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Transhydrogenases catalyse interconversion of the redox cofactors NADH and NADPH, thereby

conveying metabolic flexibility to balance catabolic NADPH formation with anabolic or stress-

based consumption of NADPH. Escherichia coli is one of the very few microbes that possesses

two isoforms: the membrane-bound, proton-translocating transhydrogenase PntAB and the

cytosolic, energy-independent transhydrogenase UdhA. Despite their physiological relevance, we

have only fragmented information on their regulation and the signals coordinating their

counteracting activities. Here we investigated PntAB and UdhA regulation by studying

transcriptional responses to environmental and genetic perturbations. By testing pntAB and udhA

GFP reporter constructs in the background of WT E. coli and 62 transcription factor mutants

during growth on different carbon sources, we show distinct transcriptional regulation of the two

transhydrogenase promoters. Surprisingly, transhydrogenase regulation was independent of the

actual catabolic overproduction or underproduction of NADPH but responded to nutrient levels

and growth rate in a fashion that matches the cellular need for the redox cofactors NADPH and/or

NADH. Specifically, the identified transcription factors Lrp, ArgP and Crp link transhydrogenase

expression to particular amino acids and intracellular concentrations of cAMP. The overall

identified set of regulators establishes a primarily biosynthetic role for PntAB and link UdhA to

respiration.

INTRODUCTION

To fuel the about 300 anabolic reactions during growth of

Escherichia coli, central carbon metabolism supplies building

blocks, energy and redox power at appropriate rates and

stoichiometries (Michal, 1999). The transfer of electrons

between catabolism, respiration and anabolism as well as

removal of reactive oxygen species is achieved by the redox

cofactors NADH and NADPH (Ritz & Beckwith, 2001),

which are among the most highly connected metabolites

(Holm et al., 2010). Both cofactors have distinct physiologi-

cal roles. In the presence of an external electron acceptor,

the primary role of NADH is in respiratory ATP generation

via oxidative phosphorylation, whereas it is primarily a cata-

bolic byproduct during anaerobic fermentation that must

be reoxidized through formation of reduced fermentation

end products such as lactate or ethanol. The chemically

similar redox cofactor NADPH, in contrast, mainly drives

anabolic reductions (Fuhrer & Sauer, 2009). To fulfil these

distinct functions, cells maintain the NADPH-to-NADP+

ratio in a more reduced state than the NADH-to-NAD+

ratio (Harold, 1986).

For most investigated microbes, the major sources of NADPH
during hexose metabolism are the oxidative pentose phos-
phate (PP) pathway and the isocitrate dehydrogenase reaction
in the tricarboxylic acid (TCA) cycle (4). In some organisms,
such as Saccharomyces cerevisiae, the catabolic fluxes through
the NADPH-generating reactions match precisely the anabolic
requirements for NADPH (Bakker et al., 2001; Blank et al.,
2005). Many bacteria, however, encounter conditions where

Abbreviations: PP, pentose phosphate; IHF, integration host factor.

Four supplementary figures and four supplementary tables are available
with the online Supplementary Material.
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catabolic NADPH formation exceeds their anabolic demand
or conditions under which formation will be insufficient
(Sauer et al., 2004; Fuhrer et al., 2005), which require addi-
tional NADPH-balancing mechanisms. Generally, NADPH-
balancing mechanisms can be divided into those that prevent
imbalance and others that correct for the imbalance by de-
coupling NADPH formation from catabolism. Biochemical
mechanisms that avoid imbalance include altered catabolic
pathway usage, for example, phophoenolpyruvate–glyoxylate
cycle versus TCA cycle usage (Fischer & Sauer, 2003; Haver-
korn van Rijsewijk et al., 2011), and altered usage of isoen-
zymes with distinct cofactor specificities (Doan et al., 2003;
Driscoll & Finan, 1997; Zamboni et al., 2004). Decoupling
catabolic NADPH formation can be achieved by NAD(H)
kinases (Kawai et al., 2001; Outten & Culotta, 2003; Singh
et al., 2008), by biochemical redox cycles (Overkamp et al.,
2002; Verho et al., 2002) and through transhydrogenases that
can transfer electrons directly from NADH to NADP+ and
vice versa (Sauer et al., 2004).

E. coli is one of very few microbes that possesses two transhy-
drogenases: the membrane-bound, proton-translocating
transhydrogenase PntAB (David et al., 1986) and the cyto-
solic, energy-independent transhydrogenase UdhA (Boonstra
et al., 1999). Both isoforms have been shown to exert distinct
functions in redox balancing of E. coli. PntAB is a major con-
tributor to NADPH formation during growth on glucose,
and mutant data suggest UdhA as an important contributor
to NADPH oxidation on substrates such as acetate, whose
catabolism produces more NADPH than is required for cell
growth (Sauer et al., 2004). Despite their physiological rele-
vance and genetic evidence that both transhydrogenases are
not constitutively expressed in E. coli (Edgar et al., 2002; Faith
et al., 2008; Sherlock et al., 2001; Liu et al., 2005), transcrip-
tional regulation of transhydrogenases and the signals that
trigger their expression are poorly understood. Based on
reported E. colimRNA expression, metabolite levels and 13C-
based flux data under eight nutritional conditions (Gerosa
et al., 2015), we first demonstrate that transhydrogenase tran-
scription does not correlate with the cellular NADPH
demand but suggest rather a growth-related biosynthetic
function for PntAB. Using GFP reporter plasmids in 62 tran-
scription factor knockouts, we then systematically identify
factors that regulate transhydrogenase expression and dem-
onstrate the availability of extracellular amino acids and
growth rate, which, in turn, both affect redox metabolism, as
the primary regulation factors. By identifying the transcrip-
tional regulators that regulate both transhydrogensase iso-
forms, we provide insights into the distinct physiological
functions of the two redox-balancing transhydrogenase iso-
forms, linking PntAB to biosynthesis and UdhA to
respiration.

