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CcbP, a calcium-binding protein from Anabaena sp.
PCC 7120, provides evidence that calcium ions
regulate heterocyst differentiation
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Although it is known that calcium is a very important messenger
involved in many eukaryotic cellular processes, much less is known
about calcium’s role in bacteria. CcbP, a Ca2*-binding protein, was
isolated from the heterocystous cyanobacterium Anabaena sp. PCC
7120, and the ccbP gene was cloned and inactivated. In the absence
of combined nitrogen, inactivation of ccbP resulted in multiple
contiguous heterocysts, whereas overexpression of ccbP sup-
pressed heterocyst formation. Calmodulin, which is not present in
Anabaena species, could also suppress heterocyst formation in
both Anabaena sp. PCC 7120 and Anabaena variabilis. HetR induc-
tion upon nitrogen step-down was slow in the strain overexpress-
ing ccbP. The Ca?* reporter protein obelin was used to show that
mature heterocysts had a high intracellular free Ca2*concentration
{[Ca2*];}, and immunoblotting showed that CcbP was absent from
heterocysts. A regular pattern of cells with higher [Ca2*]; was
established during heterocyst differentiation before the appear-
ance of proheterocysts. A rapid increase of [Ca2*]; could be de-
tected 4 h after the removal of combined nitrogen, and this
increase was suppressed by excessive CcbP. These results suggest
that Ca2* ions play very important roles in hetR induction and
heterocyst differentiation.

cyanobacteria | hetR | pattern formation

I n eukaryotes, Ca* ions play very important roles in cellular
processes such as cell differentiation (1, 2). The intracellular
free calcium ion concentration {[Ca?*];} is tightly regulated
through Ca?* channels, Ca®>* pumps, and Ca?*-binding proteins,
and [Ca®"]; is generally maintained in the nanomolar range. In
bacteria, the role of Ca?* in cellular activities is less clear (3-5).
It has been demonstrated that [Ca?"]; is tightly regulated in some
bacteria (6), and there is evidence indicating that calcium is
critical to some bacterial cellular processes such as sporulation
of Bacillus (7), chemotaxis of Escherichia coli (8), and heterocyst
differentiation of cyanobacteria (9). Heterocyst development
may represent one of the earliest examples of pattern formation
in evolution (10). Heterocysts are specialized cells for nitrogen
fixation of some filamentous cyanobacteria (11-14). When het-
erocystous cyanobacteria are subjected to nitrogen step-down,
some vegetative cells differentiate and become heterocysts.
Many genes are specifically involved in heterocyst differentia-
tion. The genes that are required for initiation of cell
differentiation include ntcA (15, 16) and hetR (17). HetR is a
serine-type protease that plays an important role in heterocyst
formation (18).

Evidence obtained by manipulating extracellular calcium con-
centration and by using inhibitors of Ca?"-binding proteins
suggested that Ca?™ could be involved in heterocyst differenti-
ation (9). Here we describe a Ca?*-binding protein, CcbP, from
Anabaena sp. PCC 7120. Our study shows that free calcium
accumulates in differentiating cells and mature heterocysts,
correlated with a drop in the level of the Ca?*-binding protein.
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The free Ca®*concentration appears to be critical for the
differentiation process.

Materials and Methods

The following protocols can be found in Supporting Text, which
is published as supporting information on the PNAS web site:
growth of the strains of Anabaena; isolation of the Ca?>"-binding
protein CcbP; isolation of the ccbP gene from total genomic
DNA; expression of recombinant ccbP in Escherichia coli; con-
struction of plasmids for inactivation of the ccbP gene, for
copper-regulated expression of ccbP, for copper-regulated ex-
pression of rat calmodulin (CaM) gene, for cchP promoter
regulation of GFP expression, and for expression of obelin, a
reporter for the level of free Ca?*.

Assays for Ca2*-Binding Proteins. “°*Ca’" overlay assay was per-
formed as follows: Proteins were first separated by SDS/PAGE
and then transferred to a poly(vinylidene difluoride) membrane.
It was then washed three times with buffer C (20 mM Tris-HCl,
pH 7.2/5 mM MgCl,/60 mM KCI/10 mM imidazole). The
membrane was then soaked in 25 ml of buffer C containing 50
wCi #CaCl, for 10 min before washing briefly with buffer C
containing 5% ethanol and blotted to dry. The radioactive bands
were detected with Kodak x-ray film. For the Ca?*-dependent
electrophoretic mobility-shift assay, Ca?*-binding proteins were
separated by SDS/PAGE (12%) in the presence of 2 mM CaCl,
or 2 mM EGTA (19).

