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Uncoupling of Substrate-Level Phosphorylation in Escherichia coli

during Glucose-Limited Growth

Poonam Sharma, Klaas J. Hellingwerf, Maarten J. Teixeira de Mattos, and Martijn Bekker
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The respiratory chain of Escherichia coli contains three different cytochrome oxidases. Whereas the cytochrome bo oxidase and
the cytochrome bd-I oxidase are well characterized and have been shown to contribute to proton translocation, physiological
data suggested a nonelectrogenic functioning of the cytochrome bd-II oxidase. Recently, however, this view was challenged by an
in vitro biochemical analysis that showed that the activity of cytochrome bd-II oxidase does contribute to proton translocation
with an H*/e™ stoichiometry of 1. Here, we propose that this apparent discrepancy is due to the activities of two alternative cata-
bolic pathways: the pyruvate oxidase pathway for acetate production and a pathway with methylglyoxal as an intermediate for
the production of lactate. The ATP yields of these pathways are lower than those of the pathways that have so far always been
assumed to catalyze the main catabolic flux under energy-limited growth conditions (i.e., pyruvate dehydrogenase and lactate
dehydrogenase). Inclusion of these alternative pathways in the flux analysis of growing E. coli strains for the calculation of the
catabolic ATP synthesis rate indicates an electrogenic function of the cytochrome bd-1I oxidase, compatible with an H* /e ratio
of 1. This analysis shows for the first time the extent of bypassing of substrate-level phosphorylation in E. coli under energy-lim-

ited growth conditions.

he branched nature of the respiratory chain of Escherichia coli

and of many other microbial species has been the subject of
many studies at both the physiological (3-5, 7, 35, 45) and the
biochemical (9, 10, 36, 41, 43) levels. As the respiratory chain
constitutes an essential part of the machinery of living cells for
conserving energy under nonfermentative conditions, under-
standing the mechanisms that underlie proton pumping, as well as
quantification of the efficiency of these processes, is paramount to
grasp the essence of their bioenergetics. In addition, since bacteria
must cope with ever-changing environments, it is not surprising
that adaptive strategies evolved that are directly related to the pro-
cesses involved in energy conservation (3, 5, 26). Under respira-
tory conditions, the catabolic machinery of E. coli is made up of
two tightly linked biochemical networks: the cytoplasmic glyco-
lytic pathway and the tricarboxylic acid (TCA) cycle on one hand
and the membrane-embedded respiratory chain on the other.
Glycolysis and the TCA cycle provide the respiratory chain with
electrons (mostly as NADH and reduced flavin adenine dinucle-
otide [FADH,]) and, in addition, add directly to the overall ATP
yield of catabolism via the phosphoglycerate kinase, the pyruvate
kinase, and the succinyl-coenzyme A (CoA) synthetase reactions.
The membrane-bound respiratory module allows the cell flexibil-
ity in the H"/e™ ratio (the number of protons delivered to the
periplasmic side of the membrane per electron) and rapid respon-
siveness in the rate of ATP synthesis (Fig. 1).

Thus, E. coli contains an NADH dehydrogenase (11, 32, 40),
NDH I, that translocates protons with an H* /e~ stoichiometry of
2 (8,17, 18, 22, 49), although a recent study proposed an H* /e~
stoichiometry of 1.5 (50). It also expresses functional, membrane-
associated NADH dehydrogenases that do not show this activity
(e.g., NDH II and WrbA [11, 33, 51]). Similarly, E. coli is known to
have three different cytochrome oxidases (35, 36, 42), among
which cytochrome bd-1 oxidase has an H* /e ratio of 1 (36) and
cytochrome bo oxidase has an H*/e™ ratio of 2 (36, 37).

Recently (7), we proposed that the H*/e ™ stoichiometry of the
third oxidase, cytochrome bd-1I (42), was 0. This was based on a
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quantitative physiological analysis of a series of strains with mod-
ified compositions of the respiratory chain. In the analysis, specific
ATP synthesis rates were calculated on the assumption that the
energy source, glucose (which was limiting growth), was dissimi-
lated to acetyl-CoA using fully coupled pathways (i.e., the path-
ways that synthesize the most ATP from a single glucose mole-
cule), and thus, product formation (i.e., lactate and acetate) was
assumed to be catalyzed by lactate dehydrogenase (LDH) and ac-
etate kinase, respectively. However, a recent biochemical charac-
terization of the cytochrome bd-1I oxidase showed this complex to
be electrogenic, with an H' /e ™ stoichiometry of 1 (10).

