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ABSTRACT The biotechnological production of the methyl methacrylate precursor
2-hydroxyisobutyric acid (2-HIBA) via bacterial poly-3-hydroxybutyrate (PHB) overflow
metabolism requires suitable (R)-3-hydroxybutyryl coenzyme A (CoA)-specific coen-
zyme B12-dependent mutases (RCM). Here, we characterized a predicted mutase
from Bacillus massiliosenegalensis JC6 as a mesophilic RCM closely related to the
thermophilic enzyme previously identified in Kyrpidia tusciae DSM 2912 (M.-T.
Weichler et al., Appl Environ Microbiol 81:4564 – 4572, 2015, https://doi.org/10.1128/
AEM.00716-15). Using both RCM variants, 2-HIBA production from methanol was
studied in fed-batch bioreactor experiments with recombinant Methylobacterium ex-
torquens AM1. After complete nitrogen consumption, the concomitant formation of
PHB and 2-HIBA was achieved, indicating that both sets of RCM genes were success-
fully expressed. However, although identical vector systems and incubation condi-
tions were chosen, the metabolic activity of the variant bearing the RCM genes from
strain DSM 2912 was severely inhibited, likely due to the negative effects caused by
heterologous expression. In contrast, the biomass yield of the variant expressing the
JC6 genes was close to the wild-type performance, and 2-HIBA titers of 2.1 g liter�1

could be demonstrated. In this case, up to 24% of the substrate channeled into
overflow metabolism was converted to the mutase product, and maximal combined
2-HIBA plus PHB yields from methanol of 0.11 g g�1 were achieved. Reverse
transcription-quantitative PCR analysis revealed that metabolic genes, such as meth-
anol dehydrogenase and acetoacetyl-CoA reductase genes, are strongly downregu-
lated after exponential growth, which currently prevents a prolonged overflow
phase, thus preventing higher product yields with strain AM1.

IMPORTANCE In this study, we genetically modified a methylotrophic bacterium in
order to channel intermediates of its overflow metabolism to the C4 carboxylic acid
2-hydroxyisobutyric acid, a precursor of acrylic glass. This has implications for bio-
technology, as it shows that reduced C1 substrates, such as methanol and formic
acid, can be alternative feedstocks for producing today’s commodities. We found
that product titers and yields depend more on host physiology than on the activity
of the introduced heterologous function modifying the overflow metabolism. In ad-
dition, we show that the fitness of recombinant strains substantially varies when
they express orthologous genes from different origins. Further studies are needed to
extend the overflow production phase in methylotrophic microorganisms for the im-
plementation of biotechnological processes.
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To entirely replace petrochemical processes relying on fossil resources in the near
future, the development of a biology-based economy involving the production of

industrial bulk chemicals by genetically engineered microorganisms becomes increas-
ingly important. In this connection, key platform chemicals producible in commercial-
ized microbial fermentation processes have been announced, including succinic acid,
lactic acid, 3-hydroxypropionic acid, and ethanol (1, 2). However, due to the discovery
of 2-hydroxyisobutyryl coenzyme A (CoA) mutase (HCM) (3, 4), 2-hydroxyisobutyric acid
(2-HIBA), a hydroxylated carboxylic acid containing a tertiary carbon atom, is a further
building block with a high potential for use in industry. HCM was originally found
in Aquincola tertiaricarbonis L108, a bacterial strain capable of degrading the fuel
oxygenate methyl tert-butyl ether (5). It was classified as a coenzyme B12-dependent
acyl-CoA mutase and shown to specifically isomerize 3-hydroxybutyryl-CoA into
2-hydroxyisobutyryl-CoA (3). On the basis of this reaction, the polyhydroxybutyrate
(PHB) pathway, a prevalent overflow metabolic pathway of bacteria (6), could be
employed for biotechnological 2-HIBA production (7). In this pathway (Fig. 1), the
common metabolite acetyl-CoA is converted into (R)-3-hydroxybutyryl-CoA by beta-
ketothiolase (PhaA) and NADPH-dependent acetoacetyl-CoA reductase (PhaB). Then,
instead of the ensuing polymerization step catalyzed by PHB polymerase (PhaC), HCM
can generate 2-hydroxyisobutyryl-CoA, which is subsequently cleaved by intracellular
thioesterases and excreted as 2-HIBA. The latter can readily be converted into methyl
methacrylate, the precursor of poly-methyl methacrylate. This compound has a market
size of more than 3 million tons per year, as it can be used for the production of acrylic
glass, coating materials, and inks (1, 7). Therefore, 2-HIBA has emerged as a target
product of biorefinery processes.

As a proof of principle, production of 2-HIBA by Cupriavidus necator H16 strains
expressing HCM genes has already been demonstrated with fructose, butyric acid, or
carbon dioxide plus knallgas as the substrates (8–11). However, product yields were
very low in these early studies, an observation that was subsequently ascribed to the
fact that HCM from Aquincola tertiaricarbonis L108 is highly specific for (S)-3-
hydroxybutyryl-CoA and thus poorly compatible with the PHB cycle (3). In the search for
an (R)-3-hydroxybutyryl-CoA-specific coenzyme B12-dependent mutase (RCM), a candi-
date isolated from the thermophilic knallgas bacterium Kyrpidia tusciae DSM 2912 was
characterized and could indeed be shown to favor the (R)-isomer (12). After the
concomitant heterologous expression of the PhaA, PhaB, and RCM genes, the formation
of 2-HIBA could be successfully demonstrated in Escherichia coli strains, but the final
titers did not exceed 70 mg liter�1. As the level of production of (R)-3-hydroxybutyric
acid was much higher in these strains, it was concluded that the thermophilic character
of the mutase impedes higher 2-HIBA yields. In this connection, a potentially mesophilic
RCM candidate was found in the bacterium Bacillus massiliosenegalensis JC6, which was
reported to grow well at 37°C (13). This enzyme and the RCM from K. tusciae DSM 2912
share 78.2%, 77.4%, and 52.8% sequence identity with the large substrate-binding
mutase subunit RcmA, the small coenzyme B12-binding subunit RcmB, and the asso-
ciated putative G protein chaperone MeaH, respectively (12). Furthermore, the RCM
genes are arranged in an identical operonic structure. In the case of strain JC6, it
remains to be tested if the putative mutase really shows the expected catalytic
properties.