Detection of Intracellular Free Ca2*. Ca’>*-dependent fluorescence
emission by obelin was detected as follows. One milliliter of
Anabaena sp. PCC 7120 (Anabaena 7120 from hereon) culture
at an optical density (750 nm) of 0.3 was washed with BG11 or
BG11) media before coelenterazine was added to a final con-
centration of 2 uM from a stock solution of 1 mM in methanol.
The culture was incubated in darkness for 30 min at 28°C. The
fluorescence images with UV light for excitation were recorded
as described by Huang er al. (20). For measurement of the
fluorescence spectra of Anabaena 7120 cells containing obelin,
the cell cultures were prepared as above, and the spectra were
recorded by a PTI (South Brunswick, NJ) fluorescence spec-
trophotometer. The excitation wavelength was 340 nm with a slit
width of 1 nm. Changes of fluorescence emission at 460 nm were
used to determine changes of [Ca?"]; in Anabaena 7120.

Abbreviations: CaM, calmodulin; MCH, multiple contiguous heterocysts.

Data deposition: The sequence reported in this paper has been deposited in the GenBank
database (accession no. AY919604).
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Fig. 1. Partial purification and characterization of CcbP from Anabaena

7120.(A) SDS/PAGE analysis of isolated CcbP. Lane 1, total cellular extract from
Anabaena 7120; lane 2, partially purified CcbP after (NH4),SO4 precipitation,
a DEAE column, and a gel filtration column; lane 3, protein molecular mass
standards (in kDa, from top): 97, 64, 45, 31, 21.5, and 14. (B) 45Ca?* overlay.
Partially purified CcbP (lane 1) and rat CaM (lane 2) were transferred to a
poly(vinylidene difluoride) membrane after SDS/PAGE and labeled with
45Ca2* before exposure to x-ray film. (C and D) Characterization of the
recombinant CcbP (rCcbP) by electrophoretic mobility in SDS/PAGE in the
presence of 2mM EGTA (C) or 2mM CaCl; (D). The proteins were treated with
1 mM DTT before electrophoresis. The rat CaM was used as control. Molecular
mass standards (Ms) are as described in A.

Other Methods. SDS/PAGE was performed according to Lae-
mmli (21). Heterocyst isolation and immunoblotting for detec-
tion of HetR and CcbP were performed according to Zhou et al.
(22). Protein concentration was determined as described (23).
Localization of GFP on Anabaena 7120 filaments was carried out
according to Yoon and Golden (24).

Results

Characterization of CcbP from Anabaena 7120. We tried several
methods to isolate Ca?*-binding proteins from Anabaena 7120.
A method used for calsequestrin isolation (25) was found
suitable, and we were able to partially purify a Ca?*-binding
protein from Anabaena 7120 (Fig. 14). A protein band was
labeled with Ca?* in ¥*Ca" overlay (Fig. 1B). The N-terminal
sequence of the protein was determined (ASVERDETREHRI-
ETEIIV). It matched a hypothetical protein encoded by an ORF
(alr1010) in the genome sequence without the initial Met
residue. The gene was named cchbP (cyanobacterial calcium-
binding protein). The cchbP gene was overexpressed in E. coli, and
the gene product was purified (Fig. 1C). A Ca?>"-dependent
gel-shifting assay showed that CcbP had an apparent molecular
mass of 31 kDa in the presence of EGTA, whereas it had an
apparent molecular mass of 21 kDa in the presence of Ca?*. This
mobility shift was larger than that of rat CaM, which showed a
shift of ~4 kDa (Fig. 1 C and D).

CcbP from Anabaena 7120 has 126-aa residues (14.75 kDa)
with a pI of 4.1. The CcbP contains no EF hand, and it does not
have motifs or domains known to bind Ca?". There are two
hydrophobic stretches flanking an Asp-rich area located in the
middle of the protein.

