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Zinc homeostasis was investigated in Nostoc punctiforme. Cell tolerance to Zn>* over 14 days showed that
ZnCl, levels above 22 uM significantly reduced cell viability. After 3 days in 22 pM ZnCl,, ca. 12% of the Zn>*
was in an EDTA-resistant component, suggesting an intracellular localization. Zinquin fluorescence was
detected within cells exposed to concentrations up to 37 M relative to 0 uM treatment. Radiolabeled *°Zn
showed Zn>* uptake increased over a 3-day period, while efflux occurred more rapidly within a 3-h time period.
Four putative genes involved in Zn>** uptake and efflux in N. punctiforme were identified: (i) the predicted
Co/Zn/Cd cation transporter, putative CDF; (ii) the predicted divalent heavy-metal cation transporter, putative
Zip; (iii) the ATPase component and Fe/Zn uptake regulation protein, putative Fur; and (iv) an ABC-type
Mn/Zn transport system, putative zinc ZnuC, ZnuABC system component. Quantitative real-time PCR indi-
cated the responsiveness of all four genes to 22 uM ZnCl, within 3 h, followed by a reduction to below basal
levels after 24 h by putative ZIP, ZnuC, and Fur and a reduction to below basal level after 72 h by putative CDF
efflux gene. These results demonstrate differential regulation of zinc transporters over time, indicating a role

for them in zinc homeostasis in N. punctiforme.

Cyanobacteria are photosynthetic prokaryotes, many of
which accumulate heavy metals. Consequently, they have at-
tracted interest as a tool for the removal of metals from waste-
water. Cyanobacteria, including Anabaena nodosum (10), Nos-
toc linkia (12), Microcystis aeruginosa (39), and Synechococcus
sp. strain PCC7942 (16), are able to accumulate the heavy
metals cadmium, zinc, copper, and chromium, respectively.
Heavy metal accumulation involves an initial rapid, passive
adsorption of the metal to components of the cell wall over
seconds or minutes, followed by a slower process that results in
the sequestration of the metal to an EDTA-resistant compart-
ment, such as the cytoplasm, within hours (for reviews, see
references 7 and 29). Cell wall components that have a high
affinity for metals account for the bulk of the adsorbed metals
(17). In M. aeruginosa, metal accumulation was only marginally
decreased in cells treated with metabolic inhibitors and in
heat-killed cells compared to the total metal uptake (34). Sub-
stantial data exist showing sorption of metals in cyanobacteria;
however, the capacity of live cells to tolerate or accumulate
metals and the molecular mechanisms underlying these pro-
cesses are relatively unknown. In contrast to many bacterial
species, cyanobacteria possess a metallothionein, SmtA, which
may store Zn>" and prevent intracellular Zn?>* toxicity (8).
Polyphosphate granules may sequester intracellular metal ions,
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including zinc ions (4). These cellular characteristics make
cyanobacteria unique organisms in regard to their ability to
accumulate metals.

Genomic analysis indicated that Nostoc punctiforme, a fila-
mentous cyanobacterium, contains transporters that may func-
tion in metal uptake and efflux (3). There are 262 open reading
frames (ORFs) of encoding proteins predicted to be involved
in transport of small organic and inorganic molecules across
the cell membrane, and a further 89 ORFs have been provi-
sionally identified as encoding the ATPase domain of assigned
and unassigned membrane-associated ATP-binding cassette
(ABC) transport systems (28). In addition, 48 organic carbon
and ion transporting permeases not associated with ABC
transporters have been identified in N. punctiforme. Included
in this list are several families of transporters known to facili-
tate the cellular influx and efflux of zinc (28).

To gain an understanding of the capacity of N. punctiforme
to regulate Zn*>*, we investigated the growth response of N.
punctiforme to ZnCl, over a time period of 14 days. Intracel-
lular zinc levels were measured over a period of 3 days, and
intracellular zinc in cells was visualized by using Zinquin flu-
orescent marker. Investigations into physiological Zn*" uptake
and efflux indicated that there is a link between zinc uptake
and efflux and Zn?* transport gene activity. Four genes in-
volved in Zn** uptake and efflux in N. punctiforme were dif-
ferentially expressed in response to extracellular Zn**, dem-
onstrating a role for them in zinc homeostasis.

MATERIALS AND METHODS

Cell culture. N. punctiforme PCC73120 cells were a generous donation from
Brett Neilan (Cyanobacteria and Astrobiology Research Laboratory, University
of New South Wales). Stock cultures of N. punctiforme were grown in 500 ml of
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BG11 broth (3) in sterile 2,000-ml conical flasks covered with loose sterile foil.
Flasks were placed on a shaker table at 160 rpm in an incubator at 25°C, with
16-h light (cool-white fluorescent light at 70 pwmol/m?/s) and 8-h dark cycling.
The medium was changed every 2 weeks. Flasks were only opened in sterile
laminar flow cabinets, keeping stocks free of contaminants. Experiments involv-
ing ZnCl, treatments were conducted in 200-ml conical flasks containing 25 ml
of culture medium.

