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ABSTRACT For many bacterial proteins, specific localizations within the cell have
been demonstrated, but enzymes involved in central metabolism are usually consid-
ered to be homogenously distributed within the cytoplasm. Here, we provide an
example for a spatially defined localization of a unique enzyme complex found in
actinobacteria, the hybrid pyruvate/2-oxoglutarate dehydrogenase complex (PDH-ODH).
In non-actinobacterial cells, PDH and ODH form separate multienzyme complexes of
megadalton size composed of three different subunits, E1, E2, and E3. The actinobac-
terial PDH-ODH complex is composed of four subunits, AceE (E1p), AceF (E2p), Lpd
(E3), and OdhA (E10E20). Using fluorescence microscopy, we observed that in Coryne-
bacterium glutamicum, all four subunits are co-localized in distinct spots at the cell
poles, and in larger cells, additional spots are present at mid-cell. These results further
confirm the existence of the hybrid complex. The unphosporylated Odhl protein, which
binds to OdhA and inhibits ODH activity, was co-localized with OdhA at the poles,
whereas phosphorylated Odhl, which does not bind OdhA, was distributed in the entire
cytoplasm. Isocitrate dehydrogenase and glutamate dehydrogenase, both metabolically
linked to ODH, were evenly distributed in the cytoplasm. Based on the available
structural data for individual PDH-ODH subunits, a novel supramolecular architecture of
the hybrid complex differing from classical PDH and ODH complexes has to be postula-
ted. Our results suggest that localization at the poles or at mid-cell is most likely caused
by nucleoid exclusion and results in a spatially organized metabolism in actinobacteria,
with consequences yet to be studied.

IMPORTANCE Enzymes involved in the central metabolism of bacteria are usually
considered to be distributed within the entire cytoplasm. Here, we provide an exam-
ple for a spatially defined localization of a unique enzyme complex of actinobacteria,
the hybrid pyruvate dehydrogenase/2-oxoglutarate dehydrogenase (PDH-ODH) complex
composed of four different subunits. Using fusions with mVenus or mCherry and
fluorescence microscopy, we show that all four subunits are co-localized in distinct
spots at the cell poles, and in larger cells, additional spots were observed at mid-cell.
These results clearly support the presence of the hybrid PDH-ODH complex and suggest
a similar localization in other actinobacteria. The observation of a defined spatial
localization of an enzyme complex catalyzing two key reactions of central metabolism
poses questions regarding possible consequences for the availability of substrates and
products within the cell and other bacterial enzyme complexes showing similar behavior.
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A ctinomycetes form a large and diverse bacterial class of Gram-positive bacteria
(1) including human pathogens such as Mycobacterium tuberculosis and Corynebac-
terium diphtheriae as well as biotechnologically important members such as antibiot-
ics-producing Streptomcyces species (2) or the amino acid producer Corynebacterium
glutamicum (3-6). Therefore, actinobacterial metabolism and its regulation are subjects
of ongoing research to identify novel targets for the treatment of the pathogens and
the development of biotechnological producer strains. Previous studies have uncovered
some unique features in the regulation and structural organization of the 2-oxoglutarate
dehydrogenase complex (ODH) in actinobacteria.

ODH catalyzes the oxidative decarboxylation of 2-oxoglutarate to succinyl-coen-
zyme A (CoA) with concomitant reduction of NAD* to NADH. It usually consists of
three subunits, 2-oxoglutarate decarboxylase (E10), dihydrolipoyl transsuccinylase (E20),
and dihydrolipoyl dehydrogenase (E3). E3 is shared with the pyruvate dehydrogen-
ase complex (PDH), composed in addition of E1p (pyruvate decarboxylase) and E2p
(dihydrolipoyl transacetylase) (7). In the native state, PDH and ODH form large complexes
of several megadalton with a core made of the E2 component (8-11). C. glutamicum and
many other actinobacteria do not possess a separate E20 subunit. Rather, the succinyl
transferase domain of E2o0 is fused to the E1o subunit (12, 13). Since this unusual EToE20
component only possesses the succinyl transferase domain but lacks the lipoyl-binding
domains of regular E20 subunits, an interaction of corynebacterial EToE20 with E2p
is necessary, since the transfer of the succinyl group to CoA requires the lipoic acid
residues.

In fact, purification of a Strep-tagged variant of E1oE20 (OdhA) from C. glutamicum
revealed co-purification with E2p (AceF), E1p (AceE), and E3 (Lpd), and vice versa,
purification of a Strep-tagged variant of E1p led to co-purification with E10E20, E2p, and
E3 (14). Subsequent studies confirmed that the succinyl transferase domain of E10E20
uses the lipoyl groups of E2p to transfer the succinyl group to CoA (15). Evidence for a
hybrid PDH-ODH complex in C. glutamicum was also obtained in a recent biochemical
study (16). Another unusual structural feature was unraveled for the E2p subunit AceF
of C. glutamicum (17). The E2 subunits of most species form homo-trimers that fur-
ther oligomerize by intermolecular trimer-trimer interactions mediated by a conserved
C-terminal 37¢ hydrophobic helix, leading to the assembly of 8 or even 20 trimers,
depending on the species (18). The E2p protein of C. glutamicum also forms trimers, but
a unique C-terminal helix bearing an actinobacteria-specific insertion precludes trimer
oligomerization (17).

ODH activity is allosterically activated by acetyl-CoA (19, 20) and inhibited via
protein-protein interaction with the small forkhead-associated domain-containing
protein Odhl (14). Odhl binds with nanomolar affinity to the C-terminal 2-oxogluta-
rate decarboxylase domain of the E1oE20 subunit and inhibits ODH activity with an
apparent K; of 2.4 nM (14, 21, 22). The importance of Odhl for shifting carbon flux
at the 2-oxoglutarate node from the tricarboxylic acid (TCA) cycle toward L-glutamate
synthesis and thus nitrogen assimilation by the NADPH-dependent glutamate dehydro-
genase was demonstrated by the fact that an odhl deletion mutant of C. glutamicum
almost completely lost its ability for L-glutamate overproduction (23). Inhibition of ODH
activity by Odhl is reversible and controlled by covalent modification of Odhl (14, 21,
22). Phosphorylation of the N-terminal Thr-14 residue of Odhl by the serine/threonine
protein kinase (STPK) PknG leads to a conformational change of Odhl and thereby
prevents its binding to OdhA (24). Dephosphorylation by the phospho-serine/threonine
protein phosphatase Ppp leads to a reactivation of Odhl (23, 25). Odhl can also be
phosphorylated by the three other STPKs present in C. glutamicum, PknA, PknB, and
PknL, at least in vitro (25). In vivo, besides unphosphorylated and monophosphoryla-
ted Odhl, diphosphorylated Odhl was also detected (14, 25), and PknB was shown
to phosphorylate Odhl on Thr-15 (24). The mycobacterial Odhl homolog GarA has
an inhibitory effect not only on ODH but also on the NADH-dependent glutamate
dehydrogenase (GDH), while glutamate synthase is activated by GarA (26-28). These
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and further studies underline the importance of the regulation of carbon flux at the
2-oxoglutarate node by GarA in Mycobacterium.

As the function of Odhl and GarA is determined by their phosphorylation status, it
is important to understand the signals controlling phosphorylation and dephosphoryla-
tion. Whereas the regulation of the phosphatase activity (Ppp in Corynebacterium, PstP
in Mycobacterium) is unknown, a regulatory cascade controlling PknG activity has been
elucidated. Initial experiments on a pknG deletion mutant of M. tuberculosis revealed the
accumulation of glutamate and glutamine, leading to the proposal that PknG mediates
the transfer of signals sensing nutritional stress and translates them into metabolic
adaptation (29). In addition, a pknG deletion mutant of C. glutamicum revealed a twofold
increased cellular L-glutamate level and a growth defect on agar plates containing
L-glutamine as sole carbon and nitrogen source, which is caused by inhibition of ODH
by unphosphorylated Odhl (14). The defect in glutamine utilization was also observed
for mutants lacking ginX and ginH, which are located immediately upstream of pknG in a
conserved operon and encode an integral membrane protein and a periplasmic binding
protein. The glutamine phenotype suggested that GInH and GInX are part of a signal
transduction cascade controlling PknG activity (14). GInH of M. tuberculosis was shown to
bind L-aspartate and L-glutamate with high affinity (Kp of 5 uM and 15 puM, respectively),
whereas GInH of C. glutamicum has an about 100-fold lower affinity for these amino
acids (30, 31). The involvement of GInH and GInX in the control of Odhl phosphorylation
was experimentally confirmed in C. glutamicum (31). GInX contains four transmembrane
helices and two large periplasmic domains, with N- and C-terminus facing the cytoplasm.
A structural model suggested that both periplasmic domains form four-helix bundles
and represent a new type of four-helix bundle proteins with a tandem arrangement.
GInX is supposed to activate PknG when GInH is present in the ligand-bound state,
thereby shifting the 2-oxoglutarate flux into the TCA cycle and reducing glutamate
synthesis (31).

To gain further insights into the properties of the hybrid PDH-ODH complex and its
regulation by Odhl, we analyzed the intracellular localization and surprisingly discovered
that unphosphorylated Odhl, its interaction partner OdhA, and the three other subunits
of the hybrid PDH-ODH complex, AceE, AceF, and Lpd, are localized at the poles and in
larger cells also at mid-cell, whereas phosphorylated Odhl, isocitrate dehydrogenase, and
glutamate dehydrogenase were distributed in the entire cytoplasm. Further experiments
led us to propose that this unexpected localization of the PDH-ODH complex is caused
by nucleoid exclusion.

