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Pyruvate:quinone oxidoreductase (PQO) is a flavin-containing peripheral

membrane enzyme catalyzing the decarboxylation of pyruvate to acetate and

CO2 with quinone as an electron acceptor. Here, we investigate PQO activity

in Corynebacterium glutamicum, examine purified PQO, and describe the

crystal structure of the native enzyme and a truncated version. The specific

PQO activity was highest in stationary phase cells grown in complex medium,

lower in cells grown in complex medium containing glucose or acetate, and

lowest in cells grown in minimal acetate-medium. A similar pattern with

about 30-fold higher specific PQO activities was observed in C. glutamicum

with plasmid-bound pqo expression under the control of the tac promoter,

indicating that the differences in PQO activity are likely due to

post-transcriptional control. Continuous cultivation of C. glutamicum at dilu-

tion rates between 0.05 and 0.4 h�1 revealed a negative correlation between

PQO activity and growth rate. Kinetic analysis of PQO enzymes purified

from cells grown in complex or in minimal acetate-medium revealed substan-

tial differences in specific activity (72.3 vs. 11.9 U�mg protein�1) and turnover

number (kcat: 440 vs. 78 s�1, respectively), suggesting post-translational mod-

ifications affecting PQO activity. Structural analysis of PQO revealed a

homotetrameric arrangement very similar to the Escherichia coli pyruvate

oxidase PoxB except for the C-terminal membrane binding domain, which

exhibited a conformation markedly different from its PoxB counterpart. A

truncated PQO variant lacking 17 C-terminal amino acids showed higher

affinity to pyruvate and was independent of detergent activation, highlighting

the importance of the C-terminus for enzyme activation and lipid binding.
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Introduction

Corynebacterium glutamicum belongs to the actinobac-

teria and is a facultatively anaerobic, Gram-positive

and non-pathogenic bacterium, generally classified as

safe [1]. This organism has long been used as a work-

horse for L-glutamate and L-lysine production [2,3]

and is also suitable for a variety of other biotechnolog-

ical production processes [summarized in 3–6]. In addi-

tion, C. glutamicum is considered a model organism

for the Mycobacteriales, which include the pathogenic

Corynebacterium diphtheriae and Mycobacterium tuber-

culosis [3]. The metabolism of C. glutamicum and its

regulation are relatively well known due to the long

history of physiological and molecular biological stud-

ies and the industrial relevance of the organism. C.

glutamicum can metabolize a variety of carbon sub-

strates, including mixtures of carbohydrates, organic

acids and alcohols [7–10], making it very suitable for

the environmentally friendly conversion of hydrolyzed

lignocellulosic biomass and waste materials into (high-

quality) products [overview in 11].

As in many aerobic and facultative anaerobic bacte-

ria, the central metabolism of C. glutamicum includes

glycolysis, the oxidative pentose phosphate pathway,

the tricarboxylic acid (TCA) cycle, and the glyoxylate

cycle [12,13]. The so-called “phosphoenolpyruvate

(PEP)-pyruvate-oxaloacetate node” of C. glutamicum

with an astonishing variety of carboxylating and dec-

arboxylating enzymes (Fig. 1) plays a special role as a

crossroad for carbon distribution between catabolism,

anabolism and energy supply [reviewed in 14]. Accord-

ingly, this node has been intensively studied and much

attention has been focused, e.g., on the PEP and pyru-

vate carboxylating and the malate and oxaloacetate

decarboxylating enzymes [summarized in 14–16]. The

oxidative decarboxylation of pyruvate and thus

the carbon flow towards the TCA cycle in C. glutami-

cum are mainly attributed to the pyruvate dehydroge-

nase complex (PDHC, EC1.2.4.1), which in recent

years has been intensively studied in relation to

its importance for the production of desired products

[17–19] and shown to be structured in a mixed

PDH/2-oxoglutarate dehydrogenase (ODH) supercom-

plex with unique structural and regulatory features

[20–25].
In addition to the PDHC, which decarboxylates pyru-

vate with NAD+ as an electron acceptor to

acetyl-coenzyme A (acetyl-CoA), C. glutamicum possesses

a pyruvate:quinone oxidoreductase (PQO, EC1.2.5.1),

Glucose

PEP

Pyruvate

Acetyl-CoA

CitrateOxaloacetate

Acetate

Acetyl-P

Acetate

TCA-cycle

PDHC

ACK

PTA

Glycolysis

Malate

MQOMDH

PEPCx PYC

PK
PQO

ODx

ME

PEPCk

CO2

CO2

CO2

CO2

CO2
CO2

CO2

Fig. 1. Simplified phosphoenolpyruvate (PEP)-pyruvate-oxaloacetate node in Corynebacterium glutamicum. acetyl-CoA, acetyl-coenzyme A;

acetyl-P, acetyl-phosphate; ACK, acetate kinase; MDH, malate dehydrogenase; ME, malic enzyme; MQO, malate:quinone oxidoreductase;

ODx, oxaloacetate decarboxylase; PDHC, pyruvate dehydrogenase complex; PEPCk, PEP carboxykinase; PEPCx, PEP carboxylase; PK,

pyruvate kinase; PQO, pyruvate:quinone oxidoreductase; PTA, phosphotransacetylase; PYC, pyruvate carboxylase; TCA, tricarboxylic acid.
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which oxidatively decarboxylates pyruvate to acetate with

a naphtoquinone as an electron acceptor, and that is acti-

vated by detergents (e.g. Triton X-100), phosphatidylgly-

cerol and dipalmitoyl-phosphatidylglycerol [26]. Like all

known prokaryotic PQO enzymes, the active PQO of

C. glutamicum is probably membrane-associated, it con-

sists of four identical subunits (62 kDa each) and it uti-

lizes thiamine pyrophosphate (ThDP), non-covalently

bound flavin-adenine dinucleotide (FAD) and Mg2+ as

cofactors [26,27]. The highest PQO activities were shown

in extracts from cells grown in complex medium, about

threefold lower activities were detected when the cells

were cultured in minimal medium. Inactivation of the pqo

gene resulted in the absence of the respective activity but

did not affect the growth of C. glutamicum, showing that

the enzyme is not essential under the tested conditions

[28]. However, overexpression of the pqo gene in a

PDHC-negative mutant of C. glutamicum resulted in

20-fold higher PQO activity and a partial restoration of

the mutant’s growth phenotype in complex medium [17],

showing that high PQO activity together with the

acetate-activating enzymes acetate kinase (ACK,

EC2.7.2.1) and phosphotransacetylase (PTA, EC2.3.1.8)

in complex medium may, at least partially, replace PDHC

[28]. However, the physiological function of PQO in

C. glutamicum remains unclear.

The most studied PQO to date is the orthologous

PoxB from Escherichia coli, originally designated as

pyruvate oxidase encoded by the corresponding poxB

gene [29,30]. However, according to its activity as a qui-

none oxidoreductase [31–33] and in contrast to the actual

pyruvate oxidases from lactic acid bacteria, that catalyze

the formation of acetyl-phosphate, CO2 and hydrogen

peroxide in a phosphate and oxygen-dependent reaction

[34–37], E. coli PoxB generates acetate while reducing

quinones, and should therefore be considered as a PQO

rather than a canonical pyruvate oxidase.

The biochemistry and catalytic mechanism of E. coli

PoxB have been the subject of extensive research [e.g.

38–44; reviewed in 45], and its crystal structure was

reported in 2008, both for the wild-type and a proteo-

lyzed, activated form [46]. The first step of the PoxB

reaction in the oxidative decarboxylation of pyruvate

to acetate is the transfer of two electrons at the ThDP

site to the adjacent, bound FAD cofactor. The

reduction of flavin has been proposed to lead to a con-

formational change in the protein that exposes a

C-terminal amphipathic helix with high lipid binding

affinity; once PoxB attaches to the membrane, the elec-

trons are transferred from FAD to ubiquinone 8 (Q8)

in the electron transport chain. The in vitro activity of

PoxB can be determined using a reductase assay in

which soluble, synthetic electron acceptors (e.g.

ferricyanide) replace the physiological Q8. In the

non-activated state the reductase activity of PoxB is

low, but it increases dramatically by incorporation of

lipids or detergents or by limited proteolysis with a-
-chymotrypsin (i.e., cleavage of the 23 C-terminal

amino acids) in the presence of pyruvate and ThDP.

However, despite all biochemical and structural stud-

ies, the physiological significance of PoxB in E. coli

metabolism is not yet entirely clear.