Viable cell counts. Prior to counting cells, colonies of cells from each treatment
were broken up by syringing (10-ml Terumo syringe, 25G Terumo needle) for 2
min or until cells appeared to be evenly distributed. An aliquot of 10 wl from
treatments was mixed with 0.5% trypan blue solution (Sigma-Aldrich, Mel-
bourne, Australia), and viable cell numbers were determined with a hemacytom-
eter based on trypan blue exclusion by healthy cells (5). Numbers of live and dead
cells were recorded. Cell viability was measured at intervals of 24 h. This was
used to establish effects of ZnCl, on all treatments.

Zinc treatment. A stock solution of zinc chloride (ZnCl,; Merck, Darmstadt,
Germany) at a concentration of 84 mM was prepared. Aliquots of the ZnCl,
stock were added to the BG11 medium for treatments. The pH was adjusted to
7.8 (Hanna Instruments HI8424 microcomputer pH meter). Triplicates of 25-ml
cultures containing an initial weight of 150 mg of cells were grown in ZnCl,
concentrations ranging from, 22 to 37 uM over a 14-day period. Controls cells
were grown in medium without ZnCl, for comparison (0 pM).

Speciation and levels of free zinc were analyzed by using MINEQL+ software
(version 4.5). The results from MINEQL+ indicated that there was a ~12%
reduction in free zinc at pH 7.8 from 22 pM ZnCl, to ~17.5 pM ZnCl,. This
reduction in free zinc is consistent with free zinc reductions at a pH of 7.8 in
other studies (40). The results from previous studies have indicated that shifts in
pH affect gene expression and that upregulation of some zinc transport genes
occurs at a lower pH, whereas other zinc transport genes upregulate at a higher
pH, since pH affects free zinc levels (40). In order to prevent shifts in gene
regulation through changes in pH, a constant pH was kept across all experiments,
providing optimum conditions for cell growth and a nonbiased result for zinc
transporter gene expression across treatments.

Quantification of intracellular and extracellular zinc using atomic absorption
spectroscopy. Cells were treated for 3 days with 0 puM ZnCl, (control) or 22 puM
ZnCl,; this corresponds to <0.001 or 0.8 ppm of zinc, respectively. Samples
taken from each treatment group were divided into two groups, and half were
treated with 1 ml of 20 mM EDTA (pH 8.0) for 15 min prior to harvesting (to
remove adsorbed zinc), while the remainder were harvested immediately after
treatment. Cells were centrifuged for 10 min at 2,500 X g, and the supernatant
was retained. Media (1.5 ml) and EDTA treatment serum were collected for
further analysis. EDTA was also tested for purity, indicating that Zn levels in
EDTA were <10~ % ppm. Cells (3 X 10°) from each treatment were collected and
dried in a heating block at 60°C for 8 h. Supernatants and pellets were analyzed
for zinc by using flame atomic absorption spectroscopy (AAS).

Fluorescence detection of zinc localization using Zinquin fluorescent label.
After exposure to 0, 22, and 37 uM ZnCl,, the cells were harvested and centri-
fuged for 10 min at 2,500 X g, rinsed once in 25 ml of phosphate-buffered saline,
and centrifuged again for 10 min at 2,500 X g, and the supernatant was then
aspirated. Next, 500 pl of 1:10- diluted (1 mg/ml) Zinquin ethyl ester (Biotium,
Adelaide, Australia) fluorescent marker was mixed with cell pellets. After incu-
bation at 37°C for 30 min, cells were rinsed in PBS and viewed by using an
inverted confocal scanning laser microscope (Leica DM IRE2Mod. no. 0871 with
Leica confocal software v2.00Build). The settings used for all images were Ar/
HeNe laser at 458 nm (90%), with channel 1 (PMT1) set for detecting Zinquin
marker, with a range of 480 to 525 nm (cyan), and channel 2 (PMT2) set for
detecting autofluorescence, with a range from 660 to 720 nm (red).

Physiological zinc uptake and efflux. Two sets of 100-mg cell pellets were
weighed out for 0-h, 3-h, 1-day, 3-day, and 6-day treatments, in triplicates, for the
uptake experiments. Cells were cultured in 1 ml of 22 puM ZnCl, medium added
at time zero to both sets of cells. One set had 0.5 wCi of ®Zn (Oak Ridge
National Laboratory, Oak Ridge, TN) added to the 22 pM ZnCl, medium.
Immediately, three samples were taken from both treatments for the 0-h time
point. Cells from both treatments were centrifuged at 8,000 X g for 2 min. The
cells were then rinsed with 1 ml of 20 mM EDTA to remove the adsorbed zinc.
Cell pellets containing ®*Zn, the medium, and the EDTA rinse were retained,
and the counts per minute of ®Zn were obtained (Perkin-Elmer 1480 automatic
gamma counter). Nonradiolabeled cells were treated as described for the ®Zn-
labeled cells; however, cell pellets were retained, and the total protein was
measured (Pierce BCA protein assay kit; Thermo Scientific) (1, 41). This was
repeated for the 3-h and 1-, 3-, and 6-day treatments. The data was recorded in
Microsoft Excel as counts per minute in cell pellets and protein concentrations,
and then the picomoles of Zn/microgram of protein values were calculated (1).
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For efflux experiments, cells were incubated in 22 uM ZnCl, containing 0.5 nCi
of *Zn/ml for 24 h. The ®*Zn was removed, and the cells were incubated in 22
uM ZnCl, with no ®Zn for 0 and 3 h and 1, 3, and 6 days. Pellets were obtained
for radioactive analysis as described for the uptake experiments.