RESULTS

Localization of Odhl-mVenus and GarA-mVenus fusion proteins in C
glutamicum

The cellular distribution of Odhl was initially analyzed with plasmid pPREx2-odhl-mVenus
coding for a C-terminal fusion of Odhl with the yellow fluorescent protein mVenus under
control of a P, promoter. The plasmid was transferred into the C. glutamicum Aodhl
strain to prevent competition with native Odhl. Cells were cultivated in CGXIl glucose
minimal medium without induction and analyzed by fluorescence microscopy. Cell
membranes were stained with Nile red to allow a better differentiation of individual cells.
Contrary to our expectation to find Odhl-mVenus equally distributed throughout the cell,
we surprisingly observed that most cells showed two bright fluorescent spots located at
the cell poles. A weak fluorescence equally distributed within the entire cytoplasm was
also visible (Fig. 1A). In the control strain transformed with pPREx2-mVenus, fluorescence
was evenly distributed within the cytoplasm (Fig. 1A), whereas C. glutamicum Aodhl
carrying pPREx2 displayed no yellow fluorescence. These results suggested that the
fluorescent polar spots are caused by a specific localization of Odhl. A statistical analysis
of 100 cells revealed that the majority (61%) possessed two fluorescent spots, mostly
located at the cell poles, while in 22% of the cells, only one spot was visible and 17%
showed a third fluorescent spot, which was usually located at mid-cell (Fig. 1B). The cells
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FIG 1 Intracellular localization of Odhl-mVenus in C. glutamicum. (A) Exemplary images of C. glutamicum Aodhl cells carrying the plasmids pPREx2-odhl-mVenus,
PPREx2-mVenus, or pPREx2. (B) Frequency of number of fluorescent spots per cell detected in C. glutamicum Aodhl pPREx2-odhl-mVenus. (C) Correlation between
the number of spots per cell from B and the length of the respective cell. (D) Exemplary images of Odhl-mVenus localization in a C. glutamicum:odhl-mVenus
integration strain. (E) Frequency of number of fluorescent spots per cell detected in C. glutamicum::odhl-mVenus. (F) Correlation between the number of spots
per cell from E and the length of the respective cell. (G) Exemplary images showing the localization of the Odhl homolog GarA in C. glutamicum Aodhl
pPREx2-garA-mVenus. The C. glutamicum strains were grown in CGXIl medium with 2% (wt/vol) glucose. Cell membranes were stained using Nile red, and images
were taken using an Axio imager M2 microscope. Scale bars in A, D, and G represent 2 um. The line shown in C and F represents the median, and the box, the
25th to 75th percentile. The whiskers reach from 5th to 95th percentile. The results were obtained by analysis of 100 cells.

showed the typical rod-shaped morphology of C. glutamicum with a mean length of 1.84
+ 0.38 um. The number of Odhl-mVenus fluorescent spots positively correlated with the
cell length (Fig. 1Q).

To exclude that the polar localization of Odhl-mVenus is an artifact caused by
unphysiologically high plasmid-based expression, we fused the genomically encoded
odhl gene with mVenus, enabling native expression levels. Again, intense fluorescent
spots were observed at the cell poles and at mid-cell of the integration strain C.
glutamicum::odhl-mVenus (Fig. 1D). The strong fluorescence intensity of the spots
suggested that the native odhl promoter is rather strong. The majority of cells contained
two fluorescent spots (78%), and the residual cells possessed three or four spots. The
number of spots per cell again positively correlated with the cell length (Fig. 1E and F).
An increased mean cell length of the integration strain (2.17 £ 0.38 um) might be caused
by the absence of kanamycin and a plasmid.
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Taken together, these results confirmed the formation of fluorescent Odhl-mVenus
spots at the cell poles at physiological expression levels and showed that pPREx2-based
odhl-mVenus expression is a suitable approach to study the localization of the fusion
protein in different strain backgrounds. Odhl and its mycobacterial ortholog GarA
share strong structural and functional similarities (13). Therefore, we tested if GarA
behaves like Odhl with respect to its intracellular localization. In C. glutamicum Aodhl
transformed with pPREx2-garA-mVenus, the GarA-mVenus fusion protein also formed
fluorescent spots at the cell poles (Fig. 1G). When expressed in C. glutamicum wild type
(wt), fluorescent spots at the poles were almost absent, and GarA-mVenus fluorescence
was evenly distributed in the entire cytoplasm (data not shown). This result can be
explained by a significantly lower affinity of heterologous GarA to OdhA compared to
the endogenous Odhl. In previous interaction studies by surface plasmon resonance
experiments, a Kp value of 13.8 nM was determined for the binding of Odhl to OdhA
(21), whereas for the binding of Mycobacterium smegmatis GarA to the OdhA-homolog
KGD of M. smegmatis (58% sequence identity to OdhA), a Kp value of 1.92 uM was
reported (32). Therefore, in C. glutamicum cells containing both Odhl and GarA-mVenus
at comparable levels, Odhl would clearly outcompete GarA-mVenus for OdhA binding,
thereby preventing the formation of fluorescent spots at the poles.

Influence of serine/threonine protein kinases on Odhl-mVenus spot forma-
tion

As the function of Odhl is dependent on its phosphorylation status, we analyzed
the influence of the four STPKs PknA, PknB, PknG, and PknL on the localization of
Odhl-mVenus using various deletion mutants transformed with pPREx2-odhl-mVenus.
As shown in Fig. 2A, fluorescent spots were observed in C. glutamicum ApknGAodhl.
The spot numbers (24% of cells with one spot, 58% with two spots, 15% with three
spots) were similar to the ones obtained for the Aodhl strain, and a positive correlation
with cell length (1.87 = 0.41 um on average) was observed. These results show that
PknG is not required for the formation of the Odhl-mVenus spots. Besides PknG, the
membrane-integral kinases PknA, PknB, and PknL, which are involved in the regulation
of peptidoglycan synthesis (33-35), are also able to phosphorylate Odhl (24, 25). In
C. glutamicum, peptidoglycan synthesis takes place at the cell poles and the septum
(36), making the membrane-bound STPKs candidates for causing localization of Odhl
at these sites. We investigated the strains C. glutamicum ApknALG and C. glutamicum
ApknBLG lacking three of the four STPKs. A simultaneous deletion of pknA and pknB
in C. glutamicum seems to be lethal (25). As the triple deletion strains still possess the
genomic odhl gene, we used C. glutamicum wt transformed with pPREx2-odhl-mVenus
as a control strain. Expression of odhl-mVenus led to the formation of fluorescent spots,
both in the mutant strains and in the wt (Fig. 2B). While the wt possessed mainly two
spots per cell (57%) and a mean cell length of 1.83 + 0.40 um, strain ApknALG showed
an increased cell length (2.15 + 0.44 um) and an increased number of spots per cell (58%
of cells containing three or more spots). These effects were even more prominent in the
ApknBLG strain with a mean cell length of 2.30 + 0.55 um and 78% of cells possessing
three or more spots (Fig. 2E and F). Again, a positive correlation between cell length and
number of spots per cell was observed (Fig. 2G and H). Although at least one kinase is
still present in the triple deletion mutants, the results clearly suggest that the STPKs are
not involved in the spot formation of Odhl-mVenus. The higher number of spots per cell
in the triple mutants correlates with their increased cell length but, in addition, might be
due to a higher fraction of unphosphorylated Odhl (25). In this case, the results would
suggest that PknB is more strongly involved in Odhl phosphorylation under the selected
conditions than PknA, as much more cells had three Odhl spots in the absence of PknB
than in the absence of PknA.
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FIG 2 Influence of Ser/Thr protein kinases, the phosphatase Ppp, and the ODH subunit OdhA on the intracellular localization of Odhl-mVenus in C. glutamicum.
(A) Exemplary images of C. glutamicum ApknGAodhl pPREx2-odhl-mVenus. (B) Exemplary images of C. glutamicum wt, ApknALG, and ApknBLG carrying the
expression plasmid pPREx2-odhl-mVenus. (C) Exemplary images of C. glutamicum Appp pPREx2-odhl-mVenus. (D) Exemplary images of C. glutamicum AodhA
pPREx2-odhl-mVenus. (E) Overview on the altered cell length of C. glutamicum ApknALG and ApknBLG compared to the wt. (F) Frequency of number of fluorescent
spots per cell detected in C. glutamicum wt, ApknALG, and ApknBLG. (G) and (H) Correlation between the number of spots per cell and the length of the respective
cell. Results of C. glutamicum ApknALG shown in G and results of C. glutamicum ApknBLG shown in H. (I) Frequency of number of fluorescent spots per cell in
C. glutamicum Appp pPREx2-odhl-mVenus. All strains were grown in CGXIl medium with 2% (wt/vol) glucose. Cell membranes were stained using Nile red, and
images were taken using an Axio imager M2 microscope. Scale bars in A, B, C, and D represent 2 um. The line shown in G and H represents the median, and the
box the 25th to 75th percentile. The whiskers reach from 5th to 95th percentile. The results were obtained by analysis of 100 cells per strain.
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Influence of the phospho-serine/threonine protein phosphatase Ppp on
Odhl-mVenus spot formation