Here, we present a physiological analysis that accounts for the
discrepancy between our results (7) and those of Borisov et al.
(10). We show that the presence and activity of two alternative
dissimilatory pathways that had not been included in the quanti-
tative analysis presented previously resulted in an overestimation
of the ATP produced by substrate-level phosphorylation in our
study (7). These pathways are the pyruvate oxidase system (PoxB)
(2, 12, 28), which produces acetate but bypasses ATP synthesis
(compared to acetate formation catalyzed through the activity
of pyruvate dehydrogenase), and the methylglyoxal pathway
(MGOP) to lactate, which in effect consumes ATP during lactate
production rather than producing it (14, 25, 30, 43). Physiological
analysis of a relevant set of mutant strains, enzyme assays, and
quantitative assessment of flux distributions based on calculations
of the ATP flux (QATP) provide arguments to reevaluate the pro-
ton-translocating capability of the cytochrome bd-II oxidase. Ac-
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FIG 1 Scheme of the E. coli aerobic respiratory chain (adapted from reference 39 with permission from the publisher). Enzyme bioenergetic efficiency is
indicated as the number of protons delivered to the periplasmic side of the membrane per electron (the H"/e™ ratio). NDH I is the proton-translocating
NADH-quinone oxidoreductase, and NDH II, WrbA, QOR, QOR2, and YhDH are the non-proton-translocating NADH-quinone oxidoreductases (NP NDHs).
NDH I and the NP NDHs transfer electrons to the quinones (Q) to yield reduced quinones (QH,). Three quinol-oxygen oxidoreductases, cytochromes bo,
(Cybo), bd-1 (Cybd I), and bd-1I (Cybd II), oxidize QH, and reduce O, to H,O. Acetate formation via acetate kinase (AcK) leads to ATP formation, in contrast
to acetate synthesized by PoxB. Similarly, lactate formed by one of the three lactate dehydrogenases results in ATP formation (LDH here represents DId, LdhA,
and L1dD), while lactate synthesized via methylglyoxal synthase (MGOS) from DHAP leads to ATP consumption via the activity of the phosphotransferase system
(PTS) and 6-phosphofructokinase (PFK). The gray area indicates the cytoplasmic membrane. The dashed and dotted lines indicate uncoupling at the level of

substrate phosphorylation catabolic pathways by MGOS and PoxB, respectively.

cordingly, a value for its H"/e™ ratio of 1 is calculated in vivo,
consistent with the in vitro biochemical observations obtained

(10).

MATERIALS AND METHODS

Construction of deletion mutants. E. coli single-deletion strains were
ordered from the Keio collection (6). In order to construct strains with
multiple deletions, the kanamycin marker was first removed, as described
by Datsenko and Wanner (15). Mutants with double and triple deletions
were constructed by P1 phage transduction of the desired mutations (Ta-
ble 1). The mutants were checked by PCR.

Continuous cultures. E. coli K-12 strain BW25113 and various dele-
tion derivatives (Table 1) were grown in an Applikon 2-liter fermentor at
a constant dilution rate of 0.15 = 0.01 h ™. The steady state was verified by
two consecutive organic acid measurements with atleast a 2-h interval. All
values represent experiments performed at least in triplicate. For MB37,
an additional duplicate was performed in addition to the previously per-
formed triplicate (7), and the averaged quintuplicate data set was used for
this report. A defined simple salts medium, described previously (16),
with nitrilotriacetic acid (2 mM) rather than citrate as a chelator was used.
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Selenite (30 pg/liter) and thiamine (15 mg/liter) were added to the me-
dium. For strains PS27, PS28, and PS29, tryptone (100 mg/liter), yeast
extract (50 mg/liter), and NaCl (50 mg/liter) were additionally supplied to
support growth. Glucose was used as the main carbon and energy source
(>98% of total carbon) at a final concentration of 50 mM. The dilution
rate was set by adjusting the medium supply rate. The pH was maintained
at 7.0 = 0.1 by titration with sterile 4 M NaOH, and the temperature was
controlled at 37°C with a stirring rate of 600 rpm. The air supply rate was
setat 0.5 liter/min. In all cultures, the steady-state specific rates of fermen-
tation product formation and of glucose, CO,, and O, consumption were
measured as described by Alexeeva et al. (3).

