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ABSTRACT

Although genes encoding enzymes and proteins related to ethanolamine catabolism are widely distributed in the genomes of
Pseudomonas spp., ethanolamine catabolism has received little attention among this metabolically versatile group of bacteria. In
an attempt to shed light on this subject, this study focused on defining the key regulatory factors that govern the expression of
the central ethanolamine catabolic pathway in Pseudomonas aeruginosa PAO1. This pathway is encoded by the PA4022-eat-
eutBC operon and consists of a transport protein (Eat), an ethanolamine-ammonia lyase (EutBC), and an acetaldehyde dehydro-
genase (PA4022). EutBC is an essential enzyme in ethanolamine catabolism because it hydrolyzes this amino alcohol into ammo-
nia and acetaldehyde. The acetaldehyde intermediate is then converted into acetate in a reaction catalyzed by acetaldehyde dehy-
drogenase. Using a combination of growth analyses and �-galactosidase fusions, the enhancer-binding protein PA4021 and the
sigma factor RpoN were shown to be positive regulators of the PA4022-eat-eutBC operon in P. aeruginosa PAO1. PA4021 and
RpoN were required for growth on ethanolamine, and both of these regulatory proteins were essential for induction of the
PA4022-eat-eutBC operon. Unexpectedly, the results indicate that acetaldehyde (and not ethanolamine) serves as the inducer
molecule that is sensed by PA4021 and leads to the transcriptional activation of the PA4022-eat-eutBC operon. Due to its regula-
tory role in ethanolamine catabolism, PA4021 was given the name EatR. Both EatR and its target genes are conserved in several
other Pseudomonas spp., suggesting that these bacteria share a mechanism for regulating ethanolamine catabolism.

IMPORTANCE

The results of this study provide a basis for understanding ethanolamine catabolism and its regulation in Pseudomonas aerugi-
nosa PAO1. Interestingly, expression of the ethanolamine-catabolic genes in this bacterium was found to be under the control of
a positive-feedback regulatory loop in a manner dependent on the transcriptional regulator PA4021, the sigma factor RpoN, and
the metabolite acetaldehyde. Previously characterized regulators of ethanolamine catabolism are known to sense and respond
directly to ethanolamine. In contrast, PA4021 (EatR) appears to monitor the intracellular levels of free acetaldehyde and re-
sponds through transcriptional activation of the ethanolamine-catabolic genes. This regulatory mechanism is unique and repre-
sents an alternative strategy used by bacteria to govern the acquisition of ethanolamine from their surroundings.

Ethanolamine serves as a source of carbon and nitrogen for a
variety of bacteria, including members of the Enterobacteria-

ceae, Pseudomonadaceae, and Firmicutes (1–5). From studies
mostly centered on Salmonella enterica subsp. enterica serovar Ty-
phimurium and Escherichia coli, there is now a basic understand-
ing of the catabolic steps involved in ethanolamine utilization.
Extracellular ethanolamine enters the bacterial cell through sim-
ple diffusion or carrier-mediated transport (6). Upon entry, eth-
anolamine is cleaved into acetaldehyde and ammonia through the
actions of an ethanolamine-ammonia lyase (EutBC), which uses
adenosylcobalamin (AdoCbl) as a cofactor (3, 7, 8). An acetalde-
hyde dehydrogenase then converts acetaldehyde into acetate (9,
10). In addition to this set of core enzymes, some bacteria possess
several other auxiliary proteins that aid in the catabolism of etha-
nolamine (11). For example, members of the Enterobacteriaceae
often utilize an alcohol dehydrogenase (EutG) that reduces acet-
aldehyde to ethanol and shell proteins (EutSMNLK), which form
a microcompartment to encapsulate the ethanolamine-degrading
enzymes (10, 12–14).

Two types of regulatory systems have been described regarding
ethanolamine catabolism. EutR is an AraC-like transcriptional

regulator that positively regulates expression of the eut genes in S.
Typhimurium and E. coli (15–17). Induction of the eut genes by
EutR involves ethanolamine and AdoCbl (15, 16). EutR is thought
to be the regulator of ethanolamine catabolism for most Entero-
bacteriaceae (11). The other known regulatory system is found
among Firmicutes and consists of the sensor kinase EutW and its
cognate response regulator EutV (4). The presence of ethanol-
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amine leads to the autophosphorylation of EutW, which subse-
quently phosphorylates EutV (4). Phosphorylated EutV positively
regulates transcription of the eut genes through an antitermina-
tion mechanism (18).

In the current study, we describe a third regulatory system for
ethanolamine catabolism that was found to function in the oppor-
tunistic pathogen Pseudomonas aeruginosa PAO1. The eutBC
genes are in an operon with genes encoding an acetaldehyde de-
hydrogenase (PA4022) and an ethanolamine transporter (PA4023
or eat). The PA4022-eat-eutBC operon is preceded by a conserved
�24/�12 promoter recognized by the alternative sigma factor �54

or RpoN (19–21). Unlike sigma factors of the �70 class, the RpoN
RNA polymerase (RNAP) holoenzyme cannot spontaneously
isomerize from a closed configuration to an open complex (19,
22). Instead, this transition requires a unique group of transcrip-
tional regulators known as enhancer-binding proteins (EBPs)
(21). EBPs interact specifically with RpoN and couple the energy
of nucleotide hydrolysis to the opening of the RpoN-RNAP com-
plex (21).