Identification of zinc uptake and efflux genes. To identify zinc transporter
genes present in N. punctiforme protein sequences encoding putative zinc trans-
porters from other prokaryotic organisms, including Escherichia coli, Synecho-
coccus species, Synechocystis species, and Nostoc species were used as bait for
Basic Local Alignment Search Tool (BLAST) searching. BLAST searches were
restricted to the known N. punctiforme genomic sequence (http://img.jgi.doe.gov
/cgi-bin/pub/main.cgi).

Multiple sequence alignments were produced for N. punctiforme, Nostoc sp.
strain PCC7120, Synechococcus sp. strain JA-3-3Ab, Synechocystis sp. strain 6803,
E. coli F11, and Arabidopsis thaliana Columbia using CLUSTAL X (v1.83 for
Windows), since the genomes of these species have been fully sequenced (23, 43,
44). The percent homology for the aligned sequences was determined by using
BOXSHADE (v3.21 for DOS) (25). The predicted protein structures for the
identified Zn?>* uptake and efflux genes in N. punctiforme were determined by
using the shareware program for the Transmembrane Hidden Markov Model
(TMHMM; http://www.cbs.dtu.dk/servicess TMHMM-2.0/ [K. Hoffman, Bioin-
formatics Group, ISREC, Epalinges/Lausanne, Switzerland]).

RNA isolation, purification, and synthesis of cDNA by reverse transcriptase
from N. punctiforme. RNA extractions were carried out by using Qiagen RNeasy
plant minikit, including all listed buffers (Corbett Life Science, Victoria, Austra-
lia). Kit methods were adapted as follows. Cells (150 mg) were crushed by using
liquid nitrogen in a mortar and pestle, and 450 pl of RLT buffer, containing 1%
B-mercaptoethanol was added, along with 1 pl of RNase inhibitor. The sample
was then pipetted into a shredder column and spun at full speed for 2 min. The
supernatant was collected, another 450 pl of RLT buffer containing 1% B-mer-
captoethanol was added, and the process was repeated. The supernatant was
collected, and 0.5 pl of 100% ethanol was added; the solution was then mixed and
pipetted directly onto the binding column and spun for 15 s at 8,000 X g. The
flowthrough was discarded, and 350 wl of RW1 buffer was added directly to the
column and spun through at 8,000 X g for 15 s. The flowthrough was discarded,
and 140 pl of the RDD buffer with 20 ul of DNase I stock was added directly to
the binding column, followed by incubation at 25°C for 20 min, before 350 .l of
RW1 was added directly to the binding column, and the sample was then spun at
8,000 X g for 15 s. The flowthrough was discarded, and this step repeated with
70 wl of the RDD buffer, 10 pl of DNase I stock, and 700 pl of RW1 buffer.

The remainder of the RNA extraction protocol was carried out as described in
the kit, and RNA was eluted off the column by using 30 pl of RNase-free H,O.
Immediately after elution, 1 ul of RNase inhibitor was added to prevent degra-
dation. RNA was then treated using an Ambion DNA-free kit according to the
manufacturer’s protocol (Ambion, Melbourne, Australia) with 1 wl of RNase
inhibitor added to the RNA after the Ambion DNA-free treatment. RNA con-
centrations were determined by using a Beckman Coulter DU530 Life Science
UV/Vis spectrophotometer. RNA electrophoresis through agarose gels contain-
ing formaldehyde, using 20 pg of RNA from all RNA preparations, was carried
out, confirming template quality. Total RNA (10 pg) concentrations were de-
termined by using a spectrophotometer, and then RNA was reverse transcribed
using Stratagene Stratascript reverse transcriptase as described by the manufac-
turer’s protocol (Promega, Australia).

Gene expression analysis using qRT-PCR. Quantitative real-time reverse tran-
scription-PCR (qQRT-PCR) was used to identify putative Zn>* transport genes in
N. punctiforme whose expression was regulated by exposure to Zn>*. Primers
were designed to selected regions of sequences obtained through BLAST search-
ing, using the computer program Primer Express (Primer Express v2.0 for Win-
dows 2000; Applied Biosystems) (Table 1). Primer Express analyses focus on
primer secondary structures and dimers, allowing optimum primers to be de-
signed. Primer binding efficiencies were established through using 1, 2, 4, and 8
g of template cDNA/ml as a control and then comparing the cycle time of
amplification against a log scale. Primer binding efficiencies were all <0.1. Using
PCR with primer sets containing no template, visualized on agarose gels, primer
dimers were assessed, indicating no dimers in the primers used. The primers
were purchased from Sigma-Aldrich (Melbourne, Australia). Real-time qRT-
PCR was performed using 1X SYBR green master mix (Applied Biosystems,
Melbourne, Australia) and 20 ng of cDNA template determined by using a
spectrophotometer, and 0.3 uM concentrations of forward and reverse primer
were used as described by the manufacturer’s protocol. qRT-PCR analyses were
conducted by using Applied Biosystems 7500 real-time PCR system and data
produced through Biosystems 7500 SDS software.