METHODS

Strain and growth conditions. All experiments were performed with
E. coli BW25113 and its otherwise isogenic mutants from the Keio
knockout library (Baba et al., 2006). For clarity, the mutant nomencla-
ture used here reflects the deleted genes. Online biomass and GFP

measurements were conducted in 200 µl 96-well plates in a plate reader
(Tecan Infinite Pro 200). Frozen glycerol stocks were used to inoculate
Luria–Bertani (LB) complex medium. For cultivation of strains contain-
ing GFP reporter plasmids, LB medium of the precultures was supple-
mented with 50mg l�1 kanamycin or 25mg l�1 chloramphenicol
depending on the antibiotic resistance cassette present in the strain or
the plasmid. All further cultivations were performed without antibiotics.
After 6 h of incubation at 37

�
C and constant shaking, LB cultures were

used to inoculate M9 minimal medium precultures upon overnight cul-
tivation. On the following day, the M9 precultures were used to inocu-
late 1 : 100 (v/v) for the final experiments.

The M9 medium contained, per litre of deionized water, the following:
0.8 g (NH4)2SO4, 0.5 g NaCl, 7.5 g Na2HPO4�2H2O and 3.0 g KH2PO4.
The following components were sterilized separately and then added
(per litre of final medium): 1ml of 1M MgSO4, 1ml of 0.1M CaCl2,
0.6ml of 0.1M FeCl3�6H2O, 2ml of 1mM filter-sterilized thiamine HCl
and 10ml of a trace element solution containing (per litre) 0.18 g ZnSO4

�7H2O, 0.12 g CuCl2� 2H2O, 0.12 g MnSO4� H2O and 0.18 g CoCl2
�6H2O. Filter-sterilized carbon source was added to a final concentration
of 5 g per litre. For experiments supplemented with all 20 amino acids,
final concentrations in the medium representing the biomass composi-
tion are as follows (Zaslaver et al., 2006): alanine, 0.47mM; arginine,
0.6mM; asparagine, 0.32mM; aspartic acid, 0.3mM; cysteine, 0.3mM;
glutamate, 5mM; glutamine, 5mM; glycine, 0.13mM; histidine,
0.1mM; isoleucine, 0.3mM; leucine, 0.3mM; lysine, 0.3mM; methio-
nine, 0.3mM; phenylalanine, 0.3mM; proline, 2mM; serine, 4mM;
threonine, 0.3mM; tryptophan, 0.1mM; tyrosine, 0.1mM; valine,
0.3mM. For experiments with single amino acid additions, amino acids
were added to a final concentration of 5mM. For oxidative stress experi-
ments, the medium was supplemented with paraquat to obtain a final
concentration of 10 µM.

Reporter plasmid construction and transformation. The vectors
used for this study were low-copy plasmids containing transcriptional
fusions. More specifically, the plasmids contain the regulatory region
of a specific gene fused to a GFP reporter gene gfpmut2 as previously
described (Zaslaver et al., 2004, 2006). GFPMUT2 becomes fluorescent
within less than 5min of transcription initiation and is highly stable
and non-toxic in E. coli (Zaslaver et al., 2004, 2006). As a regulatory
region, the entire intergenic region was taken between two ORFs
extending it by 50–100 bp into each of the two flanking ORFs. For
the pntAB and udhA promoter activities, plasmids were used from the
Zaslaver library (Zaslaver et al., 2006). As both pntA and pntB are
encoded by the promoter upstream of pntA, for this study, the inter-
genic region upstream of the pntA promoter is used and is termed
pntAB. Chloramphenicol-resistant plasmids for pntAB and udhA were
synthesized by removing the kanamycin cassette from the original
plasmids from the Zaslaver library and replacing it with the chloram-
phenicol resistance marker encoding the chloramphenicol acetyl trans-
ferase (Alton & Vapnek, 1979). Replacing the kanamycin with the
chloramphenicol cassette had no effect on GFP expression or growth
rate for strains carrying the pntAB or udhA reporter plasmid (data not
shown). Two synthetic constitutive promoters, in which all tran-
scription-factor-binding sites had been scrambled in order to quantify
the growth-rate-dependent effect of the cellular physiology on pro-
moter activity and a synthetic reporter promoter that is only regulated
(activated) by Crp, were obtained from previous studies (Gerosa et al.,
2013, 2015).

