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Background: The RND efflux transporters of cyanobacteria are largely unknown.
Results: Six RNDs with different functionality and mutant phenotypes exist in Anabaena sp.
Conclusion: Antibiotic export involves a single AcrB-like RND protein.
Significance: The diversity of the RND function in cyanobacteria is initially dissected.

The TolC-like protein HgdD of the filamentous, heterocyst-
forming cyanobacteriumAnabaena sp. PCC 7120 is part ofmulti-
ple three-component “AB-D” systems spanning the inner and
outer membranes and is involved in secretion of various com-
pounds, including lipids, metabolites, antibiotics, and proteins.
Several components of HgdD-dependent tripartite transport sys-
tems have been identified, but the diversity of inner membrane
energizing systems is still unknown.Herewe identified sixputative
resistance-nodulation-cell division (RND) type factors. Four of
them are expressed during late exponential and stationary growth
phase under normal growth conditions, whereas the other two are
inducedupon incubationwith erythromycinor ethidiumbromide.
The constitutively expressed RND component Alr4267 has an
atypical predicted topology, and amutant strain (I-alr4267) shows
a reduction in the content of monogalactosyldiacylglycerol as well
as an altered filament shape. An insertion mutant of the ethidium
bromide-induced all7631 did not show any significant phenotypic
alteration under the conditions tested. Mutants of the constitu-
tively expressed all3143 and alr1656 exhibited a Fox� phenotype.
The phenotype of the insertion mutant I-all3143 parallels that of
the I-hgdDmutant with respect to antibiotic sensitivity, lipid pro-
file, and ethidium efflux. In addition, expression of the RNDgenes
all3143 and all3144 partially complements the capability of Esch-
erichia coli �acrAB to transport ethidium. We postulate that the
RNDtransporterAll3143and thepredictedmembrane fusionpro-
tein All3144, as homologs of E. coli AcrB and AcrA, respectively,
are major players for antibiotic resistance in Anabaena sp. PCC
7120.

TolC (tolerance to colicin E1) is a versatile outer membrane
protein involved in the secretion of numerous substances
across the cell wall of Gram-negative bacteria (1–3). Among
these substances are proteins (4), antibiotics (2, 5), sidero-
phores (6–8), and lipids, which in the case of some cyanobac-
teria are required for the formation of the heterocyst-specific
cell wall (e.g. see Ref. 9). To perform these functions, TolC is
part of three different secretion systems. (i) TolC complexes
with different inner membrane ABC2 transporters involved in
the secretion of protein toxins to form the type I secretion sys-
tem (e.g. see Ref. 10). (ii) TolC was found to be part of cation
efflux pumps for extrusion of toxic metal ions (e.g. see Ref. 11).
However, in the best understood system (iii), TolC is the outer
membrane factor for different superfamilies ofmultidrug efflux
pumps, such as the resistance-nodulation-cell division type
(RND), ABC transporter superfamily, or the major facilitator
superfamily (MFS) (Fig. 1) (e.g. see Refs. 12 and 13). The best
described system is the tripartite multidrug efflux complex
AcrAB (acriflavine resistance protein A and B)-TolC in Esche-
richia coli. The inner membrane transporter confers substrate
specificity and recruits TolC upon substrate binding. The con-
tact between TolC and the inner membrane transporter is
established by adaptor proteins of theHlyD (hemolysinD) fam-
ily, also called membrane fusion proteins (MFPs) (4), which
stabilize the transient complex and are usually encoded in an
operon together with their corresponding inner membrane
transporter. After substrate secretion, TolC dissociates from
the complex and can be utilized by other transporter systems
(e.g. see Ref. 14). However, although a solid description of the
TolC-involving complexes has been obtained, it is still not clear
how specific TolC recruitment is regulated. The currently
favored model suggests that complex formation is triggered by
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substrate availability in the cytoplasm or periplasm via the
transporter or MFP components (15, 16).
Although global models are proposed for the function of

TolC in Gram-negative bacteria, remarkably little is known
about these systems in cyanobacteria even with respect to the
molecular nature of the components involved. Only recently,
the TolC homolog of Anabaena sp. PCC 7120 (hereafter
referred to asAnabaena sp.) has been identified experimentally
(5, 7, 9, 17). Anabaena sp. is a filamentous, heterocyst-forming
cyanobacterium (18, 19). The mutant of the TolC-like gene
hgdD (heterocyst glycolipid deposition protein D; alr2887) is
impaired in heterocyst development. Based on the compa-
rable phenotype of mutants of hgdD (9) and of the ABC ex-
porter DevBCA (alr3170–alr3172) (20), it was proposed that
DevBCA-HgdD is responsible for heterocyst glycolipid (HGL)
secretion (9, 17). Furthermore, the mutant of hgdD is impaired
in secretion of hydroxamate-type siderophores (7), and initial
results suggest that HgdD might also be involved in protein
secretion (9). Recently, it could be demonstrated that HgdD is
equally essential for secretion of themacrolide antibiotic eryth-
romycin and the fluorescent dye ethidium (5). However, not
much is known about other transporter components involved
in the HgdD-dependent transport process.
In addition to the HgdD system, twoMFS-type transporters,

SchE (schizokinen exporter; All4025), whichwas recently char-
acterized to be essential for schizokinen export (7), and SmsA
(secondarymetabolite secretion protein A; All2215), have been
described as plasma membrane-localized factors involved in
secondary metabolite secretion, most likely acting in concert
with the HgdD-dependent metabolite secretion system (5).
Here we describe the RND protein family network of

Anabaena sp. and discuss their relation to the only TolC-like
protein found in this cyanobacterium and the identified MFPs.
We analyzed their regulation and involvement in antibiotic
resistance as well as the homeostasis of photosystems during
fixation of atmospheric nitrogen. Moreover, we present evi-
dence leading to the proposal that All3143 is the major RND
component responsible for multidrug efflux in Anabaena sp.
We propose its annotation as AcrB, especially because All3143
is able to partially complement the E. coli �acrBmutant.