CcbP Regulates Calcium Availability for Heterocyst Formation. To
study the functions of CcbP, an insertion mutant of cchP was
constructed in Anabaena 7120 (CCBP-M). The mutant was
confirmed by Southern hybridization and immunoblotting as
shown in Fig. 8, which is published as supporting information on
the PNAS web site. We also constructed a plasmid (pPpetE-
ccbP) that had the ccbP gene under control of the petE promoter
(26). This plasmid was used to transform Anabaena 7120 (CCBP-
IE) so that the expression of cchP was inducible with copper.
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Fig.2. Theeffectsofinactivation of ccbPand overexpression of ccbPand cam
on heterocyst differentiation in Anabaena 7120. (A) Fluorescence image of a
wild-type filament. (B) Fluorescence image of CCBP-M grown in the presence
of nitrate. (C) Bright-field image of CCBP-M in the absence of combined
nitrogen. (D) Bright-field (D7) and fluorescence (D2) images of CCBP-IE grown
in the absence of combined nitrogen without copper induction. (E) Fluores-
cence image of CCBP-IE grown in the absence of combined nitrogen with
copper induction. (F and G) Fluorescence images of the wild type expressing
arat CaM gene (cam) and CCBP-M expressing cam in the absence of combined
nitrogen with copper induction, respectively. (H and /) Bright-field images of
A. variabilis carrying pPpetE-ccbP grown in the absence of combined nitrogen
without and with copper induction, respectively. Arrows indicate the posi-
tions of heterocysts. (Bar, 10 um.)

When combined nitrogen was removed, wild-type filaments
formed heterocysts within 24 h (Fig. 24). CCBP-M was able to
grow at a reduced rate (70%) and did not form heterocysts in
BG11 (Fig. 2B). When CCBP-M was subjected to nitrogen
step-down, its heterocyst frequency was higher than that of the
wild type, and multiple contiguous heterocysts (MCH) were
formed (Fig. 2C). The strain CCBP-IE was also able to grow in
BG11. In the absence of added copper, CCBP-IE could form
heterocysts with a slightly reduced heterocyst frequency under
nitrogen-limiting condition (Fig. 2D). When copper was added
to the growth medium, heterocyst formation was completely
suppressed in CCBP-IE (Fig. 2E), suggesting that CcbP nega-
tively regulates heterocyst differentiation.

Ca?*-binding proteins might regulate gene expression either
through Ca’"-dependent protein—protein interactions or
through regulation of [Ca®*]; (calcium homeostasis). To under-
stand the mechanism by which CcbP regulates heterocyst dif-
ferentiation, we studied the effect of expressing a rat CaM gene
(cam) in Anabaena. When the wild type carrying pPpetE-cam
was induced to express cam with copper, it failed to form
heterocysts 48 h after nitrogen step-down (Fig. 2F). Expression
of cam in CCBP-M by copper induction suppressed MCH in the
absence of combined nitrogen (Fig. 2G). A few heterocysts could
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Fig. 3. The effect of expression of ccbP in patS~ and the wild-type strain
carrying pRL25C-hetR. (A) patS~ formed MCH in the absence of combined
nitrogen. (B) patS~ with pPpetE-ccbP did not form heterocysts in the absence
of combined nitrogen when induced with copper. (C) The wild type with
pRL25C-hetR has MCH in the absence of combined nitrogen. (D) The MCH
phenotype shown in C was suppressed when the strain also carried pPpetE-
ccbP and induced with copper. Arrows indicate the positions of heterocysts.
(Bar, 10 um.)

be observed, but the frequency was <4%. Transformation of
CCBP-M with the plasmid pPpetE-ccbP(ery®) could also sup-
press the MCH phenotype (data not shown). Anabaena variabilis
is another species that also forms heterocysts under nitrogen-
limiting conditions. When pPpetE-cam was transformed into A4.
variabilis, it suppressed heterocyst formation completely in the
absence of combined nitrogen with copper induction (Fig. 21).
However, the strain could grow under this condition, probably
because of the presence of the alternative nitrogenase present in
vegetative cells (27). Thus, the inhibition of heterocyst formation
in Anabaena by CcbP and CaM was likely to result from Ca?*
sequestration. These results strongly indicate that Ca?* is re-
quired for heterocyst differentiation and predict that [Ca?*];
would increase in differentiating cells and mature heterocysts of
Anabaena.

patS and hetR are critical to heterocyst formation in Anabaena
(17, 18, 26, 28). The strain patS~ formed MCH in the absence of
combined nitrogen (Fig. 34). However, when patS~ was trans-
formed with pPpetE-ccbP(eryR), it did not form heterocysts
when induced with copper (Fig. 3B). When the hetR gene was
present on a multicopy plasmid (pRL25C-hetR), Anabaena 7120
formed MCH in BG11, (Fig. 3C). When the strain with pRL25C-
hetR also contained the pPpetE-ccbP(ery®) and was induced
with copper, it did not form heterocysts in the absence of
combined nitrogen (Fig. 3D). This result suggests that CcbP
could act at an early stage of heterocyst differentiation, possibly
by preventing the HetR activation of transcription.