The presence of an RpoN promoter upstream of PA4022-eat-
eutBC suggested that transcription of this operon is most likely
regulated by an EBP. Accordingly, we searched for and identified
the adjacent PA4021 gene encoding the EBP that positively regu-
lates expression of the PA4022-eat-eutBC genes in response to
acetaldehyde, an intermediate of ethanolamine catabolism.
Growth on ethanolamine and acetaldehyde-induced expression
of the PA4022-eat-eutBC operon were dependent on both PA4021
and RpoN. This is the first description of an acetaldehyde-respon-
sive EBP, and based on conservation, many other Pseudomonas
spp. are expected to regulate the catabolism of ethanolamine
through a PA4021-RpoN mechanism.

MATERIALS AND METHODS
Bacteria and media. The P. aeruginosa and Escherichia coli strains used in
this study are given in Table S1 in the supplemental material. The
�PA4021, �PA4022, �eat, and �eutB deletion mutants of P. aeruginosa
PAO1 were constructed using established methods that have been de-
scribed (23–25). Bacteria were grown in Lennox broth (LB) or minimal
medium (22 mM KH2PO4, 42 mM Na2HPO4, 8.6 mM NaCl, 1.0 mM
MgSO4, 5.0 �M FeSO4, and 2 mg liter�1 cyanocobalamin [pH 7.0]). Min-
imal media were supplemented with carbon and nitrogen sources to final
concentrations of 20 mM, unless otherwise stated. Solid bacteriological
medium was prepared with the addition of Difco Bacto agar at 15 g liter�1.
For plasmid maintenance in E. coli, the medium was supplemented with
carbenicillin (100 �g ml�1), kanamycin (50 �g ml�1), and/or gentamicin
(20 �g ml�1). For plasmid and marker selection in P. aeruginosa, carben-
icillin (200 �g ml�1) or gentamicin (30 �g ml�1) was used as needed.

Plasmids and general molecular biology methods. Plasmids and
primers (oligonucleotides) used in this study are given in Tables S2 and S3
in the supplemental material, respectively. Restriction endonucleases, T4
ligase, and Phusion polymerase used for cloning purposes were purchased
from New England BioLabs. PCR was performed according to the recom-
mended conditions for the Phusion polymerase. DNA was isolated using
Promega nucleic acid purification kits.

Cloning of the exaC, PA4021, PA4022, eat, and eutBC genes. The
exaC, PA4021, PA4022, eat, eat-eutBC, and PA4022-eat-eutBC genes were
PCR amplified from genomic DNA of P. aeruginosa PAO1. The desired
PCR products were gel purified, cloned into pCR-Blunt (Invitrogen), and
verified through DNA sequencing (Genewiz). The exaC, eat-eutBC, and
PA4022-eat-eutBC genes were subcloned into the XbaI/SacI sites of
pBBR1MCS-5 (26) to yield the plasmids pBRL644, pBRL669, and
pBRL668, respectively. The PA4022 gene was subcloned into the KpnI/

XhoI sites of pBBR1MCS-5 to give plasmid pBRL579. The eat gene was
subcloned into the HindIII/EcoRI sites of pBBR1MCS-5 to give plasmid
pBRL581. The PA4021 gene was subcloned into two different plasmids. In
the first cloning event, PA4021 was subcloned into the XbaI/SacI sites of
�Plac-pBBR1MCS-5 (the pBBR1MCS-5 plasmid lacking the Plac pro-
moter) (24) to give pBRL667. For the second cloning event, the PA4021
gene was subcloned into the XbaI sites of pTrc99a with a forward orien-
tation relative to the trc promoter to yield pBRL602.

Cloning of exaC::lacZ, PA4022::lacZ, eat::lacZ, and truncated eat::
lacZ fusions. PCR was used to amplify the 5=-regulatory regions adjacent
to the open reading frames (ORFs) for exaC, PA4022, and eat. The ampli-
fied 5=-regulatory regions (850 bp for exaC, 986 bp for PA4022, 2,716 bp
for eat, and 928 bp for truncated eat) were then fused to the �-galactosi-
dase (lacZ) ORF of E. coli through PCR (24, 27). The PA4022::lacZ, eat::
lacZ, and truncated eat::lacZ fusions were subcloned into the XbaI site of
�Plac-pBBR1MCS-5 (24) to yield the plasmids pBRL601, pBRL678, and
pBRL597, respectively. The exaC::lacZ fusion was subcloned into the
BamHI site of �Plac-pBBR1MCS-5 to give plasmid pBRL647. The GG
dinucleotide (underlined) of �24 element of the putative RpoN promoter
(TGGCCCGGCCCTTGCT) upstream of the PA4022 gene was changed to
AA in plasmids pBRL601 and pBRL678 using the Q5 site-directed mu-
tagenesis kit from New England BioLabs. The resulting plasmids pBRL679
and pBRL681 were sequenced to verify the presence of the desired muta-
tions.

Synthesis of hydrazone. The synthesis of valeric acid ethylidene hy-
drazide, referred simply to as hydrazone, was done as described previ-
ously, with minor modifications (28, 29). Briefly, in a round-bottom flask,
valeric acid hydrazide (250 mg, 2.2 mmol) was dissolved in tetrahydrofu-
ran and cooled in an ice bath. Acetaldehyde (5.4 ml, 96.1 mmol, 44 eq) was
added dropwise, and the solution was stirred for 2 h. The reaction mixture
was concentrated in vacuo. The hydrazone was then purified by flash
column chromatography and concentrated in vacuo to yield a mixture
composed of 84 mol% hydrazone (as a 1:1 mixture of diastereomers) and
16 mol% hydrazide as a white solid (275 mg). Nuclear magnetic resonance
(NMR) data for the purified hydrazone are provided in Fig. S1 in the
supplemental material.