EXPERIMENTAL PROCEDURES

Homology Search for RND Family Proteins—Uniprot IDs
assigned to the RND family proteins or HlyD family proteins

were downloaded from PFAM (ACR_tran, PF00873; HlyD,
PF00529;HlyD_2, PF12700; version 25.0) by a Python script using
Biopython. Sequences and taxonomy information were down-
loaded from UniProt, and bacterial sequences were selected for
further processing. Redundant sequences were removed with cd-
hit (21). The remaining 7,901 RND and 12,918 HlyD sequences
were clusteredwithCLANS (22, 23). Sequences from functionally
characterized RND family proteins were assigned (protein name
followed by UniProt ID): CnrA (CNRA_RALME), AcrB (ACRB_
ECOLI), CusA (CUSA_ECOLI), CzcA (B1J3Z9_PSEPW), AcrF
(ACRF_ECOLI), AcrD (ACRD_ECOLI), ArpB (ARPB_PSEPU),
TtgB (TTGB_PSEPU), MdtB (multidrug tolerance B)/YegN
(MDTB_ECOLI), MdtF/YhiV (MDTF_ECOLI), MdtC (MDTC_
ECOLI),MexB (MEXB_PSEAE),MexD (Q9HVI9_PSEAE),MexF
(multidrug efflux transporter F) (Q9I0Y8_PSEAE), MexI
(Q9HWH4_PSEAE), EmhB (Q6V6X8_PSEFL), EefB (Q8GC83_
ENTAE). Sequences from functionally characterized HlyD family
proteins were assigned: AcrA (ACRA_ECOLI), MexA (MEXA_
PSEAE), MexC (Q51395_PSEAE), MexE (B7V862_PSEA8),
MdtA (MDTA_ECO8A), EefA (B5XTA5_KLEP3), EmhA
(C1KA84_PSEFL), HlyD (HLYDC_ECOLX), EmrA (EMRA_
ECOLI).
Generation of Anabaena sp. Mutants—Anabaena sp. PCC

7120 and several mutant derivatives used in this work are listed
in Table 1. For generation of single recombinant insertion
mutants, an internal fragment of the coding region was ampli-
fied by PCR on genomic DNA (oligonucleotides listed in Table
2) introducing BglII restriction sites for cloning of the products
into pCSV3 (24) containing a SpR/SmR gene cassette yielding
the required plasmids for generation of single recombinant
mutants (Table 3). Plasmids were transferred from E. coli to
Anabaena sp. by conjugations as described (25).
E. coli Strains and Generation of Deletion Mutants—E. coli

BW25113 (26) and chromosomal deletion derivatives used
in this work are listed in Table 1. E. coli knockouts
BW25113�acrAB and BW25113�tolC were constructed
according to Ref. 27. E. coli BW25113�tolC was generated by
PCR-mediated gene replacement (27), introducing the kana-
mycin resistance cassette using primers listed in Table 2. E. coli
BW25113�acrAB was created by P1 phage transduction (28)
with P1 phage prepared from E. coli MC4100�acrAB::Kan
strain. Subsequently, plasmid pCP20 was used to eliminate the

TABLE 1
Anabaena sp. and Escherichia coli strains used in this study
Sp, spectinomycin; Sm, streptomycin; Cm, chloramphenicol; gi*�, gene interruption; co*�, complementation.

Strain Resistance Genotype Relevant properties Souce/Ref.

Anabaena sp. PCC 7120 Wild type
CSR10 SpR/SmR alr4167::SpRSmR gi* by plasmid pCSV3 derivative Ref. 57
AFS-I-alr2887 SpR/SmR alr2887::SpRSmR gi* by plasmid pCSV3 derivative Ref. 9
AFS-I-alr1656 SpR/SmR alr1656::SpRSmR gi* by plasmid pCSV3 derivative This study
AFS-I-all3143 SpR/SmR all3143::SpRSmR gi* by plasmid pCSV3 derivative This study
AFS-I-alr4267 SpR/SmR alr4267::SpRSmR gi* by plasmid pCSV3 derivative This study
AFS-I-all7631 SpR/SmR all7631::SpRSmR gi* by plasmid pCSV3 derivative This study
E.coli BW 25113 Wild type This study
E.coli BW 25113�tolC CmR �tolC/pGR50 Deletion of tolC This study
E. coli BW 25113�acrAB CmR �acrAB/pGR50 Deletion of acrA and acrB This study
E. coli BW 25113�tolC-tolC CmR �tolC/ptet:tolC co* of �tolC with tolC This study
E. coli BW 25113�tolC-hgdD CmR �tolC/ptet:hgdD co* of �tolC with hgdD This study
E. coli BW 25113�acrAB-acrABHis CmR �acrAB/ptet:acrABHis co* of �acrAB with acrAB This study
E. coli BW 25113�acrAB-all3144–3143 CmR �acrAB/ptet:all3144-all3143 co* of �acrAB with all3143-all3144 This study
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kanamycin resistance cassette from the generated deletion
mutants. Deletions in the resultingmutants were verified by PCR.
Growth of Cyanobacteria—Anabaena sp. wild type and

mutants were grown photoautotrophically at 30 °C in BG11
medium (29) with or without (in the case of BG110) 17.6 mM

NaNO3, without the source of iron (no ferric ammonium cit-
rate added; BG11�Fe). Mutant strains were grown in the pres-
ence of 6 �g ml�1 streptomycin and 6 �g ml�1 spectinomycin.
The growth of the strains was analyzed by Equation 1,

ln� x/xo� � c/�c � t� � kmut � t � t/�c � t� � kwt � t

(Eq. 1)

For analysis of growth on plates, Anabaena sp. was grown in
liquid medium to early exponential phase (2–3 days), and con-
centration was adjusted to OD750 � 1. Five �l of 1:1, 1:10, and
1:100 dilutions were spotted on plates and incubated under the
indicated growth conditions. After 7 days, the 1:10 dilution was
used for representation.
Genomic DNA and RNA Isolation—Isolation of genomic

DNA,manipulation of plasmidDNA, PCRwith theTripleMas-
ter PCR System (Eppendorf), and isolation of DNA from

Anabaena sp. have been described previously (5, 7, 30). RNA
was isolated from cells of a 25-ml culture at OD750 � 1. Cells
were collected by centrifugation (5min, 3200� g) and frozen in
liquid nitrogen. For isolation of total RNA, 1 ml of TRIzol�
(Invitrogen) was used. Isolation was performed according
to the manufacturer’s instructions, and residual DNA was
removed by digestion with RNase-free DNase (5). cDNA was
synthesized using 1–2 �g of total RNA and RevertAid tran-
scriptase (Thermo Scientific) with random hexamer primers
according to the manufacturer’s instructions.
Chlorophyll, Phycocyanin, and Lipid Analysis—For chloro-

phyll a and phycocyanin determination from whole cells,
Anabaena sp. was grown in liquid BG11medium to early expo-
nential growth phase (2–3 days). To obtain comparable results,
culture density was adjusted to OD750 � 1 prior to measure-
ment. Chlorophyll a and phycocyanin content of whole cells
was determined as described (31, 32). Lipid analysis was per-
formed as described previously (9).
Microscopic Analysis—Microscopic analysis was performed

using a Zeiss Axiophot microscope (Zeiss) with a �63/1.4
numerical aperture plan. Counting of cells and surface estima-

