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ABSTRACT Multicellular organisms must carefully regulate the timing, number, and
location of specialized cellular development. In the filamentous cyanobacterium
Anabaena sp. strain PCC 7120, nitrogen-fixing heterocysts are interspersed between
vegetative cells in a periodic pattern to achieve an optimal exchange of bioavailable
nitrogen and reduced carbon. The spacing between heterocysts is regulated by the
activity of two developmental inhibitors, PatS and HetN. PatS functions to create a
de novo pattern from a homogenous field of undifferentiated cells, while HetN main-
tains the pattern throughout subsequent growth. Both PatS and HetN harbor the
peptide motif ERGSGR, which is sufficient to inhibit development. While the small
size of PatS makes the interpretation of inhibitory domains relatively simple, HetN is
a 287-amino-acid protein with multiple functional regions. Previous work suggested
the possibility of a truncated form of HetN containing the ERGSGR motif as the
source of the HetN-derived inhibitory signal. In this work, we present evidence that
the glutamate of the ERGSGR motif is required for proper HetN inhibition of hetero-
cysts. Mutational analysis and subcellular localization indicate that the gene encod-
ing HetN uses two methionine start codons (M1 and M119) to encode two protein
forms: M1 is required for protein localization, while M119 is primarily responsible for
inhibitory function. Finally, we demonstrate that patS and hetN are not functionally
equivalent when expressed from the other gene’s regulatory sequences. Taken to-
gether, these results help clarify the functional forms of HetN and will help refine fu-
ture work defining a HetN-derived inhibitory signal in this model of one-dimensional
periodic patterning.

IMPORTANCE The proper placement of different cell types during a developmental
program requires the creation and maintenance of a biological pattern to define the
cells that will differentiate. Here we show that the HetN inhibitor, responsible for
pattern maintenance of specialized nitrogen-fixing heterocyst cells in the filamen-
tous cyanobacterium Anabaena, may be produced from two different start methio-
nine codons. This work demonstrates that the two start sites are individually in-
volved in a different HetN function, either membrane localization or inhibition of
cellular differentiation.

KEYWORDS Anabaena, cyanobacteria, development, hetN, heterocyst

he development of a multicellular organism relies on the spatiotemporal regulation
of signals to properly place different cell types. Anabaena sp. strain PCC 7120 (here
Anabaena) is a multicellular filamentous cyanobacterium that places specialized
nitrogen-fixing heterocysts in a periodic pattern in response to nitrogen starvation
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(1-3). Heterocysts are morphologically distinct, terminally differentiated cells that
create a microoxic environment for the oxygen-labile nitrogenase complex to fix
environmental dinitrogen into ammonia, which is provided to adjacent photosynthetic
vegetative cells in exchange for a source of reductant. A semiregular interval of 10 to
20 photosynthetic vegetative cells is formed and maintained between heterocysts to
ensure that all cells receive fixed nitrogen and therefore maintain filament integrity. The
biological pattern that places heterocysts is initially formed and subsequently perpet-
uated by the interactions of three key regulators, HetR, PatS, and HetN, in a manner
consistent with the activator-inhibitor model.

The activator-inhibitor model, proposed by Alan Turing and refined by Gierer and
Meinhardet, is the basis of biological pattern formation in a variety of organisms across
genera (4-6). This model is predicated on the function of an autocatalytic activator that
regulates both its own production and the production of its inhibitor, which prevents
differentiation via the inactivation of the activator. The activator and inhibitor may
diffuse from source cells at differing rates to create a pattern from a homogenous field
of cells. In this case, the interaction of the activator (HetR) and its inhibitors (PatS and
HetN) defines and maintains the pattern of cells capable of differentiating into hetero-
cysts along filaments in the Anabaena developmental system. HetR is an autocatalytic
transcriptional regulator that is required for differentiation in a wild-type background;
strains lacking a functional copy of hetR fail to differentiate, while those overexpressing
hetR produce supernumerary heterocysts (7-9). The expression of hetR is upregulated
early in the developmental cascade, and patterned expression in cells that will become
heterocysts has been shown to occur roughly 8 to 10 h after the induction of
differentiation (9). HetR binds to its own promoter region and that of its inhibitor pats,
and such interactions with DNA are required for HetR to exert its regulatory function
(10, 11). While HetR has not been shown to diffuse between cells, PatS- and HetN-
dependent inhibitory signals produced by source cells have been demonstrated (12).