Next, we tested the influence of the absence of the membrane-bound phospho-ser-
ine/threonine protein phosphatase Ppp on the localization of Odhl-mVenus. Ppp was
previously shown to dephosphorylate phosphorylated Odhl, and in a C. glutamicum
Appp strain, almost only phosphorylated Odhl is present (25). The deletion of ppp causes
a strong growth defect and a strong alteration of the cell morphology, with rounded as
well as prolonged cells (25). The absence of Ppp had a drastic effect on the localization
of Odhl-mVenus. In the majority of Appp cells, expression of odhl-mVenus did not lead
to fluorescent spots, but rather to an equally distributed fluorescence signal throughout
the cytoplasm. Fluorescent spots were only visible in ~14% of the cells, and in these
cells, the number of spots varied between one and four and no specific localization was
visible (Fig. 2C). This result strongly suggests that the fluorescent spots of Odhl-Venus
are formed by unphosphorylated Odhl, but not by phosphorylated Odhl. This conclusion
was further supported by the finding that plasmid-based synthesis of Odhl-mVenus
variants, in which either one or both of the phosphorylated Odhl residues T14 and T15
were exchanged to alanine, also led to the formation of the fluorescent polar spots (Fig.
S1). In addition, the higher number of Odhl spots in the triple deletion strains ApknALG
and ApknBLG with increased levels of unphosphorylated Odhl fits with this conclusion.

Influence of OdhA on Odhl-mVenus spot formation

As unphosphorylated Odhl was shown to be responsible for spot formation and OdhA
is, at present, the only known interaction partner of Odhl in C. glutamicum, OdhA
could cause the polar localization of Odhl-mVenus. We, therefore, constructed the
deletion mutant C. glutamicum AodhA and transformed it with pPREx2-odhl-mVenus. No
fluorescent spots at the poles or at mid-cell were visible anymore in this strain, and the
cells showed an equally distributed fluorescence signal (Fig. 2D). This result confirmed
that OdhA is required for the observed specific localization of Odhl.

Localization of OdhA and co-localization with Odhl

To test if OdhA itself is also localized at the poles as suggested by the previous results,
we constructed plasmid pPREx2-odhA-mCherry coding for OdhA with a C-terminal fusion
to mCherry and analyzed the localization of the fusion protein in strain C. glutamicum
AodhA. Due to the use of mCherry, membrane staining using Nile red was not possible
in this experiment, but the cells could still be distinguished from each other. Similar
to the results obtained for Odhl-mVenus, bright fluorescent spots located at the poles
were observed in cells expressing odhA-mCherry (Fig. 3A). As controls, we also analyzed
the fluorescence of C. glutamicum AodhA carrying pPREx2-mCherry to exclude artefacts
caused by the fluorescent protein itself. As expected, expression of mCherry alone led
to a strong, evenly distributed fluorescence in the entire cell (Fig. 3A). To test the
co-localization of Odhl and OdhA, we used C. glutamicum::odhl-mVenus transformed
with pPREx2-odhA-mCherry. Additionally, we constructed a C. glutamicum::odhA-mVenus
integration strain and transformed it with pPREx2-odhl-mCherry. Both strains possessed
mCherry and mVenus fluorescent spots at the poles and at mid-cell, which perfectly
co-localized (Fig. 3B and C). This result further confirmed that unphosphorylated Odhl is
located at the cell poles due to its binding to OdhA.

Localization of other interaction partners of OdhA

As OdhA is part of the hybrid PDH-ODH complex, we next studied if the other three
proteins of this complex also show a polar localization using plasmids coding for
C-terminal fusions of AceE and AceF with mVenus and an N-terminal fusion of Lpd
with mVenus. As shown in Fig. 4A, all three fusion proteins formed fluorescent spots in
C. glutamicum wt, which mostly localized at the cell poles or at mid-cell. Notably, cells
containing a C-terminal fusion of Lpd with mVenus still showed fluorescent spots, but
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pPREx2-odhA-mCherry, pPREx2-mCherry, or pPREx2. (B) Exemplary images of C. glutamicum::odhl-mVenus pPREx2-odhA-mCherry. (C) Exemplary images of C.

glutamicum::odhA-mVenus pPREx2-odhl-mCherry. The C. glutamicum strains were grown in CGXII medium with 2% (wt/vol) glucose, and images were taken using

an Axio imager M2 microscope. Scale bars represent 2 um.

also a strong evenly distributed fluorescence in the entire cytoplasm which was absent
in the cells with the N-terminal fusion of Lpd with mVenus (Fig. S2). This result suggests
that the C-terminal fusion might negatively affect the assembly of Lpd with the other
subunits of the PDH-ODH complex. Furthermore, we analyzed the co-localization of
the different PDH-ODH complex components using strain C. glutamicum::odhA-mVenus
carrying either pPREx2-aceE-mCherry, pPREx2-aceF-mCherry, or pPREx2-mCherry-Ipd. As
shown in Fig. 4B, the OdhA-mVenus spots perfectly co-localized with the AceE-mCherry
as well as with the AceF-mCherry and with the mCherry-Lpd spots. To further prove the
localization of the entire PDH-ODH complex at the poles, we constructed the strains
C. glutamicum:aceE-mVenus and C. glutamicum:aceF-mVenus. Also, these integration
strains with native expression levels of aceE and aceF formed fluorescent spots at the
poles, as observed for plasmid-based expression (Fig. 4C). DNA staining using SYTOX
Orange showed that the fluorescent spots caused by the PDH-ODH complex compo-
nents mainly localize in DNA free regions at the cell poles or at mid-cell (Fig. 4C).

Relevance of OdhA and AceE for localization of the other subunits of the
PDH-ODH complex

To test if the polar localization of the PDH-ODH complex is caused exclusively by only
one of the four subunits, we planned to analyze mutant strains lacking odhA, acek, aceF,
or Ipd. Whereas AodhA and AaceE strains were obtained, several attempts to construct
AaceF and Alpd strains failed. The AodhA and Aacek strains showed severe growth defects
as expected for cells lacking key enzymes of central metabolism. AceE-mVenus, AceF-
Venus, and mVenus-Lpd still formed fluorescent spots at the poles in a AodhA deletion
mutant (Fig. 4D), and OdhA-mCherry as well as AceF-mVenus and Lpd-mVenus formed
polar spots in the AaceE deletion mutant (Fig. 4E and F). Therefore, neither OdhA nor
Acek is required for polar localization of the other components of the complex.

Localization of isocitrate dehydrogenase and glutamate dehydrogenase

The cellular localization of the hybrid PDH-ODH complex triggered the question whether
an even larger assembly of TCA cycle and ammonium assimilation enzymes is formed
at the poles. The enzymes catalyzing the synthesis of 2-oxoglutarate and its reductive
amination to L-glutamate, isocitrate dehydrogenase (Icd), and glutamate dehydrogenase
(Gdh) were selected as candidates to test this possibility. We constructed the plasmids
pPREx2-mVenus-icd and pPREx2-mVenus-gdh coding for N-terminal fusions of Icd or Gdh
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FIG 4 Localization of the PDH-ODH complex components in C. glutamicum. (A) Exemplary images of C. glutamicum wt cells carrying the expression
plasmids pPREx2-aceE-mVenus, pPREx2-aceF-mVenus, or pPREx2-mVenus-Ipd. (B) Exemplary images of C. glutamicum::odhA-mVenus pPREx2-aceF-mCherry, C.
glutamicum::odhA-mVenus pPREx2-aceE-mCherry, and C. glutamicum::odhA-mVenus pPREx2-mCherry-Ipd. (C) Exemplary images of C. glutamicum::aceE-mVenus, C.
glutamicum::aceF-mVenus, C. glutamicum::odhA-mVenus, and C. glutamicum::odhl-mVenus. The DNA was stained using SYTOX Orange. (D) Exemplary images of C.
glutamicum AodhA cells carrying the plasmids pPREx2-aceF-mVenus, pPREx2-aceE-mVenus, or pPREx2-mVenus-Ipd. (E) Exemplary images of C. glutamicum AaceE
pPREx2-odhA-mCherry. (F) Exemplary images of C. glutamicum AaceE cells carrying the plasmids pPREx2-aceF-mVenus and pPREx2-mVenus-Ipd. All cells were
grown in CGXIl medium with 2% (wt/vol) glucose. In case of C. glutamicum AaceF, the medium was supplemented with 2 g L' acetate. If indicated, membranes
were stained using Nile red, and images were taken using an Axio imager M2 microscope. Scale bars represent 2 um.

with mVenus and analyzed the localization of the fusion proteins in C. glutamicum wt
and, in case of the Gdh construct, additionally in a Agdh strain. As shown in Fig. 5, both
mVenus-lcd and mVenus-Gdh produced uniform fluorescence signals in the cytoplasm,
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A C. glutamicum wt

phase Nilered  mVenus merge

pPREx2-
mVenus-icd

B pPREx2-mVenus-gdh

phase Nilered mVenus merge
v 30 g A Y 3 07 2

C. glutamicum
wt

C. glutamicum
Agdh

FIG 5 Localization of isocitrate dehydrogenase and glutamate dehydrogenase in C. glutamicum.
(A) Exemplary images of C. glutamicum pPREx2-mVenus-icd. (B) Exemplary images of C. glutamicum
pPREx2-mVenus-gdh and C. glutamicum Agdh pPREx2-mVenus-gdh. Cells were grown in CGXIl medium
with 2% (wt/vol) glucose. Cell membranes were stained using Nile red, and images were taken using an
Axio imager M2 microscope. Scale bars represent 2 pm.

suggesting that the localization at the poles and at mid-cell is a specific characteristic of
the PDH-ODH complex.