TABLE 2
Primers used for cloning

Primer name Oligonucleotide sequence

SR1656_F AGATCTCCATTGAGGTTAACCC
SR1656_R AGATCTCAGAGGTAAAGCAGAACC
SR3143_F AGATCTCGGTGACAAATATCTTGG
SR3143_R AGATCTGGCAAATTCCGTTGCTTCGG
SR4267_F AGATCTCTGCGTTCTTTAGAAGG
SR4267_R AGATCTGGACAAGATGATCGCC
SR7631_F AGATCTGCTCCGCCTCAAGTTG
SR7631_R AGATCTGTTATTGCAGATTTACC
1656_S1F GTCGAGCAGTTTGGTACC
1656_S1R CCAAGGCAATAATCAGACC
3143_S1F GCAATCAGTATACCTACGC
3143_S1R GTAGGGAATATCCCTATACC
4267_S1F CCTCTGAAAACTGCCGTG
4267_S1R GCAAGGATGTAGGAATAGC
7631_S1F GTTGGATAGTTGTGCTAGG
7631_S1R CATTCAAACTGCCATCGCC
2887_F GGTACCAGGAGGCATCATGTGAAAGGACAACACTTATTC
2887_R CTCGAGCTACCGACTACTGACTAC
3144_F GGTACCAGGAGGCATCATATGTCATCCTCTGAGCCTCAAAC
3143_R CTCGAGCCTCTGCCTCATCTATGACTAG
AcrA_F CTCGAGAGGAGGCATCATATGAACAAAAACAGAGGG
AcrBHIS_R CTCGAGTCAGTGATGGTGATGGTGATGTCCACCGCCTCCATGATGATCGACAGTATGG
AcrA_R AACGGATCCTGTTTAAGTTAAGACTTGG
3143_F2 ATATGGATCCATTCCCCAATGTTTGTTGAC
3143_R2 ATATGTCGACTCATCTATGACTAGTTG
pGRF ATATGTCGACATGGAAGCCGGCGGCACC
tolCdeletion _F AATTTTACAGTTTGATCGCGCTAAATACTGCTTCACCACAAGGAATGCAAGTGTAGGCTGGAGCTGCTTC
tolCdeletion _R ATCTTTACGTTGCCTTACGTTCAGACGGGGCCGAAGCCCCGTCGTCGTCAATTCCGGGGATCCGTCGACC

TABLE 3
Plasmids used in this study
Ap, ampicilin; Sp, spectinomycin; Sm, streptomycin; Cm, chloramphenicol.

Plasmid Marker Properties Source/Ref.

pCSV3 SpR/SmR pRL500 with substituted ApR gene Ref. 79
pALH12 SpR/SmR Internal fragment of alr1656 was cloned in pCSV3 via BamHI This study
pALH13 SpR/SmR Internal fragment of all3143 was cloned in pCSV3 via BamHI This study
pALH14 SpR/SmR Internal fragment of alr4267 was cloned in pCSV3 via BamHI This study
pALH15 SpR/SmR Internal fragment of all7631 was cloned in pCSV3 via BamHI This study
pGR50 CmR tet promoter, CmR Ref. 80
pGR-TolC CmR This study
pGR-HgdD CmR This study
pGR-All3144-All3143 CmR This study
pGR-AcrABHIS CmR This study
pGR-AcrA-All3143 CmR This study
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tion for rate calculation were performed as described previ-
ously (see Ref. 5).
Ethidium Uptake Measurement by DNA Intercalation—The

Intercalation of ethidium into endogenous nucleic acids after
uptake was monitored by the increase of fluorescence, as
described previously (5). Data points were taken every minute
for 30 min (excitation, 316 nm; emission, 620 nm (Tecan Infi-
nite 200, CH)). For protonophore treatment with carbonyl cya-
nide m-chlorophenylhydrazone (CCCP), CCCP (in DMSO)
was added to a final concentration of 200 �M to an E. coli cell
suspension. Cells were incubated for 10 min at room tempera-
ture prior to measurement. Results were analyzed by a least
squares fit analysis (Sigma Plot) as described (5).

RESULTS

Bioinformatic Identification of Putative TolC Partners—The
function of TolC depends on transporters of the cytoplasmic
membrane energizing the secretion event (Fig. 1A). To identify
such transporters in cyanobacteria, we performed a global
search for RND-like efflux pumps in Gram-negative bacteria,
including Anabaena sp. The results were clustered to assign
putative functions to identified genes (e.g. see Ref. 23).
We used different template sequences to search for RND

homologs (Fig. 1B), including AcrB, AcrD, AcrF, ArpB, EmhB,
EefB, MexB, MexD, MexI, MexF, MdtF/YhiV, and TtgB (33–
43) of the RND multidrug efflux family HAE-1; the copper
transporter CusA (44); the nickel and cobalt exporter CnrA
(45); the zinc, cadmium, and lead exporter CzcA (46); and
MdtB/YegN and MdtC (47).
In the set of 7,901 sequences, we identified eight sequences

from Anabaena sp. To assign the individual sequences to the
various known RND protein families, we have chosen the
CLANS representation (22, 23), where each spot represents an
individual sequence and the distance between two spots is a
reflection of the similarity of the corresponding sequences. This
allows the visualization of clusters of similar sequences. We
focused on the assignment of sequences to experimentally con-
firmed sequences, and the clusters containing such sequences
are highlighted by circles with different colors (Fig. 1, B and C).

The two proteins encoded by all7618 and all7631 were pre-
viously suggested to belong to the copper transport system (7).
Here we observed that these two genes cluster with sequences
coding for metal transporters of the CnrA and CzcM family
(Fig. 1B, violet). Whereas three sequences (Alr1656, Alr4267,
and Alr5294) could not be assigned to any cluster with known
function, one sequence (All3143) clusters with genes of the
MexF family.
RNDs generally consist of 12 transmembrane helices

(TMHs). Two extended periplasmic loops (betweenTMH1 and
-2 and TMH7 and -8) serve as drug binding or transport mod-
ules and as a TolC docking domain and split the transmem-
brane domains in three clusters: one TMH at the N terminus,
six TMHs in the center of the protein, and five at theC terminus
(e.g. see Refs. 2, 33, and 48). As a consequence of the even num-
ber of TMHs, the N and C terminus are both localized in the
cytoplasm. All7617 and Asr3133 are indeed similar to the C
terminus of All7618, but, with 138 and 91 amino acids, respec-

tively, they are too short to represent a full-length RND-type
protein. Thus, they were excluded from further analysis.
In addition, taking the deposited coding region ofAlr4267 for

prediction of transmembrane regions, we realized an excep-
tional domain organization, because TMH1 could not be pre-
dicted (Fig. 2A). However, careful analysis of the genomic con-
text shows an upstream start codon. Using this codon results in
a prolonged amino acid sequence at the N terminus, and an