Online GFP and biomass measurements and promoter activity

calculations. Online measurements for all batch experiments in 96-
well plates were conducted in a Tecan 96-well plate reader (Tecan
Infinite Pro 200) with linear shaking and temperature kept at 37

�
C.

OD600 and GFP (500nm excitation and 530 nm emission) were mea-
sured online every 10min for each well to follow biomass formation
and GFP expression, respectively (Samorski et al., 2005). Background
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optical density and fluorescence signal due to the growth medium
were subtracted for the Tecan 96-well plate reader. For GFP measure-
ments, additional background fluorescence due to biomass was also
subtracted.

Promoter activities and relative mRNA expression levels were calcu-

lated using online GFP and optical density measurements. Promoter

activities (PA) were calculated during mid-exponential phase (OD600

0.7–1.5) by calculating the optical density-normalized GFP produc-

tion rate over time:

PA¼ dGFP=ðdt �ODÞ ðZaslaver et al:; 2006Þ

NADPH-balancing calculations. Previously, 13C-based intracellular
fluxes (Gerosa et al., 2015) were used as a basis for all the calculations.

The catabolic underproduction or overproduction of NADPH was cal-

culated as the total NADPH formation rate minus the total NADPH

consumption rate. The rates of total NADPH formation were deter-

mined from the reported net fluxes through the NADPH-generating

reactions in the TCA cycle (i.e. isocitrate dehydrogenase) and PP path-

way (i.e. glucose-6-phosphate dehydrogenase and 6-phosphogluconate

dehydrogenase) and those through the malic enzymes. In the case of the

malic enzymes, we assumed either 50% of flux through the NADPH-

producing malic enzyme B and 50% through the NADH-producing

malic enzyme SfcA or 100% of malic enzyme flux through either iso-

form. The rate of NADPH consumption was calculated from the

NADPH requirements for biomass production (Neidhardt & Bott,

1990) and the growth rate. Error analysis on NADPH production–

NADPH consumption was conducted via SE propagation as:

NBerror ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

verrorzwf þ verrorgnd þ verrormaeB

� �2
r

þ NCerrorð Þ2

s

where NBerror is the error in catabolic NADPH underproduction or
overproduction, v represents the errors in fluxes through the specific
NAPDH-producing enzymes and NCerror is the calculated error in
NADPH consumption.

RESULTS

Cellular NADPH demand does not regulate

transcription of either transhydrogenase isoform

Previously determined expression data (Gerosa et al., 2015)
for E. coli WT growth on eight different carbon sources (i.e.
galactose, acetate, pyruvate, succinate, glycerol, gluconate,
glucose and fructose) showed distinct expression levels for
both transhydrogenase isoforms (Fig. 1a). Although pntAB
promoter activity was highest on glucose, udhA promoter
activity was low on glucose and highest on succinate and
pyruvate. Given that the transhydrogenases are important
for balancing redox metabolism in E. coli (Sauer et al., 2004;
Fuhrer et al., 2005), we hypothesized that the expression of
the transhydrogenase-encoding genes pntAB and udhA
might respond to the cellular redox cofactor requirements.

To test this hypothesis, we used 13C-based intracellular flux
data reported in Gerosa et al. (2015) to calculate NADPH
production through the key NADPH-generating pathways.
We then quantified apparent catabolic overproduction or
underproduction of NADPH by subtracting the stoichio-
metric NADPH requirements for biomass formation from
the 13C-based NADPH production. When plotting the
reported mRNA levels of both pntAB and udhA (Gerosa
et al., 2015) against the magnitude of catabolic NADPH
overproduction or underproduction (Fig. 1b), we found no
significant correlation of mRNA abundance with the esti-
mated underproduction and overproduction rates. To con-
firm that the NADPH demand does indeed not regulate
transhydrogenase transcription, we grew the two GFP
reporter strains on glucose supplemented with 10 µM para-
quat. Continuous generation of reactive oxygen species by
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Fig 1. The expression of pntAB (black bars) and udhA (grey bars) normalized to the WT pntAB expression on glucose and
ratio between pntAB and udhA expression (white diamonds) (a), pntAB (black squares) and udhA (grey triangles) mRNA
expression levels plotted against NADPH production–consumption for the WT for growth on eight different carbon sources (b)

and promoter activity (PA) fold change for the key NADPH-producing enzymes and pntAB and udhA during mid-exponential
growth on glucose in response to 10 µM paraquat (c). pntAB mRNA expression is the mean of pntA and pntB

mRNA expression normalized to glucose. pntA and pntB showed identical expression levels (see Fig. S1, available in the online

Supplementary Material). For NADPH production–consumption calculations, 50% of malic enzyme flux was assumed via the
NADPH-producing malic enzyme B and 50% through isoenzyme SfcA. Correlations assuming full flux through either isoform
were also determined (see Fig. S2). GAL, galactose; ACE, acetate; PYR, pyruvate; SUC, succinate; GLY, glycerol; GCN, glu-

conate; GLC, glucose; FRC, fructose. Values represent the mean of three (a and b) or two (c) biological replicates. Error bars
for mRNA expression levels represent the calculated SD of three biological replicates. Error bars for the NADPH imbalance rep-
resent the error propagation in the NADPH producing and consuming fluxes.