One major disadvantage of most biotechnological production processes is the
primary employment of sugar substrates (1), thereby being in a conflict with food and
fodder production. More dispensable substrates, for instance, C1 compounds, such as
CO2, formic acid, and methanol, appear to be promising alternatives. A strong potential
has long since been attributed especially to methanol, owing to its physical properties,
which make it convenient for handling and transport; a relatively low and stable price;
and a potentially sustainable means of production from wood, agricultural waste
materials, and biogas (14–16). Furthermore, a variety of microorganisms, referred to
as methylotrophs, are able to grow on methanol as the sole source of carbon and
energy (17). A well-studied representative is Methylobacterium extorquens AM1, a
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pink-pigmented, aerobic alphaproteobacterium first identified in 1961 (18). This
model methylotroph has already been applied for the synthesis of industry-relevant
products, for example, mevalonic acid, mesaconic acid, and methylsuccinic acid, from
methanol (19, 20). The exceptional metabolism of this bacterium was not completely
elucidated until recently (21, 22). Aside from the serine cycle used for assimilation of
methanol via methylene-tetrahydrofolate, M. extorquens AM1 was shown to employ the
ethylmalonyl-CoA (EMC) pathway to regenerate metabolic intermediates (23). This
includes the reactions of PhaA and PhaB, which overlap the PHB pathway (Fig. 2).
(R)-3-Hydroxybutyryl-CoA is then transformed over a series of CoA thioester derivatives,
requiring the activity of two B12-dependent acyl-CoA mutases (i.e., ethylmalonyl-CoA
mutase and methylmalonyl-CoA mutase) and thus the endogenous synthesis of coen-
zyme B12 (24). Due to these metabolic properties, strain AM1 seems to be a suitable
candidate for 2-HIBA production via RCM.

In order to establish a biotechnological 2-HIBA production route via the bacterial
PHB overflow metabolism, we characterized a putative acyl-CoA mutase from B. massi-
liosenegalensis JC6. Although its biochemical properties are quite similar to those of the
thermophilic RCM previously found in strain K. tusciae DSM 2912 (12), the new RCM
possesses a mesophilic temperature optimum. Both RCM variants could be heterolo-
gously expressed in strain M. extorquens AM1, allowing the investigation of 2-HIBA
production from methanol in controlled fed-batch bioreactor experiments. To evaluate
the performance of recombinant strains, fermentation experiments were accompa-
nied by reverse transcription (RT)-quantitative PCR (qPCR) analysis for the RCM
genes as well as for various metabolic genes of the dissimilatory and assimilatory
pathways of strain AM1.

RESULTS
Kinetic parameters of purified RCMBmas. After heterologous expression of the

putative mutase genes rcmA and rcmB from strain JC6 in E. coli ArcticExpress and
purification via affinity chromatography, the molecular weight and purity of the pro-
teins were controlled via sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (see Fig. S1 in the supplemental material). Following the assembly of

FIG 1 Acyl-CoA mutase-dependent synthesis route for biotechnological production of 2-hydroxyisobutyric
acid (2-HIBA) using the polyhydroxybutyrate (PHB) pathway and chemical conversion into poly-methyl
methacrylate. PhaA, beta-ketothiolase; PhaB, acetoacetyl-CoA reductase; PhaC, PHB synthase.
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both subunits in activity assays, the enzyme could be shown to convert the
acyl-CoA substrate 2-hydroxyisobutyryl-CoA as well as the substrates (R)- and (S)-3-
hydroxybutyryl-CoA. The pH optimum obtained with 2-hydroxyisobutyryl-CoA was
found to be 7.8, equal to that of the RCM of K. tusciae DSM 2912 (RCMKtus) (Fig. S2A).
The optimum temperature was 35°C, with the specific activity being reduced by about
40 and 80% at 20 and 50°C, respectively (Fig. S2B). Therefore, the RCM from B.
massiliosenegalensis JC6 (RCMBmas) was considered to be mesophilic. Subsequently, the
values of the kinetic parameters for all three acyl-CoA substrates were determined at
35°C (Table 1) and compared to the values of the kinetic parameters for RCMKtus

previously obtained at 55°C (12). Likely due to the different thermal adaptation, with
the activity being about 220 nmol min�1 mg�1 for both (R)-3-hydroxybutyryl- and

FIG 2 Part of the metabolism of M. extorquens AM1, including the oxidation of methanol, the serine cycle, and the
ethylmalonyl-CoA (EMC) pathway overlapping the PHB pathway. The conversion of (R)-3-hydroxybutyryl-CoA into
PHB or 2-hydroxyisobutyryl-CoA by heterologously expressed (R)-3-hydroxybutyryl-CoA-specific coenzyme B12-
dependent mutase is indicated. MxaF, methanol dehydrogenase; H4F, tetrahydrofolate; H4MPT, tetrahydrometha-
nopterin; MtdB, methylene-H4MPT dehydrogenase; MtdA, methylene-H4F dehydrogenase; FDH, formate dehydro-
genase; GlyA, serine hydroxymethyl transferase; PhaA, beta-ketothiolase; PhaB, acetoacetyl-CoA reductase; CroR,
crotonase; ECM, ethylmalonyl-CoA mutase; MCM, methylmalonyl-CoA mutase; PhaC, PHB synthase; RcmAB, (R)-3-
hydroxybutyryl-CoA-specific mutase; MeaH, G protein chaperone associated with RcmAB; TCC, tricarboxylic acid
cycle; QH2, reduced quinone; cyt c (red), reduced cytochrome c.

TABLE 1 Kinetic parameters for RCMBmas and RCMKtus determined at optimum
temperaturesb

Enzyme Substrate
Vmax

(nmol min�1 mg�1)
Km

(�M)
kcat

(min�1)
kcat/Km

(mM�1 min�1)

RCMBmas (R)-3-Hydroxybutyryl-CoA 222 � 6.1 69 � 9.9 18 � 0.5 264 � 39
2-Hydroxyisobutyryl-CoA 218 � 8.3 162 � 25 18 � 0.7 111 � 18
(S)-3-Hydroxybutyryl-CoA 62 � 1.9 249 � 28 5.2 � 0.2 20 � 2.4

RCMKtus
a (R)-3-Hydroxybutyryl-CoA 3,530 � 40 87 � 3.0 293 � 3.3 3,360 � 135

2-Hydroxyisobutyryl-CoA 2,640 � 99 90 � 13 219 � 8.2 2,430 � 361
(S)-3-Hydroxybutyryl-CoA 1,130 � 78 313 � 88 94 � 6.5 300 � 87

aValues were determined previously (12).
bThe optimum temperatures were 35°C and 55°C for RCMBmas and RCMKtus, respectively.
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2-hydroxyisobutyryl-CoA and the activity for (S)-3-hydroxybutyryl-CoA being more than
3.5-fold lower, the Vmax values of the mesophilic RCMBmas were approximately 1 order
of magnitude lower than those of RCMKtus. The Km values, on the other hand, were in
similar ranges between about 70 and 300 �M, and for both enzymes they were equally
3.6 times higher for (S)-3-hydroxybutyryl-CoA than for (R)-3-hydroxybutyryl-CoA. Ac-
cordingly, RCMBmas and RCMKtus prefer the (R)-enantiomer over the (S)-enantiomer with
13- and 11-fold efficiencies, respectively. The values of the kinetic parameters for
2-hydroxyisobutyryl-CoA were between those of the 3-hydroxybutyryl-CoA stereoiso-
mers.