Statistical methods. Statistical methods used were based on normally distrib-
uted data. The data sets were all firstly produced in Microsoft Excel. Bar graphs
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TABLE 1. Primers for qRT-PCR*

Primer Primer sequence (5'-3")
16S RNA F......cccceeeee AGCAGCCGCGGTAATACG
16S RNA R ... ..CGCTTTACGCCCAATCATTC
COGO053 F ... ..AGCAATTGTTACTATTGCCTTGAAGTTT
COGO0053 R... ..GCCCACAGTGCCACCAA
COGO428 F ... ..GCAAAGCACCGCAAACG
COGO0428 R... ..CCCACTCCCACTATTTTCCTCTT
COGO735 F ... ..CCCCAGCGCGAAACAAT
COGO735 R... .TGATCCCTTCACCATCAGTTTCT
COG1121 F ... ..ATCGGCAGCAGTAGGAGAAGC
COGI1121 R AAGTTGGCCACCGCTAAGAGT

“ Primers are listed in sets of forward and reverse (F and R). 16S RNA are
genomic controls. COG0053, COG0428, COG0735, and COG1121 are the product
names of the genes from which the primers were derived. The accession numbers for
the sequences used were ZP 00110704 (COGO0053), ZP.00110916 (COG0428),
ZP_00108619 (COGO0735), ZP_00109802 (COG1121), and AF027655 (16S RNA).

were produced for viability tests, flame AAS, physiological Zn uptake and efflux,
and qRT-PCR data using Microsoft Excel. The statistical computer program
SPSS (v12.0.1 for Windows) was used for all statistical analysis. Probability plots
(P-P plots) were produced for all data sets to test for normal distribution.
Statistical tests used were a one-way analysis of variance and Tukey’s honest
significant difference test for the growth curve data, AAS data, and qRT-PCR
data. All statistical analysis was tested against a probability value (P) of < 0.05.

RESULTS

Cell viability in ZnCl,. To establish concentrations of ZnCl,
that N. punctiforme can tolerate, cells were cultured in zinc
concentrations ranging from 0 to 37 uM for 14 days. Viable cell
numbers for treatments were detected by using trypan blue
exclusion tests (40). Concentrations of ZnCl, exceeding 22 pM
caused a significant (P < 0.05) decline in the numbers of viable
cells present after 14 days. In contrast, cells treated with 22 uM
showed no significant decrease in cell number compared to
control cells (Fig. 1).

Quantification of intracellular and extracellular zinc using
atomic absorption spectroscopy. Quantification of the EDTA-
resistant and EDTA-sensitive Zn*" levels were carried out
using flame AAS. These results showed that significantly more
Zn** was in the EDTA-sensitive fraction (55 ng/10° cells)
compared to the EDTA-resistant fraction (8 ng/10° cells) (P <
0.05). In cultures treated with 22 uM ZnCl, for 3 days, there
was significantly less Zn** in the EDTA-resistant fraction
compared to the EDTA-sensitive fraction, where the ratios of
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FIG. 1. Trypan blue exclusion testing for N. punctiforme cells
treated with various ZnCl, concentrations, beginning at 22 pM and
increasing to 37.0 wM, indicate that after 14 days exposure to =26 pM
ZnCl, the samples had significantly fewer cells (P < 0.05) compared to
control cells, as denoted by an asterisk ().
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FIG. 2. Fluorescence microscopy images showing Zinquin marker
within cells exposed to ZnCl,. The images show the control cells with
0 pM ZnCl, treatment (A to D) and treatments of 22 and 37 pM
ZnCl, (E to Hand I to L, respectively). Phase-contrast images indicate
cell morphology (A, E, and I). Autofluorescence is shown in red (B, F,
and J). Zinquin fluorescent marker for zinc localization is shown in

cyan (C, G, and K). Overlay of the autofluorescence and Zinquin
images indicates the localization of free zinc (D, H, and L).

Zn** in the EDTA-sensitive fraction to the EDTA-resistant
fraction were 6.8.

Fluorescence detection of zinc localization using Zinquin.
Accumulation of zinc by N. punctiforme was further investi-
gated by using fluorescence detection microscopy. Cells were
grown in 0, 22, and 37 uM ZnCl, and treated with Zinquin
fluorescent marker. Phase-contrast images of cells indicate cell
morphology (Fig. 2A, E, and I). Live cells are indicated by
autofluorescence (red) (Fig. 2B, F, and J). Zinquin fluores-
cence (cyan) is relative to intracellular zinc levels (Fig. 2C, G,
and K). The overlay of Zinquin and autofluorescence indicates
no specific site of cellular localization, being uniformly stained
(Fig. 2G, K, H, and L). In cells treated at 0 pM, little Zinquin
fluorescence was detected in live cells (Fig. 2C). At 22 and 37
uM ZnCl, there was noticeably more Zinquin fluorescence
than with the 0 pM treatment (Fig. 2G, K, and C).