Analysis of carbon fluxes. Steady-state bacterial dry weights were de-
termined as described previously (4, 5). Glucose, pyruvate, lactate, for-
mate, acetate, succinate, and ethanol contents were determined by high-
performance liquid chromatography (HPLC) (LKB) with a Rezex organic
acid analysis column (Phenomenex) at 45°C with 7.2 mM H,SO, as the
eluent, using an RI 1530 refractive index detector (Jasco) and AZUR chro-
matography software for data integration. All data collected showed a
carbon balance of 94% = 13% as calculated from the glucose consump-
tion and CO, and fermentation product formation rates. Undefined com-
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TABLE 1 E. coli strains used in this study

Strain” Genotype Cytochrome(s) remaining Reference(s)
BW25113 K-12 wild type All cytochromes 6

MB20 JW0421 (AcyoB), kanamycin marker removed Cytochrome bd-1, bd-11 6,7

MB21 JW0961 (AappB), kanamycin marker removed Cytochrome bd-1, bo 6,7
MB28 JW0723 (AcydB), kanamycin marker removed Cytochrome bo, bd-11 6,7
MB30 BW25113, AcyoB AappB AnuoB, kanamycin marker removed Cytochrome bd-I 7

MB34 BW25113, AcydB AappB AnuoB, kanamycin marker removed Cytochrome bo 7

MB37 BW25113, AcyoB AcydB AnuoB, kanamycin marker removed Cytochrome bd-1I 7

PS27 BW25113, ApoxB::kan AcydB AappB AnuoB Cytochrome bo This work
PS28 BW25113, ApoxB::kan AcyoB AappB AnuoB Cytochrome bd-I This work
PS29 BW25113, ApoxB::kan AcyoB AcydB AnuoB Cytochrome bd-1I This work

@ Strains MB30, MB34, MB37, PS27, PS28, and PS29 do not contain the proton translocating NADH dehydrogenase NDH-I.

ponents (e.g., from tryptone and yeast extract) were added in such small
amounts that they could be neglected.

Enzyme assays for p- and L-lactate and LDH synthase and methyl-
glyoxal (MGO) synthase activities. The lactate assay kit from Megazyme
was used to measure the amounts of p-lactate and 1-lactate produced in
the batch and chemostat cultures. The assay for measuring LDH activity
was adopted (and modified) from Garrigues et al. and Neves atal. (19, 31).
The assay was performed immediately after cell disruption. Cells were
pelleted by centrifugation for 10 min at 4,500 rpm at 4°C. After resuspen-
sion of the pellet in 10% glycerol plus 25 mM Na phosphate buffer (pH
7.2) containing 2 mg/ml lysozyme, the cells were lysed by 3 rounds of bead
beating for 20 s at speed 6 in a Precellys 24 beater from Bertin Technolo-
gies. The soluble fraction was isolated after another round of centrifuga-
tion for 5 min at 8,000 rpm at 4°C. Measurements were taken spectropho-
tometrically at 30°C and pH 7.2 for the level of NADH at 340 nm
(extinction coefficient for NADH [€] = 6.22-10°>- M '-cm™'). One unit
of activity is defined as the amount of enzyme required to produce 1 pmol
of product per minute (lactate and NAD™ are formed at an equimolar
ratio). The reaction mixture contained Tris-HCI buffer (100 mM; pH
7.2), NADH (0.3 mM), fructose 1,6-bisphosphate (3 mM), MgCl, (2.5
mM), and sodium pyruvate (30 mM), which was added to initiate the
reaction. The reaction was followed by recording the absorption changes
at 340 nm for about 40 min.

The activity assay of the methylglyoxal synthase is performed in a
similar way, with methylglyoxal as the substrate. It was adapted from the
method of Hopper and Cooper (23). The assay was performed after cell
disruption, and measurements were taken spectrophotometrically at 37°C
and pH 7.0 for the level of S-lactoylglutathione at 240 nm (¢ = 3.37 - 10° -
M~!.cm™ ). The reaction mixture contained imidazole buffer (40 mM;
pH 7.0), dihydroxyacetone phosphate (0.75 mM), reduced glutathione
(1.65 mM), glyoxylase enzyme (sufficient to convert 0.8 mM methyl-
glyoxal/min), and cell extract, which was used to initiate the reaction. The
progress of the reaction was then followed by recording the absorption at
240 nm for about 15 min.