2-HIBA production in M. extorquens AM1 transformed with different plasmids.
DNA fragments encoding the mutase subunits RcmA and RcmB and the putative G
protein chaperone MeaH of K. tusciae DSM 2912 and B. massiliosenegalensis JC6 were
cloned into different expression vectors (see Fig. S3 and the supplemental material for
the DNA sequence alignments as well as the codon-optimized sequences in GenBank
format). Apart from the original sequence of the three genes of strain DSM 2912 in their
operonic order (meaH-rcmA-rcmB), two codon-optimized sequences of both strains
were generated by replacing rarely used codons of M. extorquens and E. coli. For
heterologous expression, we chose the broad-host-range vector pBBR1MCS-3 carrying
a lac promoter (25), and pCM80, which was especially designed for methylotrophic
strains and contains Plac as well as PmxaF, the promoter of the methanol dehydrogenase
gene mxaF of strain AM1 (26). The M. extorquens AM1 wild-type strain was transformed
with the respective pBBR1MCS-3 and pCM80 variants listed in Table 2 and grown on
methanol in shaking flasks. All recombinant strains accumulated 2-HIBA at concentra-
tions ranging from 50 to 200 mg liter�1 (Fig. 3 and S4), indicating that the RCM genes
were successfully expressed from both vector types tested. However, differences in
performance could hardly be assigned to either the pCM80 or the pBBRMCS-3 variant
or to the usage of codon-optimized or original sequences. Rather, the origin of the RCM
genes seemed to be important, as the average final concentrations of 2-HIBA in cultures
expressing the RCMBmas variants were about 2-fold higher than those in cultures
expressing the RCMKtus genes. The highest titers for each RCM variant were obtained
with pBBR1MCS-3 [meaH-rcmA-rcmB]Bmas codon-optimized and pBBR1MCS-3 [meaH-rcmA-
rcmB]Ktus codon-optimized, reaching concentrations of 230 and 130 mg liter�1, respec-
tively.

Fed-batch bioreactor experiments with recombinant M. extorquens AM1. The
performance of recombinant AM1 strains was also assessed under more controlled
conditions in fed-batch bioreactor experiments. To induce PHB overflow metabolism,
the methanol feed was adjusted to maintain excess carbon conditions, while only a
limited amount of 5 g liter�1 of (NH4)2SO4, corresponding to about 1 g liter�1 of
nitrogen, was supplied. Thus, after complete nitrogen consumption, the cells were
expected to produce PHB as well as 2-HIBA. For these experiments, the M. extorquens
AM1 strains transformed with pBBR1MCS-3 [meaH-rcmA-rcmB]Bmas codon-optimized and
pBBR1MCS-3 [meaH-rcmA-rcmB]Ktus were chosen. Interestingly, cultivation proceeded
quite differently (Fig. 4). The RCMBmas variant grew exponentially for about 50 h and
then nearly linearly for another 20 h before maximal biomass concentrations were
attained. In contrast, with the RCMKtus variant, exponential growth was observed only
within the first 40 h. Afterwards, the growth rate decreased continuously and maximal
biomass values were not reached until 100 h. By analyzing the off-line and online data,
i.e., the stirring rate and the amount of base added, the total fermentation process
could be roughly divided into a nitrogen-dependent growth phase, a PHB production
phase, and a stationary phase (Fig. 4). The complete nitrogen consumption after about
50 and 75 h for the RCMBmas and RCMKtus variants, respectively, marked the beginning
of the 40- to 50-h lasting PHB production phase, subsequently followed by the
stationary phase. Finally, after a total time span of 7 and 8 days for the RCMBmas and
RCMKtus variants, respectively, the biomass concentrations started to decline and the
experiments were terminated.

Production of 2-Hydroxyisobutyric Acid from Methanol Applied and Environmental Microbiology

February 2017 Volume 83 Issue 3 e02622-16 aem.asm.org 5

http://aem.asm.org


To compare the different performance characteristics of the two culture variants in
more detail, the specific growth and product formation rates and the maximal product
concentrations as well as the respective yields from methanol were calculated (Table 3).
These data clearly show that the RCMKtus culture was severely inhibited. Only the
specific growth rates in the exponential phase were quite similar for both strains tested.
The corresponding maximal biomass yields, however, were already 1.7-fold lower in the
RCMKtus variant, and maximal biomass and PHB values, reached after the PHB produc-

TABLE 2 Bacterial strains, plasmids, and primers used in this study

Strain, plasmid, or primer Characteristics or sequence Reference or source

Strains
E. coli ArcticExpress (DE3) F� ompT hsdSB(rB

� mB
�) dcm Tetr gal endA hte [cpn10

cpn60 Gentr] �(DE3)
Agilent

Methylobacterium extorquens AM1 DSM 1338, wild type DSMZ

Plasmids
pBBR1MCS-3 Expression vector, Plac Tetr 25
pCM80 Expression vector, Plac PmxaF Tetr 26
pASG-IBA43 Expression vector, tetA promoter, Ampr IBA, Goettingen, Germany
pET-16b Expression vector, T7 promoter, Ampr Novagen
pBBR1MCS-3 [meaH-rcmA-rcmB]Ktus meaH-rcmA-rcmB from K. tusciae DSM 2912 inserted into

pBBR1MCS-3
12

pBBR1MCS-3 [meaH-rcmA-rcmB]Ktus codon-optimized meaH-rcmA-rcmB from K. tusciae DSM 2912 generated via
gene synthesis and inserted into pBBR1MCS-3

This study

pBBR1MCS-3 [meaH-rcmA-rcmB]Bmas codon-optimized meaH-rcmA-rcmB from B. massiliosenegalensis JC6 generated
via gene synthesis and inserted into pBBR1MCS-3

This study

pCM80 [meaH-rcmA-rcmB]Ktus meaH-rcmA-rcmB from K. tusciae DSM 2912 inserted into
pCM80

This study

pCM80 [meaH-rcmA-rcmB]Ktus codon-optimized meaH-rcmA-rcmB from K. tusciae DSM 2912 generated via
gene synthesis and inserted into pCM80

This study

pCM80 [meaH-rcmA-rcmB]Bmas codon-optimized meaH-rcmA-rcmB from B. massiliosenegalensis JC6 generated
via gene synthesis and inserted into pCM80