Physiological zinc uptake and efflux. Physiological zinc up-
take and efflux using radiolabeled zinc (°°Zn) supports the
findings from AAS and fluorescence microscopy, confirming
that zinc was taken up intracellularly (Fig. 3A). Uptake studies
indicate that zinc uptake increased significantly from 0 h to 3
days (Fig. 3A). At day 6, zinc uptake was similar to day 3. Efflux
studies indicated a reduction in zinc between the 0 and 3 h,
with no change up to day 6 (Fig. 3B).

Predicted structure, transmembrane domains, and intracel-
lular localization of zinc uptake and efflux genes. Four puta-
tive zinc transport genes were identified: (i) predicted Co*"/
Zn*"/Cd*" cation transporter, putative CDF (COG0053); (ii)
predicted divalent heavy-metal cation transporter, putative
ZIP (COG0428); (iii) ATPase component and Fe**/Zn** up-
take regulation protein, putative Fur (COGO0735); and (iv)
ABC-type Mn*"/Zn*" transport system, putative zinc ZnuC
(COG1121). The transmembrane domains of putative ZIP and
CDF were further analyzed to confirm transporter family clas-
sification (see Table S1 in the supplemental material).

Alignment of the putative N. punctiforme zinc uptake and
efflux genes with other established and putative zinc trans-
porter genes, in other species, indicates homologous amino
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FIG. 3. Physiological zinc uptake and efflux. (A) Intracellular zinc levels increased after 0- and 3-h and 1-, 3-, and 6-day treatments. P values
are all <0.001 compared to the 6-day values, except for the 3-day treatment (P = 0.528). (B) Intracellular zinc decreased significantly compared
to 0-h treatment; the P values are 0.016, 0.016, 0.009, and <(0.001, respectively, compared to the 0-h treatment.

acid residues. The name of the aligned species and the corre-
sponding names and transporter type were tabulated (Table 2).
The percent homologies for alignments of N. punctiforme zinc
uptake and efflux genes with the zinc uptake and efflux genes of
other species were determined by using BOXSHADE (v3.21;
K. Hoffman, Bioinformatics Group).

Multiple sequence alignments for the putative CDF (COGO0053)
in N. punctiforme, indicate that the predicted (PRED) gene
from Synechococcus (JA-3-3Ab) was the most similar to the
putative CDF, with 71.7% similarity. The least similar gene was
A. thaliana MTPCI1, which had 26.6% similarity.

Multiple sequence alignments for the putative ZIP (COG0428) in
N. punctiforme indicate that the ZIP gene from Synechococcus

(JA-3-3Ab) was the most similar to the putative ZIP (39%
similarity) and showed the most divergence from A. thaliana
ZIP (34.4% similarity).

Multiple sequence alignments for the putative Fur illustrate
that the Fur in Nostoc sp. strain PCC7120 is the most similar
gene to N. punctiforme, with a very high similarity percentage
of 98%. The lowest sequence similarity was seen in comparison
to A. thaliana ATL1G (14.6% similarity).

Multiple sequence alignments for the putative ZnuC (COG1121)
illustrated that the ABC transporter in Nostoc sp. strain PCC7120
was the most similar gene to COG1121 (86.1% similarity). N. punc-
tiforme COG1121 had least similarity to A. thaliana, with 11.3%
similarity to N. punctiforme COG1121.
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TABLE 2. Genes used for multiple sequence alignments”
Gene used for sequence alignments
Locus tag . Nostoc sp. strain Synechococcus sp. Synechocystis sp. . .
N. punctiforme PCC7120 strain JA-3-3Ab strain 6803 E. coli A thaliana
COGO0053 CDF CECS PRED HYP CDF MTPC1
COG0428 Z1P HYP Z1P cAMP ZIP ZIP
COG1121 ZnuC ATP MZT ABC ZnuC ABC
COGO0735 Fur Fur Fur Fur Fur ATL1G

“ The gene product names for the N. punctiforme zinc uptake or efflux genes are in the leftmost column. Species used for alignments are listed across the top, along
with abbreviated names in sequence legends. PRED are predicted genes, and HYP are hypothetical genes. Genes were retrieved as top results from BLAST searches
using both the http.img.jgi.doe.gov and the http.www.ncbi.nlm.nih.gov databases. The accession numbers for the N. punctiforme sequences used were ZP_00110704
(COG0053), ZP_00110916 (COG0428), ZP_00108619 (COG0735), ZP_00109802 (COG1121), and AF027655 (16S RNA). The accession numbers for the Nostoc sp.
strain PCC7120 sequences used were NP_486940 (COG0053), NP_484517 (COG0428), NP_485731 (COG0735), and NP_484875 (COG1121). The accession numbers
for the Synechococcus sp. strain JA3-3Ab sequences used were YP_473967 (COGO0053), YP_475281 (COG0428), YP_473526 (COG0735), and YP_440431 (COG1121).
The accession numbers for the Synechocystis sp. strain 6803 sequences used were NP 441464 (COGO0053), NP_443044 (COG0428), NP_443047 (COG0735), and
NP 440431 (COG1121). The accession numbers for the E. coli sequences used were ZP_0072428 (COGO0053), NP_755660 (COG0428), NP_286398 (COG0735),
and NP_308807 (COG1121). The accession numbers for the A. thaliana sequences used were NP_850480 (COG0053), NP_566669 (COG0428), NP_t174614 (COG0735),

and AAM61469 (COG1121).

