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Evidence for Escherichia coli DcuD 
carrier dependent FOF1-ATPase 
activity during fermentation of 
glycerol
L. Karapetyan1, A. Valle4, J. Bolivar4, A. Trchounian   1,2 & K. Trchounian1,2,3

During fermentation Escherichia coli excrete succinate mainly via Dcu family carriers. Current work 
reveals the total and N,N’-dicyclohexylcarbodiimide (DCCD) inhibited ATPase activity at pH 7.5 and 5.5 
in E. coli wild type and dcu mutants upon glycerol fermentation. The overall ATPase activity was highest 
at pH 7.5 in dcuABCD mutant. In wild type cells 50% of the activity came from the FOF1-ATPase but in 
dcuD mutant it reached ~80%. K+ (100 mM) stimulate total but not DCCD inhibited ATPase activity 40% 
and 20% in wild type and dcuD mutant, respectively. 90% of overall ATPase activity was inhibited by 
DCCD at pH 5.5 only in dcuABC mutant. At pH 7.5 the H+ fluxes in E. coli wild type, dcuD and dcuABCD 
mutants was similar but in dcuABC triple mutant the H+ flux decreased 1.4 fold reaching 1.15 mM/min 
when glycerol was supplemented. In succinate assays the H+ flux was higher in the strains where DcuD 
is absent. No significant differences were determined in wild type and mutants specific growth rate 
except dcuD strain. Taken together it is suggested that during glycerol fermentation DcuD has impact 
on H+ fluxes, FOF1-ATPase activity and depends on potassium ions.

Escherichia coli transport and use diverse C4-dicarboxylates (succinate, malate, aspartate or fumarate) in antiport 
manner or symport with H+ during aerobic or anaerobic growth. Among known C4-dicarboxylate transporters 
are DctA as well as the Dcu family DcuA, DcuB, DcuC and the putative DcuD transporter1. It is well established 
that DctA is important for aerobic growth on C4-dicarboxylates. Dcu carriers are different from DctA and form 
a separate group. It has been suggested that DcuA, encoded by dcuA gene, catalyzes the uptake of succinate or 
fumarate and is active either in aerobic or anaerobic conditions. The other carriers (DcuB, DcuC) are expressed 
only under anaerobic conditions1,2. It was clearly shown that DcuB is the major C4-dicarboxylate carrier under 
anoxic conditions. DcuC, encoded by the dcuC gene, is synthesized under anaerobic conditions and during 
glucose fermentative conditions is suggested to function preferably as an efflux carrier1,3. Gene expression data 
showed that fumarate or other C4-dicarboxylates might increase the gene expression level of several carriers4. But 
substitution of glucose by glycerol did not affect dcuC expression, thus it can be assumed that dcuC is not subject 
to catabolite repression and DcuC is needed for succinate efflux during glucose fermentation1,3. To be critical, 
it must be mentioned that glycerol substituted to glucose was used in the medium with the presence of fuma-
rate, and glucose fermentation cannot be compared to glycerol fermentation, as fumarate respiration takes place. 
Moreover, these carrier proteins are dependent on external pH and lack of Dcu function in the cells resulted in 
aerobic growth on succinate when external pH was below 6.01.

The fourth DcuD carrier, encoded by dcuD gene (formerly yhcL), is not expressed under most of the con-
ditions tested and its physiological role is still unknown5. Lately, a work demonstrated that in dcuD mutant the 
product yields of molecular hydrogen H2 and ethanol are improved6. Moreover, by deletion dcuB and dcuC but 
not dcuA and dcuD genes resulted in the increase of succinate production by 34%3. In addition, during glucose 
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fermentation the deletions of dcuB and dcuC resulted in 90% decrease of succinate titer suggesting that DcuB and 
DcuC are responsible for succinate efflux under the latest conditions3.

A decade ago it was shown that glycerol can be fermented by E. coli under anaerobic conditions at different 
pH values7–9. Depending on external pH fermentation end products are various, and key bioenergetics param-
eters such as membrane potential, pH gradient and thus proton motive force (ΔµH

+) values are also different, 
compared to glucose fermentative conditions10–13. One of the key enzymes for E. coli growth under anaerobic 
conditions is the proton translocating FOF1-ATPase, which is the main ΔµH