1674 Microbiology 162

B. R. B. Haverkorn van Rijsewijk and others



Downloaded from www.microbiologyresearch.org by

IP:  129.125.136.170

On: Thu, 28 Mar 2019 10:11:52

paraquat increases the cellular NADPH demand for detoxi-
fication. Expectedly, we found increased promoter activity
of zwf, the first gene of the NADPH-producing PP pathway,
but no increase in either transhydrogenase-encoding gene
(Fig. 1c). The oxidative stress experiment thus provided fur-
ther evidence that the NADPH demand does not regulate
transhydrogenase transcription.

Correlation analysis indicates biosynthetic

function for PntAB

If not the catabolic overproduction or underproduction of
NADPH, we wondered which other metabolic processes
would trigger the distinct transcription of both trans-
hydrogenase isoforms? To identify potential metabolic sig-
nals, we correlated transhydrogenase mRNA levels to the
previously determined (Gerosa et al., 2015) steady-state
concentrations of 41 metabolites, 23 intracellular fluxes
and growth rate on the eight carbon sources (Table S1).
Generally, udhA mRNA levels showed no significant corre-
lation with intracellular metabolites (Pearson correlations
<0.80, P<0.05), whereas pntAB mRNA was correlated to
phenylalanine (Pearson correlation 0.91). However,
mRNA levels of neither isoform correlated with changes in
redox cofactor levels or their ratios, indicating that the
redox state per se does not regulate transhydrogenase
expression.

At the level of flux, pntAB mRNA levels correlated slightly
positively with glycolysis, whereas udhAmRNA levels corre-
lated negatively with fluxes through glycolysis and PP path-
way and positively with the late TCA cycle. The only
statistically significant correlation, however, was between
pntAB mRNA and growth rate (Pearson correlation=0.84,
P=0.02), with pntAB mRNA levels increasing with increas-
ing growth rates, the major determinant of cellular NADPH
consumption (Smith, 1992) (Fig. 2a). Moreover, pntAB
mRNA levels also correlated with the growth-rate-
dependent a-ketoglutarate-to-glutamine ratio (Fig. 2b),
which regulates the split between carbon flux into the TCA

cycle versus the NADPH-consuming amino acid biosynthe-
sis (Hart et al., 2011). These results indicate a biosynthetic
role for the PntAB transhydrogenase isoform that would be
consistent with the previously demonstrated physiological
role in supplying the cell with NADPH under conditions of
NADPH shortage (Sauer et al., 2004).

Inferring the underlying regulators for udhA and

pntAB transcription

To identify regulators of transhydrogenase expression, we
transformed 62 transcription factor deletion mutants (Baba
et al., 2006), including all known regulators of the main
redox pathways and central metabolism (Table S2), with
the pntAB and udhA GFP reporter plasmids. This library
was then grown in microtitre batch cultures on the sub-
strates glycerol, succinate and glucose (Table S3), which
that were previously shown to strongly affect pntAB and
udhA expression levels (Fig. 1a). All mutants were able to
grow, with the exception of the Crp mutant on succinate
and glycerol. Consistent with the hypothesized role in bio-
synthetic NADPH supply, only the pntAB but not the udhA
promoter activities increased with mutant growth rate
(Fig. S3). To identify specific regulators, we next looked for
promoter activity outliers in the mutant set for each sub-
strate, following the logic that the deleted transcription fac-
tor of such outliers must have been involved in maintaining
the appropriate mRNA levels (Fig. 3). Outliers were defined
as transcription factor mutants with at least a 50% increase
or decrease in promoter activity compared to the WT, in
order to minimize transcription factor identification being
subjected to potential indirect effects on promoter activities,
i.e. growth rate. For pntAB, we thereby identified activating
roles of the integration host factor (IHF) on all three sub-
strates, the leucine-responsive regulatory protein Lrp on
glycerol and glucose, the ferric uptake regulator Fur on suc-
cinate and the arginine protein ArgP on glucose. For
udhA, we identified a repressive role for Lrp on glycerol and
glucose and for the anoxic redox control A factor ArcA on
glucose. ArcA has recently been shown to activate pntAB
and repress udhA in a redox-dependent fashion (Federo-
wicz et al., 2014). Our findings support udhA repression by
ArcA; however, we found no ArcA-dependent activation of
pntAB under our conditions.

Overall, the identified set of transcriptional regulators par-
tially explains the previously described correlation between
pntAB mRNA levels and growth rate (Fig. 2b). Further-
more, they link UdhA to respiration. The pntAB-activating
transcription factors Lrp and ArgP are known activators of
mainly biosynthetic genes (Calvo & Matthews, 1994; Cui
et al., 1996; Bouvier et al., 2008; Ruiz et al., 2011). The
udhA repressing transcription factor ArcA is a known regu-
lator of respiratory and TCA cycle enzymes (Perrenoud &
Sauer, 2005; Iuchi & Lin, 1988) and has previously been
shown to actively control respiratory TCA cycle fluxes dur-
ing aerobic batch growth on glucose (Perrenoud & Sauer,
2005; Haverkorn van Rijsewijk et al., 2011).
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Inferred regulators link transcription of pntAB and