As for the E. coli PoxB enzyme, the role of pyruvate

oxidation by PQO in C. glutamicum metabolism has so

far remained enigmatic. To get more insights into the

structure and function of the PQO enzyme and its

physiological role, we here took a comprehensive

approach that includes a systematic analysis of its

activity in wildtype and pqo-overexpressing C. glutami-

cum strains under different cultivation conditions and

a systematic biochemical and structural analysis of

purified wildtype PQO, as well as of a truncated ver-

sion of the enzyme.

Results

Specific PQO activity in C. glutamicum is highest

in complex medium and lowest in acetate

minimal medium

In previous studies, no phenotype associated with the

presence or absence of PQO was observed in C. gluta-

micum [26,28]. In this study, C. glutamicum wildtype, a

PQO-deficient and PQO overproducer strains [C. glu-

tamicum Dpqo and C. glutamicum Dpqo (pEKEx2-pqo),

respectively] were cultivated either in 2xTY complex

medium or in CGXII minimal medium with or with-

out 1% acetate or 1% glucose, to decipher the possible

effects of PQO deficiency and PQO overproduction

compared to the wild-type strain. Under the conditions

tested, no growth phenotype (growth rate and final

optical density) was observed between the wildtype

strain, C. glutamicum Dpqo and the PQO overproducer

strain (data not shown).

Activity patterns in cell extracts of the three C.

glutamicum strains were determined in both the

mid-exponential and late stationary phases (24 h of

cultivation) to gain insights into possible regulatory

effects on PQO. Whereas the pqo deletion strain

showed no detectable activity under all conditions

tested, the wild-type strain showed the overall highest

activity when cultivated in 2xTY medium at the sta-

tionary phase (~ 0.08 U�mg protein�1) and the overall

lowest activity when cultivated in acetate minimal

medium both at the exponential and stationary phases

(< 0.01 U�mg protein�1) (Fig. 2). In contrast to the
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specific PQO activities in wildtype cells grown in mini-

mal media, those observed in cells grown in 2xTY

medium (independent of additional carbon source)

were significantly higher (up to fourfold) in the sta-

tionary phase than in the exponential phase (Fig. 2).

The addition of either 1% glucose or 1% acetate to

2xTY medium led to stepwise lower specific PQO

activities. When the wildtype was cultivated in acetate

minimal medium, the activity was about twofold lower

compared to the specific activity in cells cultivated in

glucose minimal medium (~ 0.025 U�mg protein�1 and

~ 0.01 U�mg protein�1, respectively). Taken together,

these results indicate that the corynebacterial PQO

activity is dependent on both the carbon source and

the growth phase.

For the PQO overproducer, the PQO activity pattern

was qualitatively similar to that of the wildtype,

although the detected specific activities were up to

30-fold higher (Fig. 2). Although in cultivations with

2xTY medium � additional carbon source the effect of

the growth phase was not as pronounced as for the

wild-type, the highest difference in specific activity

between cells from the exponential and from the sta-

tionary phase was still observed in 2xTY medium (~ 1.6

to 2.8 U�mg protein�1, respectively). As for the

wild-type strain, the overall highest PQO activity was

detected in 2xTY medium-cultivated cells in the station-

ary phase (~ 2.8 U�mg protein�1) and the overall lowest

at both growth phases in acetate minimal

medium-grown cells (~ 0.2 U�mg protein�1). Since in

the PQO overproducer strain of C. glutamicum the pqo

gene expression is exclusively under control of the artifi-

cial Ptac promoter of the pEKEx2 plasmid, the different

specific activities under the various conditions cannot

be explained by transcriptional regulation but rather by

posttranslational modification and thus, by different

PQO enzymes with respect to their biochemical

properties.
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Fig. 2. Specific PQO activity patterns. PQO activities in cell extracts of Corynebacterium glutamicum (wildtype) and C. glutamicum Dpqo

(pEKEx2-pqo) (PQO overproducer) cultivated in different media and harvested at both the exponential (exp; light green) and stationary phase

(stat, 24 h; dark green). The data are presented as the mean � SD (N = 3). Statistical analysis was conducted to compare PQO activity

across different growth medium conditions between exponentially grown and stationary cells. An ordinary two-way ANOVA followed by

Bonferroni’s post-test was used to calculate P-values adjusted for multiple comparisons, with the activity from cells grown in 2xTY medium

serving as the control condition. Additionally, statistical analysis was performed to compare PQO activity across different growth phases for

cells cultivated under the same medium conditions. This was also analyzed using an ordinary two-way ANOVA followed by Bonferroni’s

post-test to calculate P-values adjusted for multiple comparisons (***P < 0.0021; ****P < 0.0001; ‘ns’ indicates non-significant when

P > 0.05, with underscored stars referring to statistical analysis for cells cultivated in the same medium but compared across growth

phases). Ac, acetate; CGXII, minimal medium for C. glutamicum; Glc, glucose; TY, tryptone yeast extract.
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PQO cannot substitute for PDHC in C. glutamicum

It was previously shown that a C. glutamicum strain defi-

cient of the E1p subunit of the PDHC (C. glutamicum

DaceE ) was not able to grow on glucose as a sole carbon

source and needed to be supplemented with acetate, in

spite of the presence of PQO, ACK and PTA [28]. Here

we tested whether plasmid-bound overexpression of pqo

and thus, a surplus of PQO within the cells, restores the

growth of C. glutamicum DaceE in minimal medium with

glucose as the sole carbon source. For this purpose, we

analyzed the growth of C. glutamicum wildtype and of

C. glutamicum DaceE Dpqo (pEKEx2-pqo) in complex

medium and in minimal glucose medium with/without

supplementation of 150 mM acetate. C. glutamicum DaceE
Dpqo (pEKEx2-pqo) showed restricted growth in complex

medium and wildtype-like growth when acetate, or ace-

tate plus glucose were added (data not shown). However,

whereas C. glutamicum DaceE Dpqo (pEKEx2-pqo) grew

well in minimal medium containing glucose and acetate, it

did not grow at all in minimal medium containing glucose

only (data not shown), suggesting that PQO may not be

able to substitute for the PDHC.

The specific PQO activity of C. glutamicum is

negatively correlated to the growth rate

Investigation of specific PQO activity in cell extracts of

both wildtype and PQO overproducing strains of

C glutamicum revealed that the specific activity in most

media is generally higher during the stationary phase

than during exponential growth (see above). This

raised the question of whether the growth rate of the

respective strain affects PQO activity. To examine

the impact of growth rate on specific PQO activity in

C. glutamicum wildtype systematically, we conducted

continuous cultivation processes at different dilution

rates ranging from 0.05 to 0.4 h�1. For that purpose,

the cultures were grown in CGXII minimal medium

supplemented with 1% glucose using the DASGIP�
Parallel Bioreactor System, as described in the Mate-

rials and methods section. The samples for the PQO

activity determinations were taken at the beginning of

the continuous cultivation (no volume exchange) and

after the fifth total volume exchange for each dilution

rate. An example of a continuous cultivation at a dilu-

tion rate of 0.2 h�1 is depicted in Fig. 3, with all moni-

tored process parameters.

At the start of the different continuous growth culti-

vations, the specific PQO activities of C. glutamicum

were comparable, ranging from 0.021 to 0.027 U�mg

protein�1 (Fig. 4). At the end of each process (i.e.,

after 5 volume exchanges), the activities gradually

decreased from 0.060 U�mg protein�1 at the lowest

dilution/growth rate of 0.05 h�1 to a specific activity

of 0.014 U mg protein�1 at the highest dilution/growth

rate of 0.4 h�1. These findings suggest that the role of

Fig. 3. Continuous cultivation of Corynebacterium glutamicum: growth and process parameters. Representative continuous cultivation of

C. glutamicum in CGXII minimal medium supplemented with 1% glucose and 30 lg protocatechuic acid�mL�1 at a dilution rate of 0.2 h�1 is

shown (N = 3). The start of the continuous mode is marked by a dotted black vertical line. The graph plots the OD600 (black dots and blue

dotted line) and the corresponding process data for dissolved oxygen (DO, red), pH value (black), and off-gas values for O2 (X O2, green)

and CO2 (X CO2, purple) over time. In total, five volume exchanges were performed.

5The FEBS Journal (2024) ª 2024 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

C. da Silva Lameira et al. Pyruvate:quinone-oxidoreductase from C. glutamicum

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.17232 by C

ochrane France, W
iley O

nline L
ibrary on [14/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the corynebacterial PQO may be particularly relevant

under conditions of low growth rates in C. glutami-

cum, shedding light on its potential physiological

significance.