Gene regulation in response to ZnCl, treatment. Cells were
grown in Zn*"-free culture medium for a week. Cells were
then treated with 0 and 22 uM concentrations of ZnCl, for 3,
24, and 72 h. Changes in mRNA expression were measured,
establishing the responsiveness of the Zn*" transporter genes
to Zn*". At 3 h the putative ZIP (COG0428) transporter
showed a 10-fold increase in gene expression compared to the

gene had reduced to the basal levels, and by 72 h ZIP was
significantly downregulated below that of the baseline level
(Fig. 4A). (The significances of the differences in mRNA ex-
pression between treatments were P < 0.001 [between the 3-
and 24-h treatments], P < 0.001 [between the 3- and 72-h
treatments], and P = 0.048 [between the 24- and 72-h treat-
ments].)

control (Fig. 4A). After 24 h, the expression levels of the ZIP Putative ZnuC uptake component (COG1121) showed a

A. COG0428 B. COG1121
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FIG. 4. Relative mRNA expression levels for the putative CDF (COG0053), ZIP (COG0428), ZnuC (COG1121), and Fur (COG0735) genes
in response to 22 and 37 uM ZnCl, at 3, 24, and 72 h. Real-time qRT-PCR was used to detect differences in expression of the putative zinc
transporter genes. Significant values (P < 0.05) for the 3-, 24-, and 72-h treatments compared to basal levels are denoted by an asterisk (). A.
After a 3-h exposure COG0428 was significantly (P < 0.05) upregulated. After a 24-h exposure mRNA expression reverted back to basal levels.
After a 72-h exposure there was a further downregulation from a 24-h exposure and a significant (P < 0.05) reduction in gene expression below
the basal level. (B) After a 3-h exposure COG1121 was significantly (P < 0.05) upregulated. After a 24-h exposure there was a significant (P <
0.05) downregulation to below basal levels. After a 72-h exposure COG1121 remained significantly downregulated compared to the basal level.
(C) After 3-h exposure COG0053 was significantly (P < 0.05) upregulated. After 24 h there was a reduction from the 3-h expression level and still
a significant (P < 0.05) upregulation from basal levels. After a 72-h exposure there was a further downregulation from a 24-h exposure with gene
expression being equal to the basal level. (D) After a 3-h exposure COGO0735 was significantly (P < 0.05) upregulated. After 24 h there was a
downregulation of COG0735 to basal levels. After a 72-h exposure there was a further downregulation from the 24-h exposure and a significant
(P < 0.05) reduction in gene expression below the basal level.

3 hour 3 day

1 day
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fivefold increase in mRNA expression in the presence of Zn**
compared to the basal level (Fig. 4B). After 24 h of exposure
to Zn**, the putative ZnuC uptake domain showed a 10-fold
decrease to levels significantly below that of the baseline.
There was no significant difference in expression between 24
and 72 h. (The significances of the differences in mRNA ex-
pression between treatments were P = 0.002 [between 3- and
24-h treatments], P = 0.003 [between 3- and 72-h treatments],
and P = 0.924 [between 24- and 72-h treatments].)

Putative CDF (COG0053) shows that after 3 h of exposure
to ZnCl, there is a significant fourfold increase in mRNA
expression compared to the basal levels (Fig. 4C). After 24 h,
expression levels were reduced twofold, although this was still
well above basal levels, and by 72 h there was a further three-
fold reduction in mRNA expression to a level similar to that of
the basal (Fig. 4C). (The significances of the differences in
mRNA expression between treatments were P = 0.027 [be-
tween 3- and 24-h treatments], P = 0.013 [between 3- and 72-h
treatments], and P = 0.026 [between 24- and 72-h treatments].)

Putative Fur (COG0735) showed that after 3 h of exposure
to ZnCl, there was a sixfold increase in mRNA expression
compared to the basal level (Fig. 4D). At 24 h there was a
significant downregulation to a level similar to that of the basal
level (Fig. 4D). By 72 h there was a further significant 10-fold
reduction in mRNA expression. (The significances of the dif-
ferences in mRNA expression between treatments were P =
0.002, [between 3- and 24-h treatments], P = 0.001 [between 3-
and 72-h treatments], and P = 0.237 [between 24- and 72-h
treatments].)

DISCUSSION

Cyanobacteria, including Nostoc, have received considerable
attention for use as biosorbents to remove heavy metals from
contaminated water (12, 14, 24, 34). Metal sorption by different
cyanobacterial species ranges greatly (see reference 29 for a
review), with sorption as high as 999 mg g~' reported in Mi-
crocystis sp. (39). The capacity to sorb high concentrations of
heavy metals has been attributed to various components of
cyanobacteria, in particular polysaccharides of the cell wall
(17). Previous studies have shown that sorption of heavy metals
by M. aeruginosa was not affected by treatment with metabolic
inhibitors, low temperatures, and formaldehyde treatment
(34), suggesting that the intracellular sequestration of Zn?*"
was negligible compared to the total Zn*" associated with the
cells. We found that in N. punctiforme exposed to the nontoxic
level of 22 wM, which is significantly less than most other
studies, the amount of adsorbed Zn?* (indicated by EDTA-
sensitive Zn>" fraction) was 6.8 times that of the EDTA-
resistant Zn>* after 3 days.

