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Summary

Acinetobacter baumannii is outstanding for its ability
to cope with low water activities and therefore its
adaptation mechanism to osmotic stress. Here we
report on the identification and characterization of five
different secondary active compatible solute trans-
porters, belonging to the betaine-choline-carnitine
transporter (BCCT) family. Our studies revealed two
choline-specific and three glycine betaine-specific
BCCTs. Activity of the BCCTs was differentially depen-
dent to the osmolality: one choline and one betaine
transporter were osmostress-independent. Addition of
choline to resting cells of Acinetobacter grown in the
presence of the co-substrate choline or with phospha-
tidylcholine as sole carbon source led to ATP synthe-
sis in the wild type but not in the BCCT quadruple
mutant. This indicates that the BCCTs are essential to
transport the energy substrate choline. The role of the
different BCCTs in osmostress resistance and in meta-
bolic adaptation of A. baumannii to the human host is
discussed.

Introduction

The opportunistic human pathogen Acinetobacter
baumannii is an emerging threat in healthcare institutions
worldwide (Villegas and Hartstein, 2003; Antunes et al.,
2014; Wong et al., 2017; Harding et al., 2018). The suc-
cess of A. baumannii in clinical environments is based on
its outstanding potential to adapt to extreme environments
and to persist in the host (Allen and Green, 1987;

Dijkshoorn et al., 1987; Dijkshoorn et al., 2007; Perez
et al., 2007; Towner, 2009; Howard et al., 2012; Roca
et al., 2012; Lee et al., 2017). The steadily increasing num-
ber of multi-resistant strains has led the World Health
Organization to place carbapenem-resistant Acinetobacter
(together with carbapenem-resistant Pseudomonas
aeruginosa and carbapenem-resistant, ESBL-producing
Enterobacteriaceae) on position 1 of the list of priority
pathogens for which new antibiotics are urgently needed
(World Health Organization, 2017; Tacconelli et al., 2018).

The adaptation of the Gram-negative A. baumannii to
extreme dry and salty environments is based on the out-
standing feature to cope with low water activities and
osmotic stress (Breisch et al., 2018, Jawad et al., 1996,
Wendt et al., 1997, Zeidler et al., 2017, Zeidler and
Müller, 2018, Zeidler et al., 2018, Zeidler and Müller,
2019). These features also allow A. baumannii to persist
on dry surfaces in clinical environments for weeks or
even month. The increase of environmental osmolality
due to water evaporation or the presence of osmotically
active substances, such as salts or sugars, leads to a
loss of water and thus, a reduction of the cellular turgor
pressure. This can finally cause cell death, if no counter
measures are taken (Wood, 1999; Bremer and Krämer,
2019). Living cells have developed two principal strate-
gies to circumvent the dramatic consequences of water
loss (Record Jr. et al., 1998; Wood, 1999). The first is the
‘salt-in-cytoplasm’ strategy which implies the accumula-
tion of inorganic ions, such as K+ and Cl−, to restore the
turgor (Heller et al., 1998; Roeßler and Müller, 2001).
This strategy is typical for some halophilic archaea
(Halobacteria) and a few moderately halophilic bacteria
such as Halanaerobiales (Oren, 1999; Oren, 2008). The
vast majority of bacteria cope with osmostress by the
accumulation or synthesis of compatible solutes
(Galinski, 1995; Wood et al., 2001; Pflüger and Müller,
2004; Bremer and Krämer, 2019). Compatible solutes are
organic osmolytes promoting the proper folding of pro-
teins and protein complexes without affecting cellular
functions even at high concentrations (Burg and Ferraris,
2008; Empadinhas and da Costa, 2008). The spectrum
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of compatible solutes is rather limited and can be
assigned to two major groups; (i) sugars and polyols and
(ii) α and β-amino acids and their derivatives including
methylamines (Kempf and Bremer, 1998; Roeßler and
Müller, 2001).

Like other bacteria, A. baumannii accumulates compat-
ible solutes in response to osmostress. The major com-
patible solutes synthesized are glutamate and the
unusual solute mannitol (Zeidler et al., 2018). Moreover,
small amounts of trehalose were also detected (Zeidler
et al., 2017). These three compatible solutes were also
found in the related non-pathogenic soil bacterium
Acinetobacter baylyi during growth in the presence of
high salt (Sand et al., 2013; Zeidler et al., 2017). If pre-
sent in the medium, A. baylyi takes up glycine betaine
and the synthesis of glutamate, mannitol and trehalose is
turned off (Sand et al., 2013). Uptake of glycine betaine
is mediated by the secondary active transporter
ACIAD3460, a member of the BCCT family (Sand et al.,
2011). This is consistent with the finding that uptake of
solutes is preferred over de novo synthesis (Oren, 1999).
A. baylyi can also take up choline, but choline does not
serve as compatible solute per se. Instead it is oxidized
by a choline dehydrogenase and a glycine betaine alde-
hyde dehydrogenase to the compatible solute glycine
betaine. Interestingly, the genes encoding the dehydroge-
nases (betA, betB) are clustered with a gene encoding a
potential regulator of the TetR-type (betI) and two genes
transcribed divergently that encode BCCTs (Fig. 1).
BetT2 was described as osmo-dependent and is most
likely involved in uptake of choline as precursor for the
compatible solute glycine betaine. In contrast to other
bacteria such as Escherichia coli or Bacillus subtilis, A.
baylyi can use choline not only as precursor of the com-
patible solute glycine betaine but also as additional
energy source whereby choline is oxidized by BetA and
BetB to glycine betaine; this metabolic feature is osmo-
independent and requires a salt-independent transport
system. Indeed, BetT1 was described as being osmo-

independent and most likely accumulates choline as
energy source (Sand et al., 2014; Scholz et al., 2016).