This study

pASG-IBA43 [rcmA]Bmas codon-optimized rcmA from pBBR1MCS-3 [meaH-rcmA-rcmB]Bmas codon-optimized

inserted into pASG-IBA43
This study

pET-16b [rcmB]Bmas codon-optimized rcmB from pBBR1MCS-3 [meaH-rcmA-rcmB]Bmas codon-optimized

inserted into pET-16b
This study

Primers
rcmA_Bmas_f 5=-AGC GGC TCT TCA ATG ACC AAG GCT AAC GTG AAC-3= This study
rcmA_Bmas_r 5=-AGC GGC TCT TCT CCC CGC GAG CGG GAA CTG CC-3= This study
NdeI_rcmB_Bmas_f 5=-ATA TCA TAT GCA GGT CAA GGT GGT CAT G-3= This study
BamHI_rcmB_Bmas_r 5=-ATA TGG ATC CTT ACC CGA TCT TCT TCC CCA C-3= This study
q_mxaF_Mex_f 5=-CGA CTT GAA CAC GTT GAC CG-3= This study
q_mxaF_Mex_r 5=-GAA GCC AAG TTC GGC TAC CA-3= This study
q_glyA_Mex_f 5=-GAG ATC GAG CTG ATC GCG T-3= This study
q_glyA_Mex_r 5=-CTG AAT TCG GCT GCA CGT TG-3= This study
q_phaB_Mex_f 5=-ATT ACG GCG GAA ACG ACG AG-3= This study
q_phaB_Mex_r 5=-ATC GAG TCG AGG TTG GTG C-3= This study
q_croR_Mex_f 5=-GAT CGC AAC CCG ATC CAC C-3= This study
q_croR_Mex_r 5=-CCT CGA CCT TCA CCT CGA C-3= This study
q_recA_Mex_f 5=-GTT CTT GAC GAC CTT GAC GC-3= This study
q_recA_Mex_r 5=-AAG CTC ACC GGT TCG ATC TC-3= This study
q_rpoD_Mex_f 5=-GGT TGG TGT ACT TCT TGG CG-3= This study
q_rpoD_Mex_r 5=-GGA AGA ACT TCG TGG AGC GT-3= This study
q_meaH_Ktus_f 5=-CCG CAA AAC TCT CCA AAC GG-3= This study
q_meaH_Ktus_r 5=-CAC TTC TTT CCC GTA GGC GT-3= This study
q_rcmA_Ktus_f 5=-GGA TTC GGA ACT CCG GAA GA-3= This study
q_rcmA_Ktus_r 5=-CTG ATC GAT GGG GAT TCC GT-3= This study
q_rcmB_Ktus_f 5=-TGT TCC CCG AAC AGA TCG TC-3= This study
q_rcmB_Ktus_r 5=-CGA ACA CTT CAG CGA TTC CC-3= This study
q_meaH_Bmas_f 5=-CGA CGA GCA TCG AAA TCC TG-3= This study
q_meaH_Bmas_r 5=-ACA CAT TCG ACA GAC CCG AC-3= This study
q_rcmA_Bmas_f 5=-GGA TAT GGA ACG CCG GAA GA-3= This study
q_rcmA_Bmas_r 5=-CGG GAT CCC ATC ATA AAG CG-3= This study
q_rcmB_Bmas_f 5=-TTC CCG GAA CAG ATC GTG G-3= This study
q_rcmB_Bmas_r 5=-CGA ACA CTT CAG CGA TTC CG-3= This study
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tion phase, were even reduced 2.5- and 3-fold, respectively. Likewise, final 2-HIBA titers
of about 2.1 g liter�1 were obtained with the RCMBmas variant, corresponding to an
amount 5-fold larger than that produced by the AM1 strain expressing the RCMKtus

genes. In addition, the better performance of the RCMBmas variant became obvious
from all other parameters calculated, such as total biomass and product yields and
maximal product formation rates (Table 3). With values of 0.087 and 0.027 g g�1,
respectively, the best PHB and 2-HIBA yields were obtained in the PHB production
phase directly after complete nitrogen consumption. This means that about 24% of the
methanol channeled to the PHB overflow metabolism could be converted into 2-HIBA.

RCM activity in recombinant M. extorquens AM1. To elucidate the differences in
growth and 2-HIBA production of the recombinant M. extorquens AM1 strains studied
in the fed-batch bioreactor experiments, the specific RCM activities in crude extracts
from fermentation samples taken at different time intervals were determined. The
respective enzyme assays were not performed at the optimum temperatures of the
mutases but were performed at the cultivation temperature of 30°C. Thereby,
the specific activities of RCMBmas were observed to be substantially higher than those
of RCMKtus (Fig. 5). The maximum value (20.7 nmol min�1 mg�1) was even twice as high
(9.7 nmol min�1 mg�1), and a shift with time could be detected. The specific activity
of RCMBmas was already quite high at 48 h and increased to its maximal value at 72 h
before it started to decline. RCMKtus, on the other hand, showed a slight increase from
48 h to 72 h, reached a maximum at 96 h, and subsequently decreased. This behavior
corresponds to the generally slower growth of M. extorquens AM1 expressing RCMKtus

genes (Fig. 4). However, both strains equally exhibited the highest specific activity
within the PHB production phase, and during stationary phase, the activities decreased
to about 50% of the maximal value.

Expression of metabolic and RCM genes in recombinant M. extorquens AM1. In
addition to the investigations described above, an expression analysis via RT-qPCR was
expected to deliver valuable information concerning overflow metabolism and 2-HIBA
production in recombinant M. extorquens AM1. Therefore, not only the RCM genes but
also genes of key enzymes involved in the metabolism of M. extorquens (Fig. 2) were

FIG 3 Shaking-flask experiments for testing the growth and product formation of M. extorquens AM1
strains transformed with different expression vectors and RCM gene clusters. Final optical density values
and 2-hydroxyisobutyric acid titers after 7 days of incubation are shown. Data represent mean values and
standard deviations from at least four independent experiments (see also Fig. S4 in the supplemental
material). OD 700, optical density measured at 700 nm as an indicator of biomass increase; 2-HIBA,
2-hydroxyisobutyric acid concentration in culture supernatant; pBBR1, expression vector pBBR1MCS-3;
pCM80, expression vector pCM80; RCMKtus, vector insert [meaH-rcmA-rcmB]Ktus; RCMKtus codon opti-
mized, vector insert [meaH-rcmA-rcmB]Ktus with a codon-optimized sequence; RCMBmas codon optimized,
vector insert [meaH-rcmA-rcmB]Bmas with a codon-optimized sequence.
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considered. As such, we chose the genes for the methanol dehydrogenase (mxaF), the
serine hydroxymethyl transferase (glyA), the acetoacetyl-CoA reductase (phaB), and the
crotonase (croR). Additionally, two reference genes encoding recombinase A (recA) and
the RNA polymerase sigma factor (rpoD) were applied for relative quantification of the
qPCR data. Respective primers for the target and reference genes yielding PCR frag-
ments of 200 to 250 bp in size were designed (Table 2). For RT-qPCR, whole cellular RNA
from fermentation samples of M. extorquens AM1 transformed with the RCMBmas or
RCMKtus genes was isolated, and the first samples taken after 24 h were chosen as a