+ generator. It has been experimen-
tally shown that the FOF1-ATPase activity is necessary for the activity of membrane bound [Ni-Fe] hydrogenase 
(Hyd) enzymes, which are responsible for H2 metabolism and potassium (K+) transport enzymes such as Trk or 
others13,14. FO subunit of proton FOF1-ATPase is located inside the cytoplasmic membrane and contains a, b, and 
c subunits15,16. The extra-membranous F1 subunit is attached to the FO part, and in F1 ATP hydrolysis takes place 
under fermentative conditions15. Particularly, during glucose or glycerol fermentation Hyd-1 or Hyd-2 depend 
on the active FOF1-ATPase. Moreover, this link or metabolic cross-talk depends on external pH and other con-
ditions17. The results were obtained by inhibiting the proton FOF1-ATPase with N,N’-dicyclohexylcarbodiimide 
(DCCD), a specific inhibitor of the E. coli FOF1-ATPase under anaerobic conditions18, or applying atp (DK8) 
mutant which do not have FOF1-ATPase19.

During glycerol fermentative conditions, the role of different carriers such as Dcu is not known because when 
the experiments were carried out with glycerol and fumarate1–3 the metabolism goes to fumarate respiration but 
not to glycerol fermentation. At that time glycerol fermentation was not known yet. So the current work describes 
novel properties of Dcu carriers and, especially previously unknown role of DcuD during glycerol fermentation 
at pH 7.5 and 5.5.

Results and Discussion
ATPase activity and H+ fluxes of E. coli wild type and dcu mutants at pH 7.5 and pH 5.5.  In 
2006 Gonzalez group7 experimentally demonstrated that E. coli can ferment glycerol at slightly acidic and fur-
ther by our group at slightly alkaline pHs9. Moreover, responsible Hyd enzymes and relationship between these 
enzymes with main enzyme of bioenergetic relevance – the proton FOF1-ATPase during fermentation have been 
determined11. To understand what is the role of C4-dicarboxylate carriers (Dcu) during glycerol fermentation 
the activity of proton FOF1-ATPase has been investigated. For this objective, total and DCCD inhibited ATPase 
activity at pH 7.5 and pH 5.5 has been defined. It is well established that DCCD is the specific inhibitor of FOF1-
ATPase under anoxic conditions18.

The highest total ATPase activity was determined at pH 7.5 in dcuABCD mutant membrane vesicles resulting 
in 139.6 nMol Pi/(min µg protein) (Fig. 1A) compared to wild type and dcu mutants. At pH 7.5 in wild type cells 
the total ATPase activity was higher by 44% compared to the cells grown at acidic pH 5.5 (compare Fig. 1A,B). In 
order to indicate the contribution of proton FOF1-ATPase in the total ATPase activity DCCD-inhibited ATPase 
activity was determined (see Methods). It was shown that at pH 7.5 in wild type and dcuABC mutant membrane 
vesicles DCCD the ATPase activity was inhibited 2 and 1.9 fold, respectively, suggesting that FOF1 contributed 
to total ATPase activity by 50% under the conditions mentioned. Interestingly, it was shown that in dcuABCD 
mutant DCCD inhibited by 22% more the ATPase activity compared to wild type and dcuABC triple mutant. But 
surprisingly in dcuD single mutant the DCCD inhibition was much higher and 82% of total ATPase activity came 
from FOF1 (see Fig. 1A).

The data suggest that there might be some relationship or interaction between DcuD protein and the 
FOF1-ATPase at pH 7.5. Particularly, it had been reviewed1 that during respiration with the transport of succi-
nate2-3H+ are symported but under fermentative conditions the amount of H+ that are symported during suc-
cinate efflux is not known yet. The interrelationship between DcuD and FOF1 can take place if the DcuB and 
DcuC efflux succinate as well as the DcuD symport protons via interacting with FOF1. Similar interaction of E. 
coli potassium transport Trk system with FOF1 had been shown before12–14,20. In addition, it was shown that Na+ 
ions were important for the transport of C4 dicarboxylates in W. succinogenes and the absence of Na+ ions during 
fumarate respiration disturbs generation of proton motive force21. Moreover, it is possible that DcuD interact with 
FOF1 via thiol groups by having dithiol-disulfide interchange and by this way translocate protons. The possibility 
of the involvement of thiol groups in the above mentioned reaction was reviewed before14. In addition, recently 
“hydrogenase complex” idea as “proton sensor” had been proposed and in this model Dcu carriers might interact 
to regulate the proton gradient22.