Although the synthesis of solutes in A. baumannii has
been studied to some extent, relatively little is known about
uptake systems for compatible solutes in A. baumannii.
The BCCT Aci01347 in A. baumannii ATCC 19606 was
annotated as choline transporter, but experimental analy-
sis proved the assumption wrong, since Aci01347 was
found to be essential for growth on carnitine as sole car-
bon and energy source (Breisch et al., 2018). Carnitine
transport was osmolarity-independent which led to the
suggestion that Aci01347 is important for growth on carni-
tine, which is abundant in animals and in the human host
(Meadows and Wargo, 2015; Breisch et al., 2018). This
points to an essential role of BCCTs not only in osmo-
adaptation but also in pathobiology of A. baumannii.

Since transporters for compatible solutes have not yet
been described in A. baumannii, we searched the
genome of the type strain ATCC 19606 and the multi-
resistant A. baumannii strain AYE for potential solute
transporters and analysed their function biochemically.
Their cellular function is discussed.

Results

Identification of BCCT encoding genes in the genome of
A. baumannii ATCC 19606 and AYE

In previous studies, we reported that aci01347 of A.
baumannii ATCC 19606 encodes an osmo-independent
carnitine/choline transporter of the BCCT family (Breisch
et al., 2018). To search for further BCCTs in A. baumannii
ATCC 19606 we performed a whole genome search. This
led to the detection of three genes encoding BCCTs such
as HMPREF0010_01463 (betT1), HMPREF0010_01464
(betT2) and HMPREF0010_03536 (betU1).
HMPREF0010_01463 (betT1) and HMPREF0010_01464
(betT2) are clustered with the genes encoding a potential
choline dehydrogenase (HMPREF0010_01460, betA) and a

Fig. 1. Genetic organization of
the BCCT gene loci in A. baylyi,
A. baumannii ATCC 19606 and
A. baumannii AYE. For further
information, see text.
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betaine aldehyde dehydrogenase (HMPREF0010_01461,
betB) and a potential transcriptional regulator
(HMPREF0010_01462, betI) (Fig. 1). betT1 encodes a
540-amino-acid protein with a deduced molecular mass of
58 kDa whereas betT2 encodes a 688-amino-acid protein
with a deduced molecular mass of 78 kDa. BetT1 and
BetT2 of ATCC 19606 exhibit highest identities and similari-
ties to the choline transporters BetT1 and BetT2 of A. baylyi
(83% identity/97% similarity and 87% identity/96% similarity,
respectively). BetT1 and BetT2 are 43% identical/78% simi-
lar to each other. Therefore, we conclude that A. baumannii
strain ATCC 19606 is also able to take up choline and to
use it twofold, like A. baylyi: as a precursor for the compati-
ble solute glycine betaine and as an energy source (Scholz
et al., 2016). The same holds true for strain AYE, which also
has choline oxidation genes as well as betT1 and betT2
genes (Fig. 1). The similarities of the predicted proteins to
the proteins of A. baylyi are in the range as for strain ATCC
19606 (83% identity/97% similarity for BetT1 and 87% iden-
tity/96% similarity for BetT2, respectively and 43% iden-
tity/78% similarity to each other).
In addition to the BCCTs BetT1 and BetT2 involved in

choline metabolism, Acinetobacter strains have a BCC-
type glycine betaine transporter (ACIAD3460 or BetU1 in
A. baylyi). BetU1 of strain ATCC 19606 is 655 amino
acids long with a deduced molecular mass of 74 kDa and
is 77% identical and 94% similar to ACIAD3460 from A.
baylyi. Same holds true for BetU1 of strain AYE, which
also shows 77% identity and 94% similarity to
ACIAD3460 of A. baylyi.
In addition, AYE has a second gene cluster encoding

two potential BCCTs. betU2 and betU3 both clustered
with a potential choline monooxygenase gene
ABAYE1065 and a potential glycine betaine aldehyde
dehydrogenase gene ABAYE1066 (Fig. 1). BetU2 and

betU3 encode 558- and 565-amino-acid proteins with a
deduced molecular mass of 61 kDa and 62 kDa, respec-
tively. BetU2 and BetU3 both show highest similarities to
the secondary active glycine betaine transporter BetU of
E. coli (39% identity/71% similarity and 37% identity/71%
similarity, respectively). BetU2 and BetU3 are 51% identi-
cal/79% similar to each other.

The BCCTs are involved in osmostress protection in A.
baumannii ATCC 19606

To get insights into the role of the BCCTs in osmostress
adaptation in A. baumannii ATCC 19606, betT1, betT2
and betU1 were deleted in the Δaci01347 mutant via two
consecutive homologous recombination and segregation
events using SacB-encoding plasmids yielding a quadru-
ple markerless betT1/betT2/betU1/aci01347 mutant. The
mutant was verified by DNA sequencing. Growth of the
quadruple mutant in mineral medium (MM) (μ = 1.2 h−1)
was comparable to growth of wild type cells
(μ = 1.15 h−1) (Fig. 2). In the presence of 500 mM NaCl,
growth of the wild type and the quadruple mutant was
slower with growth rates of 0.32 h−1 for both cultures
(Fig. 2). The growth phenotype of the wild type could be
rescued by addition of choline or glycine betaine
(μ = 0.52 h−1 and μ = 0.56 h−1), whereas growth of the
quadruple mutant was not stimulated by choline
(μ = 0.36 h−1). Addition of glycine betaine to the quadru-
ple mutant during growth at high salt did also not restore
the wild type growth phenotype. However, after 9 h of
slow growth (μ = 0.2 h−1) the growth rate increased to
μ = 0.47 h−1. These results suggest that glycine betaine
and choline function as osmoprotectants in A. baumannii
ATCC 19606 and that at least one of the potential BCCTs
BetT1, BetT2 or BetU1 is essential for choline or glycine