FIG 4 Course of fed-batch bioreactor experiments of M. extorquens AM1 transformed with pBBR1MCS-3 [meaH-rcmA-rcmB]Bmas codon-optimized (A)
and pBBR1MCS-3 [meaH-rcmA-rcmB]Ktus (B). The concentrations of biomass, 2-HIBA, PHB, and nitrogen were determined from fermentation
samples, as indicated, and the amount of cumulative methanol consumption was calculated from the amount of methanol added and the residual
methanol concentration within each sample. Online data for the stirring rate and the amount of base added during fermentation are shown
exemplarily for single experiments. All other data represent values and standard deviations from at least three independent experiments. The
different phases of the fermentations (nitrogen-dependent growth, PHB production phase, stationary phase) are indicated.
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control, which was given a value of 1 and to which the level of expression of each gene
was normalized to provide an expression ratio (Fig. 6). Compared to the regulation of
genes in these samples acquired during exponential growth, only a few genes were
upregulated within the following fermentation phases. Instead, with an increase in
cultivation time, the majority of target genes showed a decrease in the expression ratio.
Especially in the case of RCMBmas, the expression of mxaF, glyA, phaB, and croR declined
strongly after complete nitrogen consumption at 52 h. The most severe decrease
affected phaB, whose expression ratio dropped to 0.02 after 96 h and 170 h. meaH,
rcmA, and rcmB, on the other hand, showed an up to 4.8-fold increase in expression
ratio within the PHB production phase from 52 h to 72 h. However, during stationary
phase, the expression ratios of these genes also decreased about 2- to 5-fold, similar to
the expression ratios of the metabolic genes of M. extorquens. The expression results for
RCMKtus looked slightly different. Here again it became very obvious that the PHB
production phase was delayed by about 24 h. At 48 h as well as at 68 h, the expression
ratio of all target genes was quite similar to that for the first sample. After nitrogen
consumption at 76 h, the metabolic genes of M. extorquens seemed to be downregu-
lated, whereas the expression ratios of meaH, rcmA, and rcmB increased up to 2-fold.

TABLE 3 Fermentation product concentrations, formation rates, and yields of M.
extorquens AM1 expressing different RCM variantsa

Characteristic

Value for:

RCMBmas RCMKtus

Maximum specific growth rate (h�1) 0.139 � 0.010 0.131 � 0.011
Maximum biomass yield (g g�1) 0.317 � 0.059 0.192 � 0.017
Maximum biomass concn (g liter�1) 11.67 � 1.20 4.60 � 1.01
Maximum PHB concn (g liter�1) 3.25 � 0.45 1.09 � 0.32
Maximum 2-HIBA concn (g liter�1) 2.07 � 0.32 0.37 � 0.07
Total biomass yield (g g�1) 0.109 � 0.008 0.076 � 0.007
Total PHB yield (g g�1) 0.045 � 0.004 0.019 � 0.003
Total 2-HIBA yield (g g�1) 0.022 � 0.003 0.006 � 0.001
Maximum PHB formation rate (g liter�1 h�1) 0.168 � 0.030 0.032 � 0.005
Maximum 2-HIBA formation rate (g liter�1 h�1) 0.037 � 0.002 0.008 � 0.002
PHB yield, PHB production phase (g g�1) 0.087 � 0.004 0.025 � 0.002
2-HIBA yield, PHB production phase (g g�1) 0.027 � 0.001 0.007 � 0.001
Yield of 2-HIBA � PHB, PHB production phase (g g�1) 0.114 � 0.004 0.032 � 0.002
aTotal yields (per methanol molecule consumed) were determined when strains attained the highest biomass
concentrations, i.e., after 4 days in the case of RCMBmas and after 7 days in the case of RCMKtus. Values are
means and standard deviations from at least three independent experiments.

FIG 5 RCM activity determined in crude extracts from samples taken at different time points during
fermentation of M. extorquens AM1 transformed with pBBR1MCS-3 [meaH-rcmA-rcmB]Bmas codon-optimized

(RCM Bmas) and pBBR1MCS-3 [meaH-rcmA-rcmB]Ktus (RCM Ktus). Mutase assays were conducted at pH
7.8 and 30°C by applying 200 �M (R)-3-hydroxybutyryl-CoA as the substrate and a protein concentration
of 0.4 mg ml�1. Mean values and standard deviations from three independent experiments are shown.
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phaB again showed the strongest decline, with an expression ratio of 0.07 after 170 h.
All in all, these data give an interesting insight into the gene expression of strain AM1
during cultivation on methanol as well as under conditions of nitrogen limitation.
During fermentation, the absolute numbers of rcm transcripts of the RCMBmas or
RCMKtus genes did not change notably and were in the same range (Fig. S5), indicating
constitutive expression from the pBBR1MCS-3 vectors that was equally strong in both
variants.

DISCUSSION

In the search for suitable mutases for the production of the building block chemical
2-HIBA via the PHB precursor (R)-3-hydroxybutyryl-CoA, we characterized a predicted
B12-dependent mutase from B. massiliosenegalensis JC6 as a mesophilic RCM closely
related to the thermophilic mutase from K. tusciae DSM 2912. Despite the conserved
biochemical properties of both enzymes and although identical vector systems and
fermentation conditions were used, heterologous expression of the corresponding
RCMBmas and RCMKtus genes in M. extorquens AM1 on methanol led to substantially
different biomass yields and 2-HIBA titers of about 2.1 and 0.4 g liter�1, respectively,
suggesting that RCMBmas is more compatible with the metabolism of this strain.

As already proposed from sequence analysis classifying it as an RCM-like enzyme
(12), the newly characterized mutase from strain JC6 catalyzes the isomerization of
2-hydroxyisobutyryl- and 3-hydroxybutyryl-CoA esters with catalytic efficiency ratios in
the same range as those previously found for the RCM from the thermophilic strain
DSM 2912. Consequently, both enzymes equally favor the (R)-enantiomer above the
(S)-enantiomer of 3-hydroxybutyryl-CoA. Nevertheless, we clearly characterized RCMBmas as
a mesophilic enzyme showing a temperature optimum of 35°C, while RCMKtus has its
activity maximum at 55°C (12). This thermal adaptation may be caused by various
molecular mechanisms, such as the number of salt bridges and hydrophobic interac-
tions (27). In particular, the flexibility of surface-exposed loops may be crucial, as has
been recently demonstrated for esterases with conserved biochemical properties but
substantially different temperature optima (28). However, without structure models for
the RCM enzymes precisely describing the position and interaction of all loops and
other structure elements and due to the lack of general models for the prediction of the
thermal stability of proteins (28), we are currently not able to explain the observed
differences.