PatS is a 17-amino-acid peptide that is upregulated by HetR, and its activity travels
laterally from source cells (10, 12, 13). The interaction of PatS and HetR leads to the
posttranslational degradation of HetR and creates the periodicity of vegetative and
heterocyst cells characteristic of wild-type Anabaena (12, 14). This periodic pattern can
be visualized about 8 h after the induction of differentiation by the cell-type-specific
expression of hetR or patS promoter fusions to the green fluorescent protein gene (gfp)
(9, 15). Anabaena strains lacking patS produce a multiple-contiguous-heterocyst (Mch)
phenotype by 24 h postinduction, which gradually resolves into a wild-type pattern of
heterocyst spacing over time (13). Pattern resolution is driven by the second inhibitor,
HetN, which is expressed later in developing heterocysts and functions to maintain the
regular spacing of heterocysts along filaments (16-18). Mutations in hetN, originally
annotated as a ketoacyl reductase gene, that abrogate inhibitory function result in an
Mch phenotype that is not visible until roughly 48 h postinduction. Thus, the PatS- and
HetN-dependent inhibitory signals contribute to de novo pattern formation and pattern
maintenance, respectively.

Although PatS and HetN regulate the progression of development differently, they
share a conserved RGSGR motif that is absolutely required for function (13, 19, 20).
Mutations in the RGSGR motif result in the production of greatly attenuated or
nonfunctional patS and hetN alleles. The exogenous addition of the RGSGR pentapep-
tide to cultures of the wild type inhibits heterocyst formation, and in vitro studies have
shown that this pentapeptide interacts directly with HetR (13, 14). While the penta-
peptide RGSGR interacts with HetR, the addition of one conserved amino acid (ERGSGR)
results in a much higher binding affinity for HetR in vitro (21). Mutational analysis of the
entire patS gene identified amino acids required for activity and showed that mutation
of the conserved glutamate in the ERGSGR motif resulted in a patS allele with decreased
function (20). The mutation of four regions of hetN that show differences in hydropho-
bicity demonstrated that the E/RGSGR motif and the region upstream are required for
protein function (19, 22). Despite those studies, the exact nature of the mature PatS and
HetN inhibitors remains unknown.
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Previous work has shown that the full-length HetN protein does not exit the
producing cell, but a HetN-dependent signal is exported from source cells (23). It is
therefore possible that HetN is processed following translation or that a truncated form
of HetN is produced. Here we show that, like PatS, HetN alleles lacking the glutamate
residue in the conserved ERGSGR motif display decreased functionality. Five possible
translational start sites in the N terminus of HetN upstream of the ERGSGR motif were
assessed, and it was found that M119 is required for the production of the HetN-
dependent inhibitory signal when expressed from the native locus. Additionally, swap-
ping of the inhibitors at the native loci (patS in the place of hetN and vice versa) also
demonstrated that patS and hetN are not functionally redundant. These results indicate
that HetN can be produced from an alternate translational start site and may produce
a truncated protein to maintain heterocyst patterning.

RESULTS

The E131 residue of HetN is required for proper function. Both PatS and HetN
are required for the formation and maintenance of a biological pattern that ensures the
proper spacing of heterocysts along Anabaena filaments. Each protein acts by diffusing
its activity laterally from source cells to inhibit HetR function via direct binding, which
leads to the posttranslational degradation of HetR (12, 20, 23). In previous work, a
conserved RGSGR motif present in both PatS and HetN has been shown to catalyze
HetR degradation when added exogenously to growth medium (12, 13, 19). The
removal of this motif, or mutation of amino acids within it, abrogates or decreases the
inhibitory capacity of PatS or HetN (19, 20, 22). Recent work to identify amino acids
required for PatS function showed that an E12A mutation yielded an allele with
decreased inhibition, which resulted in an increased percentage of heterocysts formed
(20). This glutamate residue in PatS is present in the ERGSGR sequence (amino acids 12
to 17), and these six amino acids are conserved in HetN (amino acids 131 to 136). It is
therefore possible that this conserved glutamate is required for the normal function of
both inhibitors. To determine the contribution of E131 to the function of HetN, the
residue was individually mutated to alanine (E131A), leucine (E131L), or glutamine
(E131Q).