Fig. 2. Role of BCCTs in choline or glycine betaine dependent osmostress protection of A. baumannii ATCC 19606.
A. A. baumannii ATCC 19606 wild type was grown in MM with 20 mM NaAc (⧫) in the presence of 500 mM NaCl (▲), 500 mM NaCl +1 mM cho-
line (●) or 500 mM NaCl + glycine betaine (■).
B. A. baumannii BCCT quadruple mutant was grown in MM with 20 mM NaAc (⧫) in the presence of 500 mM NaCl (▲), 500 mM NaCl +1 mM
choline (●) or 500 mM NaCl + glycine betaine (■).
The data shown are representative data from one out of three comparable biological replicates.
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betaine uptake in ATCC 19606 under high salt condi-
tions. The increased growth rate of the quadruple mutant
after 9 h of growth in the presence of high salt and gly-
cine betaine suggests that additional primary or second-
ary active glycine betaine transporters are induced under
these conditions mediating the uptake of the compatible
solute glycine betaine thereby promoting osmostress
adaptation.

BetT1 and BetT2 are choline transporters and BetU1 is
a glycine betaine transporter

To address the substrate specificities of BetT1, BetT2
and BetU1 the proteins were heterologously produced in

E. coli MKH13 (Haardt et al., 1995) using the pBAD/HisA
vector system. E. coli MKH13 lacks the compatible solute
transporters PutP, ProP and ProU, which makes this
strain a perfect host for in vivo studies of compatible sol-
ute transporters. Transport studies were performed with
labelled [14C]-choline or [14C]-glycine betaine. These
studies revealed that BetT1 and BetT2 both transport
choline but differ significantly in initial choline uptake
rates, such for BetT1 uptake rates of 5.3 nmol/min�mg
dry weight were detected whereas BetT2 takes up cho-
line with a rate of 7.2 nmol/min�mg dry weight (Fig. 3A).
Moreover, the final accumulation factors differed between
BetT1 and BetT2 by a factor of four (17.6 nmol/mg dry
weight and 47 nmol/mg dry weight, respectively) (Fig. 4).
BetU1 did not catalyse choline transport (data not shown)
but catalyses glycine betaine uptake with an uptake rate
of 1.9 nmol/min�mg dry weight (Fig. 3B). BetU1 had the
smallest transport capacity and accumulated glycine
betaine only to 6.7 nmol/mg dry weight (Fig. 4). E. coli
MKH13 did not accumulate [14C]-glycine betaine or [14C]-
choline (data not shown). These data are consistent with
the hypothesis that BetT1 and BetT2 mediate choline
uptake whereas BetU1 mediates glycine betaine uptake
in A. baumannii ATCC 19606. This is underlined by the
high similarities of BetT1 and BetT2 to choline trans-
porters and BetU1 to the glycine betaine transporter of A.
baylyi.

BetU2 and BetU3 are glycine betaine transporters

The high similarities of the two BCCTs BetU2 and BetU3
of AYE to secondary active glycine betaine transporters
suggest that these two transporters mediate glycine beta-
ine uptake. To address the role of BetU2 and BetU3 in

Fig. 3. Transport of choline or glycine betaine in E. coli MKH13 expressing betT1, betT2, betU1, betU2 or betU3. Cells were grown in LB
medium, cell suspensions were generated and choline or glycine betaine uptake was analysed at an external osmolality of 0.2 osmol/kg.
A. [14C]-choline uptake by E. coli MKH13 expressing betT1 (■) or betT2 (●) was started by adding 500 μM [14C]-choline (0.1 μCi). Each value is
the mean of �S.E.M. of at least three independent measurements.
B. [14C]-glycine betaine uptake by E. coli MKH13 expressing betU1 (▲), betU2 (■) or betU3 (●) was started by adding 500 μM [14C]-glycine
betaine (0.1 μCi). Each value is the mean of �S.E.M. of at least three independent measurements.

Fig. 4. Choline or glycine betaine accumulation of E. coli MKH13
strains expressing betT1, betT2, betU1, betU2 and betU3. Cells
were grown in LB medium, cell suspensions were generated and
choline or glycine betaine uptake was analysed at an external osmo-
lality of 0.2 osmol/kg. Uptake was started by adding 500 μM [14C]-
choline (0.1 μCi; BetT1, BetT2) or 500 μM [14C]-glycine betaine
(0.1 μCi; BetU1, BetU2, BetU3) and accumulation factors were deter-
mined after 2.5 min. Each value is the mean of �S.E.M. of at least
three independent measurements.
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glycine betaine uptake both transporters were heterolo-
gously produced in E. coli MKH13 and uptake studies
were performed with radioactively labelled [14C]-glycine
betaine (Fig. 3B). Cells producing BetU2 and BetU3
accumulated [14C]-glycine betaine with a rate of
12.9 nmol/min�mg dry weight and 14.2 nmol/min�mg dry
weight, respectively (Fig. 3B), whereas E. coli MKH13 did
not accumulate [14C]-glycine betaine (data not shown).
Both transporters have nearly the same transport capac-
ity of 27.7 nmol/mg dry weight and 31.5 nmol/mg dry
weight, respectively (Fig. 4). These findings lead to the
conclusion that BetU2 and BetU3 mediate glycine beta-
ine uptake.