PQO purified from cells grown in complex

medium shows a sixfold higher turnover number

compared to PQO from acetate minimal

medium-grown cells

To analyze the difference in specific PQO activity in

cells of the PQO overproducer strain when cultivated

in either 2xTY or in acetate minimal medium (Fig. 2),

the PQO enzyme was purified natively from C. gluta-

micum Dpqo (pEKEx2-pqo) cells, cultivated in the

respective media, through the protocol established by

Schreiner and Eikmanns [26]. The protocol

exploits the specific PQO binding to the detergent

Triton X-114 in the presence of its substrate and

cofactors; this property is reversible when substrate

and cofactors are absent, allowing PQO to be

extracted back in the aqueous phase to homogeneity,

as shown in the silver-stained gels after SDS/PAGE in

Fig. 5. As shown in Table 1, the protein was enriched

from both cell extracts 28- to 30-fold, showing differ-

ent specific activities in all purification steps. In the

Triton X-114 step, PQO from 2xTY medium-grown

cells displayed a specific activity of 72.3 U�mg

protein�1, whereas PQO from acetate minimal

medium-grown cells showed 11.9 U�mg protein�1. Km

and kcat values were determined for both PQO variants

with pyruvate as substrate (Table 2). Albeit sharing

very similar Km values (53 and 58 mM, respectively),

the kcat values differed significantly, showing an about

sixfold difference in favor of PQO from 2xTY

medium-grown cells (440 s�1 vs. 78 s�1).

PQO preparations from the pqo-overexpressing C.

glutamicum cells grown in TY-medium and grown in

acetate medium were also subjected to UV-absorbance

analysis. Both spectra showed maxima at 380 and

450 nm, separated by a minimum at 415 nm (Fig. S1),

as it is typical for flavin-containing enzymes and as

shown before for TY-grown cells by Schreiner and

Eikmanns [26]. The proportions were 0.76 mol FAD

and 0.54 mol FAD per mol of PQO subunit in the

preparations from TY-grown and acetate-grown cells,

respectively.

Structural analysis of PQO

Crystals of PQO were obtained in different conditions

from protein purified by Triton X-114 extraction from

C. glutamicum Dpqo (pEKEx2-pqo) cells cultivated in

2xYT and harvested during the stationary phase. The

crystal structure was first solved from a 2.5 �A resolu-

tion dataset collected from a crystal grown in the pres-

ence of 1 mM FAD, using the structure of E. coli

PoxB as the search model. Isomorphous crystals were

then obtained from protein purified by the same

method, from cells grown in minimal acetate medium

and diffracted up to 1.22 �A resolution (Table 3); the

final model was therefore refined against this high-

resolution dataset. Overall, the enzyme shows the same

homotetrameric, 222 symmetrical arrangement

observed for PoxB, with a single monomer in the

asymmetric unit and the four protomers linked by

0.0
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Fig. 4. Dependence of the growth rate on the specific PQO

activity of Corynebacterium glutamicum wildtype in continuous

cultivation. The activity of PQO in cell extracts from C. glutamicum

was determined at the start [without volume exchange (VE)] and at

the end of continuous cultivation (fifth VE), with dilution rates

corresponding to the growth rates of the organism indicated below

the bar charts. All cultivations were conducted in 1.5 L bioreactors

within a DASGIP� Parallel Bioreactor System, at 30 °C, pH 7, and

a constant dissolved oxygen level of 30% in CGXII minimal

medium supplemented with 1% glucose and additionally 30 lg

protocatechuic acid�mL�1 in the feed solution during the

continuous process. Error bars are shown for PQO activity

measurements performed in triplicate, and data presented as the

mean � SD (N = 3); otherwise, N = 1 (no error bars). To be noted,

the ensemble of initial time points without VE (left) represents data

points from equivalent batch cultures, on which a total of nine

independent PQO activity measurements (effective N = 9) were

made with a mean of 0.023 � 0.003 U�mg protein�1. Statistical

analysis was conducted to compare PQO activity before and after

initiating continuous feed at different dilution rates. An unpaired t-

test followed by Bonferroni’s post-test was used to calculate P-

values adjusted for multiple comparisons (*P < 0.05;

**P < 0.0332). Measurements at initial time points were minimized

to reduce contamination risks during continuous cultivation.
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crystallographic symmetry (Fig. 6A). The PQO chain

also shows the same domain organization as PoxB and

the enzymes of this family, i.e. an N-terminal

pyrimidine-binding domain (Pyr; residues 1–164), a

central FAD-binding domain (FAD; residues 188–350)
and a pyrophosphate binding domain (PP; residues

360–532), connected by flexible linkers (Fig. 6B). The

high-resolution electron density map pointed to

the presence of a FAD molecule bound to the central

domain, which could be traced unambiguously in an

equivalent pose to E. coli PoxB (Figs S2 and S3).

Noteworthy, the FAD isoalloxazinic group shows the

typical ‘butterfly’ bent conformation of the three-ring

system characterized by a ~ 15° deviation from planar-

ity (Fig. S3), similar to previous observations on both

E. coli PoxB and Lactobacillus plantarum pyruvate oxi-

dase, in which the bent conformation was proposed to

contribute to raise the FAD reduction potential [49]. It

is noteworthy to mention that Sousa et al. [27] pro-

posed a conserved motif, designated as “HEH lock”

(in E. coli His49-Glu51-His80) and possibly involved

in the dimerization process. A similar motif with a

change of the first His to Asn can also be found in

C. glutamicum PQO (Asn48-Glu50-His79; Fig. S4).

In addition, and despite no ThDP had been added

to the sample or the crystallization drops, analysis of

the Fourier difference Fo-Fc map pointed to the pres-

ence of a low occupancy ThDP molecule, which could

also be modeled in a conformation equivalent to the

180
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Fig. 5. Isolation of PQO using Triton X-114 Extraction. Representative SDS/PAGE analysis of different purification steps of PQO from

Corynebacterium glutamicum Dpqo (pEKEx2-pqo) cells grown in 2xTY medium (A) or CGXII minimal medium with 1% acetate (B), harvested

after 24 h. Lane M, Prestained Protein LadderTM; lane A, cell extract; lane B, supernatant after ultracentrifugation; lane C, supernatant after

heat precipitation; lanes W1 and W2, waste fractions during triton X-114 extraction; lanes E1–E4, samples after Triton X-114 extraction,

merged to one solution (D) (N = 3).

Table 1. Purification of PQO from C. glutamicum Dpqo (pEKEx2-pqo), cultivated in either 2xTY medium (left values) or CGXII minimal

medium with 1% acetate as carbon source (right values) and harvested in the stationary phase. The PQO activities were determined in the

presence of 0.5% DDM. The preparations after Triton X-114 extraction correspond to the purified PQO enzymes.

Purification step

Total amount of

protein (mg) Total activity (U) Specific activity (U�mg�1)

Recovery of

activity (%) Purification (fold)

Cell extract 393 || 503 1016 || 196 2.6 || 0.4 100 || 100 1 || 1

Ultra-centrifugation 262 || 470 850 || 190 3.2 || 0.4 84 || 97 1.3 || 1.1

Heat precipitation 128 || 209 678 || 171 5.3 || 0.8 67 || 87 2.0 || 2.0

Triton X-114 extraction 0.60 || 0.32 43.4 || 3.8 72.3 || 11.9 4.3 || 1.9 27.8 || 29.8

Table 2. Kinetic parameters of purified (full length) PQO from

C. glutamicum Dpqo (pEKEx2-pqo) cultivated in 2xTY medium and

in CGXII minimal medium +1% acetate (Ac), and harvested after

24 h. Also shown are the kinetic parameters of purified PQO-DC17

(a truncated version of PQO) from C. glutamicum Dpqo (pEKEx2-

pqo-DC17). For the calculation of the kcat values, a molecular weight

of 247.8 kDa was assumed, corresponding to a tetramer of the

enzyme.