FIGURE 1. Identification of RND and HlyD family proteins of Anabaena sp.
PCC 7120. A, a general model of the detoxification efflux pathway in Gram-
negative bacteria. Small cytotoxic substances can cross the outer membrane
(OM), often facilitated by porins, and accumulate in the periplasm (PP). Upon
accumulation in the periplasm, cytotoxic substances can cross the plasma
membrane (PM) and enter the cytosol (CYT). Single-component inner mem-
brane transporters (MFS- and SMR-type) catalyze the electrochemical gradi-
ent-dependent clearing of the cytoplasm by transporting cytotoxins across
the inner membrane into the periplasm, from which these can be extruded
across the outer membrane in a RND- and TolC-dependent manner. (Rate
constants are indicated; for explanation, see Table 5.) A clustering of the RND
(B) or the HlyD (C) family proteins was created with CLANS. Each dot repre-
sents a protein. The proteins are grouped by their pairwise sequence similar-
ity determined by all-versus-all BLASTs. The filled red circles highlight proteins
with experimentally determined functions. The filled green circles highlight
seven proteins of the Anabaena sp. proteome that cluster with RND trans-
porters (B) and 22 that cluster with HlyD family proteins (C) (Table 4). The
large, empty circles mark those clusters that contain experimentally character-
ized proteins. The colors of these circles correspond to the font colors of the
RND (B) and HlyD (C) family transporter names given below the respective
clustering.
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additional TMH becomes predictable (Fig. 2B). Thus, Alr4267
has a topology expected for RND, and consequently, we assume
that six RND-like proteins are encoded by the genome of
Anabaena sp.
We used a similar approach to identify membrane fusion

proteins linking the plasma membrane-localized transporter
withTolC (e.g. see Ref. 4) (Fig. 1C). As bait for functional assign-
ment, we used the HlyD family proteins EmrA, MdtA, MexE,
AcrA, EefA, EmhA, MexA, MexC, and HlyD (37, 49–56).
Among 12,918 sequences from Gram-negative bacteria, we
obtained sequences of 22 Anabaena sp. proteins. Except for
All5304, all identified HlyD family proteins are in direct
genomic proximity to either an identified RND-like efflux
pump or a putative ABC transporter (Table 4). Only six
sequences (All7314, Alr1200, Alr2675, Alr4240, Alr5148, and
Alr5304) cluster with the HlyD sequence from selected baits
(Fig. 1C), which might be the first indication of their function.
Expression of Genes Coding for Putative RND-type Proteins—

To obtain a first insight into the possible role of the RND-type
factors, we analyzed their expression during progressing growth
with respect to the expression of hgdD by RT-PCR (Fig. 3A). The
constitutively expressed RNase P subunit B (rnpB; Fig. 3A) was
used to normalize for total RNA content. In contrast to hgdD, no
transcript of any RND was detected during early growth. During
increase of culture density, the transcripts of alr1656, all3143,
alr4267, and alr5294 became detectable at a similar level, whereas
the expression of hgdD remained constant.
Proteins of the RND family are typically involved in multi-

drug efflux. In addition, HgdD has been found to be indispen-
sable for efflux of erythromycin, ethidium, and siderophores (5,
7). Thus, we analyzed the expression of the identified RNDs
during exponential growth after the removal of iron from the
medium or after the addition of erythromycin and ethidium
bromide (Fig. 3). Remarkably, alr5294 is repressed in the
absence of iron or in the presence of ethidium bromide. Fur-
thermore, all7618 is induced by the addition of either erythro-

FIGURE 2. Secondary structure prediction of Alr4267. A, the amino acid
sequence generated by in silico translation from the upstream ATG (green)
and from the start codon according to the annotated reading frame of
alr4256 (red). B, the amino acid sequence of Alr4267 as deposited at
CyanoBase (78) was used for prediction of TMHs using TMHMM (dashed
red line). The amino acid sequence translated from the alternative start
codon as shown in A yields the highly conserved transmembrane organi-
zation of RND family transporter (green line). The number of the proposed
TMH is given. Note that the score for the second predicted TMH at the N
terminus is below threshold.

TABLE 4
The family of MFPs in Anabaena sp.

MFP Upstream/downstream gene

RND
1 Alr1655 alr1656
2 All3144 all3143
3 Alr5293 alr5294
4 All7619 all7618
5 All7632 all7631

ABC
6 Alr0445 alr0446 (putative ABC transporter) alr0447 (ATP-binding protein)
7 Alr0451 alr0452 (putative ABC transporter)
8 All0809 al0808 (devC homolog) all0807 (ATP-binding protein )
9 Alr1200 alr1201 (ATP-binding protein)
10 Alr1501 alr1502 (putative ABC transporter)
11 Alr1505 alr1506 (ATP-binding protein/permease) alr1507 (ATP-binding protein)
12 All2652 all2651 (putative ABC transporter) all2650 (ATP-binding protein)
13 All2675 all2676 (ATP-binding protein)
14 Alr3710 devB devA
15 Alr4240 alr4239 (ATP-binding protein)
16 Alr4280 alr4281 (devC homolog) alr4282 (putative ABC transporter)
17 Alr4973 alr4973 (devC homolog) alr4974 (DevA homolog)
18 Alr5148 alr5147 (ATP-binding protein)
19 Alr5347 hgdC hgdA
20 All7314 all7315 (HlyB-like ABC transporter)

None
21 All5304
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mycin or ethidium bromide, whereas all7631 is specifically
induced by the addition of ethidium bromide. Thus, in contrast
to earlier observations (7), we found that the CusB homologs
All7618 and All7631 are expressed as a response to stress treat-
ment. The difference in transcript abundance might suggest
that the CusA and CusB homologs of Anabaena sp. are not

expressed as an operon and that the recruitment of HgdD for
the formation of the tripartite secretion channel for metal extru-
sion is tightly regulated by the presence of the membrane fusion
proteinhomologbutnot the effluxpump itself.Consistently, it has
been shown that the affinity and stability for the formation of tri-
partite secretion complexes depend on the oligomerization kinet-
ics of the MFP (57). Nevertheless, we can conclude that all six
RNDs are expressed and thus functionally relevant.
Mutants of the Putative RND-type Components Are Viable—

Wegenerated insertionmutants of the constitutively expressed
alr1656, all3143, and alr4267 and of the ethidium bromide-
induced all7631, the latter to compare the importance of the
global and specifically expressed genes (Table 1). All generated
strains were fully segregated because no wild-type gene was
detectable by PCR (Fig. 4A).
We first analyzed whether the disruption of an individual