BetT1 and BetU3 are osmo-independent BCCTs
whereas BetT2, BetU1 and BetU2 are osmo-dependent

The finding that BetT1 and BetT2 mediate choline
uptake and BetU1, BetU2 and BetU3 mediate glycine
betaine uptake raised the question whether these
BCCTs are involved in osmoadaptation. To address this
question E. coli MKH13 pBAD/HisA_betT1, E. coli
MKH13 pBAD/HisA_betT2, E. coli MKH13 pBAD/
HisA_betU1, E. coli MKH13 pBAD/HisA_betU2 and E.
coli MKH13 pBAD/HisA_betU3 were grown in complex
medium, washed and resuspended with KPi-buffer con-
taining an osmolality of 0.2 osmol/kg to an OD600 of
3 and diluted 1:1 in buffer with osmolalities of 0.2, 0.6 or
0.8 osmol/kg. As can be seen in Fig. 5, the activities of
BetT2, BetU1 and BetU2 were clearly osmolality depen-
dent. BetT2 showed highest choline and BetU1 highest
glycine betaine transport activities of 25.6 nmol/min�mg
dry weight and 35.7 nmol/min�mg dry weight,

respectively, at 0.6 osmol/kg. BetU2 exhibited maximal
glycine betaine transport activity of 27.5 nmol/min�mg
dry weight at 0.8 osmol/kg. The presence of high salt
led to a significant stimulation of the transport activities
of these three transporters such as BetT2 was stimu-
lated 3.5-fold and BetU1 and BetU2 were stimulated
18.8-fold and 2.1-fold, respectively. This is in line with
the hypothesis that BetT2, BetU1 and BetU2 are osmo-
dependent BCCTs. In contrast, the choline transport
activity of BetT1 and the glycine betaine transport activ-
ity of BetU3 were not stimulated by high osmolality.
Highest transport activities of 5.3 nmol/min�mg dry
weight (BetT1) and 14.2 nmol/min�mg dry weight
(BetU3) were detected at low osmolality (Fig. 5). The
presence of high salt (0.8 osmol/kg) led to a twofold
inhibition of the choline transport activity of BetT1 and a
1.9-fold inhibition of the glycine betaine transport activity
of BetU3. These results lead to the conclusion that
BetT1 is an osmo-independent choline and BetU3 is an
osmo-independent glycine betaine transporter.

The BCCTs of A. baumannii have different substrate
affinities

To analyse the substrate affinities of the different BCCTs,
uptake studies in the presence of different choline or gly-
cine betaine concentrations were performed under opti-
mal osmolalities (0.2 osmol/kg for BetT1 and BetU3,
0.6 osmol/kg for BetT2 and BetU1 and 0.8 osmol/kg for
BetU2). These studies revealed that the choline trans-
porter BetT1 (Fig. 6A) and the glycine betaine transporter
BetU2 (Fig. 6D) have very high substrate affinities (KM

values: 25.6 μM for BetT1 and 24.8 μM for BetU2)
whereas the choline transporter BetT2 has a fivefold
lower affinity to its substrate (KM value: 129.2 μM, Fig. 6B)
and the glycine betaine transporter BetU3 even a 10-fold
lower affinity (KM value: 237.2 μM) than BetT1 or BetU2
(Fig. 6E). The glycine betaine transporter BetU1 was
found to have a high substrate affinity (KM value of
64.5 μM, Fig. 6C).

BetT1 and BetT2 are highly specific for choline whereas
BetU1, BetU2 and BetU3 mediate glycine betaine and
proline betaine uptake

To analyse the substrate specificities of the BCCTs, com-
petition experiments were performed in KPi-buffer under
optimal osmolality conditions for each transporter. The
uptake of [14C]-choline or [14C]-glycine betaine was
followed in the presence of 50-fold excess of the competi-
tors choline, glycine betaine, carnitine, ectoine, proline or
proline betaine (Table 1). As expected, the addition of a
50-fold excess of unlabelled choline reduced the accumu-
lation of labelled choline by BetT1 and BetT2 14.8-fold

Fig. 5. Activity of BetT1, BetT2, BetU1, BetU2 and BetU3 under dif-
ferent external osmolalities. E. coli MKH13 expressing betT1, betT2,
betU1, betU2 or betU3 were grown in LB medium, cell suspensions
were generated and transport was analysed in KPi-buffer (25 mM,
pH 7.5) with an adjusted OD600 of 1.5 at external osmolalities of
0.2 osmol/kg (dark grey), 0.6 osmol/kg (light grey) and 0.8 osmol/kg
(white). Solute uptake was started by adding 500 μM [14C]-choline
(0.1 μCi; BetT1, BetT2) or 500 μM [14C]-glycine betaine (0.1 μCi;
BetU1, BetU2, BetU3). Each value is the mean of �S.E.M. of at least
three independent measurements.
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and 4.2-fold, respectively. Glycine betaine, carnitine,
ectoine, proline and proline betaine had no effect on cho-
line uptake by BetT1 and BetT2, demonstrating that BetT1
and BetT2 are choline specific. The addition of 50-fold
excess of unlabelled glycine betaine reduced BetU1- and

BetU2-mediated uptake of labelled glycine betaine 3.5-fold
and 7.3-fold, respectively. Choline, carnitine, ectoine and
proline had no effect on glycine betaine uptake by BetU1
and BetU2 whereas proline betaine led to a 3.1-fold and
29.3-fold inhibition of glycine betaine uptake, respectively.