The role of DcuD in proton translocation suggested was also confirmed by the H+ flux determination in this 
mutant (Fig. 2). It was clearly demonstrated that when cells were grown on glycerol, and in the assays glycerol 
was added no significant differences had been detected in the dcuD and dcuABCD mutants compared to wild 
type regarding the H+ efflux (see Fig. 2). Only in dcuABC mutant, where only dcuD is present, the H+ efflux was 
decreased by 26%. This suggests that DcuD might be involved in H+ efflux thus regulating the transmembrane pH 
gradient via interacting with other systems.

But when succinate was added in the assays the H+ fluxes in dcuD and dcuABCD mutants were higher by 
1.6 and 2.07 folds, respectively, compared to wild type at pH 7.5. From the data obtained it is suggested that 
when DcuD is absent other Dcu carriers or membrane systems pump H+ out. There might be therefore some 
compensatory H+ pumping mechanism in Dcu carriers, which must be more deeply investigated to understand 
the likely compensatory function. Similar compensatory uptake or producing functions have been suggested for 
Hyd enzymes or for formate uptake or export Foc channels23,24. In addition, externally added succinate enters the 
cell in the absence of Dcu family carriers, which could indicate, in accordance with previously shown possibili-
ties, that other C4 uptake systems can take the role of Dcu or other carriers1,2,6. But during anaerobic conditions 
there might be limited possibility of compensatory uptake functions of C4 uptake, an issue that must be further 
analyzed.
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When cells were grown at pH 5.5 the highest total ATPase activity was obtained in dcuABC mutant membrane 
vesicles resulting in 122.84 nMol Pi/(min µg protein) (Fig. 1B) compared to that obtained in wild type and the dcu 
mutants. In dcuD and dcuABCD mutants the total ATPase activity was decreased by 29% and 35%, respectively, 
compared to wild type (see Fig. 1B). DCCD inhibited ATPase activity mainly in dcuABC and dcuD mutants by 
89% and 48%, respectively. No inhibition was determined in wild type and DCCD inhibited the ATPase activity 
by 31% in dcuABCD mutant. These results suggest that the mutations might affect the FOF1-ATPase conforma-
tional change or there must be a direct or indirect link with FOF1 at this pH also. Moreover, the H+ flux measured 
in whole cells showed that at pH 5.5 when glycerol was added the flux was very low in wild type and mutant cells. 
Addition of succinate in assays resulted in increase of H+ flux reaching 0.9 mM/min in wild type but not mutant 
cells compared to the assays supplemented with glycerol where the H+ flux was 0.19 mM/min (see Fig. 2). In all 
dcu mutants the H+ flux was lowered but only in dcuD single mutant it was absent which suggest that at low pH, 
DcuD mainly contribute to H+ efflux across the membrane during glycerol fermentation. As the role of DcuD is 
not clear at all, it might be possible that it is involved in inter-membrane proton translocation and depending on 
pH either it pumps H+ out of the cell or translocates it to other membrane bound enzymes or transport systems.

A

B

0
20
40
60
80

100
120
140
160
180
200

KCl-, DCCD- KCl+, DCCD- KCl-, DCCD+ KCl+, DCCD+

AT
Pa

se
 a

ct
iv

ity
, n

M
ol

 P
i/m

in
/µ

g Wt
dcuABC
dcuABCD
dcuD

0

20

40

60

80

100

120

140

160

KCl-, DCCD- KCl+, DCCD- KCl-, DCCD+ KCl+, DCCD+

AT
Pa

se
 a

ct
iv

ity
, n

M
ol

 P
i/m

in
/µ

g Wt
dcuABC
dcuABCD
dcuD

Figure 1.  ATPase activity of membrane vesicles of E. coli BW25113 wild type, dcuABC, dcuABCD, dcuD 
mutant strains at pH 7.5 (A) and pH 5.5 (B). The DCCD (0.1 mM) was added into the assay medium when 
indicated. K+ (100 mM) was added in the assays when shown. The assays pH was the same as growth pH. 
Bacteria were grown at pH 7.5 or pH 5.5 in the presence of 10 g L−1 glycerol as carbon source at 37 °C. For the 
strains see Table 1; for others, see Methods.