Calculation of specific ATP synthesis rates and H*/e™ ratios. The
total flux of ATP (qATP,,,,) can be calculated by addition of the ATP
generated by substrate-level phosphorylation (qATPg; ) and the ATP
generated by oxidative phosphorylation in the electron transfer chain
(qQATPgyc). For reference, an anaerobically grown glucose-limited che-
mostat culture was used. Under those conditions, all routes for product
formation are defined, and therefore, there are no uncertainties concern-
ing the calculated qATP,, ;. For complete oxidation of glucose to CO,,
the rate of substrate-level-derived ATP synthesis (QATPg; p) is stoichio-
metrically coupled to the rate of CO, production as follows: 1 Glc + 6
O, + 4 ADP + 4 P,—6 CO, + 4 ATP + 6 H,O. Hence, qATPy, ,, is equal
to 2/3 - qCO,, where qCO, is the rate of CO, synthesis. In the generally
accepted view, under aerobic conditions, pyruvate-formate lyase is not
active (1) and acetate is produced via the conversion of pyruvate by pyru-
vate dehydrogenase, phosphotransacetylase, and acetate kinase, yielding 1
CO, and 1 extra ATP per acetate. For strains or conditions that involve

6910 aem.asm.org

acetate (and/or ethanol) production, the additional amount of CO, pro-
duced stoichiometrically with acetate and/or ethanol was taken into ac-
count. In addition, if glucose is only partially mineralized, e.g., to lactate
by an active lactate dehydrogenase, this yields ATP with a stoichiometry of
1 (mol ATP/mol lactate). Hence, QATPg; ;, is equal to 2 - gAce + qEtOH +
qLlac + (2/3 - [qCO, — qAce — qEtOH]), or

qATPgp = qlac + 2/3-qCO, + 4/3-qAce + 1/3-qEtOH
(1)

where qAce, qEtOH, gLac, and qCO, are the rates of synthesis of acetate,
ethanol, lactate, and CO,, respectively, expressed in mmol - g (dry
weight) ™" - h™.

The E. coli genome encodes two additional dissimilatory pathways that
use dihydroxyacetone-phosphate (DHAP) or pyruvate as the substrate.
Elevated levels of the former substrate may result in a significant flux
toward methylglyoxal via the low-affinity methylglyoxal synthase and
subsequent conversion of methylglyoxal to lactate (38, 43). As aresult, the
energy contained in the phosphoanhydride is lost, and hence, lactate for-
mation via the MGOP results in a net loss of 1 mol ATP/mol lactate
formed. Pyruvate may also be oxidized by the pyruvate oxidase system
(PoxB) (13, 20) to acetate, resulting in the loss of substrate-level phos-
phorylation during acetate formation. To include these alternative path-
ways, equation 1 must be modified to equation 2:

qATPgp = qlaciy — 2- qLacmgOp + 2/3-qCO, + 4/3- (chemtal
— qAcep) + 1/3-qEtOH  (2)
The rate of ATP synthesis due to oxidative phosphorylation (qAT-
Pyp) can be calculated from the rate of oxygen reduction, the number of
protons translocated per electron transferred to oxygen, and the stoichi-
ometry of the number of ATP molecules synthesized per proton flowing
back through the ATP synthase. Assuming that this stoichiometryis 4 in E.
coli (41) and taking into account the fact that four electrons are needed to
reduce molecular oxygen to water, it follows that

qQATPpp = 4-q0, - (H'/e™)/4 (3)

where qO, is the rate of consumption of O,. Combining equations 1 and
2 results in equation 4:

qATPtotal = (H+/e_) 'C[Oz + (qLaCtotal - z'qLacmgop)
+ 2/3-qCO, + 4/3(qAceiy — qAcepyp) + 1/3-qEtOH  (4)

where qATP,,, is the total rate of ATP synthesis. This formula was used
for calculating the qATP,,,, of strains PS27, PS28, and PS29. To deter-
mine the H™e™ ratio of the cytochrome bd-II oxidase in MB37, it was
rewritten as follows:

Hf/e™ = [(qATPmtal) - (qLactmal -2 qLacmgop)] +2/3-qCO,
+ 4/3[(qAC€toml - chepoxB) +1/3- thOH]/q02 (5)
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TABLE 2 Specific product formation and oxygen consumption rates”

Rate (mmol - g [drywt] ™' -h™")

Strain qAce qlac qCO, q0,

PS29 72+0.7 1.7 £0.7 7.0 0.7 6.7+0.3
BW25113 0.0 = 0.0 0.0 = 0.0 8.3*+0.3 4.8 1.9
MB37 6.2+0.8 1.1 £12 11.7 + 2.1 9.6 2.7
PS27 1.4+ 04 0.1 £0.2 58 1.2 62*13
PS28 3.7+ 1.7 ND* 10.0 £ 0.9 10.8 £ 1.2

“ Strains (7) were grown in glucose-limited chemostat cultures. See Materials and
Methods for growth conditions.
¥ ND, not detectable.

RESULTS
Theoretical consideration of the calculated in vivo contribution
of cytochrome bd-II to proton translocation. The recently pub-
lished biochemical assessment of the electrogenic properties of
cytochrome bd-1I oxidase (10) is in striking contrast to previous
findings (7), where it was reported that this oxidase in vivo did not
contribute to the buildup of a proton motive force (i.e., H /e~ =
0). The conclusion was based on the assumption that lactic acid is
produced by E. coli exclusively via pyruvate reduction by lactate
dehydrogenase (29) and acetic acid via pyruvate dehydrogenase
plus acetate kinase, yielding 1 and 2 ATP, respectively, per mole-
cule of lactic acid and acetic acid formed. As both products were
formed at significant rates by the strains under the given condi-
tions, their formation contributes significantly to the total rate of
ATP synthesis and hence affects the quantification of the apparent
H"/e™ stoichiometry of cytochrome bd-II oxidase to a large ex-
tent. However, alternative pathways that lead to the formation of
these two products have been described in E. coli (2, 1214, 20, 24,
28,29,43), and since they have a lower ATP stoichiometry (mol ATP
synthesized per mol product formed), their activity may cause the
discrepancy described above. Acetate can also be formed in E. coli by
pyruvate oxidase (2), whereas formation of lactate may occur via the
methylglyoxal pathway. The route from glucose to acetate via PoxB is
associated with the synthesis of 1 ATP/acetate formed (rather than 2
for the acetate kinase route), whereas lactate formation via the meth-
ylglyoxal pathway has a net consumption of 1 ATP/lactate (as op-
posed to the production of 1 ATP/lactate for lactate dehydrogenase).
In order to verify whether these routes could have played a role
under the previously used growth conditions (7), two strategies
were followed. First, the contribution of PoxB to acetic acid for-
mation was estimated by a theoretical analysis of the previously
published data (see Table 3) (7) and by removal of poxB from
MB30, MB34, and MB37, resulting in strains PS28, PS27, and
PS29, respectively. Second, the potential contribution of the

TABLE 3 qATP,,,,, values®

Uncoupling of Catabolism in E. coli

methylglyoxal pathway to lactate production was tested by analy-
sis of the activity of the key enzyme involved.

Contribution of the methylglyoxal pathway and PoxB to the
total lactic acid and acetic acid flux, respectively. A catabolic flux
analysis of strains PS27, PS28, and PS29 was carried out in a glu-
cose-limited chemostat, as described previously (7). Table 2 pres-
ents all the relevant specific product formation and oxygen con-
sumption rates that were subsequently used to calculate the
specific ATP synthesis rates (QATP,,,;). Table 3 shows a compar-
ative analysis with regard to ATP synthesis rates that was done for
4 scenarios regarding the conversion of glucose to fermentation
products: (i) all fluxes proceed through the LDH pathway and
acetate kinase, (ii) all fluxes proceed through the LDH pathway
and pyruvate oxidase, (iii) all fluxes proceed through the methyl-
glyoxal pathway and acetate kinase, or (iv) all fluxes proceed com-
pletely through the methylglyoxal pathway and PoxB.

