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The filamentous, photosynthetic cyanobacterium Anabaena sp. PCC 7120 can be considered as a true multi-
cellular bacterium. Along the filament of cells, nitrogen fixation is spatially separated from the incompatible
process of oxygenic photosynthesis by the formation of specialized heterocysts in a semiregular pattern.
Heterocyst development involves many proteins, including a group of DevBCA-HgdD-like tripartite efflux pumps
driven by ATP-binding cassette (ABC) transporters and that share similarity with MacAB or LolCDE transporters.
In this minireview, we summarize the results from our studies of this group of transporters in Anabaena sp. PCC

7120 and discuss what remains to be elucidated.

1. Introduction

Cyanobacteria comprise an ancient, large, and morphologically di-
verse group of gram-negative bacteria. They were the first organisms to
evolve oxygenic photosynthesis on Earth, thereby creating the oxic
atmosphere (Adams and Duggan, 1999; Rippka et al., 1979). With their
relatively fast growth rate and ease of genetic manipulation, cyano-
bacteria are promising organisms for bioengineering and for creating
cell factories that use CO, to produce various useful chemicals, such
biofuels and bioplastics (Angermayr et al., 2015; Oliver et al., 2016).
However, these valuable photoautotrophs are also involved in processes
with negative consequences. For instance, they sometimes form toxic
blooms that influence ecosystems and consequently human health
(Huisman et al., 2018).

The freshwater cyanobacterium Anabaena sp. PCC 7120 (hereafter
Anabaena sp.) belongs to Section IV (filamentous, heterocystous cya-
nobacteria) according to the classification of (Rippka et al., 1979). This
prokaryotic model organism is used for studying nitrogen fixation and
cell differentiation.

Anabaena sp. forms non-branching filaments or trichomes composed
of several hundred cells (Fig. 1) (Rippka et al., 1979). When grown in
the presence of a combined nitrogen source, the trichomes consist
mostly of vegetative cells, but when combined nitrogen is lacking,
Anabaena sp. develops heterocysts that arise in the filaments in a semi-
regular pattern, every 10th to 20th cell. Heterocysts specialize in N,
fixation and transport N-assimilation products to the neighboring
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vegetative cells. In turn, they obtain sugars produced by photosynthesis
from the vegetative cells. Signaling molecules are transported along the
filament to ensure the pattern of heterocysts and a coordinated beha-
vior of this multicellular organism (Herrero et al., 2016). Molecule
exchange occurs via cell-cell joining multiprotein complexes, called
septal junctions, in the nanopores of the septal cell wall (Flores et al.,
2018a, 2016; Weiss et al., 2018).

Heterocysts provide the required microoxic environment for the
oxygen-sensitive No-fixing nitrogenase enzyme complex. This environ-
ment is formed during heterocyst development. Developing heterocysts
inactivate photosystem II and degrade antenna pigments, thereby de-
creasing oxygenic photosynthesis (Fig. 1). In specialized honeycomb
membranes at the poles of each heterocyst, oxygen-consuming re-
spiration is enhanced. Heterocysts also build an additional envelope
around the outer membrane comprised of two layers: an external het-
erocyst exopolysaccharide (hep) layer and an underlying heterocyst
glycolipid layer (hgl). The hgl layer is made of heterocyst-specific gly-
colipids (HGLs) and is gas-tight to restrict oxygen infiltration into the
heterocyst; the hep layer provides mechanical support for the hgl layer
[reviewed in (Adams and Duggan, 1999; Herrero et al., 2016; Kumar
et al.,, 2010; Maldener et al., 2014; Muro-Pastor and Hess, 2012;
Nicolaisen et al., 2009; Wolk et al., 1994)].

The complexity of the lifestyle of Anabaena sp., with the ability to
perform oxygenic photosynthesis, differentiate specialized cells, and fix
N,, demands a sophisticated cell envelope with various transporters for
the import and export of different molecules. A search of the Cyanobase
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Fig. 1. (A) Bright-field and (B) fluorescent micrographs of
Anabaena sp. PCC 7120 filaments of vegetative cells and hetero-
cysts. (A) Heterocysts (white arrowheads) are stained with Alcian
blue as described in Shvarev et al. (2018); (B) heterocysts (white
arrowheads) show no red autofluorescence, whereas vegetative
cells strongly autofluoresce owing to photosynthetic pigments.
Bar, 10 um (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this
article).
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Fig. 2. Organization of gene clusters homologous to devBCA in the genome of Anabaena sp.
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Fig. 3. Scheme showing the DevBCA-like ABC
transporters in Anabaena sp. and their putative
main functions. Blue, transporters essential for
drug resistance; violet, transporters essential
for heterocyst development and diazotrophic
growth; red, transporter possibly involved in
transfer of siderophores and iron metabolism;
gray, transporter of unknown function. MFP,
membrane fusion protein; TMD, transmem-
brane domain; NBD, nucleotide binding do-
main;?, interaction to HgdD has not been ex-
perimentally shown (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article).
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Table 1