Growth on ethanolamine. Analysis was done in triplicate for each
strain and condition. Strains were grown in LB for 18 h at 200 rpm at 37°C.
Minimal medium supplemented with the desired carbon and nitrogen
source was inoculated with 1% (vol/vol) of the LB-grown culture. The
inoculated cultures were grown for 4.5 h (nitrogen source testing) or 24 h
(carbon source testing) at 200 rpm and 37°C. The absorbance at 600 nm
(OD600) was measured for each culture. For carbon source testing, mini-
mal media were supplemented with 20 mM NH4Cl and 20 mM carbon
source (ethanolamine, acetate, acetoin or ethanol) or 10 mM carbon
source (hydrazide or hydrazone). For nitrogen source testing, minimal
media were supplemented with 20 mM succinate and 20 mM nitrogen
source (ethanolamine, acetamide, glycine, NH4Cl, KNO3

�, or urea).
Growth complementation experiments were done in a similar manner,
except that medium was supplemented with 30 �g ml�1 gentamicin.

Mapping the PA4022-eat-eutBC operon. The operon arrangement of
the PA4022-eat-eutBC genes was examined using reverse transcriptase
PCR (RT-PCR) (25). P. aeruginosa PAO1 was grown in minimal medium
supplemented with 20 mM ethanolamine and 20 mM NH4Cl. At an
OD600 of 0.3, 0.5 ml of culture was treated with 1.0 ml of RNAprotect
bacterial reagent (Qiagen), and RNA was then purified from the treated
cells using the RNeasy kit (Qiagen) (25). Prior to cDNA synthesis, the
purified RNA was checked for genomic DNA contamination by PCR de-
signed to amplify the rplU gene (24, 30, 31). Following this quality check,
reverse transcriptase reactions were conducted using 500 ng of purified
RNA and the iScript cDNA synthesis kit (Bio-Rad). The resulting cDNA
served as a template in PCRs aimed to amplify �500-bp regions between
the PA4022-eat, eat-eutB, and eutB-eutC genes with primers ZS466.f/
ZS466.r, ZS467.f/ZS467.r, and ZS468.f/ZS468.r, respectively. PCR was
also conducted using the purified RNA (negative control) and isolated
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genomic DNA of P. aeruginosa PAO1 (positive control). PCRs were ana-
lyzed by agarose gel electrophoresis.

�-Galactosidase (LacZ) assays. Analysis was done in triplicate for
each strain and condition. LacZ activity was measured using the Miller
assay and is reported in Miller units (32). P. aeruginosa strains harboring
PA4022::lacZ (pBRL601), eat::lacZ (pBRL678), exaC::lacZ (pBRL647),
truncated eat::lacZ (pBRL597), mutated PA4022::lacZ (pBRL679), and
mutated eat::lacZ (pBRL681) were grown in minimal medium supple-
mented with 20 mM acetate, 20 mM NH4Cl, and 30 �g liter�1 gentamicin
to an OD600 of 0.3. Substrates, which were prepared as 2.0 M solutions in
dimethyl sulfoxide (DMSO), were added to a final concentration of 2.0
mM, and LacZ activity was measured at 90 min postaddition of sub-
strate. For experiments involving E. coli, the �lacZ mutant strain
BW25113 (33) was cotransformed with (i) PA4022::lacZ (pBRL601), eat::
lacZ (pBRL678), or �Plac-pBBR1MCS-5 and (ii) plasmid-borne PA4021
(pBRL602) or pTrc99a. The recombinant E. coli strains were grown at 200
rpm and 37°C in minimal medium supplemented with 40 mM glycerol, 20
mM NH4Cl, 100 �g ml�1 carbenicillin, and 20 �g ml�1 gentamicin. At an
OD600 of 0.3, ethanolamine or acetaldehyde was added to a final concen-
tration of 10 mM, and LacZ activity was measured at 2 h postaddition of
substrate.

RESULTS
PA4021 gene is required for growth on ethanolamine in P.
aeruginosa PAO1. The PA4021 gene encodes an EBP that shares
60% homology (46% identity) with AcoR (PA4147), an EBP that
regulates acetoin catabolism (34). Adjacent to PA4021 is a gene

cluster encoding enzymes and proteins related to ethanolamine
catabolism (Fig. 1). PA4022 encodes a NAD�-dependent acetal-
dehyde dehydrogenase that has no significant homology to the
EutE acetaldehyde dehydrogenases found in Enterobacteriaceae
(29). PA4023 encodes a homolog of the ethanolamine transporter
Eat, a member of the amino acid-polyamine-organocation family
(35). The large and small subunits of ethanolamine-ammonia
lyase are putatively encoded by the PA4024 (eutB) and PA4025
(eutC) genes, respectively. The chromosomal clustering or ar-
rangement of the eat-eutBC genes in P. aeruginosa PAO1 is similar
to that of many other Proteobacteria (11). Located 68 bp upstream
of the PA4022 ORF is a putative �24/�12 promoter that is recog-
nized by the sigma factor RpoN. EBPs are regulatory proteins that
activate transcription from RpoN promoters. Therefore, based on
proximity, PA4021 was considered to be a potential activator of
the PA4022-eat-eutBC genes in response to ethanolamine.