The expression of hetR was investigated by immunoblotting
with the results shown in Fig. 4. The amount of HetR reached
its maximum level within 3 h after nitrogen step-down in the wild
type. The expression of cchbP induced by copper prevented the
fast induction of setR in CCBP-IE. The HetR level in this strain
increased gradually and reached a low plateau 12 h after the
removal of combined nitrogen (Fig. 4). The induction of %etR in
CCBP-M was similar to that of the wild type within 24 h after
nitrogen step-down. The HetR level in CCBP-M declined faster
after 24 h of nitrogen step-down than that of the wild type,
probably because the cells were under a more stressed condition.

Localization of CcbP. The spatial pattern of cchbP expression in
Anabaena 7120 was studied by using gfp as a reporter gene under
control of the ccbP promoter (800-bp fragment upstream of
ccbP). Fig. 5 Al and A2 show that, in the strain carrying
pPccbP-gfp, the GFP was mostly located in vegetative cells,
whereas the green fluorescence was much weaker in heterocysts,
suggesting that transcription of cchP was down-regulated in
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Fig. 4. Determination of HetR level by immunoblotting during the process
of heterocyst differentiation. Cells of the wild type, CCBP-M, and CCBP-IE were
collected at the times indicated. Total proteins were separated by SDS/PAGE
and transferred to a poly(vinylidene difluoride) membrane. The amount of
HetR was determined with antibodies against HetR. The values are the aver-
age of triplicate measurements.

heterocysts. As a control, the green fluorescence in the strain
expressing gfp under control of the patS promoter (24) was
almost exclusively located in heterocysts (Fig. 543). Immuno-
blotting the proteins from isolated heterocysts (Fig. 5B) showed
that, whereas HetR was more abundant in heterocysts, CcbP
could not be detected in heterocysts, suggesting that the weak
green fluorescence observed in heterocysts in Fig. 5 A7 and A2
could be due to incomplete degradation of GFP during differ-
entiation. We also studied the level of CcbP from entire fila-
ments during the process of heterocyst differentiation and found
that it was largely unchanged (data not shown).

Measurement of Intracellular Free Calcium with Obelin. It was re-
ported that a transient increase of [Ca?"]; occurred after nitro-
gen step-down in Anabaena 7120 based on whole-filament
measurements (29). The level of [Ca?*]; in individual cells in
Anabaena has not been reported. To monitor [Ca?>*]; in indi-
vidual cells, we used recombinant obelin as an indicator of
[Ca?"]; in Anabaena 7120. In the presence of coelenterazine, the
intensities of luminescence and fluorescence generated by obelin
are linearly related to Ca?" concentration (30). The blue fluo-
rescence of obelin-generated coelenteramide is excellent for
studying cyanobacterial [Ca"];, because the fluorescence from

A

B ve He ve He

Fig.5. Analysis of the ccbP promoter in Anabaena 7120 with gfp as reporter
gene (A) and localization of CcbP by immunoblotting (B). (A7 and A2)
Anabaena 7120 carrying pPccbP-gfp was subjected to nitrogen step-down for
24 h. The fluorescence image was obtained with blue light excitation without
(A7) and with (A2) the red fluorescence blocked. (A3) GFP fluorescence from
Anabaena 7120 carrying plasmid pAM1951 that contained a PpatS-gfp fusion
(24) after nitrogen step-down for 24 h. Arrows indicate the positions of
heterocysts. (B) Immunoblotting analysis of CcbP in vegetative cells (Vc) and
isolated heterocysts (Hc). Antibodies against HetR and CcbP were used as
primary antibodies in these reactions. Arrows indicate the positions of HetR or
CcbP. The molecular mass standards shown on the left side of the blots are the
same as in Fig. 1. (Bar, 10 um.)
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Fig. 6. Increase of intracellular free Ca?* concentration as revealed by
recombinant obelin. Anabaena 7120 carrying pAM505-ob (A-D, F) or without
pPAMS505-ob (E) was subjected to nitrogen step-down for 24 h (A-E) or for 12 h
(F). Except for D, coelenterazine was added to 1 ml of cultures of Anabaena
7120 at an optical density (750 nm) of 0.3 to a final concentration of 2 uM and
incubated for 30 min before they were observed with the fluorescence mi-
croscope. (A) Fluorescence image with green-light excitation that excited
phycobiliproteins (PBP). (B and C) Fluorescence images with near-UV light
excitation with the red fluorescence from chlorophyll and PBP unblocked (B)
and blocked (C). (D) Fluorescence image in the absence of coelenterazine
when excited with near-UV light. (E) Fluorescence image of the wild-type
Anabaena 7120 without obelin in the presence of coelenterazine with
near-UV light excitation. (F) Fluorescence image of Anabaena 7120 carrying
pAM505-0b 12 h after the removal of combined nitrogen. The filament was
excited with near-UV light, and the image was obtained as in C. (Bar, 10 um.)