DISCUSSION

In this study, we analyzed the intracellular localization of the four subunits of the hybrid
PDH-ODH complex, of the ODH inhibitor protein Odhl, and of isocitrate dehydrogenase
and glutamate dehydrogenase of C. glutamicum using fusions with the fluorescent
proteins mVenus or mCherry. In the initial experiments with an Odhl-mVenus fusion,
we surprisingly observed bright fluorescent spots at the cell poles and, in longer cells,
sometimes one or two further spots at mid-cell. These distinct spots were formed both
after plasmid-based expression of odhl-mVenus and in a C. glutamicum::odhl-mVenus
integration strain (Fig. 1), showing that the spots are not caused as an artefact of
plasmid-based expression, e.g., by inclusion body formation due to overexpression. It
rather appeared that the genomic expression of odhl-mVenus from its native promoter
was even stronger than plasmid-based expression. Furthermore, we confirmed that the
Odhl-mVenus protein is still functional in inhibiting ODH activity, as plasmid-based
expression of odhl-mVenus in C. glutamicum ApknGAodhl elicited a growth defect on
glutamine agar plates similar to expression of native odhl/ (Fig. S3).

Besides the bright fluorescent spots, cells expressing odhl-mVenus also showed a
weak fluorescence signal evenly distributed in the cell, suggesting that only a fraction
of Odhl-mVenus is involved in the formation of the fluorescent spots, while another
fraction is spread throughout the cytosol. Studies with mutant strains indicated that the
Odhl fraction forming the spots represents unphosphorylated Odhl bound to the OdhA
subunit of the ODH complex, whereas the fraction evenly distributed in the cytoplasm
represents unbound phosphorylated Odhl: (i) The lack of one or several STPKs involved
in Odhl phosphorylation did not prevent Odhl spot formation but even increased the
number of spots per cell. (ii) The use of Odhl variants in which one or both phosphoryla-
tion sites, T14 and T15, were exchanged by alanine did not prevent spot formation. (iii) In
the phosphatase-deficient mutant Appp, in which almost all Odhl proteins are present in
a phosphorylated state, spot formation was almost completely prevented. (iv) In a AodhA
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mutant, no spot formation was observed, and the Odhl-mVenus fluorescence was evenly
distributed in the cytoplasm.

As suggested by the localization studies with Odhl, an OdhA-mCherry fusion formed
fluorescent spots at the poles, too, and these spots perfectly co-localized with the
Odhl-mVenus spots (Fig. 3). Also, the other three proteins of the PDH-ODH complex,
AceE, AceF, and Lpd, formed fluorescent spots at the cell poles when fused with mVenus
(Fig. 4A). Furthermore, AceE-mCherry, AceF-mCherry, and mCherry-Lpd fusion proteins
showed co-localization with OdhA in C. glutamicum::odhA-mVenus (Fig. 4B). These results
indicate that the entire PDH-ODH complex is located at the poles or at mid-cell. In
contrast, fluorescent fusion proteins of isocitrate dehydrogenase as another TCA cycle
enzyme and of glutamate dehydrogenase as an enzyme competing with ODH for the
substrate 2-oxoglutarate showed a homogenous distribution in the cytoplasm (Fig.
5). The polar localization is, therefore, a specific feature of the PDH-ODH complex.
The integration strains C. glutamicum:odhl-mVenus, C. glutamicum::odhA-mVenus, C.
glutamicum::aceE-mVenus, and C. glutamicum::aceF-mVenus showed comparable growth
as C. glutamicum wt, suggesting that an active PDH-ODH complex was formed by the
fusion constructs (Fig. S4A). The specific fluorescence of these strains, which should
reflect their native protein levels, suggests that Odhl is formed in twofold excess of OdhA
and that AceE and AceF are present at slightly higher levels than OdhA (Fig. S4B).

A possible reason for the specific localization of the PDH-ODH complex could be
an interaction of one of the subunits with another protein that is located at the poles
or at the division site. In this case, the absence of this subunit should abolish the
observed localization. We excluded AceE and OdhA as candidates, as in the AaceE and
AodhA mutants, the other tested proteins of the complex were still located at the poles.
Unfortunately, we were not able to obtain AaceF and Alpd mutants and, therefore,
could not test their relevance for the polar localization of the residual subunits. The
primary structures of the PDH-ODH subunits do not contain extra domains hinting at
an interaction with a yet unknown protein, but this does not exclude such an interac-
tion. Another mechanism which was found to cause specific intracellular localization
of proteins is liquid-liquid phase separation (LLPS). This formation of biomolecular
condensates is often related to protein DNA/RNA interactions, such as the clustering
of bacterial RNA polymerases (37) or the specific localization observed for DEAD-box
helicases in E. coli (38) and ribonuclease E in Caulobacter crescentus (39). Treatment with
1,6-hexanediol has emerged as an LLPS assay and was previously used to distinguish
between liquid-like condensates of LLPS and solid-like condensates of bacteria, yeast,
and mammalian cells, even if the mechanism is not completely understood yet and
potential side effects need to be excluded (37, 40-42). We analyzed the influence of
1,6-hexanediol on the formation of the fluorescent spots caused by AceF-mVenus and
did not observe an effect under the tested conditions (Fig. S5), suggesting that LLPS
is not the most likely explanation for the distinct localization of the PDH-ODH hybrid
complex.

An alternative explanation for the distinct polar spots is nucleoid exclusion (43,
44) caused by the unique structural features of the hybrid PDH-ODH complex that
might cause the formation of few large assemblies comprising the vast majority of
all four subunits. Like many other bacteria, C. glutamicum contains nucleoids (45, 46)
that probably affect the dynamics and localization of large cellular components, such
as ribosomes, whose diffusion is impeded by the DNA meshwork of the nucleoid (47,
48). This potential explanation is supported by the observation that the fluorescent
spots formed by the PDH-ODH subunits were mainly visible in the DNA-free regions,
as observed by SYTOX Orange DNA staining in the integration strains C. glutami-
cum::odhl-mVenus, C. glutamicum:odhA-mVenus, C. glutamicum:aceE-mVenus, and C.
glutamicum::aceF-mVenus (Fig. 4C). Nucleoid exclusion as cause of the polar localization
of the PDH-ODH complex might also explain the observed correlation between the
number of Odhl-mVenus spots and cell length (Fig. 1 and 2). Prolonged cells might
possess more nucleoid-free space that is available for the assembly of large complexes,
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TABLE 1 Bacterial strains and plasmids used in this study

Microbiology Spectrum

Strain or plasmid

Description

Reference or source

C. glutamicum strains

ATCC13032 Biotin-auxotrophic wild-type strain DSMZ
Aodhl Wild-type derivative with in-frame deletion of odh/ (cg1630) (14)
ApknGAodhl Wild-type derivative with in-frame deletion of pknG (cg3046) and odhl (cg1630) (14)
ApknAApknLApknG Wild-type derivative with in-frame deletion of pknA (cg0059), pknL (cg2388), and pknG (cg3046) (25)

ApknBApknLApknG Wild-type derivative with in-frame deletion of pknB (cg0057), pknL (cg2388), and pknG (cg3046) (25)
Appp Wild-type derivative with in-frame deletion of ppp (cg0062) (23)
AodhA Wild-type derivative with in-frame deletion of odhA (cg1280) This work
AaceE Wild-type derivative with in-frame deletion of aceE (cg2466) (52)

Agdh Wild-type derivative with in-frame deletion of gdh (cg2280) (53)

::odhl-mVenus Wild-type derivative with in-frame insertion of a linker sequence (GGTACCGCAGCG) and mVenus This work
encoding for a C-terminal fusion of Odhl(Cg1630)-mVenus

odhA-mVenus Wild-type derivative with in-frame insertion of a linker sequence (GGTACCGCAGCG) and mVenus This work
encoding for a C-terminal fusion of OdhA(Cg1280)-mVenus

aceE-mVenus Wild-type derivative with in-frame insertion of a linker sequence (GGTACCGCAGCG) and mVenus This work
encoding for a C-terminal fusion of AceE(Cg2466)-mVenus

aceF-mVenus Wild-type derivative with in-frame insertion of a linker sequence (GGTACCGCAGCG) and mVenus This work
encoding for a C-terminal fusion of AceF(Cg2421)-mVenus

M. tuberculosis strains

H37Rv Chromosomal DNA was used as template for amplification of garA (Rv1827) DSMZ

E. coli strains

DH5a F- supE44 AlacU169 (080/lacZAM15) hsdR17 recA1 endAT gyrA96 thi-1 relA1 (54)