Strains Genotype Source

Wild type 
strain

BW25113rrnB ΔlacZ4787 HsdR514 Δ(araBAD)567 
Δ(rhaBAD)568 rph-1 (oldgenotype: lac1q rrnBT14 ΔlacZWJ16 
hsdR514 ΔaraBADAH33 ΔrhaBADLD78)

Keio Collection 
(NBRP)9,17,41

dcuABC BW25113 ∆dcuA∆dcuC∆dcuB::kan This work

dcuABCD BW25113 ∆dcuA∆dcuC∆dcuB∆dcuD::kan This work

dcuD BW25113 ∆dcuD::kan Keio Collection 
(NBRP)9,17,41

Table 1.  Characteristics of E. coli wild type and mutant strains used.
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Role of potassium ions in ATPase activity of E. coli wild type and dcu mutants membrane ves-
icles at pH 7.5 and pH 5.5.  Earlier in many papers it has been described that K+ have significant role in 
FOF1-ATPase activity20,25. In addition, as stated above and model was proposed according to which K+ transport 
Trk system, Hyd-4 interacts with FOF1-ATPase and forms protein-protein complex at pH 7.5 during glucose 
fermentation14. Moreover, recently, it was shown that during mixed carbon (glucose, glycerol and formate) fer-
mentative conditions formate dehydrogenase (Fdh) has some link or relationship with FOF1 depending on K+ at 
pH 5.526. All this suggests that there must be some effect of K+ on C4-dicarboxylate carriers such as the anaerobic 
Dcu family.

In order to reveal the role of K+, cells membrane vesicles total and DCCD inhibited ATPase activity was 
determined in the presence of K+ (100 mM) (see Fig. 1). It was shown that K+ had stimulatory effect on wild type 
cells at pH 7.5 but not at pH 5.5. Especially, at pH 7.5 total ATPase activity was stimulated by 40% and DCCD 
inhibited more FOF1-ATPase in the presence of K+ which is in good conformity with stimulatory effect of K+ on 
FOF1 during glucose fermentation20,25,27. But when analyzing the mutants only in dcuD mutant, K+ stimulated the 
total ATPase activity by 17% but not DCCD inhibited one (see Fig. 1). DCCD totally inhibited ATPase activity 
only in dcuABCD mutant. The data clearly demonstrate that K+ affects C4-dicarboxylate Dcu carrier system and 
there is a link between FOF1, Dcu and K+ transport system.

Specific growth rate and H2 production in E. coli wild type and dcu mutants at pH 7.5 and pH 
5.5.  For revealing the role of some proteins in bacterial cell physiology during fermentation it is important to 
determine one of the key physiological parameters of bacteria; the specific growth rate (µ).

During glycerol fermentation E. coli wild type cells µ was higher 1.86 fold at pH 5.5 than at pH 7.5 and yielded 
µ of 0.58 h−1. But interestingly DCCD inhibited growth at pH 7.5 but not at pH 5.5 (Fig. 3). The data are in good 
conformity with DCCD inhibited ATPase activity and H+ efflux at pH 5.5 where no inhibition was determined 
in wild type cells (see Figs 1B and 2). At pH 7.5 in all mutants µ was the same, as in wild type except dcuD one. In 
dcuD mutant µ was higher 2.3 fold, compared to wild type, whereas at pH 5.5 no such differences were found (see 
Fig. 3). Janausch and Unden5 stated that deletion of dcuD gene did not affect cell growth in any conditions tested, 
but they used glycerol plus fumarate and the metabolism goes to fumarate respiration but not to glycerol fermen-
tation and that is why we suggest in this work that DcuD protein is presumably active under glycerol fermentative 

Figure 2.  H+ efflux by whole cells of E. coli wild type and dcu mutants during glycerol fermentation at pH 7.5 
and pH 5.5. In assays glycerol was used in the same concentration as in growth medium and succinate was 
added in concentration of 5 mM. For mutant strains, see Table 1; for the others, see the Methods section and the 
legend to Fig. 1.

Figure 3.  Specific growth rate (µ) of E. coli wild type and dcu mutants at pH 7.5 and pH 5.5. A parallel 
experiment with 0.2 mM DCCD has been performed. For strains see Table 1, for others see legends to Fig. 1.
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conditions. In general, it must be mentioned that mainly Dcu carriers were investigated for aerobic growth on 
succinate1,2 but fermentative conditions were not deeply studied in anaerobic conditions due to it no evidence for 
gene expression and thus activity of DcuD protein have been detected. Note, at pH 5.5 in all mutants µ was 1.5 
fold lower than in wild type suggesting the role of Dcu carriers in cell growth.

As it was stated that deletions in Dcu system have some effects on H+ flux and ATPase activity and it was 
established before that FOF1-ATPase has some link or relationship with Hyd enzymes, H2 production in dcu 
mutants was detected. When cells were grown on glycerol and in the assays glycerol was added, no differences 
were found in mutants compared to wild type at both pHs, except dcuD mutant in which H2 production was 
higher at pH 5.5 (Fig. 4). Moreover, no H2 generation was detected when succinate was added in the assays 
(data not shown). Note, that H2 production was inhibited by DCCD in E coli wild type and in all of the dcu 
mutants at both pH values. This suggests that FOF1 interacts with H2 producing Hyd enzymes but the role of Dcu 
C4-dicarboxylate carriers in H2 generation is absent.