phycobiliproteins (PBP) and chlorophyll in this wavelength
range is much lower. The obe gene on pAMS505-0b was con-
trolled by an E. coli promoter, Ptac, and the blue fluorescence
generated by obelin was observed in Anabaena 7120 (Fig. 6).
When the filaments were excited by PBP-absorbing light, red
fluorescence was observed only from vegetative cells (Fig. 64).
When the filaments were excited with near-U'V light, vegetative
cells showed red fluorescence, whereas heterocysts were blue
(Fig. 6B). Fig. 6C shows the same filament with the red fluo-
rescence blocked. The level of blue fluorescence in vegetative
cells was comparable in BG11 and BG11, (not shown). The blue
fluorescence depended upon coelenterazine, because none was
observed in its absence (Fig. 6D). The heterocysts from the wild
type without obelin showed no blue fluorescence even when
coelenterazine was added (Fig. 6E). Fig. 6F shows the pattern of
blue-fluorescent cells along the filaments 12 h after the removal
of combined nitrogen.

The emission spectrum generated by Ca?*-obelin during
heterocyst differentiation was measured (Fig. 7). The spectrum
showed an emission peak at 460 nm that depended upon the
presence of coelenterazine (Fig. 74). The change of fluorescence
intensity at 460 nm (Fig. 7B) showed a fast increase of [Ca?*]i4 h
after nitrogen step-down, and a higher [Ca?*]; was maintained
in the following period of heterocyst differentiation. Expression
of ccbP with copper induction in CCBP-IE completely sup-
pressed the increase of [Ca®"]; after nitrogen step-down. Be-
cause the fluorescence levels in vegetative cells were similar, a
doubling of fluorescence intensity in whole filaments (Fig. 7B)
suggests that [Ca?"]; in heterocysts or differentiating cells would
be ~10 times higher than in vegetative cells, assuming that their
frequency is ~10%.

Discussion

Alow [Ca?"]; is normally maintained in Anabaena 7120 (31). The
detection of a transient increase of [Ca®*]; during heterocyst
differentiation (29) and the results obtained with manipulation
of extracellular Ca?* concentrations (9) suggested that Ca?*
might be a signal for the differentiation process. In this report,

Zhao et al.

>

2.5

2.04

Relative fluorescence intensity

0.51

400 450 500 550 600
Wavelength (nm)

us)

2251

2.007

1.757

1.501

1.257

Relative Fluorescence Intensity (460 nm)

C——

0 4 8 12 16 0 u 2
Time after nitrogen step-down (h)

Fig.7. Fluorescence emission spectra in vivo and time course of the increase
of emission at 460 nm during heterocyst differentiation. (A) Selected fluores-
cence spectra from coelenteramide-obelin in Anabaena 7120 carrying
pAM505-ob during heterocyst differentiation. Cells were collected, and co-
elenterazine was added as described in Fig. 6. The cultures were then excited
with UV light at 340 nm, and four emission spectra were obtained and
averaged. Spectrum 1, emission spectrum without coelenterazine; spectra
2-4, emission spectra obtained at 0, 12, and 24 h after the removal of
combined nitrogen, with coelenterazine. (B) Increase of fluorescence emission
at 460 nm of Anabaena 7120 carrying pAM505-ob during heterocyst differ-
entiation. Cells were collected at the times indicated and incubated with
coelenterazine before emission spectra were obtained as in A. Each point
represents an average of four independent measurements. Solid circles:
Anabaena 7120 carrying pAM505-ob. Open circles: CCBP-IE(eryR) carrying
pPAM505-0b in the presence of 2.5 uM CuCl,.

we describe a Ca?*-binding protein, CcbP, from Anabaena 7120
and suggest a role of CcbP in regulation of heterocyst differen-
tiation. CcbP was isolated by using a procedure similar to that for
calsequestrin (25). CcbP is rich in acidic amino acids and lacks
an EF hand. So it is possible that CcbP binds Ca?* similarly to
calsequestrin, which also lacks an EF hand and binds Ca’* by
protein surface charge (32). The binding of Ca" to calsequestrin
generates a more compact structure of the protein (33). The
mobility shift of CcbP in SDS/PAGE induced by Ca?* (Fig. 1 C
and D) suggests that CcbP could at least partially maintain its
structure when treated with SDS, as does calsequestrin (33). It
also suggests that CcbP has a more compact structure with bound
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Ca?* as calsequestrin and CaM, although the possibility that the
band of CcbP in SDS/PAGE in the presence of EGTA is a stable
noncovalent dimer could not be completely ruled out.