udhA to signals that sense environmental

changes affecting the need for redox cofactors

Since the above identified transhydrogenase regulators Lrp
and ArgP are allosterically modulated by leucine and lysine,
respectively, amino acids are a likely regulatory trigger. To
determine the effect of extracellular amino acids on trans-
hydrogenase transcription, we grew the transcription factor
deletion library on glucose supplemented with all 20 amino
acids (Fig. 4, Table S4). While promoter activity of udhA
increased, promoter activity of pntAB decreased upon
amino acid supplementation, presumably via reduced Lrp
activity (Bouvier et al., 2008; Cui et al., 1996). To identify
the specific modulators of transhydrogenase transcription,
we grew WT E. coli containing the pntAB or udhA
GFP reporter plasmid in 20 media supplemented with only
one natural amino acid each (Fig. 4). Expectedly, E. coli did
not grow in the presence of valine as previously described
(Leavitt & Umbarger, 1962). Transhydrogenase promoter
activities were affected by histidine, methionine, lysine and
leucine. Addition of leucine reduced pntAB and increased
udhA promoter activities, presumably via decreased Lrp
activity. Addition of lysine also reduced pntAB tran-
scription, potentially because of reduced ArgP activity.
Methionine activated udhA transcription, whereas histidine
repressed pntAB transcription. Although methionine and

histidine are described to affect Lrp activity (Hart &
Blumenthal, 2011), the mechanism is not clear because one
would then also expect lower pntAB and higher udhA
expression, respectively, which was not observed.

While we do not have a hypothesis on what caused the
strong promoter activity effects of ArcA on udhA and Hns
and Crp on pntAB in the presence of amino acids (Fig. 4),
we noted repression of pntAB via Crp which was consistent
with previous results (Chou et al., 2015). Since Crp activity
depends on allosteric binding of intracellular cAMP, which,
in turn, responds to growth rate and carbon source avail-
ability (Bettenbrock et al., 2007; Haverkorn van Rijsewijk
et al., 2011), we wondered whether a growth-rate-depen-
dent cAMP-Crp repression could explain the identified cor-
relation between growth rate and pntAB promoter activity
(Figs 2 and S3). To establish a direct link from cAMP to
pntAB transcription via Crp, we determined the effect of
extracellular cAMP addition on Crp activity, using a Crp
activity reporter plasmid, and on pntAB and udhA promoter
activity (Fig. 5). To distinguish between the indirect effect
of the reduced growth rate upon cAMP addition and direct
cAMP regulation of promoter activity, we normalized pro-
moter activities by the mean promoter activity of two con-
stitutive plasmids (Fig. S4). Upon cAMP addition, Crp
activity increased over twofold. As to transhydrogenase pro-
moter activities, udhA promoter activity was only margin-
ally reduced. However, pntAB transcription was
significantly repressed with increased cAMP additions
resulting in approximately 50% reduced promoter activity.
Consistent with the previously described physiological
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Fig 3. Promoter activities of pntAB and udhA in E. coliWT and 62
transcription factor mutants during growth on three carbon sour-

ces. The WT is represented by large circles. Activities were normal-
ized to the WT promoter activities and values represent the mean of
two biological replicates; error bars represent the SD. For selected

transcription factors, a third biological replicate was conducted and
error bars represent the calculated SD of the three biological repli-
cates (Table S3). The grey area indicates a 50% increased or

decreased promoter activity relative to the WT.
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function of PntAB in supplying E. coli with NADPH (Sauer
et al., 2004), this coupling of pntAB transcription to the
growth-rate-dependent cAMP-Crp activity (Haverkorn van
Rijsewijk et al., 2011; Bettenbrock et al., 2007) potentially
facilitates increasing NADPH production with increasing
requirements for biosynthesis.

DISCUSSION

Using GFP reporter plasmids, we demonstrated distinct
transcriptional regulation of the transhydrogenase isoforms
in E. coli. Since this regulation was not a function of the bal-
ance between catabolic NADPH production and anabolic
NADPH consumption, we looked for other cellular traits as
potential regulatory triggers. We confirmed the previously
suggested function of the membrane-bound PntAB in ana-
bolic NADPH formation through the strong correlation
between pntAB mRNA levels and growth rate, the main
determinant for anabolic NADPH consumption (Smith,
1992), and the a-ketoglutarate-to-glutamine ratio, which
determines the flux split between respiratory TCA cycle flux
and NADPH-consuming amino acid biosynthesis (Hart
et al., 2011). From a screen with 62 transcription factor
mutants, we identified Lrp activation and repression of
pntAB and udhA transcription, respectively, which is consis-
tent with microarray data (Hung et al., 2002). Moreover,
two distinct groups of transcription factors regulated pntAB
and udhA transcription in a condition-dependent manner.
In contrast to udhA, whose transcription was only affected
(negatively) by the respiratory regulator ArcA, which is con-
sistent with previously reported results (Federowicz et al.,
2014), pntAB was repressed by HNS and Crp and activated
by IHF, ArgP and Fur. At least for the transcription factor
Lrp, direct binding to the pntAB promoter region has been
shown by ChIP-chip experiments (Cho et al., 2008), par-
tially supporting the results presented here. For the

remaining identified transcription factors, direct binding to
the promoter regions remains to be demonstrated.