Plasmids

pK19mobsacB Kan® suicide vector for allelic exchange in C. glutamicum; oriVg .. oriT sacB (55)

pK19mobsacB-AodhA Kan® pK19mobsacB derivative containing PCR products covering the up- and downstream This work

regions of the odhA (cg1280) gene

pK19mobsacB-odhl- Kan" pK19mobsacB derivative containing PCR products covering the up- and downstream This work

mVenus regions of the odhl (cg1630) stop codon and the mVenus encoding sequence

pK19mobsacB-odhA- Kan® pK19mobsacB derivative containing PCR products covering the up- and downstream This work

mVenus regions of the odhA (cg1280) stop codon and the mVenus encoding sequence

pK19mobsacB-aceE- Kan® pK19mobsacB derivative containing PCR products covering the up- and downstream This work

mVenus regions of the aceE (cg2466) stop codon and the mVenus encoding sequence

pK19mobsacB-aceF- Kan® pK19mobsacB derivative containing PCR products covering the up- and downstream This work

mVenus regions of the acef (cg2421) stop codon and the mVenus encoding sequence

pDHL-mVenus Kan®, pDHL1029 derivative, used for amplification of mVenus encoding sequence (56)

pPREx2 Kan®; pPBEx2 derivative (Ptacy lacl’, oricg from pBL1.; orig ¢, ColET from pUC18), (57)

with a consensus RBS (AAGGAG) for C. glutamicum

pPREx2-mVenus Kan® pPREx2 derivative carrying the mVenus encoding sequence This work

pPREx2-odhl-mVenus Kan® pPREx2 derivative carrying the Odhl (Cg1630) and mVenus encoding sequences fused by a This work

linker sequence (GGTACCGCAGCG)

pPREx2-garA-mVenus Kan® pPREx2 derivative carrying the GarA (Rv1827) and mVenus encoding sequences fused by a This work

linker sequence (GGTACCGCAGCG)

pPREx2-target-mVenus Kan® pPREx2 derivative carrying a linker sequence (GGTACCGCAGCG) and the mVenus encoding This work

sequence to enable C-terminal mVenus fusions to different targets

pPREx2-mVenus-target Kan® pPREx2 derivative carrying the mVenus encoding sequence and a linker sequence This work

(GGTACCGCAGCQ) to enable N-terminal mVenus fusions to different targets

pPREx2-aceE-mVenus Kan® pPREx2-target-mVenus derivative carrying the AceE (Cg2466) encoding sequence This work

pPREx2-aceF-mVenus Kan® pPREx2-target-mVenus derivative carrying the AceF (Cg2421) encoding sequence This work

pPREx2-mVenus-Ipd Kan® pPREx2-mVenus-target derivative carrying the Lpd (Cg0441) encoding sequence This work
pPREx2-mVenus-icd Kan® pPREx2-mVenus-target derivative carrying the lcd (Cg0766) encoding sequence This work
pPREx2-mVenus-gdh Kan® pPREx2-mVenus-target derivative carrying the Gdh (Cg2280) encoding sequence This work

(Continued on next page)
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TABLE 1 Bacterial strains and plasmids used in this study (Continued)

Microbiology Spectrum

Strain or plasmid Description

Reference or source

pPREx2-odhl-mCherry Kan® pPREx2 derivative carrying the Odhl (Cg1630) and mCherry encoding sequence fused by a This work

linker sequence (GGTACCGCAGCG)

pPREx2-odhA-mCherry Kan® pPREx2 derivative carrying the OdhA (Cg1280) and mCherry encoding sequence fused by a This work

linker sequence (GGTACCGCAGCG)

pPREx2-aceE-mCherry Kan® pPREx2-odhl-mCherry derivative carrying the AceE (Cg2466) encoding sequence, odh/ was This work

removed by restriction digestion using Ndel and Kpnl

pPREx2-aceF-mCherry Kan® pPREx2-odhl-mCherry derivative carrying the AceF (Cg2421) encoding sequence, odh/ was  This work

removed by restriction digestion using Ndel and Kpnl

pPREx2-mCherry-target Kan® pPREx2 derivative carrying the mCherry encoding sequence and a linker sequence
(GGTACCGCAGCQ) to enable N-terminal mCherry fusions to different targets
pPREx2-mCherry-Ipd Kan® pPREx2-mCherry-target derivative carrying the Lpd (Cg0441) encoding sequence

This work

This work

such as the PDH-ODH complex, enabling the formation of a higher number of these
assemblies per cell.

The native structure of the hybrid PDH-ODH complex is not known yet, but it certainly
differs from the structures reported for non-actinobacterial PDH and ODH complexes,
such as PDH of E. coli, where the core is formed by eight E2p trimers to which E1p
dimers and E3 dimers are bound via the peripheral subunit binding domain (PSBD) of
E2p. In actinobacteria, E2p (AceF) also forms a trimer, but a phenylalanine-containing
three-residue-insertion in the C-terminal helix prevents higher order oligomerization
(17). Biochemical studies with reconstituted complexes suggested that two AceF trimers
form the core of the hybrid complex and are stably associated with Lpd dimers binding
to the PSBD domains of AceF (16, 49). OdhA was proposed to form hexamers and
a smaller oligomer that readily associated with the AceF-Lpd subcomplex, whereas
AceE appeared to have a lower affinity for this subcomplex. For the reconstituted ODH
complex, a size of 940 kDa was estimated (16). Recent structural studies confirmed that
OdhA is an 800-kDa homohexamer that folds into a three-blade propeller shape (20).
Although the minimal hybrid PDH-ODH complex with about 1 MDa appears to be much
smaller than the separate PDH and ODH complexes of known structure (e.g., approxi-
mately 4.5 MDa for E. coli PDH), its specific structural organization might enable the
formation of large three-dimensional networks which are excluded from the nucleoid,
explaining the formation of mostly only two to four large assemblies located at the poles
or at mid-cell of larger cells. As the lack of OdhA or AceE did not prevent the localization
of the residual subunits at the poles, the stable AceF-Lpd subcomplex could be sufficient
for the assembly of such networks. As Lpd forms dimers, a speculation could be that each
of the monomers binds to PSBD domains of different AceF complexes and thereby form
a three-dimensional network. Further structural analysis is required to prove or disprove
the formation of PDH-ODH networks.

Bioinformatic analysis revealed that OdhA homologs are present in many genera
of actinobacteria and always linked to the presence of an E2p protein with the three-
residue insertion preventing assembly of the trimers (17). Therefore, hybrid PDH-ODH
complexes are probably formed in all these species, and a similar localization as in C.
glutamicum caused by nucleoid exclusion appears likely. Of course, a structural view
on this complex would be the obvious next target but might be hampered by the
high flexibility of interdomain linkers within AceF. The observation of a defined spatial
localization of an enzyme complex catalyzing two key reactions of central metabolism
poses questions regarding possible consequences for the availability of substrates and
products within the cell and if further enzyme complexes of bacteria show a similar
behavior.
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MATERIALS AND METHODS
Bacterial strains, media, and culture conditions

All bacterial strains and plasmids used in this work are listed in Table 1. Escherichia coli
cells were cultivated at 37°C in lysogeny broth (LB) (50) or on LB agar plates (Carl Roth,
Karlsruhe, Germany). C. glutamicum strains were cultivated at 30°C in brain-heart infusion
medium (BHI; Difco Laboratories, Detroit, USA) or in CGXIl medium with 2% (wt/vol)
glucose (51) containing 30 mg L' 3,4-dihydroxybenzoate as iron chelator. A 15 g L' agar
was added to prepare the respective solid media. Kanamycin was added at concentra-
tions of 25 mg L™" (C. glutamicum) or 50 mg L' (E. coli) to maintain plasmid stability. In
case of the C. glutamicum Aacek strain, the culture medium was supplemented with 2 g
L™ acetate.

Standard recombinant DNA work and construction of deletion mutants

Standard methods such as PCR and plasmid restriction were carried out according to
established protocols (58), and all oligonucleotides used are listed in Table S1. Plasmids
were constructed by Gibson assembly (59). Oligonucleotides were ordered from and
DNA sequencing was performed by Eurofins Genomics (Ebersberg, Germany). Transfor-
mation of E. coli was performed following a standard protocol (54), and C. glutami-
cum transformation was performed by electroporation (60). C. glutamicum deletion
or integration mutants were constructed by double homologous recombination using
pK19mobsacB-based plasmids as described previously (61). Oligonucleotides annealing
upstream and downstream of the target genes were used to confirm genomic deletions
or integrations by colony PCR.

Fluorescence microscopy

Prior to analysis by fluorescence microscopy, the different C. glutamicum strains were
grown overnight at 30°C and 170 rpm in BHI medium, diluted 1:50 to inoculate a main
culture in CGXIl medium with 2% (wt/vol) glucose, and incubated for 3-4 h under
the same conditions. For membrane staining, cells were harvested by centrifugation
(5 min, 4000 x g) and resuspended in phosphate-buffered saline (PBS; 137 mM Nadcl,
2.7 mM KCl, 10 mM NayHPOy, 1.8 mM KH,POy, pH 7.4) containing 250 ng ml™" Nile red
followed by 10-min incubation in the dark. For DNA staining, 500 nM SYTOX Orange
(Thermo Fisher Scientific, Waltham, MA, USA) was added, and the cultures were further
incubated for 10 min in the same cultivation conditions. Afterwards, cells were collected
by centrifugation at 5,000 x g, washed once, and resuspended in PBS. Afterwards, cells
were immobilized on glass slides with agar pads [0.9% (wt/vol) NaCl, 1.5% (wt/vol)
agarose] and analyzed using an Axio imager M2 microscope equipped with AxioCam ICc
3 and a Zeiss Plan-Apochromat 100x/1.4 oil Ph3 objective and an HXP 120 C lightning
unit (Carl Zeiss). For detection of mVenus fluorescence, the filter 46 HE (Aex 500/25 nm,
Aem 535/30 nm) and, in case of mCherry, Nile red, or SYTOX Orange, the filter 43 HE
(Aex 545/25 nm, Aem 605/70 nm) were used. Image processing took place using the
AxioVision SE64 Rel. software v. 4.8.2 (Carl Zeiss).