For the amount of ATP required to synthesize E. coli biomass,
qATP,,, a value of 18.8 = 1.0 mmol - g (dry weight) ™' - h™' was
used, derived from an experiment with a fully fermentative anaer-
obic glucose-limited chemostat culture. Under anaerobic condi-
tions, only acetate and ethanol are produced via the well-estab-
lished coupled pathways, and therefore, the qATP can be
unambiguously determined under such conditions. H*/e™ stoi-
chiometries were assumed to be as published previously (36, 37)
for the cytochrome bo oxidase (i.e., 2) and cytochrome bd-I oxi-
dase (i.e., 1) and as recently determined biochemically by Borisov
et al. (10) for cytochrome bd-1I (i.e., 1).

Quantitative analysis of the data for strain MB37 (7), which
now includes a contribution of fluxes through the alternative
pathways, shows that indeed one has to assume a flux through
PoxB in order to arrive at a specific ATP synthesis rate that
matches that of the reference value (Table 3). Similarly, analysis of
strain PS29 (MB37ApoxB) revealed that acetic acid was still syn-
thesized (Table 2). However, the calculated gATP,,,, was much
lower than for MB37, confirming that in strain MB37, acetate
formation is largely catalyzed by PoxB. Furthermore, assuming
that scenario 1 holds leads to a gATP,,,; value for PS29 that is still
higher than the reference value (Table 3). In contrast, an analysis
according to scenario 3 results in a specific ATP synthesis rate
close to the reference value. This strongly suggests that under the
conditions employed, uncoupling of substrate-level phosphoryla-
tion takes place in this strain via a high flux through the methyl-
glyoxal pathway. As PS27 and PS28 produce virtually no lactate,
assuming that either lactate dehydrogenase or the methylglyoxal
pathway contributes to ATP synthesis is not relevant. It is note-
worthy that for both strains, a QATP,,,; value close to the refer-
ence value was calculated (Table 3).

Rate (mmol - g [dry wt] ™' -h™")

Strain dATPtotal (Ldh + AcK) 9ATPtotal (Ldh + PoxB) dATPtotal (MGOP + AcK) dATPtotal (MGOP + PoxB)
PS29 229 £ 0.5 ND 19.2 £ 1.0 ND

MB37 26.1 = 0.7 20.0 = 1.0 248 =24 18.7 £ 2.7

PS27 19.0 = 1.7 ND 18.7 = 1.6 ND

PS28 19524 ND 19524 ND

 Calculated assuming that lactate and acetate are formed by lactate dehydrogenase and acetate kinase (column 2), lactate dehydrogenase and pyruvate oxidase (column 3),
methylglyoxal bypass and acetate kinase (column 4), or methylglyoxal bypass and pyruvate oxidase (column 5). For PS27, an H" /e ratio of 2 was assumed; for all other strains, an

H" /e ratio of 1 was assumed. ND, not detectable.
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TABLE 4 Enzyme activities of cell extracts of strains cultured in a
glucose-limited chemostat”

Activity (mmol - g protein™'-h™")

Strain Methylglyoxal synthase Lactate dehydrogenase
BW25113 4.1*12 0.5*0.3

MB37 3.1 *1.1 3.8 0.7

PS27 109 £ 1.8 6.9 = 0.9

PS28 7.7 %43 6.2 23

PS29 28.2 £ 6.5 122 £ 3.9

“ See Materials and Methods.

A different calculation can be made to illustrate the sensitivity
of the analysis. In Table 3, all gQATP,,,; values are set to the refer-
ence rate (18.8 mmol - g [dry weight]) ™' - h™") in order to calcu-
late the resulting H" /e~ stoichiometry for cytochrome bd-II oxi-
dase. It can be seen that with the respective flux distributions
through the methylglyoxal pathway and PoxB, deviations from
the predicted stoichiometries are negligibly small. In conclusion,
assuming flux distributions through these alternative pathways
resultsin H' /e~ stoichiometries that match the biochemical data.