Fig. 6. Michealis Menten kinetics for BetT1, BetT2, BetU1, BetU2 and BetU3. Cells were grown in LB medium, cell suspensions were generated
and transport was analysed in KPi-buffer (25 mM, pH 7.5) with an adjusted OD600 of 1.5 at optimal external osmolalities (0.2 osmol/kg: BetT1,
BetT3; 0.6 osmol/kg: BetT2, BetU1; 0.8 osmol/kg: BetU2). BetT1 (A), BetT2 (B), BetU1 (C), BetU2 (D) and BetU3 (E) were analysed for the
uptake of their preferred substrates. [14C]-choline or [14C]-glycine betaine (0.1 μCi) was added and non-labelled substrate in concentrations as
indicated. The initial transport rates are plotted against the external solute concentration. Each value is the mean of �S.E.M. of at least three
independent measurements.
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This suggests that BetU1 and BetU2 have narrow sub-
strate specificities with glycine betaine and proline betaine.
A 50-fold excess of unlabelled glycine betaine had no
effect on BetU3-mediated glycine betaine uptake, whereas
a 500-fold excess of unlabelled glycine betaine reduced
glycine betaine uptake 2-fold (data not shown). Further, a
50-fold excess of unlabelled proline betaine reduced gly-
cine betaine uptake 2.7-fold. However, the unaffected gly-
cine betaine uptake of BetU3 in the presence of a 50-fold
excess of unlabelled glycine betaine in contrast to the
reduced glycine betaine uptake in the presence of same
amounts of proline betaine indicates that proline betaine is
even a better substrate for BetU3 than glycine betaine.

Oxidation of choline is a clear energetic benefit for A.
baumannii

The data presented so far are in line with the hypothesis
that A. baumannii ATCC 19606 and AYE use choline as
an energy source. To address this hypothesis, cells were
grown in MM, resting cells were prepared and the intra-
cellular ATP level was analysed under different condi-
tions. When cells were grown in the absence of choline,
addition of choline to the cell suspension did not lead to
an increase in intracellular ATP levels. However, when
cells were grown in the presence of choline addition of
choline led to an increase of the intracellular ATP content
by nearly 100% (Fig. 7A), demonstrating choline-
dependent energy conservation. The quadruple mutant
did not synthesize ATP upon addition of choline, as
expected, if the BCCTs are essential for choline uptake.
ATP synthesis coupled to choline metabolism was by a

proton-dependent chemiosmotic mechanism. It was
inhibited by the protonophore tetrachlorosalicylanilide
(TCS) as well as by valinomycin + KCl, which also dissi-
pate the electrochemical membrane potential across the
cytoplasmic membrane (Heise et al., 1991). The electro-
chemical potential then drives the synthesis of ATP via

the F1F0-type ATP synthase, as evident from the inhibi-
tion of ATP synthesis by the well-known F1F0-type ATP
synthase inhibitor dicyclohexylcarbodiimide (DCCD)
(Altendorf, 1977; Fillingame, 1997) and diethylstilbestrol
(DES) (McEnery and Pedersen, 1986) (Fig. 7B).

Phosphatidylcholine induces choline dependent energy
conservation

The major source of choline in host cells is the very abun-
dant membrane lipid phosphatidylcholine (PC) which is the
major lipid in human lung epithelial cells. To analyse the
role of PC in choline-dependent energy conservation A.
baumannii ATCC 19606 wild type was grown with PC as
sole carbon and energy source. Addition of choline to the
resting cells grown with PC led to an increase in ATP level
by nearly 33.3% (Fig. 7A). This suggests that PC induces
the choline dependent energy conservation pathway.

Discussion

A. baumannii is known for its unique capability to cope
with osmotic stress as well as desiccation. The latter is
suggested to play an important role in adaptation of A.
baumannii to dry surfaces in hospital environments
thereby favouring the survival and spread of A.
baumannii in hospitals worldwide (Dijkshoorn et al.,
2007). A. baumannii can cope with high osmolarities of
up to 500 mM NaCl (Zeidler et al., 2017). This
osmostress resistance might foster the survival of A.
baumannii in high osmolaritiy host environments such as
human blood (150 mM NaCl), intestinal lumen (300 mM
NaCl) or humane urine (400 mM NaCl) (Chowdhury
et al., 1996; Culham et al., 2001). The adaptation of A.
baumannii ATCC 19606 to high salinities is mediated by
the production of compatible solutes such as glutamate
and mannitol and minor amounts of trehalose (Zeidler
et al., 2017). Exogenous trehalose significantly supported

Table 1. Effect of different competitors on solute uptake of E. coli MKH13 expressing betT1, betT2, betU1, betU2 or betU3. Uptake of [14C]-
labelled solutes was followed in KPi-buffer (25 mM, pH 7,5) at optimal external osmolalities (0.2 osmol/kg for BetT1 and BetU3, 0.6 osmol/kg for
BetT2 and BetU1, 0.8 osmol/kg for BetU2). Uptake was started by adding 10 μM [14C]-choline (0.1 μCi; BetT1, BetT2) or 10 μM [14C]-glycine
betaine (0.1 μCi; BetU1, BetU2, BetU3) and 500 μM competitor to cell suspensions of the different recombinant E. coli MKH13 strains. The accu-
mulated amount of [14C]-choline or [14C]-glycine betaine was analysed after 5 min of incubation. Negative controls were performed without com-
petitor. Each value is the mean of ±S.E.M. of at least three independent measurements.