Methods
Bacteria, growth conditions, membrane vesicles.  The E. coli strains used in this study are listed in 
Table 1. Bacteria were grown under anaerobic conditions at 37 °C for 24 h in highly buffered peptone medium 
(20 g L−1 peptone, 15 g L−1 K2HPO4, 1.08 g L−1 KH2PO4, 10 g L−1 NaCl) with glycerol (10 g L−1) at pH 7.5 and pH 
5.5. To achieve anaerobic conditions were achieved in glass bottles with plastic press-caps were used; O2 was 
removed from the medium by autoclaving, after which the bottles were closed by press-caps and residual O2 was 
rapidly removed by the inoculum. as described elsewhere17,28–30. The growth medium pH was measured by a 
pH-meter with pH-electrode (HJ1131B, Hanna Instruments, Portugal) and adjusted using of 0.1 M HCl or 0.1 N 
NaOH.

The bacterial specific growth rate (μ), presented as lg2/ doubling time, was calculated, as described31.
Membrane vesicles isolated from bacteria, which were treated with lysozyme and ethylenediaminetetraacetic 

acid and prepared by the osmotic lysis of spheroplasts32, as described previously20,25,27,28.

Membrane vesicles ATPase assay.  ATPase activity was determined by the amount of inorganic phos-
phate (Pi) liberated in the reaction of membrane vesicles with 5 mM ATP (pH 7.5 and 5.5)20,25,27,28 in the assay 
mixture (50 mM Tris–HCl buffer (pH 7.5 and 5.5) containing 1 mM MgSO4) at 37 °C thermostated chamber. 
Note, ATPase in right-side-out vesicles can be reached by ATP due to membrane peculiarities of cells grown 
under the above mentioned conditions20,28. In contrast ATPase in in-side-out vesicles was easily reachable in the 
preparations, as suggested33. The ATPase activity was expressed in nMol Pi (min µg protein)−1. Pi was determined 
spectrophotometrically (UV–VIS spectrophotometer, Cary 60, Agilent Technologies, USA), as described20,25,27. 
Membrane vesicles were incubated with 0.1 mM DCCD (ethanol solution) for 10 min prior assays; ethanol in the 
final concentration of 0.5% was used, as a blank; no effect on growth and ATPase activity was observed.

The DCCD-sensitive (inhibited) ATPase activity was calculated as a difference between activities in the 
absence and in the presence of the inhibitor (DCCD). In the assays KCl as a source for potassium was added in 
the concentration of 100 mM.

Redox potential determination and hydrogen production assay.  Redox potential (Eh) in bac-
teria was determined using two different redox, titanium-silicate (Ti-Si) (EO-02, Gomel State Enterprise of 
Electrometric Equipment (GSEEE), Gomel, Belarus) and platinum (Pt) (EPB-1, GSEEE, or PT42BNC, Hanna 
Instruments, Portugal) glass electrodes9,23,34,35. The Ti-Si-electrode measures the overall Eh, whereas the 
Pt-electrode is sensitive to H2 under anoxic conditions23,34–36. H2 production rate (VH2) was calculated as the 
difference between the initial rates of decrease in Pt- and Ti-Si-electrodes readings and expressed in mV of Eh 
per min per mg of cell dry weight (mV. min−1 mg−1 CDW). This type of electrochemical determination of H2 is 
similar to the Clark-type electrode used by Fernandez36 and other researchers37. As a control experiment, cells 
without any addition of carbon sources were used where H2 production was absent.

Figure 4.  H2 production in E. coli wild type cells at pH 7.5 and pH 5.5. Cells were harvested and assayed with 
same concentration of glycerol as used in growth medium. The DCCD (0.2 mM) was added into the assay 
medium when indicated. For others see Methods section and legends to Fig. 1.
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The H2 production determination was done in the assay buffer solution (150 mM Tris-phosphate, at the indi-
cated pH, including 0.4 mM MgSO4, 1 mM NaCl and 1 mM KCl) upon glycerol addition. Glycerol, as a carbon 
source, was added for assays at similar concentrations, as used for cell cultivation.

H2 generation was also verified chemically23,35,38 and with Durham test tubes13.