With respect to the assumed contribution of the methylglyoxal
pathway in PS29, enzyme activities were measured in cell extracts
(see Materials and Methods) of the various strains grown under
identical glucose-limited conditions at a dilution rate of 0.15h™".
Table 4 shows the activities in comparison with lactate dehydro-
genase. Clearly, PS29 showed significantly higher activity. Thus,
this finding supports the hypothesis that the methylglyoxal path-
way may contribute to lactate formation in the strain and hence
lowers the ATP yield in substrate-level phosphorylation in PS29.
Contribution to glucose catabolism via methylglyoxal is further
substantiated by the fact that under the conditions tested, PS29
produces only L-lactate (see Fig. S1 in the supplemental material),
the end product of the conversion of dihydroxyacetone phosphate
by methylglyoxal synthase and subsequently glyoxylase, whereas
lactate dehydrogenase produces L- and D-lactate in approximately
a 1:1 ratio (see Fig. S1 in the supplemental material).

DISCUSSION

In this paper, we have addressed an apparent discrepancy between
the physiological (7) and biochemical (10) quantifications of the
electrogenic nature of cytochrome bd-1I oxidase. Our previous
flux analysis, designed to calculate specific ATP synthesis rates,
lacked two alternative catabolic pathways and therefore overesti-
mated the ATP synthesis rate by substrate-level phosphorylation.
The analysis led to the conclusion that the high V.. of cyto-
chrome bd-11I oxidase was non-proton pumping. In the new anal-
ysis presented here, we show that the activities of two uncoupling
reactions (i.e., catabolic pathways that have lower net ATP yields
than the pathway to the same end product with the maximal yield)
explain the observed differences. Our analyses allow us to con-
clude that under the conditions tested (aerobic, glucose-limited
chemostat cultures), a significant flux through these alternative,
low-efficiency pathways occurs, although the activity of methyl-
glyoxal synthase in PS29 grown under glucose-limited continuous
conditions could be assessed only indirectly via an assay of the
enzymatic activity of the key enzyme of the methylglyoxal pathway
and of LDH. Unfortunately, the additional removal of genes from
strain PS29 (e.g., all lactate dehydrogenases) has proven not to be
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technically feasible due to an inability to perform the necessary
transformation with the gene knockout plasmids. Nevertheless,
the observation that the methylglyoxal synthase activity in strain
PS29 is 3-fold higher than that of wild-type cells (in which the
activity is in agreement with previously published data [10.4
mmol - g protein~" - h™' [24]) shows that in this strain, the MGO
pathway is upregulated and contributes to lactate production.
Further confirmation is seen in the fact that only the L-lactate
isomer is produced.

Our analysis demonstrates that E. coli invokes loss of catabolic
efficiency under energy-limited growth conditions at the level of
cytoplasmic ATP synthesis. This may seem rather surprising, but
it should be noted that we have previously shown that under these
conditions, the electron transport chain employs the non-proton-
translocating NDH II (11). The phenomenon of catabolic uncou-
pling by bypassing substrate-level phosphorylation is seen most
clearly in strains that contain cytochrome bd-1I oxidase as the sole
catalyst transferring electrons to oxygen. It may be that the
strongly reduced ubiquinone pool (7) in these strains affects
NADH dehydrogenase activity, thereby allowing increased activ-
ity of the PoxB pathway, or, alternatively, influences steady-state
pools of intermediates (e.g., an increase in intracellular pyruvate
by inhibition of pyruvate dehydrogenase), which in turn may in-
crease enzyme activity or gene expression. Similarly, the high flux
via the methylglyoxal pathway could be the result of limited activ-
ity of the glyceraldehyde 3-phosphate dehydrogenase complex
due to a high NADH/ NAD ™ ratio and, hence, possible buildup of
triose phosphate in these cells (46).

The mechanisms and signals that govern the relative contribu-
tions of such unexpected pathways as demonstrated here clearly
remain to be elucidated. Nevertheless, our analysis touches upon
both fundamental and applied issues. First, our results exemplify
the complexity of the physiological strategies employed by micro-
organisms when it comes to energy conservation; they further
complicate the questions of whether and when cells induce cata-
bolic networks optimized for either a high growth yield or a high
growth rate. The former is related to efficient use of the energy
source, and the latter is related to high catabolic rates and respon-
siveness (11, 21, 27, 34, 44, 47, 48). Second, our findings empha-
size the need for extensive knowledge of metabolic pathways when
a rational design is formulated in the applied field of metabolic
engineering. Pathways that are considered to be exceptional and
to be specific for certain conditions only may be paramount for
the cell’s functioning and hence be more important than assumed.
These findings emphasize that thorough quantitative physiologi-
cal and biochemical understanding is of high importance for ef-
fective metabolic engineering.
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