RND-like gene results in an altered expression pattern of the
remaining RND network. To this end, the expression of the six
RND-like genes and hgdDwas analyzed by RT-PCR in the indi-
vidual insertion mutants (Fig. 4B). Most notably, we observed
an enhanced expression of alr1656 in AFS-I-hgdD and of
alr4267 in AFS-I-all3143. In addition, we could observe a slight
induction of alr7631 in AFS-I-alr4267, but otherwise we did
not find a noteworthy enhanced or reduced expression of the
RND genes or hgdD. Next, we performed a phenotype screen-
ing by analyzing growth on plates.We substituted thewild-type
strain by CSR10 (58) to retain the selective antibiotic pressure.
Similar to the ASF-I-hgdD, none of the RND mutant strains
shows any growth impairment in BG11medium (Fig. 4C, panel
1), which confirms that the analyzed RND-like genes (alr1656,
all3143, alr4267, and all7631) are not essential because the
mutant strains are fully segregated. Therefore, we analyzed the
growth of the mutants under conditions at which the TolC
function might be required. As documented previously, AFS-I-
hgdD shows a Fox� phenotype (panel 2) (9) and is highly sen-
sitive to ethidium bromide and erythromycin (panels 3 and 4)
(5). The antibiotic sensitivity seems to be somewhat specific for
macrolides, because the presence of roxithromycin and tylosin
results in a similar growth inhibition as compared with eryth-
romycin (panels 3–6), whereas the aminoglycoside antibiotic
neomycin does not induce a growth inhibition under the con-
ditions tested (panel 7). Interestingly, AFS-I-all3143 is the only
mutant that appears to be Fox� and shows a similar sensitivity
toward erythromycin and tylosin. Its growth on roxithromycin
is slightly affected as judged by the pale phenotype of the spot-
ted culture (panel 5). All other mutant strains did not show a
significant alteration in growth under the conditions tested.
Also, the deprivation of iron and copper or the excess of each of
these metals had no influence on growth.
Two RND Proteins Are Involved in Heterocyst Viability dur-

ing Nitrogen Fixation—The initial growth analysis pointed to a
possible specific relation betweenHgdD andAll3143 in hetero-
cyst formation or function. To further analyze a possible func-
tion of RNDproteins in heterocysts, we performedmicroscopic
analyses of liquid cultures after nitrogen step-down and deter-
mined the chlorophyll a (Chl) and phycocyanin (Phy) concen-
tration of whole cell cultures. Similar to growth on solid plates
(Fig. 4), there was no growth retardation or any significant dif-

FIGURE 3. Expression analysis of putative RND family genes. A, growth curve
of Anabaena sp. to define early (1 day), late exponential (3 days) and stationary
growth phase (9 days). Growth is expressed as a natural logarithm of the ratio of
the cell density at the indicated times and at time 0. B, RT-PCR analysis of hgdD
and RND gene transcript abundance on RNA isolated from wild-type Anabaena
sp. at the indicated growth phase (lanes 1–3). Lane 4, RT-PCR in the absence of the
reverse transcriptase; lane 5, PCR on isolated genomic DNA (gDNA). The transcript
abundance of the constitutive rnpB was analyzed as an internal standard for nor-
malization of total RNA concentration. C, RT-PCR analysis of hgdD and RND tran-
script abundance (lanes 1–7) on RNA isolated from wild-type cells grown to late
exponential phase (3 days) under either deprivation of iron (�Fe) or the addition
of 0.25 �M erythromycin (	Ery) or ethidium bromide (	EB). As a control, PCR on
isolated genomic DNA is shown in the bottom lane. D, the transcript of the con-
stitutive rnpB was analyzed as an internal standard for normalization of total RNA
concentration. Error bars, S.D.
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ference inChl or Phy content after 7 days in BG11medium (Fig.
5, A and B). After a shift to nitrogen-deprived BG110 medium,
AFS-I-hgdD andAFS-I-all3143 showed the expected pale Fox�

phenotype. Surprisingly, also AFS-I-alr1656 appeared to be
Fox� under these conditions. All three mutants showed a dras-
tic reduction in Chl and Phy content under these conditions.
AFS-I-hgdD has been described to be essential for heterocyst
development (9), and consistently, heterocyst differentiation
was arrested at an early stage in this mutant (Fig. 5C). In con-
trast, bothAFS-I-alr1656 andAFS-I-all3143developed hetero-
cysts, but their cytoplasmic content appeared lysed or retracted
to the poles of the cell (Fig. 5, C and D). Furthermore, AFS-I-
alr1656 shows a high tendency to form double heterocysts (Fig.
6). Apparently, this phenotype is not a consequence of nitrogen
starvation but of active fixation of atmospheric nitrogen,
because deprivation of nitrogenunder a pure argon atmosphere
does not induce the Fox� phenotype (Fig. 5B, panel 4). Also,
heterocyst differentiation in wild-type or mutant strains could
not be observed under the argon atmosphere. Upon shift from
argon to air, the Fox� phenotype became evident again (Fig. 5B,
panel 5). After transfer to BG11 medium, all strains recovered
the Chl and Phy content (Fig. 5A), but AFS-I-alr1656 and AFS-
I-all3143 did so to a low level.
The Mutants of RND Proteins Modulate the Lipid

Composition—Because HgdD has been described to be impor-
tant for the secretion of metabolites involved in the formation
of the heterocyst-specific glycolipid HGL2 (9, 17), we analyzed
the lipid content of mutant and wild-type cells after growth in
nitrate-containing BG11 or nitrate-deprived BG110 growth
medium. Although heterocyst development is negligible in the
presents of nitrate (Anabaena sp. BG11; lane 1), nitrate depri-
vation induces heterocyst development and the subsequent
accumulation of heterocyst-specific glycolipids (HGL1 and
HGL2) (Anabaena sp. BG110; lane 2). In contrast, the amounts
of the galactolipids (monogalactosyldiacylglycerol, digalacto-
syldiacylglycerol, and sulfoquinovosyldiacylglycerol) and phos-
pholipids (phosphatidylglycerol) are not affected by nitrate
deprivation (Anabaena sp. BG110; lane 2). Subsequently, we
compared the lipid profile of wild type and mutants grown in
BG110.Weobserved an altered profile for the analyzedmutants
with respect to wild type, but also with respect to the AFS-I-
hgdD strain (Fig. 7).Whereas the all3143, alr7631, and alr4267
mutants showed a reduction but not loss of HGL1 and HGL2,
AFS-I-alr1656 exhibited an enhanced level of these lipids,
which most likely reflects the multiple-heterocyst phenotype
(Figs. 5 and 6). In addition, we noticed the presence of an
enhanced level of MGDG in AFS-I-all3143, whereas this lipid

FIGURE 4. Generation of RND mutants and growth analysis. A, derivative
plasmids of pCSV3, which contain a homologous region of alr1656, all3143,
alr4267, or all7631 (left), were used to generate single insertion mutants. Seg-
regation was confirmed by PCR analysis on genomic DNA from wild-type
(lane 1) or mutant strains (lanes 2– 4) using the indicated primers with
depicted binding site and orientation. B, RT-PCR analysis of hgdD (alr2887),

rnpB, and RND gene transcript abundance on cDNA isolated from the indi-
cated strains at exponential growth phase (day 3). Lane 7, PCR on genomic
DNA isolated from wild-type Anabaena sp. C, antibiotic resistance of
Anabaena sp. (strain CSR10) and deletion strains. Growth in the presence of
ethidium bromide (1 �g ml�1), erythromycin (10 ng ml�1), roxithromycin (30
ng ml�1), tylosin (100 ng ml�1), neomycin (1 �g ml�1), FeACi (0.1 mM), and
CuSO4 (5 �M) and in the absence of iron and copper (�Fe/�Cu) was analyzed
on solid BG11 medium containing streptomycin (Sp) and spectinomycin (Sm)
(6 �g ml�1 each) as selective antibiotic. Cells of an early exponential growth
phase culture were adjusted to OD750 and diluted 1-, 10-, and 100-fold, and 5
�l of the cell suspensions were spotted onto the BG11 agar plates with the
indicated additives. Shown is the 10-fold dilution after 7 days of incubation at
constant light (30 �mol cm�2 s�1).
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was reduced in AFS-I-alr4267. Thus, none of the RND compo-
nents is exclusively involved in secretion of HGL precursors,
but a partial function in this process can be assumed at least for
All3143, Alr7631, and Alr4267.