Statistics

For statistical analysis of the fluorescent spots and the cell size, at least 100 cells were
analyzed of each strain. Cell size was measured using the AxioVision SE64 Rel. software
v. 4.8.2 (Carl Zeiss), and fluorescent spots were counted manually. Dividing cells were
counted as individual cells if the Nile red staining showed a new membrane at the
division site. Data analysis was carried out using GraphPad Prism 9 (GraphPad, San Diego,
USA). The frequency of different cell length was calculated using Graphpad Prism 9
frequency analysis with a bin width of 0.5.

September/October 2023 Volume 11  Issue 5

Microbiology Spectrum

10.1128/spectrum.02668-23 14

Downloaded from https://journals.asm.org/journal/spectrum on 16 November 2023 by 134.94.122.118.


https://doi.org/10.1128/spectrum.02668-23

Research Article

ACKNOWLEDGMENTS

Microbiology Spectrum

This work was financially supported by the DFG-ANR project MetActino (DFG BO 903/4-1,
ANR-18-CE92-0003).

The authors thank Andreas Burkovski (Erlangen, Germany) and Bernhard Eikmanns

(Ulm, Germany) for providing the C. glutamicum Agdh and AaceE deletion strains,
respectively.

AUTHOR AFFILIATIONS

'IBG-1: Biotechnology, Institute of Bio- and Geosciences, Forschungszentrum Jiilich,
Julich, Germany
Bioeconomy Science Center (BioSC), Forschungszentrum Jiilich, Jiilich, Germany

AUTHOR ORCIDs

Lea Sundermeyer { http://orcid.org/0000-0001-6333-2289
Jan-Gerrit Folkerts @ http://orcid.org/0000-0002-3483-7576
Benita Lickel (2 http://orcid.org/0000-0003-1164-1914
Christina Mack @ http://orcid.org/0009-0004-4192-8697
Meike Baumgart (2 http://orcid.org/0000-0002-9874-1151
Michael Bott & http://orcid.org/0000-0002-4701-8254

FUNDING
Funder Grant(s) Author(s)
Deutsche Forschungsgemeinschaft (DFG) BO 903/4-1 Michael Bott

AUTHOR CONTRIBUTIONS

Lea Sundermeyer, Conceptualization, Data curation, Formal analysis, Methodology,
Supervision, Validation, Visualization, Writing - original draft, Writing — review and
editing, Investigation | Jan-Gerrit Folkerts, Investigation, Validation, Visualization | Benita
Luckel, Investigation, Validation, Visualization | Christina Mack, Investigation, Valida-
tion | Meike Baumgart, Methodology, Supervision | Michael Bott, Conceptualization,
Data curation, Formal analysis, Funding acquisition, Project administration, Resources,
Supervision, Validation, Writing - original draft, Writing - review and editing

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental file 1 (Spectrum02668-23-s0001.pdf). Table S1 and Fig. S1 to S5

REFERENCES

1.

Barka EA, Vatsa P, Sanchez L, Gaveau-Vaillant N, Jacquard C, Meier-
Kolthoff JP, Klenk H-P, Clément C, Ouhdouch Y, van Wezel GP. 2016.
Taxonomy, physiology, and natural products of Actinobacteria. Microbiol
Mol Biol Rev 80:1-43. https://doi.org/10.1128/MMBR.00019-15
Hopwood DA. 2007. Streptomyces in nature and medicine. Oxford
University Press, New York.

Becker J, Wittmann C. 2012. Bio-based production of chemicals,
materials and fuels - Corynebacterium glutamicum as versatile cell
factory. Curr Opin Biotechnol 23:631-640. https://doi.org/10.1016/j.
copbio.2011.11.012

Eggeling L, Bott M. 2015. A giant market and a powerful metabolism: L-
Lysine provided by Corynebacterium glutamicum. Appl Microbiol
Biotechnol 99:3387-3394. https://doi.org/10.1007/500253-015-6508-2

September/October 2023 Volume 11  Issue 5

Wendisch VF, Jorge JMP, Pérez-Garcia F, Sgobba E. 2016. Updates on
industrial production of amino acids using Corynebacterium glutamicum.
World J Microbiol Biotechnol 32:105. https://doi.org/10.1007/511274-
016-2060-1

Wolf S, Becker J, Tsuge Y, Kawaguchi H, Kondo A, Marienhagen J, Bott M,
Wendisch VF, Wittmann C. 2021. Advances in metabolic engineering of
Corynebacterium glutamicum to produce high-value active ingredients
for food, feed, human health, and well-being. Essays Biochem 65:197-
212. https://doi.org/10.1042/EBC20200134

Perham RN. 2000. Swinging arms and swinging domains in multifunc-
tional enzymes: catalytic machines for multistep reactions. Annu Rev
Biochem 69:961-1004. https://doi.org/10.1146/annurev.biochem.69.1.
961

10.1128/spectrum.02668-23 15

Downloaded from https://journals.asm.org/journal/spectrum on 16 November 2023 by 134.94.122.118.


https://doi.org/10.1128/spectrum.02668-23
https://doi.org/10.1128/MMBR.00019-15
https://doi.org/10.1016/j.copbio.2011.11.012
https://doi.org/10.1007/s00253-015-6508-2
https://doi.org/10.1007/s11274-016-2060-1
https://doi.org/10.1042/EBC20200134
https://doi.org/10.1146/annurev.biochem.69.1.961
https://doi.org/10.1128/spectrum.02668-23

Research Article

20.

21.

22,

23.

September/October 2023 Volume 11

Skerlova J, Berndtsson J, Nolte H, Ott M, Stenmark P. 2021. Structure of
the native pyruvate dehydrogenase complex reveals the mechanism of
substrate insertion. Nat Commun 12:5277. https://doi.org/10.1038/
s41467-021-25570-y

Mattevi A, Obmolova G, Schulze E, Kalk KH, Westphal AH, de Kok A, Hol
WG. 1992. Atomic structure of the cubic core of the pyruvate dehydro-
genase multienzyme complex. Science 255:1544-1550. https://doi.org/
10.1126/science.1549782

Liu S, Xia X, Zhen J, Li Z, Zhou ZH. 2022. Structures and comparison of
endogenous 2-oxoglutarate and pyruvate dehydrogenase complexes
from bovine kidney. Cell Discov 8:126. https://doi.org/10.1038/541421-
022-00487-y

Izard T, Aevarsson A, Allen MD, Westphal AH, Perham RN, de Kok A, Hol
WG. 1999. Principles of quasi-equivalence and Euclidean geometry
govern the assembly of cubic and dodecahedral cores of pyruvate
dehydrogenase complexes. Proc Natl Acad Sci U S A 96:1240-1245.
https://doi.org/10.1073/pnas.96.4.1240

Usuda Y, Tujimoto N, Abe C, Asakura Y, Kimura E, Kawahara Y, Kurahashi
O, Matsui H. 1996. Molecular cloning of the Corynebacterium glutamicum
(‘Brevibacterium Lactofermentum' Aj12036) odhA gene encoding a novel
type of 2-oxoglutarate dehydrogenase. Microbiology (Reading) 142 ( Pt
12):3347-3354. https://doi.org/10.1099/13500872-142-12-3347

Wagner T, Bellinzoni M, Wehenkel A, O'Hare HM, Alzari PM. 2011.
Functional plasticity and allosteric regulation of a-ketoglutarate
decarboxylase in central mycobacterial metabolism. Chem Biol 18:1011-
1020. https://doi.org/10.1016/j.chembiol.2011.06.004

Niebisch A, Kabus A, Schultz C, Weil B, Bott M. 2006. Corynebacterial
protein kinase G controls 2-oxoglutarate dehydrogenase activity via the
phosphorylation status of the Odhl protein. J Biol Chem 281:12300-
12307. https://doi.org/10.1074/jbc.M512515200

Hoffelder M, Raasch K, van Ooyen J, Eggeling L. 2010. The E2 domain of
OdhA of Corynebacterium glutamicum has succinyltransferase activity
dependent on lipoyl residues of the acetyltransferase AceF. J Bacteriol
192:5203-5211. https://doi.org/10.1128/JB.00597-10

Kinugawa H, Kondo N, Komine-Abe A, Tomita T, Nishiyama M, Kosono S.
2020. In vitro reconstitution and characterization of pyruvate dehydro-
genase and 2-oxoglutarate dehydrogenase hybrid complex from
Corynebacterium glutamicum. Microbiologyopen 9:21113. https://doi.
org/10.1002/mbo3.1113

Bruch EM, Vilela P, Yang L, Boyko A, Lexa-Sapart N, Raynal B, Alzari PM,
Bellinzoni M. 2021. Actinobacteria challenge the paradigm: a unique
protein architecture for a well-known, central metabolic complex. Proc
Natl Acad Sci U S A 118:€2112107118. https://doi.org/10.1073/pnas.
2112107118

Patel MS, Nemeria NS, Furey W, Jordan F. 2014. The pyruvate dehydro-
genase complexes: structure-based function and regulation. J Biol Chem
289:16615-16623. https://doi.org/10.1074/jbc.R114.563148