FIG 6 RT-qPCR results for M. extorquens AM1 transformed with pBBR1MCS-3 [meaH-rcmA-
rcmB]Bmas codon-optimized (A) and pBBR1MCS-3 [meaH-rcmA-rcmB]Ktus (B). For qPCR analysis, total cellular
RNA from fermentation samples was isolated and transcribed into cDNA. The given values indicate the
relative ratio of expression of the respective gene with reference to that in the first fermentation sample
taken after 24 h. Data represent mean values from three independent experiments.
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By introducing the RCM genes into M. extorquens AM1, the production of 2-HIBA
from methanol could be demonstrated with both broad-host-range expression vector
systems, pCM80 and pBBR1MCS-3, under PmxaF and Plac control, respectively. Obviously,
although it has been reported several times that heterologous expression in M.
extorquens strains is much stronger when it is controlled by PmxaF than when it is
controlled by Plac (26, 29–31), the transcript levels of the RCM genes in all recombinant
strains were sufficiently high to generate substantial RCM activities in our case. More
importantly, transformation with pBBR1MCS-3 resulted in slightly higher 2-HIBA titers
than transformation with the pCM80 expression system. This clearly demonstrates that
not only transcription but also posttranscriptional processes, such as translation, pro-
tein folding, and cofactor binding, may be critical for creating a heterologous function.
In line with this, it has recently been shown that both PmxaF- and Plac-controlled
expression of the alcohol dehydrogenase AdhE2 gene from Clostridium acetobutylicum
in strain AM1 resulted in nearly identical corresponding butanol and butyraldehyde
oxidation rates (32). Consequently, for each new metabolic gene, not only expression
levels but also enzyme activities and the impact on fitness have to be tested. Therefore,
besides PmxaF and Plac, a couple of other promoters with different strengths are already
available for heterologous expression in strain AM1 (32, 33). In addition, inducible
vectors allowing titratable activation of promoters have been developed (34).

In order to study the performance of the different RCM enzymes in more detail, we
chose the strains expressing either the RCMKtus or RCMBmas genes via the pBBR1MCS-3
vector for fed-batch bioreactor experiments, allowing strict control of the fermentation
conditions and nutrient supply. As expected, with both strains the highest rates of
2-HIBA production were achieved within the PHB production phase. However, with cells
expressing the RCMKtus gene, metabolic activity was substantially inhibited, leading to
up to 3-fold reduced final amounts of biomass and PHB compared to those achieved
with the RCMBmas variant. More seriously, RCM activities were likewise affected, result-
ing in substantially lower 2-HIBA titers. Under similar cultivation conditions (with 1 g
liter�1 nitrogen as ammonia in the medium), we routinely obtained about 15 to 17 g
liter�1 biomass and cellular PHB and nitrogen contents close to 37% and 6%, respec-
tively, with wild-type strain AM1 (35). This indicates that the RCMBmas variant already
shows slight growth inhibition, resulting in maximal biomass values of only 12 g liter�1

and deduced cellular nitrogen values of about 8%. Obviously, in both recombinant
strains the ability to adapt to nitrogen limitation by PHB production and recycling
of cellular components, e.g., by ribophagy (36), is substantially decreased.

Generally, heterologous expression could represent a substantial metabolic burden
for the host (37), and several measures, such as antibiotic-free plasmid maintenance
and tuning of expression levels, have been proposed to mitigate this effect (38). However,
as both engineered strains possess identical expression vectors with similar insert
lengths (3,141 and 3,084 bp for the RCMBmas and RCMKtus variants, respectively) and
were incubated under the same conditions, the remarkably low growth and product
yields of the RCMKtus culture are somewhat surprising. The inhibitory effect seems to
be rather caused directly by the heterologous proteins. However, neither in the
RCMBmas nor in the RCMKtus variant were we able to detect abnormal protein
aggregates via SDS-PAGE (data not shown). In addition, a toxicity of the mutase
proteins has not been previously observed when the RCMKtus genes are expressed
in E. coli BL21 via the pBBR1MCS-3 vector (12). Likewise, similar inhibitory effects of
heterologous proteins have not been reported in most studies on recombinant AM1
(26, 32, 39–41) or other M. extorquens strains (29–31). In contrast, Chou and
coworkers (42) found that rates of expression of a nonorthologous formaldehyde
oxidation pathway in strain AM1 that were too high led to a growth rate that was
one-third that of the wild type. In addition, the physiological problems caused by
overexpression resulted in cells of increased length and aberrant morphology.
However, as the expression levels of RCM genes were quite similar for both variants
and the cells did not show any aberrant morphology (see Fig. S5 and S6 in the
supplemental material), the reduced metabolic activity observed in our case was
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obviously not related to a typical protein expression burden. In summary, although
we do not yet have any conclusive explanation, our results indicate that the RCM
proteins from strain JC6 seem to be more compatible with AM1 metabolism,
suggesting that already closely related protein variants might have substantially
different effects on metabolic activity when heterologously expressed.

Subsequent to nitrogen consumption, in both cultures the levels of transcription of
genes encoding several key enzymes of AM1 metabolism, i.e., MxaF, GlyA, PhaB, and
CroR (Fig. 2), strongly decreased within the PHB production and stationary phases.
Depending on protein turnover rates, the lower levels of expression will affect corre-
sponding enzyme activities and downregulate the whole metabolism in the end. Most
importantly for 2-HIBA production, provision of (R)-3-hydroxybutyryl-CoA as the sub-
strate for PhaC and RCM was likely steadily reduced while cultivation continued. In line
with this, PHB was not produced anymore in the stationary phase, and although the
expression of the RCM genes was kept at levels higher than the levels of expression of
the above-mentioned metabolic genes, only small amounts of 2-HIBA were still pro-
duced at that time. This restriction is apparently not due to cellular limitations, as the
PHB content did not exceed 29%, which is clearly below the maximal values of up to
42% attained with the AM1 wild type (43). Rather, there must be a yet unknown
mechanism of regulation resulting in a time-dependent termination of the overflow
metabolism, likely on both the transcript and enzyme levels. Thus far, investigation of
gene and protein levels in AM1 has focused on changes in the central pathways during
shifts from methylotrophic and nonmethylotrophic conditions (44, 45). For the devel-
opment of biotechnological processes, however, future work should also consider
transcriptomes and proteomes at different physiological states, such as exponential
and stationary growth phases.

Among M. extorquens strains, the highest PHB content and yield on methanol have
not been achieved with strain AM1 but have been achieved with strain K (deposited as
FERM BP-3548 in the International Patent Organism Depositary [IPOD], Japan), reaching
values of 60% and 0.2 g g�1, respectively (46). This indicates that a better performance
might already be achievable with other strains transformed with RCMBmas. Furthermore,
avoidance of the competing PhaC reaction should also raise 2-HIBA yields. However,
previously generated phaC knockout mutants of AM1 showed reduced growth and
proved to be highly unstable (20, 43), indicating that a certain flux of acetyl-CoA to PHB
is essential for efficient metabolism in this bacterium. A convenient solution might be
to directly replace phaC by the RCM genes, thus avoiding any imbalances due to
acetyl-CoA accumulation. Additionally, substrate fluxes to (R)-3-hydroxybutyryl-CoA
should be optimized by overexpression of phaAB, as this has already been shown to
enhance the polyhydroxyalkanoate content in AM1 (41) and might extend the overall
production phase.