Considerably less information is available in relation to the
longer-term effects of heavy metal treatment and the capacity
of cyanobacteria to actively accumulate, retain and efflux heavy
metals, since previous studies have focused on short exposures,
commonly 1 h (24), 2 h (45), and 6 h (34). The present study
shows that N. punctiforme can tolerate a maximum ZnCl, con-
centration of 22 pwM over a 14-day period and that cell num-
bers were significantly reduced in ZnCl, treatments of >22
M. This is not a high threshold compared to zinc concentra-
tions in contaminated waters, which can exceed 500 mg liter !
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(2, 13, 46). Zinquin ethyl ester, a membrane-permeable, UV-
excitable, blue fluorescent zinc indicator that is hydrolyzed into
Zinquin free acid once entering cells, provides a relative esti-
mate of free intracellular Zn** levels (47), and Zinquin anal-
yses indicated that Zn** was internalized in both living and
dead cells. Zinquin staining of N. punctiforme showed that
dead cells, identified by the lack of autofluorescence, accumu-
lated more Zn*" than live cells. This suggests that live cells are
able to actively exclude Zn?" to prevent intracellular toxicity.
This is also supported by data showing that 14% of the Zn**
was internalized relative to the adsorbed or bound Zn*". The
capacity of N. punctiforme to regulate intracellular Zn>* was
shown by the radiolabeled ®Zn studies, where Zn?" influx
increased over a period of 3 days and then stabilized. In con-
trast efflux from preloaded cells occurred more rapidly in the
first 3 h and then remained unchanged for 6 days.

Detoxification of intracellular metals, including zinc, has
been found to occur through a variety of different processes.
These processes encompass enzymatic reduction or oxidation
to a less-toxic form, methylation and diffusion of the methyl
metal through the plasma membrane, and complexation by
proteins (including metallothioniens) (32, 37). Polyphosphate
granules have also been described as having a broad substrate
range, sequestering an array of excess intracellular metal ions,
including zinc ions (4). Active uptake and efflux systems and
their transcriptional regulators have been identified as playing
a key role in metal detoxification in an array of organisms (37).
In the present study, we identified the presence of zinc influx
and efflux systems, suggesting the involvement of zinc trans-
porter genes in homeostasis. We focused here on describing
putative genes likely to be involved in active uptake and efflux,
as well as transcriptional regulation of metal uptake and efflux
systems, in the cyanobacterium N. punctiforme. This provides
insight into cyanobacterial gene expression responses to zinc
treatments.

To identify putative genes that may be involved in zinc
homeostasis, BLAST searches were carried out using bait se-
quences from known families of Zn?" transporters in other
prokaryote organisms. These products were then tested for
responsiveness to Zn*>*. On the basis of sequence homology
between N. punctiforme, other cyanobacterial species, A. thali-
ana, and E. coli genes, four genes involved in zinc uptake and
efflux in N. punctiforme were identified.

The predicted Co/Zn/Cd cation transporter, putative CDF
(COGO0053) possessed six transmembrane domains with C and
N termini located in the cytoplasm (see Table S1 in the sup-
plemental material). This is consistent with other members of
the CDF transporters belonging to the SLC30 family that typ-
ically contain six transmembrane domains. Members of the
SLC30 typically contain conserved histidine regions in the in-
tracellular loop of the protein between transmembrane 4 and 5
(36). These are postulated to facilitate Zn*>* binding (6). Con-
sistent with this observation, we found a total of nine histidine
residues, seven of which were conserved. Two of these were
located between transmembranes 4 and 5. CDF transporters
are postulated to be involved exclusively in transport of Zn?"
into intracellular vesicles or out of the cell across the plasma
membrane (33). CDF proteins found in bacteria are involved
in resistance to Zn>* (31). Few studies have been carried out
on the function of these proteins. ZitB in E. coli is induced by
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Zn*", and overexpression of this gene reduced the accumula-
tion of ®°Zn, suggesting that it mediated the efflux of Zn*"
(18). The CzcD protein of Bacillus subtilis is a CDF protein
whose levels were induced following exposure to Zn** (20).
Since cyanobacteria do not possess intracellular vesicles, it is
most likely that COG0053 mediates efflux of Zn*" from the
cytoplasm of N. punctiforme to the periplasm. Our data are
consistent with studies in bacteria where, after 3 h of exposure
to ZnCl,, N. punctiforme cells showed a fourfold upregulation
of COG0053. By 24 h the mRNA levels were reduced by
another 50% but remained significantly higher than basal lev-
els, possibly indicating the need to efflux Zn?* to prevent
intracellular toxicity in the presence of extracellular zinc. At
the 72-h time point, the mRNA levels were still detectable and
similar to basal levels.