Shiio |, Ujigawa-Takeda K. 1980. Presence and regulation of a-
ketoglutarate dehydrogenase complex in a glutamate-producing
bacterium, Brevibacterium flavum . Agricultural and Biological Chemistry
44:1897-1904. https://doi.org/10.1080/00021369.1980.10864219

Yang L, Wagner T, Mechaly A, Boyko A, Bruch EM, Megrian D, Gubellini F,
Alzari PM, Bellinzoni M. 2023. High resolution Cryo-EM and crystallo-
graphic snapshots of the actinobacterial two-in-one 2-oxoglutarate
dehydrogenase. Nat Commun 14:4851. https://doi.org/10.1038/541467-
023-40253-6

Krawczyk S, Raasch K, Schultz C, Hoffelder M, Eggeling L, Bott M. 2010.
The FHA domain of Odhl interacts with the carboxyterminal 2-
oxoglutarate dehydrogenase domain of OdhA in Corynebacterium
glutamicum. FEBS Lett 584:1463-1468. https://doi.org/10.1016/j.febslet.
2010.03.028

Raasch K, Bocola M, Labahn J, Leitner A, Eggeling L, Bott M. 2014.
Interaction of 2-oxoglutarate dehydrogenase OdhA with its inhibitor
Odhl in Corynebacterium glutamicum: mutants and a model. J Biotechnol
191:99-105. https://doi.org/10.1016/j.jbiotec.2014.05.023

Schultz C, Niebisch A, Gebel L, Bott M. 2007. Glutamate production by
Corynebacterium glutamicum: dependence on the oxoglutarate
dehydrogenase inhibitor protein Odhl and protein kinase PknG. Appl
Microbiol Biotechnol 76:691-700. https://doi.org/10.1007/s00253-007-
0933-9

Issue 5

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Microbiology Spectrum

Barthe P, Roumestand C, Canova MJ, Kremer L, Hurard C, Molle V,
Cohen-Gonsaud M. 2009. Dynamic and structural characterization of a
bacterial FHA protein reveals a new autoinhibition mechanism.
Structure 17:568-578. https://doi.org/10.1016/j.5tr.2009.02.012

Schultz C, Niebisch A, Schwaiger A, Viets U, Metzger S, Bramkamp M,
Bott M. 2009. Genetic and biochemical analysis of the serine/threonine
protein Kinases PknA, PknB, PknG and PknL of Corynebacterium
glutamicum: evidence for non-essentiality and for phosphorylation of
Odhl and FtsZ by multiple kinases. Mol Microbiol 74:724-741. https://
doi.org/10.1111/j.1365-2958.2009.06897.x

England P, Wehenkel A, Martins S, Hoos S, André-Leroux G, Villarino A,
Alzari PM. 2009. The FHA-containing protein GarA acts as a phosphoryla-
tion-dependent molecular switch in mycobacterial signaling. FEBS Lett
583:301-307. https://doi.org/10.1016/j.febslet.2008.12.036

Nott TJ, Kelly G, Stach L, Li J, Westcott S, Patel D, Hunt DM, Howell S,
Buxton RS, O’Hare HM, Smerdon SJ. 2009. An intramolecular switch
regulates phosphoindependent FHA domain interactions in Mycobacte-
rium tuberculosis. Sci Signal 2:ral12. https://doi.org/10.1126/scisignal.
2000212

O’Hare HM, Duran R, Cervefansky C, Bellinzoni M, Wehenkel AM, Pritsch
O, Obal G, Baumgartner J, Vialaret J, Johnsson K, Alzari PM. 2008.
Regulation of glutamate metabolism by protein kinases in mycobacteria.
Mol Microbiol 70:1408-1423. https://doi.org/10.1111/j.1365-2958.2008.
06489.x

Cowley S, Ko M, Pick N, Chow R, Downing KJ, Gordhan BG, Betts JC,
Mizrahi V, Smith DA, Stokes RW, Av-Gay Y. 2004. The mycobacterium
tuberculosis protein serine/threonine kinase PknG is linked to cellular
glutamate/glutamine levels and is important for growth in vivo. Mol
Microbiol ~ 52:1691-1702.  https://doi.org/10.1111/j.1365-2958.2004.
04085.x

Bhattacharyya N, Nkumama IN, Newland-Smith Z, Lin L-Y, Yin W, Cullen
RE, Griffiths JS, Jarvis AR, Price MJ, Chong PY, Wallis R, O’'Hare HM,
Cossart PF. 2018. An aspartate-specific solute-binding protein regulates
protein kinase G activity to control glutamate metabolism in mycobac-
teria. mBio 9. https://doi.org/10.1128/mBi0.00931-18

Sundermeyer L, Bosco G, Gujar S, Brocker M, Baumgart M, Willbold D,
Weiergraber OH, Bellinzoni M, Bott M. 2022. Characteristics of the GInH
and GInX signal transduction proteins controlling PknG-mediated
phosphorylation of Odhl and 2-oxoglutarate dehydrogenase activity in
Corynebacterium glutamicum. Microbiol Spectr 10:e0267722. https://doi.
org/10.1128/spectrum.02677-22

Wagner T, André-Leroux G, Hindie V, Barilone N, Lisa M-N, Hoos S, Raynal
B, Vulliez-Le Normand B, O'Hare HM, Bellinzoni M, Alzari PM. 2019.
Structural insights into the functional versatility of an FHA domain
protein in mycobacterial signaling. Sci Signal 12:eaav9504. https://doi.
org/10.1126/scisignal.aav9504

Bellinzoni M, Wehenkel AM, Duran R, Alzari PM. 2019. Novel mechanistic
insights into physiological signaling pathways mediated by mycobacte-
rial Ser/Thr protein kinases. Microbes Infect 21:222-229. https://doi.org/
10.1016/j.micinf.2019.06.015

Fiuza M, Canova MJ, Patin D, Letek M, Zanella-Cléon |, Becchi M, Mateos
LM, Mengin-Lecreulx D, Molle V, Gil JA. 2008. The MurC ligase essential
for peptidoglycan biosynthesis is regulated by the serine/threonine
protein kinase PknA in Corynebacterium glutamicum. J Biol Chem
283:36553-36563. https://doi.org/10.1074/jbc.M807175200

Fiuza M, Canova MJ, Zanella-Cléon |, Becchi M, Cozzone AJ, Mateos LM,
Kremer L, Gil JA, Molle V. 2008. From the characterization of the four
serine/threonine protein kinases (PknA/B/G/L) of Corynebacterium
glutamicum toward the role of PknA and PknB in cell division. J Biol
Chem 283:18099-18112. https://doi.org/10.1074/jbc.M802615200

Daniel RA, Errington J. 2003. Control of cell morphogenesis in bacteria:
two distinct ways to make a rod-shaped cell. Cell 113:767-776. https://
doi.org/10.1016/s0092-8674(03)00421-5

Ladouceur AM, Parmar BS, Biedzinski S, Wall J, Tope SG, Cohn D, Kim A,
Soubry N, Reyes-Lamothe R, Weber SC. 2020. Clusters of bacterial RNA
polymerase are biomolecular condensates that assemble through
liquid-liquid phase separation. Proc Natl Acad Sci U S A 117:18540-
18549. https://doi.org/10.1073/pnas.2005019117

10.1128/spectrum.02668-23 16

Downloaded from https://journals.asm.org/journal/spectrum on 16 November 2023 by 134.94.122.118.


https://doi.org/10.1038/s41467-021-25570-y
https://doi.org/10.1126/science.1549782
https://doi.org/10.1038/s41421-022-00487-y
https://doi.org/10.1073/pnas.96.4.1240
https://doi.org/10.1099/13500872-142-12-3347
https://doi.org/10.1016/j.chembiol.2011.06.004
https://doi.org/10.1074/jbc.M512515200
https://doi.org/10.1128/JB.00597-10
https://doi.org/10.1002/mbo3.1113
https://doi.org/10.1073/pnas.2112107118
https://doi.org/10.1074/jbc.R114.563148
https://doi.org/10.1080/00021369.1980.10864219
https://doi.org/10.1038/s41467-023-40253-6
https://doi.org/10.1016/j.febslet.2010.03.028
https://doi.org/10.1016/j.jbiotec.2014.05.023
https://doi.org/10.1007/s00253-007-0933-9
https://doi.org/10.1016/j.str.2009.02.012
https://doi.org/10.1111/j.1365-2958.2009.06897.x
https://doi.org/10.1016/j.febslet.2008.12.036
https://doi.org/10.1126/scisignal.2000212
https://doi.org/10.1111/j.1365-2958.2008.06489.x
https://doi.org/10.1111/j.1365-2958.2004.04085.x
https://doi.org/10.1128/mBio.00931-18
https://doi.org/10.1128/spectrum.02677-22
https://doi.org/10.1126/scisignal.aav9504
https://doi.org/10.1016/j.micinf.2019.06.015
https://doi.org/10.1074/jbc.M807175200
https://doi.org/10.1074/jbc.M802615200
https://doi.org/10.1016/s0092-8674(03)00421-5
https://doi.org/10.1073/pnas.2005019117
https://doi.org/10.1128/spectrum.02668-23

Research Article

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

49.