PQO variant Km (mM) kcat (s
�1) kcat/Km (s�1�M�1)

Full-length (2xTY) 53 440 8301

Full-length (CGXII +

1% Ac)

58 78 1344

DC17 (2xTY) 35 89 2514
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one observed in E. coli PoxB (Fig. S2). A striking dif-

ference with respect to E. coli PoxB comes, however,

from the conformation of the C-terminal, membrane

interacting domain, which includes the a-peptide
reported to be responsible for enzyme activation

through interaction with the membrane [43]. In PQO,

the C-terminal residues Ala564-Asn575 are well folded

as an a-helix and are positioned on the opposite side

of the long a-helix Arg328-Tyr349 with respect to full-

length PoxB (Fig. 6C,D; Fig. S5). In the E. coli

enzyme, in contrast, the residues Gly559-Thr568, sup-

posed to fold as an amphipathic a-helix responsible

for membrane interaction, are part of an antiparallel

b-sheet instead, that precedes the rather floppy C-

terminal end (PDB: 3YE9). In corynebacterial PQO,

the whole C-terminal domain, which could be traced

entirely with the only exception of the C-terminal resi-

due Pro579, adopts a radically different conformation

with respect to the one observed in PoxB. Specifically,

the 26-residue stretch that protrudes from the PP-

binding domain (Asn533-Phe558) adopts an extended

conformation that forms a long cap closing over the

FAD-binding domain (Fig. 6C). In contrast to PoxB,

however, no b-sheet structure could be observed, but a

Table 3. Crystallographic data collection and refinement statistics.

Dataset PQO acetate med PQO expr E. Coli PQO_E.coli_TPP PQO-DC17_TPP

Synchrotron beamline ESRF ID23-1 ESRF ID30A-3 Soleil PX2A ESRF ID30A-1

Wavelength (�A) 0.8856 0.9677 0.9763 0.9655

Space group I 2 2 2 I 2 2 2 P 21 P 21

Unit cell parameters

a, b, c (�A) 68.04, 119.07, 155.31 68.74, 120.02, 157.06 104.19, 77.94, 158.04 100.55, 98.48, 110.52

a, b, c (°) 90.00, 90.00, 90.00 90.00, 90.00, 90.00 90.00, 100.63, 90.00 90.00, 90.84, 90.00

Resolution (�A)a 77.66–1.22 (1.32–1.22) 62.97–1.47 (1.67–1.47) 155.33–1.86 (2.06–1.86) 110.50–1.89 (2.02–1.89)

Rpim
b 0.036 (0.616) 0.029 (0.325) 0.083 (0.538) 0.056 (0.498)

<I/r(I )> 10.8 (1.7) 12.9 (2.3) 5.8 (1.6) 7.3 (1.6)

Completeness (%) 94.1 (59.7) 94.7 (78.2) 94.7 (66.4) 95.4 (66.7)

CC(1/2) 0.997 (0.694) 0.997 (0.793) 0.990 (0.563) 0.995 (0.604)

Multiplicity 12.2 (12.6) 13.8 (11.3) 7.0 (7.4) 6.8 (7.2)

Refinement

Resolution (�A) 17.67–1.22 21.33–1.47 155.33–1.86 37.46–1.89

No. reflections 144 896 66 252 134 984 133 646

Rwork/Rfree (%)c 17.6/19.2 16.3/19.0 20.7/24.0 16.8/19.7

No. atoms

Protein 4323 4121 17 098 15 945

Ligands/ions 80 53 320 320

Solvent 592 621 1425 1005

Average B-factors

Protein 18.3 27.3 32.8 38.3

Ligand/ions 14.9 16.9 22.2 29.7

Solvent 31.8 42.2 35.3 47.2

R.m.s deviationsd

Bond lengths (�A) 0.017 0.015 0.012 0.012

Bond angles (°) 1.77 1.51 1.50 1.52

Validationd

MolProbity score 1.00 0.94 0.92 0.97

Clashscore 2.24 1.81 1.66 2.00

Poor rotamers (%) 0.42 0.46 0.89 1.02

Ramachandran plotd

Favored (%) 98.96 98.72 98.30 98.64

Allowed (%) 0.87 1.28 1.53 1.13

Outliers (%) 0.17 0.00 0.17 0.23

PDB accession code 9EV3 9EV4 9EV5 9EV6

aResolution limits were determined by applying an anisotropic high-resolution cut-off via STARANISO, part of the autoPROC data processing

software [47]; values in parentheses refer to the highest resolution shell; bRpim = Σhkl[1/(N�1)]1/2Σi|Ii(hkl) � ⟨I⟩(hkl)|/Σhkl Σi Ii(hkl), where N is

the multiplicity, Ii is the intensity of reflection i and ⟨I⟩(hkl) is the mean intensity of all symmetry-related reflections; cRwork = Σ||Fo| � |Fc||/Σ|

Fo|, where Fo and Fc are the observed and calculated structure factor amplitudes. Five percent of the reflections were reserved for the calcu-

lation of Rfree;
dValues from MOLPROBITY [48].
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short a-helix between Trp543 and Met547 laying in a

position close to PoxB Ser547-Leu551 (Fig. 6C). On

the contrary, the Gly-rich stretch GGGVG, located

between positions 559–563, crosses underneath the

long Arg328-Tyr349 a-helix (Fig. 6D), making the C-

terminal amphipathic a-helix to protrude from the

opposite side. The helix extends till Asn575 and is fol-

lowed by a short flexible tail to the C-terminal end

(Fig. 6C,D).

To test whether such unexpected conformation of the

C-terminal membrane-binding domain could be

the result of a conformational change triggered by the

Triton X-114 extraction procedure, we overexpressed

recombinant, N-terminal His6-tagged C. glutamicum

PQO in E. coli. The enzyme was then purified by Ni2+

affinity chromatography, followed by TEV cleavage of

the His6 tag and size exclusion chromatography. The

purified recombinant protein crystallized readily and

generated not only crystals isomorphous to the ones

obtained with the natively purified protein, but also a

distinct crystalline form in the presence of supplied

ThDP and Mg2+ (Table 3; Fig. S6). In either case, the
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(C) (D)
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FAD
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C-ter

FAD binding 
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Pyr FAD PP C-ter
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Fig. 6. Structural analysis of Corynebacterium glutamicum PQO. (A) Cartoon overview of C. glutamicum PQO homotetramer, colored per

chain (light brown, yellow, green, cyan); the single protomers are related by crystallographic 222 symmetry. The dashed ellipse indicates the

monomer shown in detail in (B). (B) Detailed view of a single PQO monomer, same orientation as in (A). On the top, schematic

representation of the domain composition along the polypeptide chain (FAD, FAD-binding domain; PP, pyrophosphate binding domain; Pyr,

pyridine binding domain). The bound FAD and ThDP/Mg2+ cofactors are shown. (C, D) View of the C-terminal, membrane-interacting domain

of PQO [same domain coloring scheme as in (B)], upon superimposition to full-length Escherichia coli PoxB (gray; PDB: 3EY9). The C-

terminal, membrane-anchoring domain of PoxB is shown in teal (linker region) and dark blue (a-peptide), respectively, while the whole C-

terminal domain from PQO is depicted in red. To note the very different conformation of this region and the unexpected position of the C-

terminal, amphipathic helix in PQO. structural figures were prepared with the software PYMOL.
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PQO monomer is essentially identical to the high-

resolution model determined from crystals of the native

protein, to which it can be superimposed with an

RMSD (over the ensemble of Ca atoms) no higher than

0.4 �A. So does the whole C-terminal domain which

adopts the same conformation described above, regard-

less of the presence of bound ThDP, indicating that

such conformation is not induced by the detergent

extraction procedure. The comparison between ThDP-

bound vs. ThDP-deprived recombinant PQO does not

show significant conformational changes either, with the

notable exception of residues Ser465-Glu486, corre-

sponding to the active center loop in PoxB [46], which,

in the complex with ThDP-Mg2+, fold over the cofactor

pyrophosphate-Mg2+ moiety (Fig. S6). In contrast, due

to the lack of supporting electron density, the same resi-

dues could not be traced in the absence of bound ThDP,

suggesting an intrinsic degree of flexibility in the absence

of the ThDP cofactor. Consistently, in the high-

resolution model of the natively purified protein where

ThDP could only be modeled at incomplete occupancy,

the same active center loop shows higher average B-

factors (34.2 �A2) than the rest of the pyrophosphate-

binding domain (17.1 �A2), consistently with its plasticity

and suggesting that its closing is dependent on the pres-

ence of bound ThDP.