Measurement of H+ fluxes.  H+ fluxes by whole cells were determined by registering the changes in H+ 
activities in the medium using selective pH electrodes (Hanna Instruments)28,39. The electrode readings were 
calibrated by titration of the medium with 0.01 M HCl. Ion fluxes were expressed in mmol/min per 109 cells in 1 
unit of volume.

Protein determination, chemicals and data processing.  Protein concentration was measured by the 
method of Lowry40 using bovine serum albumin (BSA), as a standard.

In experiments agar, peptone, glycerol, Tris (Carl Roth GmbH, Germany), ATP (Tris salt), BSA, DCCD, 
lysozyme (Sigma, USA) and other chemicals of analytical grade were used.

Data obtained from 3 independent assays are averaged, and standard deviations of values are calculated and 
they do not exceed 3% if not shown. Student criteria (p-value) is applied to validate the statistical differences 
in average data between various series of experiments, as described previously29,30; the difference is valid when 
p < 0.05 or less if not given.

References
	 1.	 Janausch, I. G., Zientz, E., Tran, Q. H., Kröger, A. & Unden, G. C4-dicarboxylate carriers and sensors in bacteria. BBA Bioenerg. 

1553, 39–56 (2002).
	 2.	 Zientz, E., Six, S. & Unden, G. Identification of a third secondary carrier (DcuC) for anaerobic C4-dicarboxylate transport in 

Escherichia coli: roles of the three Dcu carriers in uptake and exchange. J. Bacteriol. 178, 7241–7247 (1996).
	 3.	 Chen, J. et al. Activating C 4-dicarboxylate transporters DcuB and DcuC for improving succinate production. Appl. Microbiol. 

Biotechnol. 98, 2197–2205 (2014).
	 4.	 Golby, P., Kelly, D. J., Guest, J. R. & Andrews, S. C. Transcriptional regulation and organization of the dcuA and dcuB genes, encoding 

homologous anaerobic C4-dicarboxylate transporters in Escherichia coli. J. Bacteriol. 180, 6586–6596 (1998).
	 5.	 Janausch, I. G. & Unden, G. The dcuD (former yhcL) gene product of Escherichia coli as a member of the DcuC family of C4-

dicarboxylate carriers: lack of evident expression. Arch. Microbiol. 172, 219–226 (1999).
	 6.	 Valle, A. et al. A systematic analysis of TCA Escherichia coli mutants reveals suitable genetic backgrounds for enhanced hydrogen 

and ethanol production using glycerol as main carbon source. Biotechnol. J. 10, 1750–1761 (2015).
	 7.	 Dharmadi, Y., Murarka, A. & Gonzalez, R. Anaerobic fermentation of glycerol by Escherichia coli: a new platform for metabolic 

engineering. Biotechnol. Bioeng. 94, 821–829 (2006).
	 8.	 Clomburg, J. M. & Gonzalez, R. Anaerobic fermentation of glycerol: a platform for renewable fuels and chemicals. Trends in 

Biotechnol. 31, 20–28 (2013).
	 9.	 Trchounian, K. & Trchounian, A. Hydrogenase 2 is most and hydrogenase 1 is less responsible for H2 production by Escherichia coli 

under glycerol fermentation at neutral and slightly alkaline pH. Int. J. Hydrogen Energy 34, 8839–8845 (2009).
	10.	 Trchounian, K., Blbulyan, S. & Trchounian, A. Hydrogenase activity and proton-motive force generation by Escherichia coli during 

glycerol fermentation. J. Bioenerg. Biomembr. 45, 253–260 (2013).
	11.	 Trchounian, K., Poladyan, A., Vassilian, A. & Trchounian, A. Multiple and reversible hydrogenases for hydrogen production by 

Escherichia coli: dependence on fermentation substrate, pH and the F0F1-ATPase. Crit. Rev. Biochem. Mol. Biol. 47, 236–249 (2012).
	12.	 Trchounian, A. & Sawers, R. G. Novel insights into the bioenergetics of mixed‐acid fermentation: Can hydrogen and proton cycles 

combine to help maintain a proton motive force? IUBMB Life 66, 1–7 (2014).
	13.	 Bagramyan, K., Mnatsakanyan, N., Poladian, A., Vassilian, A. & Trchounian, A. The roles of hydrogenases 3 and 4, and the FOF1‐