Sequence similarity of DevA, DevB, and DevC
Anabaena sp. according to NCBI BLAST.

diazotrophic growth

to the respective homologs in

Homolog Coverage Identity Length (amino acids)
DevA

Al10807 93% 63% 231
Alr4282 92% 70% 276
Alr3649 91% 70% 249
Alr4975 89% 74% 225
DevB

All5347 95% 36% 399
Al10809 95% 33% 406
Alr4280 93% 40% 436
Alr3647 90% 41% 434
Alr4973 97% 41% 399
All2652 96% 34% 396
DevC

All5346 98% 49% 392
Al110808 99% 52% 388
Alr4281 99% 52% 395
Alr3648 99% 53% 388
Alr4974 99% 57% 385
All2651 98% 41% 393

genome server (http://genome.microbedb.jp/CyanoBase) reveals

around 200 genes in the genome of Anabaena sp. that are annotated as
being transporter associated; the vast majority belong to the super-
family of ATP-binding cassette (ABC) transporters (Shvarev and
Maldener, 2018). This superfamily is one of the largest protein families
and has been extensively reviewed (Davidson et al., 2008; Greene et al.,
2018; Higgins, 2001, 1992; Holland, 2011; Locher, 2016; Trowitzsch
and Tampé, 2018; Wilkens, 2015). Most ABC transporters are homo-
dimers, with each monomer consisting of a cytoplasmic nucleotide-
binding domain (NBD) and a transmembrane domain (TMD). These
domains can be located on one protein or on two separate proteins.
TMDs form the route for substrate transport through the cell membrane;
the conformational changes necessary for transport are enabled by ATP

)

hydrolysis in the NBD.

In bacteria, both ABC importers and exporters exist. They fulfill
various functions, e.g., nutrient uptake, secretion of cell envelope
components, and drug resistance. Some ABC exporters of gram-negative
bacteria interact with the outer membrane exit duct, such as the
Escherichia coli outer membrane protein TolC, via specific periplasmic
adaptor proteins, known as membrane fusion proteins (MFP), thereby
forming tripartite efflux pumps (Du et al., 2018). The homotrimer TolC
forms a B-barrel pore in the outer membrane and an a-barrel in the
periplasm and interacts with inner membrane transporters via various
MEFPs. These tripartite efflux pumps provide a channel for export of
different substrates across the gram-negative cell envelope, e.g., drugs
and proteinaceous toxins (Du et al., 2018; Greene et al., 2018;
Hinchliffe et al., 2013; Koronakis et al.,, 2004; Wandersman and
Delepelaire, 1990). In this minireview, we will discuss the existing
knowledge about a specific group of ABC transporters, namely the
DevBCA-HgdD-like tripartite efflux pumps, and their roles in the phy-
siology of Anabaena sp.

2. The role of the DevBCA-HgdD efflux pump in heterocyst
envelope formation in Anabaena sp.

Septal junctions are important for diazotrophic growth and mediate
molecule transport from cell to cell (Flores et al., 2018a, 2016; Weiss
et al., 2018). In addition, membrane transporters of Anabaena sp. are
also involved in heterocyst differentiation at different stages by trans-
ferring regulatory proteins and components of the heterocyst cell en-
velope (Flores et al., 2018a; Maldener et al., 2014; Shvarev and
Maldener, 2018). In our functional characterization of the ABC-trans-
porter-driven efflux pump DevBCA-HgdD (Fiedler et al.,, 1998;
Maldener et al., 1994; Staron et al., 2011), we identified the genes devB
(alr3710), devC (alr3711), and devA (alr3712) on one operon of the
Anabaena sp. genome. Mutants in any one of these genes do not grow
diazotrophically because they lack the hgl layer, and hence the main
protection against entry of oxygen into the heterocyst. However, the
mutants still synthesize the heterocyst envelope glycolipids and accu-
mulate them in the heterocysts (Fiedler et al., 1998; Maldener et al.,
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1994). The devB gene encodes an MFP, devC encodes a TMD, and devA
encodes the NBD of an ABC transporter (see below); therefore, we
speculated that these encoded proteins form an ABC transporter efflux
pump that is involved in the transport of HGLs beyond the outer
membrane. In line with mutant phenotypes and protein sequence si-
milarities, the devBCA operon is expressed during heterocyst formation
under control of the transcriptional factor NtcA, which binds to the
devBCA promoter in vitro (Fiedler et al., 2001; Staron et al., 2011). This
DNA binding protein is the cyanobacterial global nitrogen regulator and
activates several genes that are essential for heterocyst differentiation
(Flores et al., 2018b).