September/October 2023 Volume 11

Hondele M, Sachdev R, Heinrich S, Wang J, Vallotton P, Fontoura BMA,
Weis K. 2019. DEAD-box atpases are global regulators of phase-
separated organelles. Nature 573:144-148.
https://doi.org/10.1038/541586-019-1502-y

Al-Husini N, Tomares DT, Bitar O, Childers WS, Schrader JM. 2018.
a—Proteobacterial RNA degradosomes assemble liquid-liquid phase-
separated RNP bodies. Mol Cell 71:1027-1039. https://doi.org/10.1016/j.
molcel.2018.08.003

Kroschwald S, Maharana S, Mateju D, Malinovska L, Nuske E, Poser |,
Richter D, Alberti S. 2015. Promiscuous interactions and protein
disaggregases determine the material state of stress-inducible RNP
granules. Elife 4:e06807. https://doi.org/10.7554/eLife.06807

Lin Y, Mori E, Kato M, Xiang S, Wu L, Kwon I, McKnight SL. 2016. Toxic PR
poly-dipeptides encoded by the C9orf72 repeat expansion target LC
domain polymers. Cell 167:789-802. https://doi.org/10.1016/j.cell.2016.
10.003

Chong S, Dugast-Darzacq C, Liu Z, Dong P, Dailey GM, Cattoglio C,
Heckert A, Banala S, Lavis L, Darzacq X, Tjian R. 2018. Imaging dynamic
and selective low-complexity domain interactions that control gene
transcription. Science 361:eaar2555. https://doi.org/10.1126/science.
aar2555

Dersch S, Rotter DAO, Graumann PL. 2022. Heterogeneity of subcellular
diffusion in bacteria based on spatial segregation of ribosomes and
nucleoids.  Microb  Physiol 32:177-186. https://doi.org/10.1159/
000526846

Rotter DAO, Heger C, Oviedo-Bocanegra LM, Graumann PL. 2021.
Transcription-dependent confined diffusion of enzymes within
subcellular spaces of the bacterial cytoplasm. BMC Biol 19:183. https://
doi.org/10.1186/512915-021-01083-4

Letek M, Fiuza M, Ordéiez E, Villadangos AF, Ramos A, Mateos LM, Gil JA.
2008. Cell growth and cell division in the rod-shaped actinomycete
Corynebacterium glutamicum. Antonie van Leeuwenhoek 94:99-109.
https://doi.org/10.1007/510482-008-9224-4

Frunzke J, Bramkamp M, Schweitzer JE, Bott M. 2008. Population
heterogeneity in Corynebacterium glutamicum ATCC 13032 caused by
prophage CGp3. J Bacteriol 190:5111-5119. https://doi.org/10.1128/JB.
00310-08

Gray WT, Govers SK, Xiang Y, Parry BR, Campos M, Kim S, Jacobs-Wagner
C. 2019. Nucleoid size scaling and intracellular organization of
translation across bacteria. Cell 177:1632-1648. https://doi.org/10.1016/
j.cell.2019.05.017

Matamouros S, Gensch T, Cerff M, Sachs CC, Abdollahzadeh |, Hendriks J,
Horst L, Tenhaef N, Noack S, Graf M, Takors R, Noh K, Bott M. 2021.
Growth-rate dependency of ribosome abundance and translation
elongation rate in Corynebacterium glutamicum differs from Escherichia
coli. bioRxiv. https://doi.org/10.1101/2021.04.01.438067

Komine-Abe A, Kondo N, Kubo S, Kawasaki H, Nishiyama M, Kosono S.
2021. Characterization of lysine acetylation in the peripheral subunit-
binding domain of the E2 subunit of the pyruvate dehydrogenase-2-
oxoglutarate dehydrogenase hybrid complex from Corynebacterium

Issue 5

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Microbiology Spectrum

glutamicum. Biosci Biotechnol Biochem 85:874-881. https://doi.org/10.
1093/bbb/zbaal14

Bertani G. 1951. Studies on lysogenesis. the mode of phage liberation by
lysogenic Escherichia coli. J Bacteriol 62:293-300. https://doi.org/10.
1128/jb.62.3.293-300.1951

Keilhauer C, Eggeling L, Sahm H. 1993. Isoleucine synthesis in
Corynebacterium glutamicum: molecular analysis of the ilvB-ilvN-ilvC
operon. J Bacteriol 175:5595-5603. https://doi.org/10.1128/jb.175.17.
5595-5603.1993

Schreiner ME, Fiur D, Holdtko J, Patek M, Eikmanns BJ. 2005. E1 enzyme
of the pyruvate dehydrogenase complex in Corynebacterium glutami-
cum: molecular analysis of the gene and phylogenetic aspects. J
Bacteriol 187:6005-6018. https://doi.org/10.1128/JB.187.17.6005-6018.
2005

Mller T, Strosser J, Buchinger S, Nolden L, Wirtz A, Kramer R, Burkovski
A. 2006. Mutation-induced metabolite pool alterations in Corynebacte-
rium glutamicum: towards the identification of nitrogen control signals. J
Biotechnol 126:440-453. https://doi.org/10.1016/j.jbiotec.2006.05.015
Hanahan D. 1983. Studies on transformation of Escherichia coli with
plasmids. J Mol Biol 166:557-580. https://doi.org/10.1016/50022-
2836(83)80284-8

Schéfer A, Tauch A, Jager W, Kalinowski J, Thierbach G, Piihler A. 1994.
Small mobilizable multi-purpose cloning vectors derived from the
Escherichia coli plasmids pk18 and pk19: selection of defined deletions in
the chromosome of Corynebacterium glutamicum. Gene 145:69-73.
https://doi.org/10.1016/0378-1119(94)90324-7

Govers SK, Mortier J, Adam A, Aertsen A. 2018. Protein aggregates
encode epigenetic memory of stressful encounters in individual
Escherichia coli cells. PLoS Biol 16:€2003853. https://doi.org/10.1371/
journal.pbio.2003853

Bakkes PJ, Ramp P, Bida A, Dohmen-Olma D, Bott M, Freud| R. 2020.
Improved pEKEx2-derived expression vectors for tightly controlled
production of recombinant proteins in Corynebacterium glutamicum.
Plasmid 112:102540. https://doi.org/10.1016/j.plasmid.2020.102540
Green MR, Sambrook J. 2012. Molecular cloning. A laboratory manual.
3rd ed. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, New
York.

Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA, Smith HO.
2009. Enzymatic assembly of DNA molecules up to several hundred
kilobases. Nat Methods 6:343-345. https://doi.org/10.1038/nmeth.1318
van der Rest ME, Lange C, Molenaar D. 1999. A heat shock following
electroporation induces highly efficient transformation of Corynebacte-
rium Glutamicum with xenogeneic plasmid DNA. Appl Microbiol
Biotechnol 52:541-545. https://doi.org/10.1007/s002530051557
Niebisch A, Bott M. 2001. Molecular analysis of the cytochrome bcy-aas
branch of the Corynebacterium glutamicum respiratory chain containing
an unusual diheme cytochrome c;. Arch Microbiol 175:282-294. https:/
doi.org/10.1007/5002030100262

10.1128/spectrum.02668-23 17

Downloaded from https://journals.asm.org/journal/spectrum on 16 November 2023 by 134.94.122.118.


https://doi.org/10.1038/s41586-019-1502-y
https://doi.org/10.1016/j.molcel.2018.08.003
https://doi.org/10.7554/eLife.06807
https://doi.org/10.1016/j.cell.2016.10.003
https://doi.org/10.1126/science.aar2555
https://doi.org/10.1159/000526846
https://doi.org/10.1186/s12915-021-01083-4
https://doi.org/10.1007/s10482-008-9224-4
https://doi.org/10.1128/JB.00310-08
https://doi.org/10.1016/j.cell.2019.05.017
https://doi.org/10.1101/2021.04.01.438067
https://doi.org/10.1093/bbb/zbaa114
https://doi.org/10.1128/jb.62.3.293-300.1951
https://doi.org/10.1128/jb.175.17.5595-5603.1993
https://doi.org/10.1128/JB.187.17.6005-6018.2005
https://doi.org/10.1016/j.jbiotec.2006.05.015
https://doi.org/10.1016/s0022-2836(83)80284-8
https://doi.org/10.1016/0378-1119(94)90324-7
https://doi.org/10.1371/journal.pbio.2003853
https://doi.org/10.1016/j.plasmid.2020.102540
https://doi.org/10.1038/nmeth.1318
https://doi.org/10.1007/s002530051557
https://doi.org/10.1007/s002030100262
https://doi.org/10.1128/spectrum.02668-23

	Cellular localization of the hybrid pyruvate/2-oxoglutarate dehydrogenase complex in the actinobacterium Corynebacterium glutamicum
	RESULTS
	Localization of OdhI-mVenus and GarA-mVenus fusion proteins in C. glutamicum
	Influence of serine/threonine protein kinases on OdhI-mVenus spot formation
	Influence of the phospho-serine/threonine protein phosphatase Ppp on OdhI-mVenus spot formation
	Influence of OdhA on OdhI-mVenus spot formation
	Localization of OdhA and co-localization with OdhI
	Localization of other interaction partners of OdhA
	Relevance of OdhA and AceE for localization of the other subunits of the PDH-ODH complex
	Localization of isocitrate dehydrogenase and glutamate dehydrogenase

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains, media, and culture conditions
	Standard recombinant DNA work and construction of deletion mutants
	Fluorescence microscopy
	Statistics