ATPase, in H2 production by Escherichia coli at alkaline and acidic pH. FEBS Lett. 516, 172–178 (2002).
	14.	 Trchounian, A. Escherichia coli proton-translocating FOF1-ATP synthase and its association with solute secondary transporters and/

or enzymes of anaerobic oxidation–reduction under fermentation. Biochem. Biophys. Res. Commun. 315, 1051–1057 (2004).
	15.	 Kasimoglu, E., Park, S. J., Malek, J., Tseng, C. P. & Gunsalus, R. P. Transcriptional regulation of the proton-translocating ATPase 

(atpIBEFHAGDC) operon of Escherichia coli: control by cell growth rate. J. Bacteriol. 178, 5563–5567 (1996).
	16.	 Mitchell, P. Foundations of vectorial metabolism and osmochemistry. Biosci. Rep. 11, 297–346 (1991).
	17.	 Trchounian, K., Pinske, C., Sawers, R. G. & Trchounian, A. Dependence on the FOF1-ATP synthase for the activities of the hydrogen-

oxidizing hydrogenases 1 and 2 during glucose and glycerol fermentation at high and low pH in Escherichia coli. J. Bioenerg. 
Biomembr. 43, 645–650 (2011).

	18.	 Hong, S. & Pedersen, P. L. ATP synthase and the actions of inhibitors utilized to study its roles in human health, disease, and other 
scientific areas. Microbiol. Mol. Biol. Rev. 72, 590–641 (2008).

	19.	 Klionsky, D. J., Brusilow, W. S. & Simoni, R. D. In vivo evidence for the role of the epsilon subunit as an inhibitor of the proton-
translocating ATPase of Escherichia coli. J. Bacteriol. 160, 1055–1060 (1984).

	20.	 Trchounian, A. A. & Vassilian, A. V. Relationship between the FOF1-ATPase and the K+-transport system within the membrane of 
anaerobically grown Escherichia coli. N,N′-dicyclohexylcarbodiimide-sensitive ATPase activity in mutants with defects in K+-
transport. J. Bioenerg. Biomembr. 26, 563–571 (1994).

	21.	 Ullmann, R., Gross, R., Simon, J., Unden, G. & Kröger, A. Transport of C4-Dicarboxylates in Wolinella succinogenes. J. Bacteriol. 182, 
5757–5764 (2000).

	22.	 Trchounian A., Trchounian K. Fermentation Revisited: How Do Microorganisms Survive Under Energy-Limited Conditions?. 
Trends Biochem. Sci. Jan 14 (2019)

	23.	 Trchounian, K. & Trchounian, A. Different role of focA and focB encoding formate channels for hydrogen production by Escherichia 
coli during glucose or glycerol fermentation. Int. J. Hydrogen Energy 39, 20987–20991 (2014).

	24.	 Lukey, M. J. et al. How E. coli is equipped to oxidize hydrogen under different redox conditions. J. Biol. Chem. 285, 3928–3939 
(2010).

	25.	 Bagramyan, K., Mnatsakanyan, N. & Trchounian, A. Formate increases the FOF1-ATPase activity in Escherichia coli growing on 
glucose under anaerobic conditions at slightly alkaline pH. Biochem. Biophys. Res. Comm. 306, 361–365 (2003).

	26.	 Gevorgyan, H., Trchounian, A. & Trchounian, K. Understanding the role of Escherichia coli hydrogenases and formate 
dehydrogenases in the FOF1-ATPase activity during the mixed acid fermentation of mixture of carbon sources. IUBMB Life 70, 
1040–1047 (2018).

	27.	 Mnatsakanyan, N., Bagramyan, K., Vassilian, A., Nakamoto, R. K. & Trchounian, A. FO cysteine, bCys21, in the Escherichia coli ATP 
synthase is involved in regulation of potassium uptake and molecular hydrogen production in anaerobic conditions. Biosci. Rep. 22, 
421–430 (2002).

https://doi.org/10.1038/s41598-019-41044-0


7Scientific Reports |          (2019) 9:4279  | https://doi.org/10.1038/s41598-019-41044-0

www.nature.com/scientificreportswww.nature.com/scientificreports/

	28.	 Blbulyan, S., Avagyan, A., Poladyan, A. & Trchounian, A. Role of different Escherichia coli hydrogenases in H+ efflux and F1FO-
ATPase activity during glycerol fermentation at different pH values. Biosci. Rep. 31, 179–184 (2011).

	29.	 Poladyan, A., Trchounian, K., Sawers, R. G. & Trchounian, A. Hydrogen-oxidizing hydrogenases 1 and 2 of Escherichia coli regulate 
the onset of hydrogen evolution and ATPase activity, respectively, during glucose fermentation at alkaline pH. FEMS Microbiol. Lett. 
348, 143–148 (2013).