[14C]-choline or [14C]-glycine betaine uptake [nmol/mg cdw] in the presence of different competitors

Control Choline Glycine betaine Carnitine Ectoine Proline Proline betaine

BetT1 5.9 ± 0.3 0.4 ± 0.03 6.1 ± 0.37 6.5 ± 0.49 6.2 ± 0.2 6.1 ± 0.32 5 ± 0.25
BetT2 14.3 ± 2.33 3.4 ± 0.05 16.8 ± 0.08 16.3 ± 0.32 16.9 ± 0.77 17.1 ± 0.37 16.7 ± 0.93
BetU1 18.3 ± 1.58 19.3 ± 0.27 5.2 ± 0.1 19.1 ± 1.13 18.3 ± 0.92 20.3 ± 1.23 5.9 ± 1.05
BetU2 17.6 ± 0.2 17.4 ± 0.37 2.4 ± 0.14 18 ± 0.16 17.5 ± 0.41 15.2 ± 0.18 0.6 ± 0.08
BetU3 2.7 ± 0.06 2.8 ± 0.05 2.4 ± 0.02 2.8 ± 0.24 2.8 ± 0.06 2.9 ± 0.15 1.0 ± 0.19

© 2020 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 22, 2724–2735

2730 J. Breisch and B. Averhoff



viability of A. baumannii under desiccation stress, but tre-
halose is not taken up by primary active or secondary
active transporters in A. baumannii (Zeidler and Müller,
2018). Uptake of solutes is generally preferred over de
novo synthesis for energetic reasons (Oren, 1999).

Here we report on the identification of different BCCTs
in A. baumannii ATCC 19606 and in the multiresistant A.
baumannii strain AYE mediating the uptake of the com-
patible solute glycine betaine and its precursor choline.
Mutant studies and transport assays provide clear evi-
dence that two of the BCCTs mediate choline uptake
whereas three are specific for glycine betaine. The trans-
port activities of one choline (BetT1) and one glycine
betaine transporter (BetU3) are osmostress independent,
which leads to the suggestion that these BCCTs play a
role beyond osmostress protection and suggest that they
might be important for adaptation to choline- or glycine
betaine-containing environments in the human host.

The glycine betaine and choline transporters of A.
baumannii ATCC 19606 do not only differ in osmo-
dependence but also exhibit significant differences in
substrate affinities, such as KM values ranging from ≈ 25
to 250 μM were estimated during uptake studies with
recombinant E. coli strains producing distinct BCCTs.
These affinities correlate with the physiological conditions
during host infection such as the glycine betaine concen-
tration in most animal fluids are ≈ 35 μM and the choline
concentrations in serum are ≈ 8 μM (Melse-Boonstra
et al., 2005). The finding that the KM values of different
choline- or glycine betaine-transporting BCCTs are in the

range of the substrate concentrations in the host sug-
gests that these BCCTs mediate choline or glycine beta-
ine uptake in the human host.

In previous studies we have analysed the path of cho-
line uptake and oxidation in the close relative A. baylyi
(Sand et al., 2014; Scholz et al., 2016). Uptake of choline
in A. baylyi, either in the presence or absence of salt is
followed by a rapid oxidation of choline to glycine betaine
by a conserved choline dehydrogenase (BetA) and a gly-
cine betaine aldehyde dehydrogenase (BetB) (Scholz
et al., 2016). The presence of homologues in the genome
of A. baumannii ATCC 19606 together with our finding
that choline leads to significant stimulation of growth in
the presence of high salt suggests that this strain also
oxidizes choline to the compatible solute glycine betaine.
A. baumannii infections often occur in patients receiving
mechanical ventilation by airway colonization of A.
baumannii followed by pneumonia. The glycine betaine
produced via choline oxidation might contribute to A.
baumannii survival in the lung as it has already been
shown for P. aeruginosa that glycine betaine production
by the choline oxidase system increased the survival dur-
ing murine lung infection although the mechanism of gly-
cine betaine-dependent survival remains unknown
(Wargo, 2013). Whether glycine betaine indeed contrib-
utes to the survival of A. baumannii during lung infection
will be subject of future studies.

The presence of a second gene cluster potentially
mediating choline oxidation in AYE is puzzling, especially
the presence of the two additional glycine betaine

Fig. 7. Choline-dependent ATP synthesis in A. baumannii cell suspensions.
A. Cells were grown in MM with 12 mM succinate as carbon source and in the presence of 20 mM choline as additional energy source (wild type:
●, quadruple mutant: ▲) or with 0.5% PC as sole carbon and energy source (wild type: ⧫) or in MM with 12 mM succinate as carbon and energy
source in the absence of choline (wild type: ■). Cell suspensions were generated as described in materials and methods and ATP synthesis
was started by addition of 10 mM choline after 10 min of preincubation of the cell suspension at 37�C. Samples were taken as indicated. Each
value is the mean of �S.E.M. of at least three independent measurements.
B. Cells were grown in MM with 12 mM succinate as carbon source and in the presence of 20 mM choline as additional energy source and cell
suspensions were generated as described in materials and methods. ATP synthesis was started by addition of 10 mM choline after 10 min of pre-
incubation of the cell suspensions at 37�C in the presence of 30 μM TCS (■), 30 μM valinomycin + 0.2 M KCl (□), 300 μM DES (◊), 300 μM
DCCD (△), 30 μl 100% ethanol control (⧫) or without inhibitor (▲). One suspension was preincubated for 10 min at 37�C in the absence of any
inhibitor, ATP synthesis was started by the addition of 10 mM choline followed by the addition of 30 μM TCS 5 min after ATP synthesis was
started (●). Each value is the mean of �S.E.M. of at least three independent measurements.
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transporters BetU2 and BetU3. Glycine betaine produced
from choline could be exported by BetU2 and BetU3, or
BetU2 and BetU3 mediate the uptake of glycine betaine
but the further fate of glycine betaine (reduction to cho-
line) remains to be identified.
Our studies revealed that BCCTs mediated choline