Consistent with PA4021 having a role in ethanolamine catab-
olism, a �PA4021 mutant of P. aeruginosa PAO1 did not grow on
ethanolamine as either a sole source of carbon (Fig. 2A) or nitro-
gen (Fig. 2B). The growth deficiency of the �PA4021 mutant was
similar to that of the �eutB mutant (Fig. 2), indicating the essen-
tiality of PA4021 for ethanolamine utilization. The growth of the
�eat mutant on ethanolamine was identical to that of wild-type
(WT) P. aeruginosa PAO1. This finding is in agreement with ear-
lier studies suggesting that carrier-mediated transport is not es-
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sential for ethanolamine utilization (6, 12). Deletion of the
PA4022 gene reduced the growth of P. aeruginosa PAO1 on etha-
nolamine as a sole source of carbon (Fig. 2A) but not nitrogen
(Fig. 2B). In addition to PA4022, the PA1984 (exaC) gene also
encodes an acetaldehyde dehydrogenase that was originally iden-
tified as a possible component of the ethanol oxidation system in
P. aeruginosa (29, 36). PA4022 and ExaC are nearly identical pro-
teins (98% identity), and both have been biochemically character-
ized as acetaldehyde dehydrogenases (29). This genetic redun-
dancy would explain why PA4022 was nonessential for growth on
ethanolamine, i.e., ExaC was expressed or present under the con-
ditions used. Interestingly, in addition to accepting acetaldehyde
as a substrate, PA4022 was shown to catalyze oxidative hydrolysis
of the carbon-nitrogen double bond of hydrazones to generate
hydrazides and acetate as products (29). Consumption of the ac-
etate product was believed to be responsible for the growth of P.
aeruginosa PAO1 on hydrazones (29). As shown in Fig. 2A, we did
not observe growth on hydrazone for any of the P. aeruginosa
strains used in this study. The discrepancy between our result and
that of the earlier study is unclear.

Plasmid-based expression of the PA4022-eat-eutBC genes
rescues the growth of the �PA4021 mutant on ethanolamine. It
was reasoned that the inability of the �PA4021 mutant to grow on
ethanolamine was due to insufficient expression of the PA4022-
eat-eutBC genes. Indeed, expression of the entire PA4022-eat-
eutBC operon from the lac promoter on the broad-host-range
plasmid pBBR1MCS-5 rescued the growth of the �PA4021 mu-
tant on ethanolamine as a carbon source (Fig. 3A). Growth of the
�PA4021 mutant reached �25% of WT levels when only the eat-
eutBC genes were expressed. In contrast, plasmid-based expres-
sion of only an acetaldehyde dehydrogenase (PA4022 or exaC) or
the Eat transporter did not restore the growth of the �PA4021
mutant on ethanolamine.

Growth on ethanolamine was measured for plasmid-carrying
strains of the �PA4022 mutant (Fig. 3B), �eat mutant (Fig. 3C),

�eutB mutant (Fig. 3D), and WT (Fig. 3E). As expected, plasmid-
based expression of PA4022 or exaC was sufficient to genetically
complement the �PA4022 mutant (Fig. 3B). The cell densities
observed for the plasmid-carrying strains of the �eat mutant (Fig.
3D) and WT (Fig. 3E) were similar in value. Plasmid-based ex-
pression of the PA4022-eat-eutBC genes fully restored the growth
of the �eutB mutant, whereas the expression of eat-eutBC resulted
in partial recovery, at �25% of the WT levels (Fig. 3D). It is worth
noting that while plasmid-based expression of the eat-eutBC genes
partially compensated for the growth deficiencies of the �PA4021
and �eutB mutants, the presence of this plasmid actually reduced
the overall growth of the �PA4022 mutant, �eat mutant, and WT
strains on ethanolamine. It is feasible that overexpression of the
eat-eutBC genes generated high levels of EutBC activity, which led
to abnormally large amounts of acetaldehyde, resulting in toxicity
and growth inhibition of the strains.

PA4022-eat-eutBC genes are synthesized as a single tran-
script in the presence of ethanolamine. Although the PA4022-
eat-eutBC genes are clustered on the chromosome, it was not
experimentally known whether these genes formed a single tran-
scription unit. To address this, P. aeruginosa PAO1 was grown on
ethanolamine as a carbon source to an OD600 of 0.3. RNA was
purified and subsequently used for cDNA synthesis. PCR was per-
formed on the synthesized cDNA using primers designed to spe-
cifically amplify regions between the PA4022-eat, eat-eutB, and
eutB-eutC genes. Electrophoresis of the PCRs revealed the pres-
ence of only DNA fragments having the sizes of the predicted
PA4022-eat, eat-eutB, and eutB-eutC amplicons (Fig. 4). This re-
sult indicates that the PA4022-eat-eutBC genes are arranged as an
operon in P. aeruginosa PAO1.

Expression of PA4022::lacZ and eat::lacZ is induced by acet-
aldehyde. Plasmid-based LacZ fusions were constructed to as-
sess expression of the PA4022-eat-eutBC locus. Additionally,
because acetaldehyde is an intermediate of ethanolamine ca-
tabolism, it was considered necessary to measure the expres-
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sion of exaC. The lacZ ORF of E. coli was fused to the 5=-regula-
tory region of either PA4022, eat, or exaC to generate the PA4022::
lacZ, eat::lacZ, and exaC::lacZ, respectively (Fig. 5A). For the
PA4022::lacZ and exaC::lacZ fusions, the 5=-regulatory region
consisted of the �1,000-bp sequence upstream of the PA4022 or
exaC ORF, respectively. For the eat::lacZ fusion, the 5=-regulatory
region (�2,700 bp) consisted of three key features: (i) the
�1,000-bp 5=-regulatory region upstream of PA4022 ORF, (ii) the
PA4022 ORF, and (iii) the 209-bp intergenic region between
the PA4022 and eat ORFs.