	30.	 Trchounian, K. & Trchounian, A. Escherichia coli multiple [Ni–Fe]-hydrogenases are sensitive to osmotic stress during glycerol 
fermentation but at different pHs. FEBS Lett. 587, 3562–3566 (2013).

	31.	 Neidhardt, F. C., Ingraham, J. L. & Schaechter, M., Physiology of the bacterial cell: a molecular approach. (Sinauer, Sunderland, 
1990).

	32.	 Konings, W. N. & Kaback, H. R. Anaerobic transport in Escherichia coli membrane vesicles. Proc. Natl. Acad. Sci. USA 70, 3376–3381 
(1973).

	33.	 Adler, L. W. & Rosen, B. P. Functional mosaicism of membrane proteins in vesicles of Escherichia coli. J. Bacteriol. 129, 959–966 
(1977).

	34.	 Mirzoyan, S., Romero-Pareja, P. M., Coello, M. D., Trchounian, A. & Trchounian, K. Evidence for hydrogenase-4 catalyzed 
biohydrogen production in Escherichia coli. Int. J. Hydrogen Energy 42, 21697–21703 (2017).

	35.	 Trchounian, K. & Trchounian, A. Escherichia coli hydrogen gas production from glycerol: effects of external formate. Ren. Energy. 
83, 345–351 (2015).

	36.	 Fernandez, V. M. An electrochemical cell for reduction of biochemical: its application to the study of the effect of pH and redox 
potential on the activity of hydrogenases. Anal. Biochem. 130, 54–59 (1983).

	37.	 Eltsova, Z. A., Vasilieva, L. G. & Tsygankov, A. A. Hydrogen production by recombinant strains of Rhodobacter sphaeroides using a 
modified photosynthetic apparatus. Appl. Biochem. Microbiol. 46, 487–491 (2010).

	38.	 Maeda, T. & Wood, T. K. Formate detection by potassium permanganate for enhanced hydrogen production in Escherichia coli. Int. 
J. Hydrogen Energy 33, 2409–2412 (2008).

	39.	 Trchounian, A. et al. Relationship of the Escherichia coli TrkA system of potassium ion uptake with the F1Fo-ATPase under growth 
conditions without anaerobic or aerobic respiration. Biosci. Rep. 18, 143–154 (1998).

	40.	 Lowry, O. H., Rosebrough, N. J., Farr, A. L. & Randall, R. J. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 193, 
265–275 (1951).

	41.	 https://shigen.nig.ac.jp/ecoli/strain/resource/strainGeneMutant/detail/10554.

Acknowledgements
This work was supported by the Basic support and Research Grant from State Committee of Science, Ministry 
of Education and Science of Armenia, to AT (15T-1F123; 18T-1F045) and by the Andalusian Government-
Consejería de Innovación, Ciencia y Empresa de la Junta de Andalucía (Spain)- through the Project for Excellence 
(P09-TEP-4830) co-funded by FEDER Programme 2007–2013 and the research PAIDI units CTS-569 and TEP-
105.

Author Contributions
L.K. and A.V. performed experimental work; J.B. and A.T. drafted the paper; K.T. drafted the paper, summarized 
the results.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-41044-0
https://shigen.nig.ac.jp/ecoli/strain/resource/strainGeneMutant/detail/10554
http://creativecommons.org/licenses/by/4.0/

	Evidence for Escherichia coli DcuD carrier dependent FOF1-ATPase activity during fermentation of glycerol

	Results and Discussion

	ATPase activity and H+ fluxes of E. coli wild type and dcu mutants at pH 7.5 and pH 5.5. 
	Role of potassium ions in ATPase activity of E. coli wild type and dcu mutants membrane vesicles at pH 7.5 and pH 5.5. 
	Specific growth rate and H2 production in E. coli wild type and dcu mutants at pH 7.5 and pH 5.5. 

	Methods

	Bacteria, growth conditions, membrane vesicles. 
	Membrane vesicles ATPase assay. 
	Redox potential determination and hydrogen production assay. 
	Measurement of H+ fluxes. 
	Protein determination, chemicals and data processing. 

	Acknowledgements

	Figure 1 ATPase activity of membrane vesicles of E.
	Figure 2 H+ efflux by whole cells of E.
	Figure 3 Specific growth rate (µ) of E.
	Figure 4 H2 production in E.
	Table 1 Characteristics of E.