The putative ZIP (COG0428) protein was identified by
TMHMM software as having seven transmembrane domains
with the N terminus in the periplasm and the C terminus in the
cytoplasm (see Table S1 in the supplemental material). This
structure is similar to that of a ZIP or SLC39 family; however,
ZIP genes characteristically have eight transmembrane do-
mains in eukaryotes (11). This suggests that COG0428 may be
different in cyanobacteria, in that both N and C termini reside
in the periplasm. Members of the ZIP family have not been
previously studied in cyanobacteria. In E. coli, ZupT was the
first characterized bacterial member of the ZIP family, and its
role in Zn*" uptake was demonstrated by the reduced uptake
of ®*Zn in E. coli strains from which this gene was deleted (18).
The structure of COG0428 is consistent with other members of
the ZIP family that typically have a long cytoplasmic loop
between transmembrane domains 3 and 4, referred to as a
variable region since there is little conservation among family
members (19). One feature of this region is the presence of
many histidine residues that may be potential membrane-bind-
ing sites (15). Putative ZIP (COG0428) protein contained
three histidine residues located between transmembrane do-
mains 3 and 4, between transmembrane domains 5 and 6, and
within transmembrane domain 7. In contrast to plant ZIP
proteins, however, COG0428 had only one histidine between
transmembrane domains 3 and 4. After 3 h of exposure to
ZnCl,, COGO0053 was upregulated by 10-fold, and by 24 h the
mRNA levels were reduced to a basal rate. After 72 h of
exposure, mRNA was almost undetectable. The initial rela-
tively large increase in expression of COG0428 may be due to
the need to acquire Zn** following Zn?*-deficient conditions
prior to the addition of Zn® Once optimum levels of Zn**
were attained after 24 h, homeostatic mechanisms to prevent
further Zn?>* uptake may account for the reduced mRNA
levels.

The putative ZnuC (COG1121) protein is a component of
the Znu Zn*" uptake system that consists of ZnuA, a periplas-
mic binding protein; ZnuB, a membrane permease; and ZnuC,
a soluble ATPase located within the cytoplasm (21). In E. coli,
this is an ATP-dependent, high-affinity uptake system that is
repressed in the presence of 10 wM Zn>" through activation of
a zinc uptake regulator (Zur) (35, 48). The putative ZnuC
(COG1121) was most similar to the ZnuC in E. coli and the
ABC transporter in Synechocystis, which forms a complex with
ZnuA and ZnuB. Upon exposure to Zn>*, ZnuC levels in-
creased by fivefold at 3 h and by 24 and 72 h had dropped
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below that of the basal level. The initial increase in expression
of COG1121 may reflect the need for increasing cellular Zn**
levels, since cells were Zn** deficient prior to exposure to
Zn**. Once optimum levels of intracellular Zn** were at-
tained, regulatory mechanisms to prevent excess accumulation
of Zn?* may account for the reduction in COG1121 mRNA
levels. It is not clear why maximum expression of both ZnuC
and Fur was detected at 3 h, since Fur is a repressor and would
be expected to inhibit ZnuC. It is possible that other regula-
tors, e.g., SmtB/ArsR, may regulate the expression of the zinc
transporter genes (27).

The ferric uptake regulator, Fur, encodes repressors that
control the transport of Fe?*. The Fur protein binds Fe*"
when intracellular iron levels become elevated (22). The coor-
dination of Fe** to a Fur monomer enables the dimeric Fur
protein to bind to a 19-bp DNA sequence called a Fur box
within the promoter of the regulated genes (26). Fur proteins
contain a cluster of histidine residues around position 90 that
may be involved in Fe?" binding (35). The putative Fur
(COGO735) in N. punctiforme had very high similarity to Fur in
Nostoc species (PCC7120) and in Synechococcus and Synecho-
cystis. Interestingly, COGO0735 possessed no histidines around
position 90, but histidine residues were found at positions 59,
69, 77, 121, and 123 and also at position 133, where there was
a sequence of five histidines. A similar placement of five his-
tidine residues is seen in a number of Bacillus species, which
might provide evidence that the putative Fur (COGO0053) in N.
punctiforme maybe a Zur gene, which is a member of the Fur
family. In various bacteria, Zur, a zinc-specific regulator of the
Fur family, regulates genes for zinc transport to maintain ho-
meostasis, through binding to ZnuA (42). COG0735 was respon-
sive to Zn*", since mRNA levels were increased by sevenfold
within 3 h of Zn** treatment. By 24 h the mRNA levels were
reduced to below baseline and further reduced after 72 h. This
indicates that in N. punctiforme Fur is regulated by Zn>*, which is
consistent with studies of other organisms, including Bacillus sub-
tilis (9), Pseudomonas aeruginosa, (38), and E. coli (30). Although
N. punctiforme contains a Zn*" -responsive Fur gene, it is not clear
whether the Fur protein regulates ZnuABC. Pasteurellaceae,
which have ZnuABC, have no Zur (21) but have Fur, which might
regulate Zn*>* uptake by ZnuABC (38).

In summary, N. punctiforme showed long-term sensitivity to
Zn>*, where concentrations above 22 pM were toxic. In cells
exposed to nontoxic levels of Zn*" (22 uM), the accumulation of
zinc was accompanied by changes in expression of a Fe** regu-
latory gene (Fur), two Zn*" uptake genes (one belonging to the
SLC39 family of Zn importers and the other a member of the
ABC transporter family), and finally one efflux gene belonging to
the SLC30 family. The expression of these four genes, together
with the identification of cellular zinc influx and efflux processes,
indicates that they may play a key role in zinc homeostasis in N.
punctiforme.
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