The transhydrogenase-regulating transcription factors
appear to respond to at least two signals. The first signal is
the availability of amino acids sensed via the transcription
factors Lrp and ArgP. ArgP activates pntAB transcription,
whereas Lrp inversely regulates transcription of both trans-
hydrogenases, activating pntAB and repressing udhA tran-
scription. The second signal is the intracellular level of
cAMP, which is low at high growth rates (Bettenbrock
et al., 2007; Haverkorn van Rijsewijk et al., 2011). cAMP is
sensed via allosteric binding to Crp and subsequently
represses pntAB transcription at low growth rates when less
NADPH is required for biosynthesis. Notably, both signals
represent changes that require redox rebalancing. Increased
uptake of amino acids decreases NADPH requirements for
cell growth and results in decreased expression of pntAB
and increased expression of udhA. Rapidly growing cells
require high NADPH-generating fluxes and the low intra-
cellular levels of cAMP at high growth rates result in
reduced Crp repression of pntAB. Hence, although the tran-
scriptional regulators of both transhydrogenases do not
directly respond to the imbalance between NADPH con-
sumption and NADPH production, they do adjust tran-
scription of PntAB and UdhA in response to specific
intracellular and extracellular cues that indicate specific
redox cofactor demands.

Since redox homeostasis must be achieved within seconds
and transcriptional responses operate on a timescale of
minutes, one would expect an additional, more rapid regu-
lation process to control transhydrogenase activity in E. coli.
For instance, the transcriptional response to oxidative stress
in yeast (Chechik et al., 2008) was shown to be preceded by
a fast metabolic switch function of glyceraldehyde-3-phos-
phate dehydrogenase (Ralser et al., 2007, 2009). Within
30 s, the enzyme is inactivated, resulting in blocked
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glycolysis and a flux rerouting through the PP pathway.
Since we found expression of the soluble transhydrogenase
under conditions of NADPH underproduction such as
growth on glucose, a condition where deletion of udhA has
no phenotype (Sauer et al., 2004), it is likely that at least the
soluble transhydrogenase UdhA is subject to further, possi-
bly allosteric regulation.

ACKNOWLEDGEMENTS

B. R. B. H. v. R. conceived and designed the study, performed experi-
ments and wrote the manuscript. K. K. performed the cAMP addition
and Crp activity experiment. M.H. assisted in the design and supervi-
sion of the study. U. S. supervised the study and wrote the manu-
script. All authors read and approved the final manuscript.

REFERENCES

Alton, N. K. & Vapnek, D. (1979). Nucleotide sequence analysis of the

chloramphenicol resistance transposon Tn9. Nature 282, 864–869.

Baba, T., Ara, T., Hasegawa, M., Takai, Y., Okumura, Y., Baba, M.,

Datsenko, K. A., Tomita, M., Wanner, B. L. & Mori, H. (2006). Construc-

tion of Escherichia coli K-12 in-frame, single-gene knockout mutants: the

Keio collection.Mol Syst Biol 2, 1.

Bakker, B. M., Overkamp, K. M., van Maris, A. J., Kötter, P.,

Luttik, M. A., van Dijken, J. P. & Pronk, J. T. (2001). Stoichiometry and

compartmentation of NADH metabolism in Saccharomyces cerevisiae.

FEMSMicrobiol Rev 25, 15–37.

Bettenbrock, K., Sauter, T., Jahreis, K., Kremling, A., Lengeler, J. W. &

Gilles, E.-D. (2007). Correlation between growth rates, EIIACrr phosphory-

lation, and intracellular cyclic AMP levels in Escherichia coli K-12.

J Bacteriol 189, 6891–6900.

Blank, L. M., Lehmbeck, F. & Sauer, U. (2005). Metabolic-flux and net-

work analysis in fourteen hemiascomycetous yeasts. FEMS Yeast Res 5,

545–558.

Boonstra, B., French, C. E., Wainwright, I. & Bruce, N. C. (1999). The

udhA gene of Escherichia coli encodes a soluble pyridine nucleotide transhy-

drogenase. J Bacteriol 181, 1030–1034.

Bouvier, J., Stragier, P., Morales, V., R�emy, E. & Gutierrez, C. (2008).

Lysine represses transcription of the Escherichia coli dapB gene by prevent-

ing its activation by the ArgP activator. J Bacteriol 190, 5224–5229.

Calvo, J. M. & Matthews, R. G. (1994). The leucine-responsive regulatory

protein, a global regulator of metabolism in Escherichia coli. Microbiol Mol

Biol Rev 58, 466–490.

Chechik, G., Oh, E., Rando, O., Weissman, J., Regev, A. & Koller, D.

(2008). Activity motifs reveal principles of timing in transcriptional control

of the yeast metabolic network.Nat Biotechnol 26, 1251–1259.

Cho, B.-K., Barrett, C. L., Knight, E. M., Park, Y. S. & Palsson, B. Ø.

(2008). Genome-scale reconstruction of the Lrp regulatory network in

Escherichia coli. Proc Natl Acad Sci USA 105, 19462–19467.

Chou, H. H., Marx, C. J. & Sauer, U. (2015). Transhydrogenase promotes

the robustness and evolvability of E. coli deficient in NADPH production.