The LacZ fusions were initially used to identify the inducers of
the PA4022-eat-eutBC genes in P. aeruginosa PAO1. P. aeruginosa
PAO1 harboring the PA4022::lacZ, eat::lacZ, or exaC::lacZ was
grown in acetate-minimal medium to an OD600 of 0.3 and then
challenged with an array of substrates provided at a final concen-
tration of 2.0 mM. As anticipated, ethanolamine induced LacZ

activity 7-fold for PA4022::lacZ (Fig. 5B) and 2-fold for eat::lacZ
(Fig. 5C). Interestingly, the addition of acetaldehyde also induced
LacZ activity, i.e., 7-fold for PA4022::lacZ and 5-fold for eat::lacZ.
The addition of acetoin and ethanol caused a 2-fold increase in the
expression of PA4022::lacZ. Acetaldehyde is an intermediate of
acetoin and ethanol catabolism (37, 38), which might account for
the inducing affects these substrates have on PA4022::lacZ. The
expression of eat::lacZ, however, was not significantly affected by
acetoin or ethanol. In the presence of hydrazone, LacZ activity
increased 6-fold for PA4022::lacZ and 4-fold for eat::lacZ (Fig. 5B
and C). As mentioned earlier, PA4022 was reported to be involved
in the breakdown of hydrazones (29), and it was interesting to find
that a hydrazone did positively regulate expression of the PA4022
gene. Hydrazones are compounds having a basic structure of
R1R2CANNR3R4 (39). The similarities in electronic properties
shared between acetaldehyde and acyl hydrazones (40) might be
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the reason why the hydrazone used in this study induced the ex-
pression of the PA4022::lacZ and eat::lacZ.

Last, expression of exaC::lacZ did not significantly change with
the addition of any the tested substrates (Fig. 5D). The LacZ ac-
tivity of exaC::lacZ (�900 MU) was �3-fold higher than the non-
induced (background) LacZ activity measured for PA4022::lacZ
(�250 MU) and eat::lacZ (�250 MU). Little is known on the
expression of exaC in P. aeruginosa PAO1 (36, 41), but these re-
sults clearly show that the expression of exaC is not regulated in
the same acetaldehyde-dependent manner as PA4022.

PA4021 is essential for induction of PA4022::lacZ and eat::
lacZ. Ethanolamine and acetaldehyde were identified as potential
inducers of the PA4022-eat-eutBC genes. To investigate this fur-
ther, expression of the PA4022::lacZ and eat::lacZ was measured in
the �PA4021, �PA4022, �eat, and �eutB mutants. As shown in
Fig. 6, the addition of ethanolamine or acetaldehyde did not in-
duce expression of PA4022::lacZ (Fig. 6A) or eat::lacZ (Fig. 6B) in
the �PA4021 mutant. This result is consistent with PA4021 being
a positive regulator of the PA4022-eat-eutBC genes.

In the case of the �PA4022 mutant, ethanolamine and acetal-
dehyde induced the expression of PA4022::lacZ by 2-fold (Fig.
6A). Furthermore, the noninduced (background) expression lev-
els of PA4022::lacZ were 5-fold higher in the �PA4022 mutant
than those observed in the WT. Acetaldehyde is an intermediate in
both the biosynthesis and catabolism of ethanol, which is a by-
product of P. aeruginosa PAO1 metabolism (38). An inability to
catabolize or remove acetaldehyde generated from cellular metab-
olism might account for the elevated background expression of
PA4022::lacZ in the �PA4022 mutant. In comparison, the expres-
sion of eat::lacZ in the �PA4022 mutant increased 2- and 5-fold
with the addition of ethanolamine and acetaldehyde, respectively
(Fig. 6B), but the background levels of eat::lacZ in the �PA4022
mutant were similar in value to those measured in WT. Unlike
PA4022::lacZ, the eat::lacZ fusion possesses an intact PA4022 gene

(see Fig. 5). The expression of the eat::lacZ fusion, which is carried
on a low-copy-number plasmid, could generate sufficient PA4022
protein to counter the �PA4022 mutation. This would explain
why eat::lacZ behaved in the same way for both the �PA4022 mu-
tant and WT strains.

The fold changes observed for PA4022::lacZ and eat::lacZ in the
�eat mutant were similar in magnitude to the fold changes mea-
sured in the WT (Fig. 6). This result held true for the �eutB mu-
tant as well but only regarding acetaldehyde, which induced the
expression of PA4022::lacZ by 7-fold and eat::lacZ by 4-fold. In
contrast, ethanolamine did not induce expression of PA4022::lacZ
or eat::lacZ in the �eutB mutant. These results are consistent with
the idea that acetaldehyde (the product of the EutBC reaction) is
the inducer of the PA4022-eat-eutBC genes in P. aeruginosa PAO1.

PA4022::lacZ and eat::lacZ are induced by acetaldehyde in E.
coli expressing the PA4021 gene. The PA4021 gene was cloned
under the trc promoter of the expression plasmid pTrc99a. The
resulting plasmid was then introduced into the E. coli �lacZ mu-
tant that harbored either PA4022::lacZ or eat::lacZ. The recombi-
nant E. coli strains were grown in glycerol-minimal medium to an
OD600 of 0.3 and then challenged with either ethanolamine or
acetaldehyde. While the addition of ethanolamine did not induce
expression of either LacZ fusion, acetaldehyde caused LacZ activ-
ity to increase 8-fold for PA4022::lacZ and 4-fold for eat::lacZ (Fig.
7). PA4021 was essential for this increase in expression, because
replacement of the plasmid-borne PA4021 with empty pTrc99a
resulted in background levels of induction of PA4022::lacZ and
eat::lacZ.

Growth on acetaldehyde does not require PA4021 or PA4022.
It was clear that expression of PA4022::lacZ was induced by acet-
aldehyde, but it was uncertain as to whether PA4022 and its regu-
lator PA4021 are essential in the utilization of acetaldehyde. Due
to the toxicity and volatile nature of this compound, P. aeruginosa
strains were grown in sealed tubes completely filled with minimal
medium containing 10 mM acetaldehyde and 20 mM KNO3. After
an incubation period of 48 h at 37°C, the �PA4021 and �PA4022
mutants were found to have cell densities identical to that of the
WT in the presence of acetaldehyde (see Fig. S2 in the supplemen-
tal material). However, under these oxygen-limiting conditions,
growth on ethanolamine as a carbon source was absent for the
�PA4021 mutant and reduced by �50% for the �PA4022 mutant.
Even though these results indicate that the PA4021 and PA4022
genes are not needed for growth on acetaldehyde, they do reaffirm
that these genes are crucial in the catabolism of ethanolamine in P.
aeruginosa PAO1.