Secondary Metabolite Transport by the Different RND
Mutants—Recently, we have established a method to analyze
uptake and secretion by Anabaena sp. using the model sub-
strate ethidium bromide (5). The transport cycle can be

FIGURE 5. Analysis of RND mutants during nitrogen step down. A, measurement of Chl and Phy content of whole cells after the indicated growth period and
condition (top panel). Arrows, those strains and conditions that exhibit substantial differences in chlorophyll a and phycocyanin content with respect to CSR10
(57) used as control strain. B, 1 ml of cells with OD750 � 1 were placed in a culture dish for visual inspection of filament color. Arrows indicate those strains and
conditions with differences in filament color with respect to CSR10. The indicated differences are representative of three independent biological replicas.
Shown are bright field light microscopic (BF) and autofluorescence (AUF) representations of Anabaena filaments after 7 days of nitrogen deprivation (BG110)
(C) and 3 days of recovery in nitrate-containing (BG11) media under oxic conditions (D). The position of (in the case of I-hgdD partially) differentiated
heterocysts can be easily recognized by the gap in the autofluorescence due to disassembly of photosystem II.
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described analytically, which enables us to determine the pro-
cess that is affected by amutant (5). Here we analyzed uptake by
measuring the intercalation of ethidium into intracellular DNA
(5), which can be described by a two-state model (59). At a low
concentration of ethidium bromide (2.5 �M), we observed a
significant intercalation for AFS-I-hgdD and a slightly lower
one for AFS-I-all3143 (Fig. 8). At elevated concentrations (10
�M), the phenotype of ASF-I-hgdD and AFSI-all3143 became
comparable, whereas AFS-I-alr4267 and AFS-I-all7631 still
behaved like the wild type. This suggests that All3143 is the
major RND homolog energizing the HgdD (TolC)-dependent
export of ethidium.
We analyzed the intercalation by the equation presented pre-

viously (5) and were able to describe the data observed at
ethidium bromide concentrations of 2.5, 5.0, 7.5, 10, 12.5, 25,
and 125 �M by a combined least squares fit analysis with open

parameters with a confidence of more than 95% (Table 5). As
expected, the rate for uptake across the outer membrane was
not significantly affected in any of themutants (k1), whereas the
import across the plasmamembrane (k2) was reduced by 3-fold
in AFS-I-all7631 when compared with the wild type. For the
export rate across the plasmamembrane (k�2), slight variations
by a factor of 2 were found (Table 5).
Themajor variations were observed for the export across the

outer membrane. The rate for the export by AFS-I-hgdD is
reduced by 6 orders of magnitude, and the rate for the export of
AFS-I-all3143 is reduced by 5 orders of magnitude when com-
pared with wild type. Interestingly, the export rate across the
outer membrane is reduced by a factor of 10 for AFS-I-alr4267
as well, whereas no reduction was observed for AFS-I-all1656
or AFS-I-alr7631. Thus, we can conclude that All1656 and
Alr7631 are not involved in energizing the ethidiumsecretion and
thatAlr4267 influences somewhat the secretionbehavior,whereas
All3143 is the major RND transporter for this process.
Alr3143-All3144 Partially Complements the E. coli �acrAB

Mutant—After demonstrating that All3143 is the only RND
transporter whose mutation shows a similar ethidium efflux
phenotype as mutation of hgdD, we propose that All3143 may
represent the functional homolog of AcrB in Anabaena sp. To
test this hypothesis, we amplified the ORF of hgdD and the
successive ORFs all3143-all3144 and cloned them into pGR50
plasmid (Table 3) to generate the strains listed in Table 1. In
addition, E. coli �tolC-tolC and �acrAB-acrABHis were gener-
ated to control the complementation efficiency of the transient
plasmids (Table 1). The E. coli tripartite efflux system com-
posed of ArcAB-TolC is efficient in secretion of ethidium,
because no intercalation can be observed in the E. coli
BW25113 strain (Fig. 9A). In contrast, the �tolC and �acrAB
strains showed strong intercalation (Fig. 9, B and C). Interest-
ingly, when preincubated with a 20–200 �M concentration of
the uncoupler of the protein gradient CCCP typically used in
experiments (60, 61), intercalation was significantly stronger
than in the �tolC and �acrAB strains (Fig. 9, A and D). These
observations suggest that a residual membrane potential-de-
pendent secretion activity exists in the strains with impaired
function of the AcrAB-TolC system.

FIGURE 6. Quantitative analysis of double and triple heterocyst forma-
tion. CSR10, AFS-I-alr1656, and AFS-I-all3143 were grown in BG110, and
images were taken as described in the legend to Fig. 4. Heterocysts were
counted (100%) and classified as being single standing in the filament (1),
forming a cluster of two heterocysts (2), or forming an even larger cluster (3).
The average and S.D. values (error bars) of multiple analyzed images and
cultures are shown.

FIGURE 7. Analysis of the lipid content in RND mutants. Thin layer chroma-
tography analysis of the lipid content from whole filaments of the indicated
strains is shown. Arrows indicate significant changes in the abundance of
individual lipids of mutant strains with respect to the wild type. PG, phos-
phatidylglycerol; SQDG, sulfoquinovosyl diacylglycerol; DGDG, digalactosyl-
diacylglycerol; MGDG, monogalactosyldiacylglycerol; HGL1, heterocyst-spe-
cific glycolipid 1; HGL2, heterocyst-specific glycolipid 2.