PLoS Genet 11, e1005007.

Cui, Y., Midkiff, M. A., Wang, Q. & Calvo, J. M. (1996). The leucine-

responsive regulatory protein (Lrp) from Escherichia coli. J Biol Chem 271,

6611–6617.

David, M. C., Tip, W. L., Shirley, G. & Philip, D. B. (1986). Nucleotide

sequence of the pntA and pntB genes encoding the pyridine nucleotide

transhydrogenase of Escherichia coli. Eur J Biochem 158, 647–653.

Doan, T., Servant, P., Tojo, S., Yamaguchi, H., Lerondel, G.,

Yoshida, K., Fujita, Y. & Aymerich, S. (2003). The Bacillus subtilis ywkA

gene encodes a malic enzyme and its transcription is activated by the YufL/

YufM two-component system in response to malate. Microbiology 149,

2331–2343.

Driscoll, B. T. & Finan, T. M. (1997). Properties of NAD+- and NADP+-

dependent malic enzymes of Rhizobium (Sinorhizobium) meliloti and differ-

ential expression of their genes in nitrogen-fixing bacteroids. Microbiology

143, 489–498.

Edgar, R., Domrachev, M. & Lash, A. E. (2002). Gene Expression Omni-

bus: NCBI gene expression and hybridization array data repository. Nucleic

Acids Res 30, 207–210.

Faith, J. J., Driscoll, M. E., Fusaro, V. A., Cosgrove, E. J.,

Hayete, B., Juhn, F. S., Schneider, S. J. & Gardner, T. S. (2008).

Many Microbe Microarrays Database: uniformly normalized Affymetrix

compendia with structured experimental metadata. Nucleic Acids Res

36, D866–D870.

Federowicz, S., Kim, D., Ebrahim, A., Lerman, J., Nagarajan, H.,

Cho, B.-K., Zengler, K. & Palsson, B. (2014).Determining the control cir-

cuitry of redoxmetabolism at the genome-scale. PLoS Genet 10, e1004264.

Fischer, E. & Sauer, U. (2003). A novel metabolic cycle catalyzes glucose

oxidation and anaplerosis in hungry Escherichia coli. J Biol Chem 278,

46446–46451.

Fuhrer, T. & Sauer, U. (2009). Different biochemical mechanisms ensure

network-wide balancing of reducing equivalents in microbial metabolism.

J Bacteriol 191, 2112–2121.

Fuhrer, T., Fischer, E. & Sauer, U. (2005). Experimental identification

and quantification of glucose metabolism in seven bacterial species.

JBacteriol 187, 1581–1590.

Gerosa, L., Kochanowski, K., Heinemann, M. & Sauer, U. (2013). Dis-

secting specific and global transcriptional regulation of bacterial gene

expression.Mol Syst Biol 9, 658.

Gerosa, L., Haverkorn van Rijsewijk, B. R. B., Christodoulou, D.,

Kochanowski, K., Schmidt, T. S., Noor, E. & Sauer, U. (2015). Pseudo-

transition analysis identifies the key regulators of dynamic metabolic adap-

tations from steady-state data. Cell Syst 1, 270–282.

Harold, F. (1986). The Vital Force: a Study of Bioenergetics. New York, NY:

W.H. Freeman and Company.

Hart, B. R. & Blumenthal, R. M. (2011). Unexpected coregulator range for

the global regulator Lrp of Escherichia coli and Proteus mirabilis. J Bacteriol

193, 1054–1064.

Hart, Y., Madar, D., Yuan, J., Bren, A., Mayo, A. E., Rabinowitz, J. D. &

Alon, U. (2011). Robust control of nitrogen assimilation by a bifunctional

enzyme in E. coli.Mol Cell 41, 117–127.

Haverkorn van Rijsewijk, B. R. B., Nanchen, A., Nallet, S., Kleijn, R. J.

& Sauer, U. (2011). Large-scale 13C-flux analysis reveals distinct transcrip-

tional control of respiratory and fermentative metabolism in Escherichia

coli.Mol Syst Biol 7, 477.

Holm, A. K., Blank, L. M., Oldiges, M., Schmid, A., Solem, C.,

Jensen, P. R. & Vemuri, G. N. (2010). Metabolic and transcriptional

response to cofactor perturbations in Escherichia coli. J Biol Chem 285,

17498–17506.

Hung, S.-P., Baldi, P. & Hatfield, G. W. (2002). Global gene expression

profiling in Escherichia coli K12. The effects of leucine-responsive regulatory

protein. J Biol Chem 277, 40309–40323.

Iuchi, S. & Lin, E. C. (1988). arcA (dye), a global regulatory gene in

Escherichia coli mediating repression of enzymes in aerobic pathways. Proc

Natl Acad Sci USA 85, 1888–1892.

Kawai, S., Mori, S., Mukai, T., Hashimoto, W. & Murata, K. (2001).

Molecular characterization of Escherichia coli NAD kinase. Eur J Biochem

268, 4359–4365.