Growth on ethanolamine and induction of PA4022::lacZ and
eat::lacZ is dependent on RpoN. The results suggested that
PA4021 was necessary for the activation of the PA4022-eat-eutBC
genes in response to acetaldehyde. Because EBPs activate tran-
scription from RpoN promoters, we next sought to verify that
RpoN and its cognate promoter upstream of PA4022 were key
factors in the regulation of ethanolamine catabolism in P. aerugi-
nosa PAO1. As shown in Fig. 8, ethanolamine did not support the
growth of an rpoN mutant (42) unless the PA4022-eat-eutBC
genes were expressed from the lac promoter on the plasmid
pBBR1MCS-5 (Fig. 8A). In addition, neither ethanolamine nor
acetaldehyde induced expression of PA4022::lacZ and eat::lacZ in
an rpoN mutant (Fig. 8B).

RpoN recognizes a distinct and highly conserved �24/�12
promoter with the consensus sequence TGGCAC-N6-TGCT (20).
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The GG and GC dinucleotides of the �24 and �12 elements (un-
derlined), respectively, are critical for promoter activity. Posi-
tioned 68 bp upstream of the PA4022 ORF is a putative RpoN
promoter with the sequence TGGCCCGGCCCTTGCT (Sigma 54
Promoter Database [http://www.sigma54.ca]). To validate the
importance of this promoter, the conserved GG dinucleotide of
the �24 element was changed to AA in PA4022::lacZ and eat::lacZ,
which afterwards were assayed for LacZ activity in P. aeruginosa
PAO1. As shown in Fig. 9, expression of the mutated PA4022::lacZ
and eat::lacZ did not increase with the addition of ethanolamine or
acetaldehyde. In parallel to these experiments, a truncated version
of eat::lacZ was constructed by fusing the �1,000-bp upstream
region of eat with the E. coli lacZ ORF. Notably, this truncated
eat::lacZ fusion does not possess the 5=-regulatory region up-

stream of PA4022 and therefore is not under the control of the
RpoN promoter in question. The background expression of the
truncated eat::lacZ fusion was similar in value to that of the full-
length or untruncated eat::lacZ (Fig. 9). However, expression of
the truncated eat::lacZ fusion did not change with the addition of
ethanolamine or acetaldehyde. This highlights the necessity of the
RpoN promoter for the induction of the PA4022-eat-eutBC
operon in response to acetaldehyde.

DISCUSSION

Prior to this study, there was little information regarding ethanol-
amine catabolism in Pseudomonas. In fact, the only things known
about this subject were that (i) the eutBC genes are found in the
genome sequences of several Pseudomonas spp. and (ii) EutBC
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activity had been reported for a few species, such as P. denitrificans
and P. putida (1, 11). This limited information does indicate that
under certain conditions, ethanolamine might be a necessary or
desirable nutrient for a variety of Pseudomonas species. For enteric
bacteria, the human intestine has been suggested to be a rich
source of ethanolamine, which is primarily available in the form of
the phospholipid phosphatidylethanolamine (43–45). In addition
to phosphatidylethanolamine, Pseudomonas spp. could poten-
tially have access to free or non-lipid-bound ethanolamine, be-
cause plants biosynthesize ethanolamine through direct decar-
boxylation of serine (46). It is interesting to note that
ethanolamine utilization has been connected with virulence in
pathogenic strains of S. Typhimurium and E. coli (17, 44, 45, 47).
This raises questions about the physiological relevance or biolog-

ical importance of ethanolamine catabolism among Pseudomonas
species. As a first step in addressing this complex problem, this
study identified and evaluated several key elements, e.g., genes and
small molecules, surrounding ethanolamine catabolism in P.
aeruginosa PAO1.

The primary focus of this study was the PA4022-eat-eutBC
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operon, because it encodes proteins at the core of ethanolamine
catabolism, including an acetaldehyde dehydrogenase (PA4022),
the ethanolamine transporter Eat (PA4023), and ethanolamine-
ammonia lyase EutBC (PA4024 and PA4025). Taken together,
these proteins comprise an entire catabolic pathway that hypo-
thetically enables P. aeruginosa PAO1 to transport and degrade
ethanolamine into the metabolite acetate. However, growth anal-
ysis of the �PA4022, �eat, and �eutB mutants revealed that these
genes were not equally important with regard to P. aeruginosa
PAO1 using ethanolamine as a source of carbon and/or nitrogen.
EutBC is known as an essential enzyme in ethanolamine catabo-
lism, and as expected, deletion of the eutB gene completely abol-
ished the growth of P. aeruginosa PAO1 on ethanolamine. Eat is a
predicted transport protein thought to be involved in the uptake
of extracellular ethanolamine (5, 11). Deletion of the eat gene in P.
aeruginosa PAO1 did not impact the growth of this bacterium on
ethanolamine. Published data indicate that carrier-mediated
transport has an observable effect only when ethanolamine is
present at micromolar concentrations or in an acidic environment
(6). Overall, the observed phenotypes for the �eat and �eutB mu-
tants of P. aeruginosa PAO1 are consistent with previous findings
describing the roles of these genes in other ethanolamine-degrad-
ing bacteria (5, 12).