FIGURE 8. Analysis of ethidium efflux by RND mutants. The transport of
ethidium at low (2.5 �M) and high (10 �M) concentrations of ethidium bro-
mide (EB) was analyzed by monitoring the intercalation of ethidium into
nucleic acids in whole cells over time. Wild type and I-hgdD are shown as
controls. Kinetic parameters (Table 5) were calculated by consecutive reac-
tion kinetics, as established previously (5).
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We analyzed whether �tolC can be complemented by
expression of hgdD under the control of a tetracyclin promoter.
Although we could observe the complementation of �tolC by
E. coli TolC, expression of hgdD did not complement the
observed secretion phenotype (Fig. 9B). This might be
explained by the different size of the two proteins, especially by
the distinct N terminus of HgdD. Interestingly, in the �tolC
background, the expression of endogenous acrB was up-regu-
lated (Fig. 9E, lane 1 versus lane 2). The same effect could be
observed in the strain complementedwith hgdD, but not for the
tolC complementation (lanes 3 and 4), consistent with the
notion that HgdD cannot substitute the function of E. coli
TolC.
Next, we aimed the complement the �acrAB phenotype by

expression of all3144-all3143 (Fig. 9C). Here we observed a
significant reduction of the ethidium intercalation rate when
compared with the �acrAB mutant. Thus, All3144-All3143
partially complements the function of AcrAB. The lack of
AcrAB in the All3144-All3143 complementation strain was
confirmed by immunodecoration with �AcrB antibodies (Fig.
9E). This observation suggests that All3144-All3143 exhibits an
AcrAB-like function.

DISCUSSION

The Complexity of the RND/MFP System in Anabaena—We
dissected the network of RND family and MFP proteins in
Anabaena sp. likely to be involved in the formation of tripartite
efflux pumps with the TolC-like outer membrane channel
HgdD. We identified six RND-like efflux pumps, of which all
but Alr4267 are encoded downstream of a gene coding for an
MFP (Fig. 1 and Table 4). In turn, all identified MFPs except
All5304 can be assigned to either an identified RND-like pro-
tein or a putative ABC-transporter (Fig. 1 and Table 4).
Most RND-type proteins in E. coli are constitutively

expressed at a very low level and do not contribute to general
multidrug resistance (62). In E. coli, only acrB is constitutively
expressed at a higher level than other RNDs and confers multi-
drug resistance,whereasmdtF expression increases during pro-
gression of growth and contributes to drug tolerance (63).MdtF
is involved in the secretion of indole, which is an important
signal molecule in stationary phase, biofilm formation, and
intestinal growth (63, 64). The expression of the RND-type
genes of Anabaena sp. was not detectable by RT-PCR at very
early exponential growth with the experimental condition
applied (Fig. 3). In contrast to E. coli, not one but four of them
show a gradually increased expression in a growth phase-de-

pendent manner (Fig. 3). This could suggest that RNDs in
Anabaena sp. have a function in adaptation to stationary
growth phase. In addition, the difference of expression when
comparedwithE. colimight result from the different habitats of
both bacteria. The freshwater-living Anabaena sp. does not
form biofilms, nor is it known to be involved in infectious dis-
eases. Furthermore, Anabaena sp. does not have to adapt to
high bile salt concentrations present in the intestine. Therefore,
a global response system might be sufficient for adaptation at
the late growth phase in Anabaena sp.
The Relation between RND Function and Heterocyst

Development—When grown in liquid BG110 culture medium
and under a constant supply of 1% CO2, the insertion mutants
of alr1656 and all3143, but not of alr4267 or all7631, seem to
be impaired in fixation of nitrogen under oxygenic conditions
(Figs. 4–6). In contrast to the phenotype of AFS-I-hgdD (9), the
heterocysts are developed to amature state but show a conden-
sation of the cytoplasmic content. Additionally, we observed a
highly frequent formation of double heterocysts in AFS-I-
alr1656 (Figs. 5 and 6). A similar observation has been reported
for a hetN-nullmutant and a deletionmutant of patS (65).HetN
is involved in maintaining the heterocyst periodic pattern sub-
sequent to the action of PatS. PatS is a small peptide that is
expressed in heterocysts and represses the initiation of hetero-
cyst development in adjacent vegetative cells (e.g. see Refs. 19
and 66). The small peptide binds to HetR, the master regulator
of heterocyst development, and inhibits its function (e.g. see
Ref. 67). The pattern formation is thereby defined by the distri-
bution of PatS between two developing heterocysts (e.g. see Ref.
19). Curiously, the transporter for PatS is not yet known. There
are reports where RNDs are involved in secretion of small pep-
tides of non-ribosomal origin, such as the syringomycins of
Pseudomonas syringae (68). Moreover, PatS (13–17 amino
acids) is of a similar size as syringomycin (69). Contradicting
the hypothesis thatAlr1656 is involved in PatS export, however,
is the observation that alr1656 has an upstream gene encoding
an MFP, which would imply a direct interaction with HgdD
(Fig. 1 and Table 4). In the absence of further evidence, it is
difficult to imagine that extracellular PatS diffusion regulates
heterocyst spacing, and thus, considering the hypothesis for-
mulated, one would have to argue that Alr1656 releases PatS
into the periplasm.
Because MexF of Pseudomonas aeruginosa and MdtF of

E. coli are involved in the efflux of nitrosyl indole derivatives
(70, 71), Alr1656 and All3143 could also be involved in the

TABLE 5
Kinetic parameters determined in this study
Boldface type indicates significance of change compared with the wild type.

Strain k1 k�1 k2 k�2

s�1 s�1 s�1 s�1

Wild type (12 
 5) � 10�2 (13 
 6) � 10�2 (30 
 4) � 10�4 (24 
 5) � 10�4

AFS-I-hgdD (20 
 2) � 10�2 (2 � 1) � 10�7a (39 
 9) � 10�4 (46 
 9) � 10�4

AFS-I-all1656 (10 
 3) � 10�2 (6 
 3) � 10�2 (42 
 8) � 10�4 (23 
 6) � 10�4

AFS-I-all3143 (18 
 4) � 10�2 (15 � 3) � 10�7a (40 
 7) � 10�4 (46 
 6) � 10�4

AFS-I-alr4267 (5 
 2) � 10�2 (11 � 3) � 10�3b (42 
 5) � 10�4 (31 
 3) � 10�4

AFS-I-alr7631 (16 
 4) � 10�2 (8 
 5) � 10�2 (9 � 6) � 10�4b (11 
 7) � 10�4

a p � 0.005.
b p � 0.01.
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detoxification of nitrosatives during diazotrophic growth.
Nitrosatives, such as nitrosyl indole, are reactive nitrogen spe-
cies that are generated in the presence of nitric oxide under
anaerobic conditions. Nitric oxide damages the photosystems
and is an inhibitor of nitrogenase activity (e.g. see Ref. 72). The
microoxic environment of heterocysts might be especially
prone to generation of nitrosatives. This notion is supported by
the exclusive expression of two flavodiiron proteins known to
protect cells from nitrosative or oxidative stress (Flv1B and
Flv3B) in heterocysts (73). An accumulation of nitric oxide
and nitrosatives during diazotrophic growth in AFS-I-alr1656
and AFS-I-all3143 could explain the Fox� phenotype and the
reduction in chlorophyll a and phycocyanin content in vegeta-
tive cells (Fig. 5). This possibility is further supported by the
growth of the two mutants under a protective argon atmo-
sphere, which is depleted of dinitrogen, oxygen, and carbon
dioxide and does not lead to an impaired photosystem. In con-
trast, the protection from oxidative stress even leads to an
increase in chlorophyll a and phycocyanin content (Fig. 5, A
and B).
The Ethidium Efflux from Anabaena sp. Cells Involves at