1678 Microbiology 162

B. R. B. Haverkorn van Rijsewijk and others



Downloaded from www.microbiologyresearch.org by

IP:  129.125.136.170

On: Thu, 28 Mar 2019 10:11:52

Leavitt, R. I. & Umbarger, H. E. (1962). Isoleucine and valine metabolism

in Escherichia coli. XI. K-12: Valine inhibition of the growth of Escherichia

coli strain. J Bacteriol 83, 624–630.

Liu, M., Durfee, T., Cabrera, J. E., Zhao, K., Jin, D. J. & Blattner, F. R.

(2005). Global transcriptional programs reveal a carbon source foraging

strategy by Escherichia coli. J Biol Chem 280, 15921–15927.

Michal, G. (1999). Biochemical Pathways. Heidelberg, Germany: Spektrum

Akademischer Verlag.

Neidhardt, F. C. & Bott, M. (1990). Physiology of the Bacterial Cell: a

Molecular Approach. Sunderland, MA: Sinauer Associates.

Outten, C. E. & Culotta, V. C. (2003). A novel NADH kinase is the mito-

chondrial source of NADPH in Saccharomyces cerevisiae. EMBO J 22,

2015–2024.

Overkamp, K. M., Bakker, B. M., Steensma, H. Y., van Dijken, J. P. &

Pronk, J. T. (2002). Two mechanisms for oxidation of cytosolic NADPH

by Kluyveromyces lactismitochondria. Yeast 19, 813–824.

Perrenoud, A. & Sauer, U. (2005). Impact of global transcriptional regu-

lation by ArcA, ArcB, Cra, Crp, Cya, Fnr, and Mlc on glucose catabolism in

Escherichia coli. J Bacteriol 187, 3171–3179.

Ralser, M., Wamelink, M. M., Kowald, A., Gerisch, B., Heeren, G.,

Struys, E. A., Klipp, E., Jakobs, C., Breitenbach, M. & other authors

(2007). Dynamic rerouting of the carbohydrate flux is key to counteracting

oxidative stress. J Biol 6, 10.

Ralser, M., Wamelink, M. M. C., Latkolik, S., Jansen, E. E. W.,

Lehrach, H. & Jakobs, C. (2009). Metabolic reconfiguration precedes

transcriptional regulation in the antioxidant response. Nat Biotechnol 27,

604–605.

Ritz, D. & Beckwith, J. (2001). Roles of thiol-redox pathways in bacteria.

Annu Rev Microbiol 55, 21–48.

Ruiz, J., Haneburger, I. & Jung, K. (2011). Identification of ArgP

and Lrp as transcriptional regulators of lysP, the gene encoding the

specific lysine permease of Escherichia coli. J Bacteriol 193, 2536–2548.

Samorski, M., Müller-Newen, G. & Büchs, J. (2005). Quasi-continuous

combined scattered light and fluorescence measurements: a novel measure-

ment technique for shaken microtiter plates. Biotechnol Bioeng 92, 61–68.

Sauer, U., Canonaco, F., Heri, S., Perrenoud, A. & Fischer, E. (2004).

The soluble and membrane-bound transhydrogenases UdhA and PntAB

have divergent functions in NADPH metabolism of Escherichia coli. J Biol

Chem 279, 6613–6619.

Sherlock, G., Hernandez-Boussard, T., Kasarskis, A., Binkley, G.,

Matese, J. C., Dwight, S. S., Kaloper, M., Weng, S., Jin, H. & other authors

(2001).The StanfordMicroarrayDatabase.Nucleic Acids Res 29, 152–155.

Singh, R., Lemire, J., Mailloux, R. J. & Appanna, V. D. (2008). A novel

strategy involved anti-oxidative defense: the conversion of NADH into

NADPH by a metabolic network. PLoS One 3, e2682.

Smith, C. A. (1992). Biosynthesis and fueling. In Physiology of the Bacterial

Cell: a Molecular Approach. Edited by F. C. Neidhardt, J. LIngraham &

M. Schaechter. Sunderland, MA: Sinauer Associates.

Verho, R., Richard, P., Jonson, P. H., Sundqvist, L., Londesborough, J.

& Penttil€a, M. (2002). Identification of the first fungal NADP-GAPDH

from Kluyveromyces lactis. Biochemistry 41, 13833–13838.

Zamboni, N., Fischer, E., Laudert, D., Aymerich, S., Hohmann, H. P. &

Sauer, U. (2004). The Bacillus subtilis yqjI gene encodes the NADP+-

dependent 6-P-gluconate dehydrogenase in the pentose phosphate path-

way. J Bacteriol 186, 4528–4534.

Zaslaver, A., Mayo, A. E., Rosenberg, R., Bashkin, P., Sberro, H.,

Tsalyuk, M., Surette, M. G. & Alon, U. (2004). Just-in-time transcription

program in metabolic pathways.Nat Genet 36, 486–491.

Zaslaver, A., Bren, A., Ronen, M., Itzkovitz, S., Kikoin, I., Shavit, S.,

Liebermeister, W., Surette, M. G. & Alon, U. (2006). A comprehensive

library of fluorescent transcriptional reporters for Escherichia coli.

Nat Methods 3, 623–628.

Edited by: D. Demuth

http://mic.microbiologyresearch.org 1679

Regulation of transhydrogenases in E. coli