uptake leads to the synthesis of ATP and therefore an
energetic benefit in choline rich environments. Analyses
of the choline-dependent ATP levels in the presence of
uncouplers and protonophores lead to the conclusion that
the electrons derived from choline oxidation are funnelled
through the respiratory chain creating an electrochemical
gradient of protons across the cytoplasmic membrane
which in turn drives ATP synthesis through an ATP
synthase. The finding that growth of A. baumannii ATCC
19606 in the absence of choline did not lead to elevated
ATP levels suggests that choline is required as inducer
of the choline oxidation pathway and the choline trans-
porters. This is consistent with the finding in A. baylyi,
where in the absence of choline no betAB and betT1/
betT2 transcripts were detectable (Scholz et al., 2016).
The most abundant source of choline in the human host

is the choline headgroup moiety of phosphatidylcholine
(PC) and sphingomyelin (SM) which form 50% to 90% of
the phospholipids in the outer leaflet of eukaryotic plasma
membranes (Zachowski, 1993). Especially the membranes
of lung epithelial cells are choline rich and consist of up to
70% PC (Keller and Ladda, 1979). Cleavage of PC or SM
by phospholipases D (PLD) or phospholipases C (PLC)
liberates choline and phosphorylcholine, respectively
(Holbrook et al., 1991; Fiester et al., 2016). The release of
phosphorylcholine from PC by PLC activity and subse-
quent phosphorylcholine phosphatase-mediated cleavage
of phosphorylcholine to choline and phosphate has been
well studied in the pathogen P. aeruginosa (Wargo et al.,
2009). The haemolytic PLC of P. aeruginosa was found to
be important for induction of pulmonary inflammation and
for virulence in different eukaryotic model systems (Wargo
et al., 2009). A. baumannii ATCC 19606 produces two
PLCs and three PLDs, the latter have been identified to
act in concerted manner as virulence factors (Stahl et al.,
2015). The same holds true for the PLCs from A.
baumannii ATCC 19606, such as PLC1 and PLC2 have
been identified to be involved in lysing of different host
cells (Fiester et al., 2016). Both, the PLCs and PLDs of A.
baumannii ATCC 19606 are suggested to play an impor-
tant role in adaptation to PC and SM rich membranous
environments during human host infection. Recently we
reported that A. baumannii ATCC 19606 can use PC as
sole carbon and energy source and among the PC cleav-
age products glycerol, fatty acids and choline only fatty
acids were found to serve as carbon and energy source
(Stahl et al., 2015). Here we report that resting cells grown
with PC as sole carbon and energy source exhibit choline-

dependent elevated ATP levels. This suggests that the
choline moiety of PC is liberated from PC thereby serving
as inducer of the choline oxidation pathway. We propose
that distinct phospholipases together with the osmo-
independent choline transporter and the choline oxidation
pathway are important for the gain of an energetic benefit
supporting adaptation to the human host. The role of the
different phospholipases in the gain of a choline-
dependent energetic benefit of A. baumannii will be
addressed in future studies.

Materials and methods

Bacterial strains and culture conditions

E. coli MKH13 was grown in LB medium (Bertani, 1951)
at 37�C with 100 μg/ml ampicillin. A. baumannii strains
were grown at 37�C in LB medium (Bertani, 1951) or in
mineral medium (MM) that consists of 50 mM phosphate
buffer, pH 6.8, and different salts (1 g NH4Cl, 580 mg
MgSO4 × 7 H2O, 100 mg KNO3, 67 mg CaCl2 × 2 H2O,
2 mg (NH4)6Mo7O24 × 4 H2O, 1 ml SL9 (per litre: 12.8 g
Titriplex, 2 g FeSO4 × 7 H2O, 190 mg CoCl2 × 6 H2O,
122 mg MnCl2 × 4 H2O, 70 mg ZnCl2, 36 mg
MoNa2O4 × 2 H2O, 24 mg NiCl2 × 6 H2O, 6 mg H3BO3,
2 mg CuCl2 × H2O per l medium; pH 6.5) (Tschech and
Pfennig, 1984) and 20 mM sodium acetate as carbon
source. Growth of A. baumannii under hyperosmotic con-
ditions was analysed in MM with 500 mM NaCl and in the
presence or absence of 1 mM choline or glycine betaine.
Kanamycin of 50 μg/ml was added when appropriate.
The growth experiments were repeated three times, and
one representative experiment is shown. Growth curves
were fitted manually and growth rates were determined
with GraphPad Prism 6.00 for Windows (GraphPad Soft-
ware, La Jolla, California, USA).