Least Two RNDs—HgdD is essential for ethidium efflux in
Anabaena sp. (5). The efflux of the corresponding insertion
mutant has a k0.5 of 40 M, most likely as a result of passive
diffusion. Thus, HgdD is an essential part of a non-redundant
major efflux system, at least under standard conditions (5). So
far, the nature of the plasmamembrane factor that confers drug
resistance was unknown, although recent experiments using
CCCP suggested that the complex is energized by the proton
gradient of the plasma membrane (5). The mutant of all3143
shows a striking similarity in susceptibility toward macrolide
antibiotics (Fig. 4), with respect to the Fox� phenotype (Fig. 5)
and, to some extent, also in lipid content (Fig. 7) as compared
with the hgdDmutant. More importantly, AFS-I-all3143 is the
only mutant that has an efflux rate for ethidium, which is com-
parable with AFS-I-hgdD (Fig. 8 and Table 5). Therefore,
All3143 (and most likely in concert with the MFP All3144) is
part of the tripartite secretion complex for ethidium.
However, a second RND has to be involved in the efflux of

ethidium, because the accumulation of ethidium in AFS-I-
all3143 is still somewhat lower than in AFS-I-hgdD (Table 5).
At higher concentrations, this alternative capacity is saturated,
and the specific action of All3143 becomes indispensable. A
possible candidate for a second ethidium exporting RNDmight
be the constitutively expressed alr4267 (Figs. 3 and 4), the
mRNA of which is somewhat enhanced in AFS-I-all3143when

FIGURE 9. Complementation of E. coli �tolC and �acrAB by hgdD and
all3144-all3143. A, intercalation of ethidium in E. coli wild-type cells
(BW25113) and derived deletion mutant strains �tolC and �acrAB is shown in
arbitrary fluorescence units (AFU) under constant settings for direct compar-
ison. CCCP was used as uncoupler of the plasma membrane potential of E. coli
wild-type strain. B, intercalation of ethidium in E. coli �tolC strain with tran-
siently expressed E. coli tolC or Anabaena sp. tolC-like hgdD under the control
of the tetracycline promoter. C, intercalation of ethidium in E. coli �acrAB
strain with transiently expressed E. coli acrABHis or Anabaena sp. all3144-
all3143 gene cluster under the control of the tetracycline promoter. D, inter-
calation of ethidium in E. coli wild-type cells (BW25113) in the presence of
indicated concentrations of CCCP. The signal given on the y axis in A–D is
represented in arbitrary fluorescence units. E, immunoblot of AcrB expression
in �tolC (top) and �arcAB (bottom) strains.
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compared with wild-type cells (Fig. 4) and the mutant of which
shows a slightly reduced ethidium efflux rate (Table 5). The
mutant of alr4267 does not show an HgdD-related phenotype
but displays a crimped filament shape independent of the nitro-
gen source (Figs. 4–6). In addition, themutant of alr4267 has a
slightly reduced content of the galactolipid MGDG (Fig. 7),
which is themost abundant lipid of the plasmamembrane (74–
76). Thus, one might speculate that Alr4267 has a function in
cell wall integrity or cell division by transport of the galactolipid
MGDG (Table 5).
Our observations suggest that Alr4267 has a broad substrate

compatibility but with low affinity. The substrate specificity
might be defined by the associatedMFP because Alr4267 is the
only RND inAnabaena sp. without this adaptor encoded in the
same genomic context. Thus, it is tempting to speculate that
Alr4267 is a general RND that can utilize the MFP of different
RNDs to provide a low affinity background efflux independent
of expression level of other,more specialized, RNDs. According
to this hypothesis, Alr4267 would associate with All3144 still
expressed in theAFS-I-all3143 andwould provide a low level of
ethidium resistance, as seen in Fig. 8 and Table 5. This notion,
however, has to be further addressed in the future.
All3143 Is the Functional Homolog of AcrB in Anabaena sp.—

Consistentwith the function ofAll3143 inmetabolite secretion,
All3143 and All3144 partially complement the AcrAB mutant
of E. coli (Fig. 9). In contrast, HgdD is not able to complement
the function of TolC, most likely due to its large N-terminal
domain of about 30 kDa with a predicted unstructured confor-
mation, which is not present in TolC of E. coli. In turn HgdD
lacks the C-terminal domain (�7 kDa) of E. coliTolC. Both the
N and C terminus form the equatorial domain that contributes
to the specific interaction with MFPs (1–3). Furthermore,
Anabaena sp. PCC 7120, like other cyanobacteria, has a much
larger periplasmic space of up to 30–40 nm (77) with a much
thicker peptidoglycan layer when compared with E. coli. Thus,
the N-terminal domain of HgdDmight be an adjustment to the
cyanobacterial periplasmic space in addition to its function in
interacting with the peptidoglycan layer and thus disturb a cor-
rect RND-MFP-HgdD assembly in E. coli, where the distance
between plasma and outer membrane only measures up to 20
nm.
We conclude that the RND proteins from Anabaena sp. ful-

fill multiple physiological roles and exhibit a wide variety of
phenotypes concerning resistance to toxins and cell wall and
heterocyst formation. Further, the partial complementation of
the E. coli AcrAB mutant by All3143-All3144 with respect to
ethidium efflux confirms a functional conservation of the bac-
terial toxin efflux systems in general. In addition, a partial func-
tional redundancy of Alr4267 and All3143 exists because both
mutations influence the ethidium efflux, andAlr4267 is up-reg-
ulated in the all3143 insertionmutant. Consistently, in contrast
to the hgdDmutant, the all3143mutant still confers resistance
to roxithromycin (and in part to macrolides), which might be
due to the function of Alr4267 and which might form a tripar-
tite complex with HgdD and All3144 (MFP). Nevertheless,
based on the phenotype of the twomutants, it can be suggested
that All3143 is the major RND, whereas Alr4267 might act as a
backup system with perhaps a specialized function. Starting

from a bioinformatic identification of six putative RNDs, we
have provided evidence of their possible functions, which calls
for their detailed dissection in future work.
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Norling, B. (2004) Isolation of outer membrane of Synechocystis sp. PCC
6803 and its proteomic characterization.Mol. Cell Proteomics 3, 586–595

77. Wilk, L., Strauss,M., Rudolf,M., Nicolaisen, K., Flores, E., Kühlbrandt,W.,
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