for primer sequences, see Table 4).
PCR products were gel-purified, TOPO-cloned using the
TOPO TA cloning kit (Life Technologies) according to the
manufacturer’s instructions, and sequenced (Microsynth).

Preparation of Cell Extracts and Enzyme Activity
Assays of Ccr, Gcl, GarR, and GIxK. M. extorquens AM1 WT
and 61ADH transformed with the respective plasmids were
grown on minimal medium® supplemented with succinate or
methanol and tetracycline. Exponential-phase cultures were
harvested by centrifugation, resuspended in 100 mM Tris-HCl
buffer, pH 7.8, and lysed by sonication. The crude cell extract
was centrifuged for 1 h at 20 000g to clear the lysate. Enzyme
assays were carried out on a Cary-60 UV/Vis spectropho-
tometer (Agilent) at 30 °C using quartz cuvettes (3 or 10 mm
i.d.; Hellma). Activity of Ccr in the supernatant fraction of the
lysate was assayed spectrophotometrically as described
previously.
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M. extorquens AM1 AmclA1/A2 transformed with the
plasmids pTE102 or pTE102-Gly was grown on minimal
medium supplemented with acetate, glyoxylate, tetracycline,
and kanamycin. Harvest and preparation of the cell extracts
were carried out in the same way as described for Cer assays.
Activities of Gcl and GarR were assayed in a modified coupled
spectrophotometric assay.® In short, a reaction mixture of 0.2
mL contained 50 mM phosphate buffer, pH 7.5, 1 mM MgCl,,
0.1 mM thiamine diphosphate, 0.2 mM NADH, and cell extract
containing 20 g of total protein. The reaction was started by
addition of 2 mM glyoxylate, and the oxidation of NADH was
followed at 340 nm. Gcl and GarR activities were assayed with
addition of excess purified GarR and Gcl, respectively.

Activity of GIxK was assayed in a modified coupled
spectrophotometric assay with pyruvate kinase.’® In short, a
reaction mixture of 0.2 mL contained 50 mM phosphate buffer,
pH 7.5, 10 mM MgCl, 0.5 mM ATP, 2.5 mM PEP, 3 mM
phenylhydrazine hydrochloride, 1 U purified pyruvate kinase
(Sigma-Aldrich), and cell extract containing S pg of total
protein. The reaction was started by addition of 0.5 mM
glycerate, and the formation of the phenylhydrazone derivative
of pyruvate was followed at 312 nm.

The protein content of the cell extracts was determined by
the Bradford method,”’ using BSA as a standard.

Quantification of Organic Acids. Quantification of
organic acids was performed as described previously.”® In
brief, succinic acid was added to the cell-free supernatant of
growing cultures as an internal standard, and organic acids were
separated using a Phenomenex Rezex ROA organic acid H+
(8%, 300 X 7.8 mm) column connected to a Waters Alliance
2690 HPLC system.
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