A C-terminal truncated PQO is independent of

detergent activation

The striking difference in the secondary structure and

relative position of the C-terminal membrane binding

domain, compared to E. coli PoxB, raised the question

of the significance of this domain for the function and

regulation of PQO. To address this question, a trun-

cated variant of pqo lacking the C-terminal 17 amino

acids (corresponding to a cut at the Gly-rich stretch

GGGVG) was constructed and overproduced in C.

glutamicum Dpqo (pEKEx2-pqo-DC17). The PQO-DC17

overproducer was cultivated under different conditions

and PQO activities were determined in the stationary

phase (24 h of cultivation) and compared to those of

the strain carrying the plasmid-encoded, wild-type pqo

gene. No growth phenotype of C. glutamicum Dpqo
(pEKEx2-pqo-DC17) was observed under the conditions

tested, except in extracts of cells grown in the presence

of acetate, where the PQO activities detected in

extracts of stationary phase cells were more than two-

fold higher for the PQO-DC17 variant (Fig. 7). For fur-

ther analysis, PQO-DC17 was purified from the

overproducer strain cultivated in 2xTY medium to

the late stationary phase. As shown in Table 4, the

truncation of the last 17 amino acids in PQO-DC17 led

to a significantly lower recovery of protein through the
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Fig. 7. Specific PQO and PQO-DC17 activity patterns. PQO activity

in cell extracts of Corynebacterium glutamicum Dpqo (pEKEx2-pqo)

(light red) or C. glutamicum Dpqo (pEKEx2-pqo-DC17) (red),

cultivated in different media and harvested at the stationary phase.

The data are presented as the mean � SD (N = 3). Statistical

analysis was conducted to compare PQO activity across different

growth medium conditions between stationary cells. An unpaired t-

test followed by Bonferroni’s post-test was used to calculate P-

values adjusted for multiple comparisons (**P < 0.0332;

***P < 0.0021). Ac, acetate; CGXII, minimal medium for

C. glutamicum; Glc, glucose; TY, tryptone yeast extract.

Table 4. Purification of PQO-DC17 from C. glutamicum Dpqo (pEKEx2-pqo-DC17), cultivated in 2xTY medium and harvested in the stationary

phase. In brackets are values for the purification of full-length PQO from C. glutamicum Dpqo (pEKEx2-pqo) under the same conditions, see

also Table 1. The PQO activities were determined in the presence of 0.5% DDM.

Purification step

Total amount of

protein (mg) Total activity (U) Specific activity (U�mg�1)

Recovery of

activity (%) Purification (fold)

Harvesting of cell extract 304 (393) 1480 (1016) 4.3 (2.6) 100 (100) 1 (1)

Ultra-centrifugation 288 (262) 1191 (850) 4.1 (3.2) 80 (84) 0.95 (1.3)

Heat precipitation 76 (128) 780 (678) 10.3 (5.3) 53 (67) 2.4 (2.0)

Triton X-114 extraction 0.12 (0.60) 2.4 (43.4) 20.0 (72.3) 0.16 (4.3) 4.6 (27.8)
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Triton X-114 extraction procedure, which yield ranged

from about 0.15% (0.60 mg out of 393 mg protein)

for full-length PQO to about 0.04% for PQO-DC17

(0.12 mg out of 304 mg total protein). This finding

suggests that the truncated variant was significantly

impaired in its interaction with the detergent Triton X-

114. In cell extracts, the truncated PQO displayed

higher specific activity (4.3 U�mg protein�1) compared

to the full-length PQO (2.6 U�mg�1), and was not

dependent on the presence of DDM, unlike full-length

PQO, which was activated about 4.5-fold (Fig. 8).

However, when comparing purified enzymes, full-

length PQO exhibited a specific activity of 72.3 U�mg

protein�1 vs. 20.0 U�mg protein�1 for the C-terminal

truncated variant. The kinetic properties of PQO-DC17

were determined and revealed an approximately five-

fold lower kcat (89 s�1 vs. 440 s�1) and an about 1.5-

fold lower Km value (35 mM vs. 53 mM) compared to

full-length PQO from 2xTY medium-grown cells

(Table 2). Taken together, these results strongly sug-

gest that the C-terminal 17 amino acids within the

PQO enzyme are crucial for detergent/lipid binding

and that interaction with lipids is involved in the acti-

vation of the enzyme.

To explain these observations and get more insights

into the PQO conformational landscape, PQO-DC17

was also structurally characterized. The mutant protein

was purified as an N-terminal His6-tagged

protein from an overexpressing C. glutamicum strain,

followed by TEV cleavage of the tag (Fig. 9). Diffract-

ing crystals were only obtained when purified

PQO-DC17 was supplied with 2 mM ThDP and 5 mM

MgCl2 (Table 3), suggesting a decreased enzyme stabil-

ity in the absence of the thiamine cofactor. The struc-

ture, solved at 1.9 �A resolution, showed the canonical

PQO tetramer in complex with FAD and ThDP-Mg2+

(Fig. S7), while the polypeptide chain could be traced

until the C-terminal end of the PP-binding domain (no

further than residue Pro538 for subunit D). No sup-

porting electron density was detected for the C-

terminal domain (Fig. S7), suggesting that the cap that

precedes the amphipathic helix (Fig. 6C) becomes too

mobile in the absence of the Gly-rich stretch that

anchors it under the a-helix Arg328-Tyr349. Other-

wise, no significant conformational change could be

detected with respect to the wild-type enzyme, with the

single PQO-DC17 monomers that could be superim-

posed to the high-resolution full-length structure with

RMSD between 0.43 and 0.66 �A. Noteworthy, no con-

formational difference could be observed for the active

center loop, in contrast to proteolytically activated

PoxB which showed a structural rearrangement of

Phe465 that makes it occupy a favorable position for

electron transfer from the thiamine to the FAD cofac-

tor [46]. In C. glutamicum PQO, such residue is

replaced by Met468 which occupies a structurally

equivalent position to Phe465 in the activated form of

PoxB (PDB: 3EY9), and this in all PQO structures,

including PQO-DC17, in which the active center loop

was traceable (Fig. S8). These observations suggest

that either Met468 may not be involved in electron

transfer between cofactors in PQO, or that corynebac-

terial PQO, unlike PoxB, might have crystallized into

an active state regardless of the expression host and

purification procedure. In this case, the observed

membrane-binding domain conformation, and more

specifically the C-terminal amphipathic helix, may be

indicative of a membrane-interacting state of the

enzyme.

Discussion

The study presented here aimed to get more insights

into the role of PQO in C. glutamicum by following

and comparing specific PQO activities in the wild-type,

in a PQO-deficient and in a pqo-overproducing strain,

grown under different conditions. The biochemical and

structural features of purified native PQO and the

truncated variant PQO-DC17 were also determined,

showing unexpected features which differ from those

of the model PQO enzyme PoxB from E. coli and raise

new questions on the activation mechanism.
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Fig. 8. Activation of Corynebacterium glutamicum PQO by n-

Dodecyl-b-D-maltoside (DDM). Enzyme activity was determined in

cell extracts of 2xTY medium-grown cells (24 h) of C. glutamicum

Dpqo (pEKEx2-pqo) (light red) and C. glutamicum Dpqo (pEKEx2-

pqo-DC17) (red) in the DCPIP reductase assay with and without the

detergent DDM. Also shown is the activation of purified PQO and

PQO-DC17. The specific activities of PQO and PQO-DC17 in cell

extracts, in the absence of DDM, were 0.58 and 3.52 U�mg

protein�1, respectively (N = 2). For the purified enzymes, their

specific activities, in the absence of DDM, were 22.6 and

23.4 U�mg protein�1, respectively (N = 2).
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While glycolysis and oxidative decarboxylation of

pyruvate by the PDHC are common and well-studied

in many bacteria [reviewed in 14], little is known about

the nature and the role of the alternative pyruvate oxi-

dation pathway catalyzed by PQO. Sousa et al. [27]

recently reviewed the amino acid conservation and tax-

onomic distribution of PQOs, describing these enzymes

as exclusively present in prokaryotes and showing that

they have highly conserved regions around the ThDP

and FAD binding sites, but not at the C-terminus. As

also mentioned by the authors, E. coli PoxB has been

the best-studied PQO enzyme to date, where it func-

tions to transfer two reducing equivalents from the

cytosol to the respiratory chain via quinols, supposedly

as a backup system for the PDHC reaction [27]. The

physiological significance of this process in E. coli is,

however, not yet entirely clear. Abdel-Hamid et al.

[50] showed that PoxB in combination with acetyl-

CoA synthetase can replace the PDHC, is advanta-

geous for aerobic growth in glucose minimal medium

and is important for survival of the cells when other

pyruvate-decarboxylating enzymes (PDHC or pyruvate

formate lyase) are not functional. Moreover, Li et al.