The discovery of RCM enzymes opens the path for employing the PHB overflow
metabolism to biotechnologically produce the methyl methacrylate precursor 2-HIBA.
Alternatively, methyl methacrylate can be synthesized from biologically based itaconic
acid (1). Although the latter process has been intensively developed in the last few
years and relatively high titers of up to 80 g liter�1 itaconic acid have been achieved
using Aspergillus terreus strains (47), it is still not commercialized (1). One reason for this
is the high substrate cost, as the process is exclusively based on glucose and a few
other carbohydrates. In contrast, the mutase route can be established with practically
any metabolizable carbon. Here, we propose methanol as the feedstock and the serine
cycle as the assimilatory route, as it directly yields the 3-hydroxybutyryl-CoA precursor
acetyl-CoA (Fig. 2). Moreover, other C1 compounds may be applied, as the same
metabolism is found in many methanotrophs and is used for assimilating formic acid
(17, 48). Basically, all C1 substrates are available from renewable nonfood resources, e.g.,
directly from biogas or the electrochemical reduction of CO2 (49). Interestingly, as the
latter technology is highly efficient, a so-called formate-based economy has recently
been proposed in which industrial chemicals and fuels are synthesized by forma-
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totrophic microorganisms (50). However, substantial progress is still needed to increase
the efficiency of C1 assimilation routes (50, 51).

MATERIALS AND METHODS
Chemicals, bacterial strains, and growth media. All chemicals were of analytical or high-

performance liquid chromatography (HPLC) grade and purchased from T. Geyer (Renningen, Germany).
2-Hydroxyisobutyryl-CoA, (R)-3-hydroxybutyryl-CoA, and (S)-3-hydroxybutyryl-CoA were synthesized
from the corresponding free carboxylic acids and CoA via thiophenyl esters as described before (52). The
bacterial strains, plasmids, and primers used in this study are listed in Table 2. Cultures of E. coli
ArcticExpress (DE3) were grown at 30°C in Luria-Bertani broth containing 20 mg liter�1 of gentamicin. M.
extorquens AM1 was cultivated at 30°C in mineral salt medium (53) supplemented with 3 g liter�1 of
methanol. For bioreactor experiments, increased mineral salt concentrations were used, as follows:
(NH4)2SO4, 5 g liter�1; KH2PO4, 1.305 g liter�1; Na2HPO4·7H2O, 4.02 g liter�1; MgSO4·7H2O, 0.45 g liter�1;
CaCl2·2H2O, 20 mg liter�1; FeSO4·7H2O, 2.6 mg liter�1; MnSO4·H2O, 200 �g liter�1; ZnSO4·7H2O, 260 �g
liter�1; CuSO4·5H2O, 80 �g liter�1; Na2MoO4·2H2O, 80 �g liter�1; CoCl2·6H2O, 80 �g liter�1; and H3BO3,
60 �g liter�1. Bacterial growth was monitored by measuring the optical density at 700 nm.

Cloning of RCM genes into expression vectors. Ensuing from the gene sequences of meaH, rcmA,
and rcmB from B. massiliosenegalensis JC6 (BMSHG_RS03130, BMSHG_RS03125, and BMSHG_RS03120,
respectively) and K. tusciae DSM 2912 (BTUS_RS02365, BTUS_RS02370, and BTUS_RS02375, respectively),
two DNA fragments containing the three genes with codons optimized for expression in E. coli and M.
extorquens AM1 were generated via gene synthesis (GenScript, Piscataway, NJ, USA). Both fragments
contained flanking restriction sites for SpeI and SacI, which were used for cloning into the expression vectors
pBBR1MCS-3 (25) and pCM80 (26). The complete sequences of both codon-optimized RCM gene clusters are
given in the supplemental material. Additionally, the original sequences of the meaH, rcmA, and rcmB genes
from strain DSM 2912 were cloned via SpeI and SacI from pBBR1MCS-3 [meaH-rcmA-rcmB]Ktus (12) into
pCM80. Subsequently, electrocompetent cells of M. extorquens AM1 were transformed with either
pBBR1MCS-3 [meaH-rcmA-rcmB]Bmas codon-optimized, pCM80 [meaH-rcmA-rcmB]Bmas codon-optimized, pBBR1MCS-3
[meaH-rcmA-rcmB]Ktus codon-optimized, pCM80 [meaH-rcmA-rcmB]Ktus codon-optimized, pBBR1MCS-3 [meaH-rcmA-
rcmB]Ktus, or pCM80 [meaH-rcmA-rcmB]Ktus via electroporation as described before (29). Colonies
carrying the respective plasmids were selected via tetracycline resistance on methanol mineral salt
agar plates. For individual expression of RCM genes from strain JC6, DNA fragments encoding rcmA
and rcmB were amplified from pBBR1MCS-3 [meaH-rcmA-rcmB]Bmas codon-optimized via Q5 high-fidelity
DNA polymerase (NEB) using forward primer rcmA_Bmas_f and reverse primer rcmA_Bmas_r for
rcmA and forward primer NdeI_rcmB_Bmas_f and reverse primer BamHI_rcmB_Bmas_r for rcmB. The
PCR program included 30 cycles of incubation at 94°C for 30 s, 60°C for 30 s, and 72°C for 2 min.
Following PCR, the rcmA fragment was cloned into pASG-IBA43 according to the protocol of IBA,
Goettingen, Germany. The rcmB fragment was introduced into pET-16b via the NdeI and BamHI
restriction sites. Then, chemocompetent cells of E. coli ArcticExpress (DE3) were transformed with
either pASG-IBA43 [rcmA]Bmas codon-optimized or pET-16b [rcmB]Bmas codon-optimized.

Heterologous expression of rcmABmas and rcmBBmas in E. coli and protein purification. Heterol-
ogous RCM subunits A and B were purified via immobilized metal ion affinity chromatography using their
N-terminal His tags expressed by pASG-IBA43 and pET-16b. Therefore, E. coli ArcticExpress (DE3) strains
carrying the expression vectors pASG-IBA43 [rcmA]Bmas and pET-16b [rcmB]Bmas were cultivated in
Luria-Bertani broth additionally supplemented with 100 mg liter�1 of ampicillin at 30°C at 200 rpm until
reaching an optical density of 0.8. Expression of heterologous genes was induced by adding anhydro-
tetracycline to a final concentration of 0.2 mg liter�1 in the case of pASG-IBA43 [rcmA]Bmas and IPTG
(isopropyl-�-D-thiogalactopyranoside) to 1 mM in the case of pET-16b [rcmB]Bmas. Subsequently, cultures
were incubated for 20 h at 14°C and 120 rpm. All further steps were conducted on ice or at 4°C. Cells
were harvested by centrifugation for 15 min at 6,000 � g and washed in 50 mM sodium phosphate,
150 mM NaCl, pH 8.0. Cell disruption was accomplished by use of a mixer mill (model MM 400; Retsch
GmbH) with glass beads (212 to 300 �m; Sigma-Aldrich) for 30 min at 30 s�1. The crude extracts
containing RcmA or RcmB were loaded onto a 1-ml Ni-nitrilotriacetic acid (NTA) Sepharose gravity
flow column (IBA, Goettingen, Germany) equilibrated with Ni-NTA buffer (50 mM sodium phosphate,
300 mM NaCl, 10 mM imidazole, pH 8.0). After the column was washed with Ni-NTA buffer containing
20 mM imidazole over 8 column volumes, elution was performed with 250 mM imidazole over 3
column volumes. The collected protein fractions were analyzed via SDS-PAGE, and the RcmA and
RcmB subunits were concentrated using 30- and 10-kDa Viva Spin columns (GE Healthcare),
respectively. Finally, protein solutions were diluted 5-fold in conservation buffer (50 mM potassium
phosphate, 10% glycerol, pH 7.4).