To transfer glycolipids through the gram-negative cell wall, DevBCA
has to interact via its MFP (DevB) with an outer membrane pore. This
pore is formed by the HgdD protein encoded by the gene alr2887; HgdD
is a homolog of the E. coli TolC protein (Maldener et al., 2003; Moslavac
et al., 2007). The Anabaena sp. hgdD mutant, like devB, devC, and devA
mutants, does not form the hgl layer and hence cannot grow diazo-
trophically (Moslavac et al., 2007). In other bacterial tripartite efflux
pumps, TolC-like proteins interact with MFPs via tip-to-tip connections
between periplasm-directed loops of the TolC a-barrel and the a-helical
hairpin domains of the MFP (Daury et al., 2016; Du et al., 2014;
Fitzpatrick et al., 2017; Jeong et al., 2016; Xu et al., 2011). Similarly,
we showed in protein—protein interaction studies that binding between
the tip regions of DevB and HgdD proteins is essential for the activity of
the secretion system (Staron et al., 2014). The best tested substrate for
the DevBCA-HgdD transporter in vitro is purified HGLs, which confirms
our hypothesis that DevBCA-HgdD is an HGL exporter of heterocysts
(Staron et al., 2011). Many tripartite efflux pumps are also involved in
multidrug resistance. As the growth of a devA mutant was not affected
by a typical substrate of multidrug efflux pumps, i.e., ethidium bromide
(Shvarev et al., 2018), DevBCA has a very particular function and an
unusual substrate specificity.

To take a closer look at the structure and composition of this specific
transporter complex, we searched for protein homology and predicted
protein structures using the HHpred server [(Zimmermann et al., 2018),
https://toolkit.tuebingen.mpg.de/# /tools/hhpred]. The sequences of
the DevBCA complex subunits showed similarity to sequences of var-
ious subunits of tripartite efflux pumps. For instance, the DevB amino
acid sequence [474 amino acids (aa)] is 98% homologous almost
throughout its full length to sequences of various MFPs, such as that of
the EmrA, MacA, AcrA, and MexA subunits of the multidrug transpor-
ters and of the MFP HIyD of the hemolysin exporter. The DevC amino
acid sequence (385 aa) is highly homologous (> 98%) to that of MacB
and the TMDs LolE and LolC of the lipoprotein exporter. The DevA
amino acid sequence (244 aa) is highly similar to that of NBDs of ABC
transporters, including LolD and MacB. The sequence of an in silico
chimeric DevA-DevC protein is highly homologous (probability 100%
according to HHpred) to that of the MacB protein, which hosts the NBD
and TMD on one peptide (Greene et al., 2018). The homology to these
various secretion systems also reflects the unique and specific role of
DevBCA-HgdD, which does not belong to one specific export system for
drugs, peptides, or lipoproteins, but instead to a new class of glycolipid
transporters. Even though DevBCA-HgdD is similar to tripartite multi-
drug efflux pumps, it is not involved in drug resistance.

The heterocyst-specific efflux pump of Anabaena sp. is noteworthy
also because of the size of its MFP (DevB); the periplasm-directed a-
helical hairpin domain of ca. 230 aa [according to the prediction of the
sequence-based trans-membrane domain prediction MINNOU online
tool (Cao et al., 2006), http://minnou.cchmc.org/] is considerably
longer than that of E. coli MFPs (70-190 aa according to MINNOU). This
longer length could be explained by the much larger distance between
the outer and cytoplasmic membranes of ca. 46 nm and the thickness of
the peptidoglycan layer of ca. 14 nm in Anabaena sp. (Hoiczyk and
Hansel, 2000; Wilk et al., 2011), compared to the ca. 15-20 nm distance
and ca. 7 nm thickness in E. coli (Hobot et al., 1984; Matias et al., 2003).
The periplasmic part of DevB of Anabaena sp. must traverse this
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distance to connect to the tip of the HgdD protein, and the longer length
might also be required to cross the heterocyst cell wall.

Interestingly, among all cyanobacterial genomes examined, only the
hgdD gene product of heterocyst-forming cyanobacteria has an amino-
terminal extension of approximately 300 amino acids compared to TolC
from E. coli. According to the HHpred server, this extension shares si-
milarity with the AMIN domain [PF11741; (de Souza et al., 2008)],
which is present in several bacterial periplasmic proteins. The AMIN-
like domain could mediate targeting of HgdD to a specific region in the
cell envelope. Like TolC in E. coli, HgdD is a versatile protein. Except for
its role in heterocyst development, it participates in multidrug re-
sistance and in protein and siderophore transport (Hahn et al., 2015,
2013, 2012; Nicolaisen et al., 2010). HgdD homologs in other cyano-
bacteria also have similar functions (Goncalves et al., 2018; Maeda
et al., 2018; Oliveira et al., 2016).