[51] reported that a poxB mutant shows reduced glu-

cose uptake, reduced activity of TCA cycle enzymes,

lower growth rates, lower growth yields and lower

carbon turnover rates than the wild type and Moreau

proposed a protective role of PoxB against oxidative

stress by decreasing the formation of NADH in non-

growing E. coli cells [52]. All these observations indi-

cate a significant participation of PoxB in carbon

metabolism and/or during oxidative stress.

In C. glutamicum, PQO in combination with ACK

and PTA also theoretically offers a bypass or a sup-

port for the PDHC reaction, providing acetyl-CoA

and reducing equivalents to the respiratory chain.

However, a pqo-deficient mutant displayed no signifi-

cant phenotype under all conditions tested here, as

well as in our previous study [28], and overexpression

of pqo only slightly complemented the growth deficit

shown by a PDHC-deficient strain in complex

medium, suggesting a minor involvement of PQO to

compensate for PDHC deficiency [28]. Consistently,

we show here that the PDHC-deficient strain could

not grow solely in glucose minimal medium, and that

even pqo overexpression is not enough to alleviate the

need for acetate supplementation. These observations

indicate that, under the tested conditions, PQO activity

is irrelevant. Thus, available evidence indicates PDHC

as the primary and essential enzyme in C. glutamicum

for generating acetyl-CoA during growth on carbohy-

drates that do not enter the central carbon metabolism

Fig. 9. Purification of an N-terminally His6-tagged PQO-DC17 variant from Corynebacterium glutamicum using Ni2+-NTA chromatography. (A)

Purification of His6-tagged PQO-DC17 from crude extracts of C. glutamicum Dpqo (pEKEx2-his6_TEV-pqo-DC17) cells grown in 2xTY medium,

harvested after 24 h. Shown is absorbance at 280 nm (blue, left y-axis) and 450 nm (yellow, left y-axis). Percentage of applied elution buffer

(gray, right y-axis) and conductivity (orange, right y-axis) are also shown. (B) SDS/PAGE-analysis and (C) Western blot against His6-tag of

different purification steps of His6-tagged PQO-DC17. Lane A, cell extract; lane B, supernatant after ultracentrifugation; lane C1, sample after

Nickel-NTA chromatography; lane M*, iBrightTM Prestained Protein Ladder; lane M, Prestained Protein LadderTM; lanes C2, sample after TEV-

protease treatment and subsequent separation through a 100 kDa cut-off filter.

12 The FEBS Journal (2024) ª 2024 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Pyruvate:quinone-oxidoreductase from C. glutamicum C. da Silva Lameira et al.

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.17232 by C

ochrane France, W
iley O

nline L
ibrary on [14/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



pathways other than by direct conversion to

acetyl-CoA (such as acetate or ethanol). Given that

the typical intracellular pyruvate level in growing C.

glutamicum cells ranges from 0.05 to 0.8 mM [53,54]

and considering the relatively high affinity of the

PDHC for pyruvate (Km = 1.7 mM) [17], the low sub-

strate affinity of PQO for pyruvate (Km = > 50 mM) is

also consistent with this enzyme playing a minor role

in pyruvate decarboxylation under canonical growth

conditions. This finding aligns with the notion

that conversion of pyruvate to acetyl-CoA via PQO,

ACK, and PTA is energetically less efficient than via

PDHC, given the ATP requirement for acetate activa-

tion. However, the deletion of the pqo gene in PDHC-

deficient production strains of C. glutamicum had a

positive effect on the production of L-lysine, 2-keto-

isovalerate and isobutanol [55–57]. This effect could be

explained by the fact that during the stationary phase

(i.e. the production phase), the intracellular pyruvate

concentration in the parental PDHC-deficient strain is

much higher than during the growth phase (26 mM vs.

0.05 mM) [54], suggesting that, under those conditions,

PQO may be competing for pyruvate to the detriment

of other synthetic pathways.

In spite of the apparent dispensability of PQO, our

data on PQO activities in C. glutamicum wildtype indi-

cate (i) that the enzyme is present under all conditions

tested and (ii) that the specific in vitro activity in cell

extracts varies significantly with the growth media, the

growth phases and the growth rates in glucose-limited

continuous cultivations. The overall lowest PQO activ-

ity levels were observed in cells grown in acetate mini-

mal medium and at the highest growth rate (0.4 h�1)

in glucose minimal medium. The different specific

PQO activities in C. glutamicum may indicate a regula-

tory connection between PQO activity and metabolic

flux within the TCA cycle and/or that towards pyru-

vate. At the level of citrate synthase, the specific in vivo

activity of the TCA cycle was found to be about four-

fold higher in cells grown in minimal medium contain-

ing acetate (413 mU�mg protein�1) than in cells grown

in minimal medium containing glucose (111 mU�mg

protein�1) and, vice versa, the total in vivo pyruvate

formation rate was threefold lower in cells growing on

acetate than in cells growing with glucose (72 mU�mg

protein�1 vs. 227 mU�mg protein�1, respectively) [8].

In accordance, the specific activities of several TCA

cycle enzymes (aconitase, EC4.2.1.3; succinate dehy-

drogenase, EC1.3.5.1; malate:quinone oxidoreductase,

EC1.1.5.4; malate dehydrogenase, EC1.1.1.37) in cell

extracts and the expression of the respective genes

were found to be higher when C. glutamicum cells

grow in acetate minimal medium [58,59; reviewed in

15,60]. Moreover, Graf et al. [61] found an inverse

relation between pqo transcript levels and the growth

rate in glucose-limited chemostat cultivations, report-

ing an increase of the concentrations of most of the

TCA cycle intermediates with increasing growth rates

of C. glutamicum. Taken together, the available data

suggest a possible negative correlation between PQO

and TCA cycle activity and, conversely, a positive cor-

relation between PQO activity and pyruvate

availability.

The PQO activity data with the wildtype and the

pqo-overexpressing strain of C. glutamicum and in par-

ticular the biochemical analysis of purified PQO

enzymes from cells grown in complex and in minimal

acetate medium suggest that PQO activity may be reg-

ulated by post-translational modifications or by allo-

steric control. Although our kinetic analyses on PQO

variants revealed similar Km values, yet the kcat values

varied markedly, with PQO from complex medium-

grown cells displaying approximately sixfold higher

specific activity compared to that from acetate minimal

medium-grown cells. Phosphorylation, acetylation, suc-

cinylation and also pupylation and mycoloylation of

proteins have been documented in C. glutamicum [62–
68]. In this respect, the study by Mizuno et al. [63]

which described the changes in the acylome of C. glu-

tamicum under glutamate production conditions and

identified several hundred acetylated and/or succiny-

lated proteins, identified PQO as acetylated at lysine

residues K19 and K304, and only under glutamate-

producing conditions, also succinylated K213. How-

ever, the study did not provide quantification of these

modifications on PQO, which significance remains

unclear. In spite of the high resolution achieved, we

were not able to model unambiguously any post-

translational modification on PQO models obtained

from enzyme samples purified and crystallized from

acetate- or complex medium-grown C. glutamicum

cells, possibly due to lack of homogeneity in post-

translational modifications in the studied samples.

Thus, the nature and role of such modifications in

PQO remain to be elucidated.

The C. glutamicum PQO structure was solved at a

resolution of down to 1.22 �A, based on diffraction sets

obtained from PQO purified from cells grown in ace-

tate minimal medium. Although corynebacterial PQO

is very similar to E. coli PoxB in terms of overall fold

and quaternary structure, subdomain composition and

cofactors requirement, the C-terminal membrane-

binding domains of PQO and PoxB were found to dif-

fer significantly, despite a supposedly similar activation

mechanism triggered by FAD reduction and protein-

membrane interactions. The orientation of the
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amphipathic C-terminal a-helix in PQO, responsible

for membrane interactions and well-folded in all the

crystal structures reported here, also contrasts with the

direction of the corresponding residues in PoxB.

Prompted by such differences, we analyzed whether

AlphaFold2 [69] may be able to predict a different

conformational state for PQO, specifically with respect

to its C-terminal membrane-binding domain. The

AlphaFold2 PQO monomeric model, accessible online

at the EBI AlphaFold Protein Structure database

(Uniprot accession no. Q8NMG5; Fig. S9), exhibits

high pLDDT values (> 90) for most of the protein

chain, and overall agrees very well with the highest

resolution experimental structure (PQO purified from

acetate minimal medium, in complex with FAD and

ThDP-Mg2+), to which it can be superimposed with an

RMSD value of around 0.7 �A (Fig. S9). Nonetheless,

two specific areas in the AlphaFold2 model are charac-

terized by low pLDDT values (< 70), one spanning

residues Ser343-His356, the other the whole C-terminal

membrane binding region, i.e. residues Leu535 to the

C-terminal Pro579. Failure by AlphaFold2 to predict

a reliable secondary structure of the PQO C-terminal

domain is suggestive of a certain degree of plasticity of

this domain, consistently with its role in reversible

protein-membrane interactions and with the PoxB acti-

vation model. How this domain contributes to PQO

interactions with the bacterial cell membrane in C. glu-

tamicum remains to be established.