Cultivation of recombinant M. extorquens AM1 strains. For preliminary testing of the product
formation of AM1 strains transformed with the pBBR1MCS-3 and pCM80 plasmids carrying different RCM
genes, 50 ml of mineral salt medium supplemented with 10 mg liter�1 of tetracycline and 3 g liter�1 of
methanol was inoculated with the respective strains to an optical density of 0.1. During growth of the
cultures in shaking flasks at 30°C and 150 rpm for a total time span of 7 days, 3 g liter�1 of methanol was
added anew and the pH was adjusted to 7.0 by addition of 10% sodium hydroxide after 2, 4, and 6 days.

Precultures for bioreactor experiments were inoculated from a frozen stock containing 1.5 mg of cells
in 100 �l of 10% glycerol. After incubation in 50 ml mineral salt medium with tetracycline for 3 days at
30°C and 150 rpm, the cultures served as the inoculum for a bioreactor with an initial working volume
of 2 liters (2-liter BioStat B-DCU II; Sartorius Stedim Systems GmbH). The reactor was equipped with
a metal stirrer, in- and outlet ports for air, substrate, base (1 M sodium hydroxide), and sampling, as
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well as probes for pH and dissolved oxygen. During fermentation, the pH was automatically
maintained at 7.0 � 0.1 by addition of base and the dissolved oxygen level was automatically
maintained at 20% � 5% by adjusting the stirring rate to between 400 and 1,000 rpm and the airflow
rate to between 0.2 and 1.0 liter min�1. The substrate solution containing 500 g liter�1 of methanol
in nitrogen-free mineral salt medium was added by a peristaltic pump with manually preset
pumping rates and weighed by precision scales to maintain the methanol concentration within the
reactor preferably between 0.5 and 5 g liter�1.

For off-line analytics, culture samples were initially centrifuged for 5 min at 13,000 � g for separation
of the pellet and supernatant. Bacterial dry mass was determined gravimetrically after oven drying for 5
h at 105°C. The concentrations of methanol and 2-HIBA in the supernatant were quantified via HPLC with
refractive index detection after separation on a Nucleogel Ion 300 OA column (300 by 7.7 mm;
Macherey-Nagel), to which an eluent of 0.01 N sulfuric acid was applied at 0.5 ml per min. The nitrogen
concentration was assessed using ammonia test strips (10 to 400 mg liter�1 NH4

�; Merckoquant; Merck).
The intracellular PHB content was determined from 5 mg of cells after lyophilization for 24 h. PHB was
extracted, and (R)-3-hydroxybutyric acid monomers were esterified via hydrochloric acid propanolysis as
described before (54). The arising propyl ester was detected by gas chromatography (GC) using a 6890
GC instrument (Agilent) with a Zebron ZB-35 HT Inferno GC column (20 m by 0.18 mm; Phenomenex).
For determination of formation and consumption rates and the derived product yields of PHB and
2-HIBA, fermentation data were interpolated by use of a Gompertz function describing an asymmetric
saturation curve (OriginPro, version 9.0, software).

Determination of acyl-CoA mutase activity. To investigate the activity of heterologously expressed
RCM from B. massiliosenegalensis JC6, the purified subunits RcmA and RcmB were incubated in equal
molecular amounts of 1 �M in a final volume of 1 ml in reaction buffer (50 mM potassium phosphate,
50 mM Tris, 10% glycerol) with 800 �M coenzyme B12 and 1 mM MgCl2 for 5 min at the respective assay
temperature as described previously (3). Then, the reaction was started by adding various concen-
trations of the acyl-CoA ester substrate 2-hydroxyisobutyryl-CoA, (R)-3-hydroxybutyryl-CoA, or (S)-
3-hydroxybutyryl-CoA in reaction buffer (50 mM potassium phosphate, 50 mM Tris, 10% glycerol). pH and
temperature optima were assessed by adjusting the pH value from 6.0 to 10.0 and the temperature from
20°C to 50°C. Determination of kinetic parameters was subsequently carried out at pH 7.8 and 35°C. The
reactions were stopped by addition of an equal volume of 100 mM acetate, pH 3.5, and incubation for
5 min at 60°C. Substrate and product concentrations were measured via HPLC with photometric
detection at 260 nm. Therefore, a Nucleosil 100-5 C18 column (250 by 3 mm; Macherey-Nagel) and a
mobile phase of 100 mM sodium phosphate, 10 mM tetrabutylammonium hydrogen sulfate, and 20%
acetonitrile at pH 4.5 and 0.6 ml per min were applied. Kinetic parameters were calculated by nonlinear
regression analysis using the Michaelis-Menten equation (12). For determination of the mutase activity
in crude extracts of M. extorquens AM1, cells were harvested by centrifugation of fermentation samples
for 15 min at 6,000 � g and 4°C, washed in 50 mM sodium phosphate, pH 7.0, and disrupted by use of
a mixer mill for 30 min at 30 s�1. Cell extracts were used in the enzyme assays to a final protein
concentration of 0.4 mg ml�1, and the reactions were performed with 200 �M (R)-3-hydroxybutyryl-CoA
at pH 7.8 and 30°C.

Reverse transcription-quantitative PCR. For RT-qPCR, fermentation samples of M. extorquens AM1
were mixed with 2 volumes of RNAprotect Bacteria reagent (Qiagen), pelleted by centrifugation for 10
min at 5,000 � g, and stored at �80°C. Cellular RNA of the frozen pellets was isolated using an RNeasy
minikit (Qiagen) according to the protocol of the manufacturer. After DNA digestion with a Turbo
DNA-free kit (Thermo Fisher Scientific), 200 ng of RNA of each sample was transcribed into cDNA by
application of a RevertAid first-strand cDNA synthesis kit (Thermo Fisher Scientific) and an oligo(dT)18

primer. The cDNA directly served as the template for RT-qPCRs in triplicate using iQ SYBR green supermix
and a CFX96 real-time system (Bio-Rad). All primers applied for amplification of the reference genes (recA,
rpoD) and target genes (rcmA, rcmB, meaH, mxaF, glyA, phaB, croR) are listed in Table 2. The suitability of
the reference genes was tested with GenEx software (version 6.1; bioMCC). The qPCR program consisted
of an initial denaturation at 95°C for 3 min, followed by incubation for 15 s at 95°C, 60 s at 60°C, and plate
read for 40 cycles. Thereafter, a melting curve was recorded from 55 to 95°C with increments of 0.5°C for
5 s. The qPCR results were analyzed with CFX Manager software (Bio-Rad), and the relative ratio of the
level of expression of each target gene in comparison to the level of expression of the reference genes
was calculated as described by Pfaffl (55).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
AEM.02622-16.
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