Our study shows that lack of ccbP results in a MCH phenotype,
and overexpression of ccbP suppresses heterocyst formation
(Fig. 2). Overexpression of cam in both Anabaena 7120 and A.
variabilis also suppressed heterocyst formation (Fig. 2). Because
CaM is absent from both Anabaena strains, the effect we
observed in the strains overexpressing cam is most likely a result
of Ca?* sequestration that reduces [Ca?*]; rather than a result of
protein—protein interactions. That excessive CcbP suppresses the
increase of [Ca?"]; during heterocyst differentiation (Fig. 7B)
supports this suggestion. This suggestion is also supported by the
results of CcbP localization, which showed that it was present in
vegetative cells but absent from heterocysts (Fig. 5). These
results indicate that an increase of [Ca2*]; is required for cells to
differentiate.

To measure [Ca?*];, we expressed the obelin gene from Obelia
geniculata (30) in Anabaena 7120. Obelin is an excellent indicator
for Ca?" and is less sensitive to Mg?* (30). Although the
maximum fluorescence emission of recombinant obelin—Ca?* in
vitro is at 517 nm (30), the peak of obelin-Ca?* fluorescence
emission is at 460 nm in Anabaena cells (Fig. 7). This result
suggests that the emission is contributed mostly by an ion pair
state and the amide anion of coelenteramide (30). The total
cellular-free Ca?* concentration increases rapidly 4 h after
nitrogen step-down (Fig. 7B), and this increase is due to the
increase of [Ca?"]; in mature heterocysts and differentiating cells
(Fig. 6). The results in Fig. 6 suggest that Ca?* plays an important
role early in heterocyst differentiation, because a pattern of cells
with high blue fluorescence was established earlier than the
appearance of proheterocysts. That overexpression of ccbP
prevents heterocyst formation in the strain patS~ or the strain
with pRL25C-hetR (Fig. 3) also suggests that Ca?* functions
early in the process of differentiation. HetR is an important
protein in regulation of heterocyst differentiation and pattern
formation (17, 18, 20, 26, 34, 35), and hetR is up-regulated early
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in the process of heterocyst differentiation (17, 22). Sequestra-
tion of Ca?* with CcbP prevented the initial sefR induction (Fig.
4), indicating that iefR up-regulation could not be accomplished
when [Ca’*"]; is too low. Because HetR is possibly a Ca>*-
dependent protease (18), the increased [Ca?"]; is likely to be
important to the functions of HetR in the differentiating cells.

The results shown in Figs. 6 and 7 demonstrate that [Ca®*]; in
mature heterocysts is 10 times higher than in the vegetative cells.
The increase of [Ca?*]; in mature heterocysts and differentiating
cells could result from specific degradation of CcbP and the
release of the bound Ca?*, which could occur 4 h after nitrogen
step-down (Fig. 7B). The phase of fast [Ca?*]; increase (Fig. 7B)
was ~1-2 h behind the phase of HetR increase (Fig. 4). The
timing and kinetics of HetR induction (Fig. 4) and [Ca®'];
increase (Fig. 7) after nitrogen step-down are suggestive that
HetR can be a candidate responsible for CcbP degradation,
although experimental data are lacking at the moment.
Anabaena 7120 has at least one potential P-type calcium-pump
(all3245) based on surveys of its genome. It is possible that the
activity of the pump is down-regulated in differentiating cells and
mature heterocysts.

The increase of [Ca®"]; in heterocysts strongly suggests that
Ca?* is important for heterocyst functions. It has been shown
that GInB modification is inhibited by Ca?* (K. Forchhammer,
personal communication). Laurent et al. (36) have shown that
GInB in heterocysts is present in an unmodified form, which is
required for the activation of N-acetyl glutamate kinase (37, 38),
a key enzyme involved in arginine synthesis. Thus, a higher
[Ca?*]i might be critical for nitrogen assimilation in heterocysts.
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