3. Function of DevBCA homologs in Anabaena sp.

According to the Cyanobase server, Anabaena sp. carries six addi-
tional gene clusters coding for transporters homologous to DevBCA
(Figs. 2 and 3; Table 1). This number differs in other cyanobacterial
species. For instance, the filamentous Nostoc sp. PCC 7524 has nine
such clusters, and the unicellular Synechocystis sp. PCC 6803 has only
one such gene cluster.

One of the transporters of Anabaena sp. that is similar to DevBCA is
composed of the proteins All0809, All0808, and All0807 (Table 1,
Fig. 2) (Staron and Maldener, 2012). Mutants in any of the genes of the
cluster cannot grow diazotrophically, even though they form mature
heterocysts. in vitro experiments have shown that the HGLs are not a
substrate of this pump, and the specific substrate has not yet been
identified. Since the MFP All0809 interacts with HgdD and All0808/
All0807 in vitro, this transporter probably forms an efflux pump similar
to DevBCA-HgdD (Staron and Maldener, 2012). However, its precise
function is unknown, and the genes of this cluster are down-regulated
soon after the removal of a combined nitrogen source. The pump might
function in the periplasmic space of the vegetative cells of the filaments.

Another DevB-like MFP and a DevC-like TMD are encoded by the
clustered genes hgdB (all5346) and hgdC (all5347), respectively
(Table 1). Interestingly, the ATPase gene (devA homolog) is replaced by
the gene hgdA, which encodes a UDP-galactose 4-epimerase. HgdB,
HgdC, and HgdA are essential for the diazotrophic growth of Anabaena
sp. (Fan et al., 2005; Shvarev et al., 2019, 2018). The hgdB and hgdA
genes are up-regulated after removal of combined nitrogen in the late
stage of heterocyst differentiation; moreover, proteins HgdC and HgdA
are localized specifically to heterocysts (to the cell envelope and cyto-
plasm, respectively). hgdB and hgdA mutants cannot grow without a
combined nitrogen source because they form heterocysts with an
aberrant hgl layer that does not protect nitrogenase from oxygen (Fan
et al., 2005; Shvarev et al., 2019, 2018). The ratio between two major
forms of HGLs in this heterocyst envelope significantly differs from that
of the wild type, which indicates that a correct proportion of the two
components is essential for the proper function as an oxygen barrier
(Shvarev et al., 2019, 2018). Moreover, the DevB-homolog HgdB in-
teracts with HgdD; therefore, HgdBC-HgdD is probably another tri-
partite efflux pump driven by an ATPase encoded by a gene outside the
cluster (Shvarev et al., 2018). This ABC exporter plays a role in a later
stage of heterocyst differentiation and hgl layer formation and is pre-
sumably involved in fine-tuning the composition of the hgl layer. The
substrate of the HgdBC transporter has not yet been identified, but it
could be a protein involved in laminated layer formation or one specific
HGL. The epimerase HgdA might play a role in the synthesis of different
HGL forms, which then are transported by HgdBC (Shvarev et al.,
2019).

To date, little is known about the function of the other four gene
clusters homologous to devBCA in Anabaena sp., namely alr3647/
alr3648/alr3649, alr4280/alr4281/alr4282, all2652/all2651/all2650,
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and alr4973/alr4974/alr4975 (Table 1). These gene clusters are not
important for diazotrophic growth of Anabaena sp. (Staron, 2012).
There is evidence that the gene clusters alr3647/alr3648/alr3649 and
alr4280/alr4281/alr4282 contribute to antibiotic resistance and re-
present multidrug efflux pumps (Shvarev and Maldener, unpublished).

The gene cluster all2652/all2651/all2650 is located close to a group
of genes responsible for the synthesis of siderophores (Jeanjean et al.,
2008). Therefore, it might be involved in siderophore transport. In
addition to the TMD All2651, a second TMD is fused to the ATPase
domain on All2650. As predicted, All2650 forms six transmembrane
helices, while the DevC-homologs form only four. It is still not clear
whether the All2652/A112651/A112650 proteins comprise a single
transporter, or whether All2652/A112651 recruits another NBD, while
Al12650 fulfills a separate function.

4. Conclusions

The complex physiology and multicellular lifestyle of Anabaena sp.
PCC 7120 requires a number of sophisticated transport machineries of
different types, with a prevalence of ABC transporters. ABC-transporter-
driven tripartite efflux pumps play crucial roles in the Anabaena sp. life
cycle. These pumps are essential for heterocyst development, antibiotic
resistance, and probably other aspects of growth (Fig. 3). Despite their
very similar predicted topology, their functions and substrates differ
and are specific. Further investigation of these efflux pumps will elu-
cidate unknown details of the functions and biology of ABC transpor-
ters. Such a basic understanding is of great importance considering the
various clinical problems related to ABC transporters, such as the
multiple drug resistance of pathogenic bacteria and cancer cells.
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