Deletion of the PA4022 gene affected the growth of P. aerugi-
nosa PAO1 differently, depending on whether ethanolamine was a
carbon or nitrogen source. When ethanolamine served as the sole
carbon source, deletion of the PA4022 gene reduced the growth of
P. aeruginosa PAO1 by �50%. The catabolic breakdown of acet-
aldehyde into acetate is expected to be hindered in the �PA4022
mutant, which would account for its reduced growth on ethanol-
amine as a carbon source. In contrast, the �PA4022 mutant dis-
played wild-type growth on a preferred carbon source, with etha-
nolamine as the sole nitrogen source. This is understandable,
because EutBC catalyzes the hydrolysis of ethanolamine to release
ammonia, thereby fulfilling the nitrogen demands of the cell.

These results suggest that PA4022 participates in the catabolism of
ethanolamine, but its presence is not absolutely essential. As stated
earlier, P. aeruginosa PAO1 possesses two genes, exaC (PA1984)
and PA4022, encoding acetaldehyde dehydrogenases that are 98%
identical in amino acid sequence and have similar enzymatic
properties (29). The genetic redundancy or dual function of the
exaC and PA4022 genes has been previously demonstrated for P.
aeruginosa PAO1 when grown on ethanol, which is also catabo-
lized through an acetaldehyde intermediate (29). Therefore, activ-
ity from ExaC most likely compensates for the �PA4022 mutation
regarding ethanolamine catabolism as well.

The results of this study suggest a role for PA4022 in the catab-
olism of ethanolamine. However, a search of the literature re-
vealed that PA4022 was previously characterized as a hydrazone
dehydrogenase, an enzyme that hydrolyzes the carbon-nitrogen
double bond of hydrazones to yield acetate and hydrazides as
products. Hydrazones are not known or considered to be abun-
dant in nature (39). Some examples of naturally occurring
hydrazones include gyromitrin (48) of the mushroom Gyromitra
esculenta and yoropyrazone (49), an alkaloid isolated from Strep-
tomyces. As it pertains to P. aeruginosa, growth on a relatively
simple hydrazone (valeric acid ethylidene hydrazide) was depen-
dent on PA4022 and ExaC (29). It was thought that the acetate
product liberated from the hydrolysis of hydrazone is a source of
carbon and energy for bacterial growth. Contrary to this earlier
finding, we did not observe any significant growth of P. aeruginosa
PAO1 on hydrazone. Various types of minimal media, conditions
(shaking versus static), and different strains (P. aeruginosa PAO1,
PA14, and PAK) were used, but none proved successful for grow-
ing P. aeruginosa on hydrazone. Nonetheless, PA4022 was shown
to catalyze the hydrolysis of hydrazones in vitro (29), and we found
that the expression of a PA4022::lacZ fusion increased 6-fold in
response to hydrazone. Both results implicate PA4022 in the deg-
radation of hydrazones even though the growth data presented in
this study question the validity of hydrazone as a viable carbon
source for all strains of P. aeruginosa. More studies are needed to
understand hydrazone utilization among various strains of P.
aeruginosa.

Analysis of the PA4022::lacZ and eat::lacZ fusions revealed that
expression of the PA4022-eat-eutBC operon is under the control
of positive-feedback regulation exerted through the EBP PA4021,
the sigma factor RpoN, and the metabolite acetaldehyde. The
identification of acetaldehyde as the inducer of the PA4022-eat-
eutBC operon was an unanticipated result, because ethanolamine
has been shown to directly regulate expression of the eut genes in
bacteria of the Enterobacteriaceae and Firmicutes (4, 15, 17). How-
ever, several lines of evidence clearly point to acetaldehyde as be-
ing the inducer of the PA4022-eat-eutBC operon and not ethanol-
amine as expected. First, the expression of PA4022::lacZ and eat::
lacZ was repeatedly found to be induced with the addition of
acetaldehyde. Second, the addition of ethanolamine failed to in-
duce the expression of PA4022::lacZ and eat::lacZ in the �eutB
mutant, suggesting that EutBC is required for induction. Third,
background expression of PA4022::lacZ was elevated 5-fold in the
absence of the acetaldehyde dehydrogenase PA4022. Last, acetal-
dehyde (but not ethanolamine) induced the expression of
PA4022::lacZ and eat::lacZ in E. coli cells that heterologously ex-
pressed the PA4021 gene.

One possible explanation for acetaldehyde serving as the in-
ducer of the PA4022-eat-eutBC operon instead of ethanolamine is
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the fact that P. aeruginosa PAO1 does not have a microcompart-
ment dedicated to ethanolamine catabolism. For Enterobacteria-
ceae, ethanolamine catabolism occurs within an intracellular mi-
crocompartment consisting of the shell proteins EutSMNLK (12).
The microcompartment is believed to contain or capture the toxic
and volatile acetaldehyde, which allows for a more efficient utili-
zation of this compound (50, 51). Homologs of the EutSMNLK
shell proteins are not encoded in the genome of P. aeruginosa
PAO1. To counter the absence of a microcompartment and max-
imize its growth potential on ethanolamine, P. aeruginosa PAO1
uses an acetaldehyde-responsive mechanism to dictate transcrip-
tion of the PA4022-eat-eutBC operon. The outcome of this posi-
tive-feedback regulation is the production of adequate and bal-
anced enzymatic activity that readily degrades ethanolamine into
acetate while keeping acetaldehyde levels at a minimum to avoid
toxicity and loss of carbon due to volatility. The results from the
genetic complementation experiments illustrate the importance
of balance in the Eat-EutBC-PA4022 pathway. When only the
eat-eutBC genes were overexpressed in P. aeruginosa PAO1, its
growth was significantly reduced on ethanolamine. This growth
inhibition was likely a direct result of toxic concentrations of in-
tracellular acetaldehyde generated by the excess activities of Eat-
EutBC.