Markerless mutagenesis of A. baumannii ATCC 19606

To generate a markerless triple mutant Δaci01347/betT1/
betT2, 1500 bp upstream of betT1 and 1500 bp down-
stream of betT2 were amplified from A. baumannii ATCC
19606 genomic DNA (Primer pairs: Supporting Informa-
tion Table S1) and cloned in the multiple cloning site of
pBIISK_sacB/kanR (Stahl et al., 2015) using NotI and
PstI. The resulting plasmid was transformed in the ele-
ctrocompetent A. baumannii Δaci01347 mutant (Breisch
et al., 2018). For generation of electrocompetent cells, A.
baumannii strains were grown in LB medium, harvested
at OD600 = 0.45, washed four times in H2OMQ, and
resuspended in 10% glycerol. Electroporation was per-
formed at 2.5 kV, 200 Ω, and 25 μF. Transformants were
selected on LB agar containing 50 μg/ml kanamycin and
integrants were verified by PCR (Primer pairs: Supporting
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Information Table S1). Segregation was induced by
counter selection in LB with 10% sucrose for 18 h at
37�C and followed by plating on LB agar containing 10%
sucrose. Segregation was verified by plating onto
LB/kanamycin agar. Single colonies exhibiting kanamycin
sensitivity were verified by PCR (Primer pairs: Supporting
Information Table S1). A markerless quadruple mutant of
A. baumannii ATCC 19606 was generated by amplifica-
tion of 1500 bp up- and down-stream fragments of betU3
(Primer pairs: Supporting Information Table S1) and
cloned in the multiple cloning site of pBIISK_sacB/kanR
(Stahl et al., 2015) using NotI and PstI. The resulting
plasmid was transformed in the electrocompetent A.
baumannii Δaci01347/betT1/betT2 triple mutant and
integrants were verified via PCR and sequencing (Primer
pairs: Supporting Information Table S1). Segregation was
induced by counter selection in low salt LB (5 g/l NaCl,
10 g/l tryptone and 10 g/l yeast extract) containing 5%
sucrose to minimalize the osmotic stress and followed by
plating onto low salt LB agar containing 5% sucrose.
Segregants which had lost kanamycin resistance were
verified by PCR and sequencing (Primer pairs:
Supporting Information Table S1).

[14C]-choline and [14C]-glycine betaine uptake of
recombinant E. coli MKH13 strains

To study the biochemical features of the different BCCTs
the encoding genes were cloned into the expression vec-
tor pBAD/HisA and the plasmids were transformed into E.
coli MKH13. The strains producing His-BetT1, His-BetT2,
His-BetU1, His-BetU2 and His-BetU3 were cultivated at
37�C in LB medium containing ampicillin (100 μg/ml).
Gene expression was induced at OD600 of 0.6–0.8 by
adding 0.02% arabinose. After 2.5 h the cells were
harvested and washed with 25 mM KPi buffer (pH 7.5)
containing 100 mM NaCl and resuspended in the same
buffer containing 30 mM glucose to an OD600 of 3. For
uptake studies, cell suspensions were diluted 1:1
(OD600 = 1.5) with 25 mM KPi buffer (pH 7.5) containing
100 mM NaCl. KCl was used to adjust osmolalities of 0.2,
0.6 or 0.8 osmol/kg (OSMOMAT 3000; Gonotec GmbH,
Berlin, Germany). Cells were incubated for 5 min at 37�C
before the transport assays were started by the addition of
500 μM [14C]-substrate (1 μCi). Samples (200 μl) were
taken at indicated time points and the cells were separated
from the medium by filtration through nitrocellulose filters
(pore size: Ø = 0.45 μm) and washed with 20 volumes of
600 mM KPi buffer (pH 7.5). Filters were dried and dis-
solved in 8 ml scintillation solution (RotizintR eco plus;
Carl-Roth GmbH, Karlsruhe, Germany) and radioactivity
was determined by liquid scintillation counting.

For KM and Vmax determination, the concentrations of
[14C]-choline or [14C]-glycine betaine were varied. The

kinetic constants were plotted by Michaelis–Menten
curve fitting of the uptake rates versus the substrate con-
centrations with GraphPad Prism 6.00 for windows
(GraphPad Software, La Jolla, California, USA). For com-
petition experiments, 10 μM of [14C]-choline or [14C]-
glycine betaine and 500 μM of the given competitors
were used. Intracellular [14C]-choline or [14C]-glycine
betaine concentrations were analysed after 5 min of incu-
bation at 37�C.

Detection of intracellular ATP levels

A. baumannii strains were grown in MM for 16 h at 37�C
with 12 mM succinate as carbon source and in the pres-
ence or absence of 20 mM choline or for 40 h at 37�C
with 0.5% PC as carbon source. Cells were harvested,
washed in 1× PBS (2.7 mM KCl, 1.5 mM KH2PO4,
137.9 mM NaCl, 8.1 mM Na2HPO4) and resuspended in
the same buffer. The protein concentrations were deter-
mined by Schmidt et al. Ten-millilitre cell suspensions
(1 mg protein/ml) were preincubated for 10 min at 37�C.
ATP synthesis was induced by addition of choline to a
final concentration of 20 mM. At time points indicated
400 μl samples were taken and mixed with 150 μl chilled
3 M perchloric acid. After 10 min of incubation at 4�C
samples were neutralized with a saturated K2CO3 solu-
tion followed by the addition of 80 μl 400 mM TES buffer
(pH 7.6) and 1 ml H2O. After pelleting of the K2CO3 for
5 min at 17000 g and 4�C, 10 μl of the supernatant were
mixed with 300 μl of determination buffer (5 mM
Na2HAsO4, 4 mM MgSO4, 20 mM glycylglycine)
(Kimmich et al., 1975). ATP levels were determined by a
luciferin-luciferase test (20 μl luciferin-luciferase, Sigma-
Aldrich Chemie GmbH, Steinheim, Germany) via monitor-
ing the emitted light with a chemiluminometer (Junior LB
9509, Berthold Technologies, Bad Wildbach, Germany).

To analyse to effect of protonophores and ionophores
on choline-dependent ATP generation the cell suspen-
sions were preincubated for 10 min at 37�C in the pres-
ence of 30 μM TCS, 30 μM valinomycin and 0.2 M KCl,
300 μM DCCD, 300 μM DES or 30 μl 100% ethanol
before ATP synthesis was induced by choline.
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