The distinct C-terminal structure of PQO from C. glu-

tamicum, particularly the unique positioning of its ter-

minal amphipathic a-helix, raises questions about its

functional implications. To confirm whether this con-

formation may have been a result of the Triton X-114

extraction process, we purified a His6-tagged PQO vari-

ant from an E. coli strain, cleaved off the tag and ana-

lyzed it by X-ray crystallography. The structure was

indistinguishable from the native PQO, confirming that

the unique conformation of its C-terminal membrane

anchoring domain is an inherent characteristic, regard-

less of the purification procedure. The drastic difference

at the C-terminus between PQO and PoxB is unex-

pected, given that sequence and overall structural

homology, together with enzymatic data, would predict

a conserved activation mechanism. To further decipher

the functional importance of the a-helix at the C-

terminus of C. glutamicum PQO, we constructed and

analyzed a truncated variant (PQO-DC17) lacking the

carboxy-terminal 17 amino acids, and confirmed that

these residues are crucial for lipid/detergent interaction

and enzyme activation. Three key observations support

this conclusion: (a) purification of PQO-DC17 using Tri-

ton X-114 resulted in substantially lower recovery than

that of the full-length PQO, (b) the specific activity of

PQO-DC17 in cell extracts was in general higher than

that of the full-length PQO and (c) its activity was inde-

pendent of DDM activation. Despite the structure of

PQO-DC17 did not show major differences with respect

to the full-length enzyme, it is noteworthy to mention

that diffracting crystals were only obtained in the pres-

ence of 2 mM ThDP and 5 mM MgCl2, which could

indicate a somehow decreased enzyme stability in the

absence of the thiamine cofactor.

Taken together, our findings offer vital insights into

the structure and function of the PQO from C. glutami-

cum, however, while biochemically and structurally well

characterized in this and previous work, the physiologi-

cal role of PQO inC. glutamicum is yet to be determined.

Materials and methods

Strains, cultivation conditions, plasmids and

oligonucleotides

Bacterial strains and plasmids employed in this study are

listed in Table S1. For cultivation of all C. glutamicum

strains, either 2xTY complex medium or CGXII minimal

medium [70] with 1% glucose and/or 1% acetate as carbon

source(s) were used. C. glutamicum was cultivated aerobi-

cally at 30 °C in 50 mL cultures in 500 mL baffled Erlen-

meyer flasks. E. coli DH5a strains were cultivated

aerobically in 5 mL 2xTY medium at 37 °C in test tubes.

When needed, kanamycin was added at a concentration of

50 lg�mL�1. For strains carrying the pEKEx2 plasmid,

overexpression of genes was induced by adding 0.5 mM

isopropyl-b-D-thiogalactopyranoside (IPTG) to the culture.

Oligonucleotides used in this work are listed in Table S2

and were designed using the NEBuilder tool from New

England Biolabs. For the construction of pET28a (+)-TEV--
pqo-DC17, oligonucleotides pET28a-TEV_lin_fwd and

pET28a-TEV_lin_rev were used to obtain linearized

pET28a-TEV as a vector backbone via PCR.

Pqo-DC17_in28a_fwd and pqo_in28a_rev were used in a

PCR to amplify the gene coding for the PQO lacking the last

17 amino acids from C. glutamicum DNA. Both

fragments were ligated by Gibson assembly and

chemo-competent E. coli DH5a cells were transformed with

this ligation reaction. Plasmid isolation from E. coli was per-

formed according to instructions of the “NucleoSpin Plas-

mid, Mini kit for plasmid DNA” (Macherey-Nagel, Düren,
Germany). For creating pEKEx2-his6_TEV-pqo-DC17, plas-

mid pET28a (+)-TEV-pqo-DC17 was used as a template in a

PCR with oligonucleotides px2_His-TEV-pqoDC17_fwd and

px2_His-TEV-pqoDC17_rev for the amplification of a

sequence containing a N-terminal His6-tag and TEV-

cleavage site plus the sequence for PQO-DC17. This fragment

was ligated into a SacI-linearized pEKEx2 vector by Gibson
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assembly as described before. For generation of

pEKEx2-pqo-DC17, oligonucleotides delta_C1_fwd and del-

ta_C1_rev, as well as delta_C2_fwd delta_C2_rev were used

in a PCR to amplify the pEKEx2-pqo vector in two frag-

ments which ultimately lack only the sequence coding for the

last 17 amino acids in PQO. These fragments were ligated by

Gibson assembly as described before. Electro-competent C.

glutamicum cells were transformed with DNA using a stan-

dard protocol [71].

Continuous cultivation

In order to generate sufficient biomass, a batch process was

performed using a pre-culture of C. glutamicum wildtype

to inoculate 700 mL of CGXII medium with 1% glucose to

an OD600 of 0.3. The culture was maintained in a 1.5 L

bioreactor within a DASGIP� Parallel Bioreactor System

(Eppendorf, Hamburg, Germany), at 30 °C, pH 7, and a

constant dissolved oxygen (DO) level of 30%. Struktol� J

647 (Schill/Seilacher, Hamburg, Germany) was added to

prevent foam over. After the culture reached the early sta-

tionary phase, continuous cultivation was started by adjust-

ing the dilution rate to 0.05, 0.1, 0.2, 0.3 h or 0.4 h�1,

respectively, using an external pump to continuously feed

CGXII medium with 1% glucose and 30 lg protocatechuic

acid�mL�1 from a 10 L bottle, and another external pump

for harvesting to maintain a constant reaction volume in

the bioreactor. The continuous cultivations were performed

at a constant pH of 7, a constant DO level of 30%, and a

stirrer cascade (150–900 rpm) at 30 °C. Sterile controls

were conducted after each total volume exchange to con-

firm the process was free of contaminants. The continuous

cultivation was stopped after the fifth volume exchange.

Enzyme assays

To obtain cell extracts for PQO activity determinations, cells

were disrupted as described previously [26]. The cell extracts

were analyzed for PQO activity by using the following

test buffer in pre-heated cuvettes at 30 °C: 100 mM MES [2-

(N-morpholino) ethanesulfonic acid; pH 6.0], 10 mM

MgCl2, 0.1 mM thiamine pyrophosphate (ThDP), 0.5%

(wt/vol) n-Dodecyl-b-D-maltoside (DDM), 0.3 mM

2,6-dichloroindophenol (DCPIP), 100 mM sodium pyruvate,

and appropriate amounts of cell extract. After pyruvate addi-

tion, the reduction of DCPIP was monitored photometrically

at 600 nm at 30 °C. PQO activity is represented in units per

milligram of protein, where 1 U is defined as 1 lmol of DCPIP

reduced per min (e600 = 22 mM
�1�cm�1).

Purification of PQO and His6-PQO-DC17

To purify PQO natively from C. glutamicum strains,

extracts of cells (obtained as described above) were

ultracentrifuged (180 000 g, 1.5 h) and the supernatant was

collected. A heat precipitation step (49 °C, 3 min) was per-

formed, and the sample was ultracentrifuged (100 000 g,

50 min). With the resulting supernatant, the Triton X-114

extraction method was applied as described before [26,72].

Purified samples were kept in 100 mM MES (pH 6.0) with

10% glycerol.

The UV–visible spectra of PQO preparations were taken

with a NanoDrop 2000 (Thermo Scientific, Waltham, MA,

USA). After heat denaturation of the enzyme preparations

by incubation for 10 min at 95 °C, the content of the

released FAD per PQO monomer was quantified photomet-

rically (using the maxima at 450 nm and the protein con-

tent of the preparations).