The induction of the PA4022-eat-eutBC operon by acetalde-
hyde is achieved through an EBP-RpoN mechanism. Previously,
PA4021 was one of several uncharacterized EBPs in P. aeruginosa
PAO1 (52). However, the proximity of the PA4021 gene to the
PA4022-eat-eutBC operon in addition to the presence of an RpoN
promoter upstream of the PA4022 gene were strong indicators
that PA4021 might be an EBP that regulates transcription of the
PA4022-eat-eutBC operon in relation to ethanolamine catabo-
lism. This prediction appears to be correct because (i) deletion of
the PA4021 gene eliminated the growth of P. aeruginosa PAO1 on
ethanolamine, (ii) there was no induction of PA4022::lacZ or eat::
lacZ in the �PA4021 mutant, and (iii) expression of only the
PA4021 gene was essential and sufficient for induction of PA4022::
lacZ and eat::lacZ in nonnative E. coli. Similar results were ob-
served regarding the regulatory role of RpoN: the rpoN gene was
required for growth on ethanolamine, there was no induction of
PA4022::lacZ and eat::lacZ in an rpoN mutant, and mutation of the
RpoN promoter in the 5=-regulatory regions of PA4022::lacZ and
eat::lacZ rendered them unresponsive to induction by acetalde-
hyde.

Importantly, these findings provide a working model for the
regulation of the PA4022-eat-eutBC operon in P. aeruginosa
PAO1. In this model, PA4021 is expected to sense and bind to
acetaldehyde. The binding of acetaldehyde would then stimulate
PA4021 to adopt an active conformation that leads to the tran-
scriptional activation of the PA4022-eat-eutBC operon in an
RpoN-dependent manner. The transcript levels of PA4022-eat-
eutBC would ultimately vary depending on the concentration of
intracellular acetaldehyde. When grown in acetate-minimal me-
dium, the LacZ activity of PA4022::lacZ was 5-fold higher in the
�PA4022 mutant than in the wild-type P. aeruginosa PAO1. This
result not only indicates that acetaldehyde catabolism is inhibited
in the �PA4022 mutant, but more significantly, transcriptional
activation of the PA4022 locus by PA4021 is not strictly limited to
ethanolamine catabolism but also occurs during basic cellular me-
tabolism to aid in the breakdown of intracellular acetaldehyde.
However, the PA4021 and PA4022 genes were not required for

growth on acetaldehyde, ethanol, or acetoin (with ethanol and
acetoin being catabolized through an acetaldehyde intermediate).
It would appear that even though PA4021 and its target gene
PA4022 comprise a system involved in the sensing and breakdown
of acetaldehyde, this system is not required for growth on all com-
pounds catabolized through an acetaldehyde intermediate.

The regulatory function of PA4021 is reminiscent of the tran-
scriptional regulator AlcR of Aspergillus nidulans (53). In this mi-
croorganism, AlcR is a regulator of ethanol catabolism that re-
sponds directly to acetaldehyde and upregulates the transcription
of genes encoding alcohol (alcA) and aldehyde (aldA) dehydroge-
nases (53, 54). Similar to the situation described herein for P.
aeruginosa PAO1, growth on compounds that are degraded into
acetaldehyde induce expression of the alcA and aldA genes in
Aspergillus nidulans (55, 56). Additionally, the aldehyde interme-
diates generated from the catabolism of other compounds, such as
D-galacturonic acid and putrescine, also induce expression of the
alcA and aldA genes (56). It would be interesting to determine
what other aldehydes are sensed by PA4021 and induce expression
of the PA4022 locus in P. aeruginosa PAO1.

PA4021 is a founding member of a class of EBPs in which
transcriptional activity is directly controlled by acetaldehyde. Like
other transcriptional regulators, PA4021 has a modular structure
(663 amino acid residues) consisting of an N-terminal region pos-
sessing both GAF (residues 68 to 199) and PAS (residues 235 to
311) domains, a central RpoN-interaction domain (residues 334
to 500), and a C-terminal DNA-binding region possessing an FIS-
type helix-turn-helix motif (residues 595 to 636). GAF and PAS
domains serve as sensory input sites for transcriptional regulators
(52) and are probably involved in relaying the presence of acetal-
dehyde to the transcriptional activity of PA4021. The FIS-type
helix-turn-helix motif in the C-terminal region does suggest that
PA4021 binds to specific DNA sequences upstream of the RpoN
promoter in the 5=-regulatory region of the PA4022-eat-eutBC
operon. A more in-depth study on the biochemical characteristics
of the PA4021 protein is needed to identify both its DNA binding
sequence and other genes that are regulated by this EBP.

Based on the results of the current study, we recommend
PA4021 be given the name EatR to signify its regulatory function
in ethanolamine catabolism in P. aeruginosa PAO1. Homologs of
the eatR (PA4021) gene and the PA4022-eat-eutBC operon are
clustered in the genomes for many Pseudomonas spp., including
common strains of P. putida, P. denitrificans, and P. fluorescens
(57). This suggests that a variety of Pseudomonas strains use an
EatR-RpoN mechanism for regulating ethanolamine catabolism.
However, regulation of ethanolamine catabolism through EatR-
RpoN does not appear to be universal among Pseudomonas spe-
cies. For example, the regulatory eutR gene is adjacent to the eat-
eutBC operon in the genomes of some strains of P. denitrificans, P.
oleovorans, and P. stutzeri, indicating that these specific strains use
EutR to regulate ethanolamine catabolism. Homologs of the
PA4022-eat-eutBC genes are distributed in the genomes of P. sy-
ringae, but the presence of a regulatory gene (eutR or eatR) is
inconsistent or variable among strains. Hopefully, this study will
create interest in the microbiology community to explore ethanol-
amine catabolism further in Pseudomonas, with the ultimate goal
being a clarification of this catabolic process and its biological
importance for this group of bacteria.
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