For purification of His6-tagged PQO-DC17 from C. gluta-

micum Dpqo (pEKEx2-his6_TEV-pqo-DC17), cells were dis-

rupted as described above, except that the cells were

resuspended in binding buffer [20 mM sodium phosphate

buffer (pH 7.4), 500 mM sodium chloride, 40 mM imidaz-

ole]. Cell extracts were ultracentrifuged, and heat precipita-

tion was performed as described above. Next, nickel-affinity

chromatography was conducted by applying the sample

through a 50 mL super-loop to a 1 mL HisTrap FF column

(Cytiva, Uppsala, Sweden), pre-equilibrated with binding

buffer, on an €AKTA pure system. His6-tagged PQO-DC17

was eluted by applying 100% of elution buffer [20 mM

sodium phosphate buffer (pH 7.4), 500 mM sodium chlo-

ride, 400 mM imidazole]. To remove imidazole, a 30 kDa

cut-off filter (Amicon Ultra-15, Merck, Darmstadt, Ger-

many) was used and the retained sample was resuspended

in 25 mM sodium phosphate buffer (pH 7.4), 125 mM

sodium chloride, and 5 mM DTT. The His6-Tag was conse-

quently removed with TEV-protease and a 100 kDa cut-off

filter (Vivaspin 2, Sartorius, Göttingen, Germany) was used

to separate PQO-DC17 from the His6-tag and the TEV-

protease. The retained sample was resuspended in 100 mM

MES (pH 6.0) with 10% glycerol. The removal of the His6-

tag was confirmed using Western blot analysis as previously

described [73]. A primary antibody specific to the His6-tag,

namely the Anti-His6 antibody [mouse] (Thermo Scientific),

was used, along with a secondary antibody conjugated with

horseradish peroxidase (HRP) (Anti-Mouse IgG-HRP [goat]

(Thermo Scientific)) according to the manufacturer’s

instructions. Protein bands were detected using the

‘SuperSignalTM West Femto Maximum Sensitivity Substrate’

and visualized using the iBright FL1000 device (both from

Thermo Scientific).

Expression and purification of recombinant PQO

The expression plasmid pET-28a-TEV/PQO was generated

by Genscript (Leiden, The Netherlands), by synthesizing a

DNA construct coding for PQO from C. glutamicum

CS176 (GenBank accession no. WP_077313205), codon-

optimized for protein expression in E. coli through
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proprietary protocols and including a sequence coding for

the TEV cleavage site (ENLYFQG) adjacent to the PQO

initiator methionine. The construct was then inserted into

the pET-28a NdeI/XhoI restriction sites. The resulting pET-

28a-TEV-pqo plasmid was introduced into E. coli BL21

(DE3), and protein expression achieved in a 2YT-based

autoinduction medium [74] supplemented with 50 lg
kanamycin�mL�1, through an initial 4 h growth step at

37 °C followed by overnight incubation at 18 °C. Cell pel-
lets, stored at �80 °C, were resuspended in lysis buffer

(25 mM Tris pH 8.5, 300 mM NaCl, 25 mM imidazole),

freshly supplemented with benzonase and an IMAC com-

patible protease inhibitor cocktail (Roche, Mannheim, Ger-

many) at 4 °C, and lysed by a CF2 cell disruptor (Constant

Systems Ltd., Daventry, UK). The lysate was centrifuged

for 1 h at 13 000 g at 4 °C, and the supernatant was

loaded onto a 5 mL HisTrap FF crude Ni2+-IMAC column

(Cytiva). Bound proteins were eluted with a linear gradient

of IMAC elution buffer (25 mM Tris pH 8.5, 300 mM

NaCl, 400 mM imidazole), and eluted fractions containing

His6-tagged PQO, as confirmed by SDS/PAGE, were

pooled and supplemented with 1 mM DTT and TEV prote-

ase at a 1 : 30 (w/w) ratio, purified as described before [75].

The sample was then dialyzed overnight at 4 °C against

20 mM MES-NaOH pH 6.5, 50 mM NaCl, 10% glycerol

using a ‘SnakeSkin’ dialysis tubing with a 7 kDa MW cut-

off (ThermoFisher). Residual cleavage products as well as

the TEV protease were then removed by passing the sample

through a Ni-NTA agarose resin (Qiagen, Hilden, Ger-

many) on a gravity-flow disposable 10 mL plastic column.

The PQO containing flow-through was checked on

SDS/PAGE, concentrated through a 10 kDa cut-off Vivas-

pin 20 device (Sartorius), and loaded onto a HiLoad 26/60

Superdex 200 size exclusion column (Cytiva), pre-

equilibrated in 20 mM MES-NaOH pH 6.5, 50 mM NaCl,

10% glycerol. Fractions corresponding to the PQO peak

were checked on SDS/PAGE, pooled and concentrated; the

final PQO solution was aliquoted, flash-frozen in liquid

nitrogen and stored at �80 °C.

Crystallization

Crystallization screenings were performed at 18 °C by

vapor diffusion in 96-well plates (‘sitting drop’ method),

following established protocols [76]. Natively purified PQO

(from cells grown in acetate minimal media) crystallized at

7.5 mg�mL�1 in 22% (w/v) PEG 4000, 0.2 M (NH4)2SO4,

0.1 M sodium acetate. Recombinant PQO purified from E.

coli crystallized at the concentration of 18 mg�mL�1, fol-

lowing supplementation with 2 mM FAD, in 25% (w/v)

PEG 4000, 8% (v/v) isopropanol, 0.1 M sodium acetate;

crystals of the enzyme in complex with FAD and ThDP-

Mg2+ were grown from the same concentrated protein solu-

tion supplemented with 2 mM FAD, 2 mM ThDP, 5 mM

MgCl2, and were obtained in 1.6 M tri-sodium citrate, pH

6.5. Crystals of PQO-DC17 were obtained from a

16 mg�mL�1 purified protein solution, supplemented with

2 mM ThDP, 5 mM MgCl2, in 35% methylpentanediol

(MPD). Prior to be flash-frozen in liquid nitrogen, single

crystals were soaked in a cryoprotectant solution made of

either 50% Paratone-N (Hampton Research, Aliso Viejo,

CA, USA) and 50% paraffine oil (in the case of full-length

PQO and PQO-DC17 crystals), or 75% crystallization solu-

tion, 25% glycerol (crystals of recombinant PQO).

X-ray diffraction data collection and structure

solution

Diffraction datasets were acquired on the beamlines ID23-

1, ID30A-1, ID30A-3 at the ESRF synchrotron (Grenoble,

France), or on the beamline Proxima-2A at SOLEIL

(Saint-Aubin, France). Data integration and scaling were

performed with autoPROC [47], applying anisotropic scal-

ing via STARANISO. The PQO structure was initially

solved by molecular replacement through the program

PHASER [77], using the coordinates of proteolytically acti-

vated E. coli PoxB (PDB: 3EYA) as the search model, fol-

lowed by automated model rebuilding with ARP/wARP

[78]. Further steps of model modifications, including correc-

tions and placement of solvent and cofactors in electron

density maps were performed with COOT [79], alternated

with refinement with BUSTER (Global Phasing Ltd.).

Local structure similarity restraints for non-crystallographic

symmetry (NCS) [80], as well as a Translation-Libration-

Screw (TLS) model were applied where appropriate. Chem-

ical dictionaries for ligands were generated with the Grade

server (http://grade.globalphasing.org). Models were vali-

dated with MOLPROBITY [48] and the dedicated valida-

tion tools in PHENIX [81]. All structural figures were

prepared with the software PYMOL (The PyMOL Molecular

Graphics System, version 3.0, Schr€odinger, New Yok, NY,

USA, LLC.). Data collection, refinement and model statis-

tics are indicated in Table 3.
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Fig. S1. Representative UV–visible spectra of PQO

preparations.

Fig. S2. Overview of the C. glutamicum PQO mono-

mer in complex with FAD and ThDP, and comparison

with E. coli PoxB.

Fig. S3. Electron density for bound FAD in the high-

est resolution PQO model, and observed bending of

the isoalloxanic FAD moiety.

Fig. S4. Sequence alignment of PQO from C. glutami-

cum ATCC13032 and representative homologous

sequences from the PQO/pyruvate oxidase family.

Fig. S5. Cartoon representation and properties of the

C. glutamicum PQO C-terminal helix.

Fig. S6. Comparison of PQO monomer models

obtained from crystals of recombinant C. glutamicum

PQO expressed in E. coli, with and without

bound ThDP.
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Fig. S7. Comparison of PQO-DC17 and full-length

PQO monomer models.

Fig. S8. Superimposition of C. glutamicum PQO

models in ternary complex with FAD and ThDP to E.

coli PoxB, in either full-length form or following pro-

teolytic activation.

Fig. S9. AlphaFold2 model of C. glutamicum PQO

and main differences with respect to the highest resolu-

tion experimental model.

Table S1. Bacterial strains and plasmids used in this

study.

Table S2. Oligonucleotides used in this study.
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