Each hetN allele was introduced into the native locus and assessed for function by
determining the heterocyst frequency and pattern following nitrogen step-down. By 48
h following nitrogen step-down (N™), the AhetN phenotype is most pronounced. At this
time, the wild type produced 9.5% = 0.3% heterocysts, while the AhetN mutant
(UHM150) yielded 16.2% = 0.2% heterocysts (Table 1). Strains harboring E131A
(UHM352) and E131L (UHM353) alleles of hetN produced 13.6% = 0.6% and 15.0% =
0.6% heterocysts after 48 h of N—, respectively (Table 1). In contrast to strains harboring
E131A and E131L mutations, a strain containing the E131Q allele of hetN (UHM354)
produced 10.3% = 0.1% heterocysts after 48 h of N~—. The heterocyst percentages
produced by UHM352, UHM353, and UHM354 were significantly different from those of
the wild type and UHM150, as indicated by a t test (see Table S3 in the supplemental
material). Despite the intermediate percentage of heterocysts produced, both UHM352
and UHM353 displayed an Mch phenotype, similarly to UHM150, while the wild type
did not (Table 1). Strain UHM354 did not produce an Mch phenotype at any time but
instead displayed a small yet significant decrease in the number of vegetative cells
separating heterocysts (9.1 = 0.3) after 48 h of N~ compared to the wild type (11.5 =
0.3; P < 0.002). Taken together, the increased heterocyst percentages and potential to
form Mch suggest that E131 is required for the normal inhibitory function of HetN as
it is in PatS.

Methionine 119 of HetN is required for proper differentiation. HetN can be
divided into four domains based on hydrophobicity, but only the N-terminal hydro-
philic domain harboring the ERGSGR motif is required for inhibition (19). Four methi-
onine residues and one valine residue, encoded by the translational initiation codon
GTG, are present within the N-terminal region upstream of the ERGSGR motif. While the
exact nature of HetN inhibitory activity remains uncertain, previous work indicates that
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TABLE 1 Patterns of heterocysts produced by strains of Anabaena®

Journal of Bacteriology

Time Mean % Mean no. of
following heterocysts = vegetative Avg % heterocyst occurrence = SD (single, double,
Strain (genotype) N- (h) SD cells = SEM  and multiple contiguous heterocysts)
Wild type 24 9.1+03 103 0.5 9% *+1.7,4%1.7
48 95*+03 11.5*+03 96.7 15,33+ 15
72 8.9*+0.2 127 =04 953 £ 0.6, 6.7 = 0.6
UHM150 (AhetN) 24 9.5*+0.5 104 =03 883 £38,107£21,1%17
48 16.2 £0.2 59*0.2 41.7 =2.1,333*+40,25*44
72 16.1 = 0.1 6.1 0.5 29*+1,29.11*£21,42*+25
UHM114 (ApatS) 24 213 £3.1 38*0.5 51.6 £25,408 £23,7.7+36
48 18.1 £24 45%*03 56.1 £76,39.6 £8.1,63*36
72 159*+18 59*+1.1 61.7 £0.7,33.1 £1.8,52*+ 2.1
UHM328 [AhetN(M1L)] 24 9.7 +0.2 106 = 1.2 933*15,67*+15
48 93*+0.2 11.6 = 0.1 943 *£21,54+15,03*=06
72 93*+04 11.3*+03 95*+17,5%17
UHM345 [AhetN(M119L)] 24 10+0.2 88*+04 82*1,14%x1,4%1
48 143 £0.3 7*+05 70.7 £ 3.1,203*23,9*35
72 153 *+0.6 6.4*+0.2 70£1,19.7 35,103 = 3.1
UHM346 [AhetN(M129L/M130L)] 24 10.2 0.2 9.2*+03 95*+17,5%17
48 10 = 0.6 9.7 0.1 91 *+0.6,87*06,03=*1
72 9.9*+0.5 10.5*+0.5 93*+1,7*1
UHM356 [AhetN(M1LM119L)] 24 9.2+09 11.2*+0.7 933 *£25,67+25
48 152 1.1 6.2 0.1 503 £3.8,36.7 £3.2,13*+27
72 15+ 0.6 6.4*+0.2 49.7 = 35,363 =46, 14 2.7
UHM347 [AhetN(M1L,M129L/M130L)] 24 103 *+0.3 8.7*+0.2 953 £ 0.6, 4.7 0.6
48 10.1 £0.3 94*+0.5 93*x1,7*1
72 102 =04 10+0.3 94+1,57*12,03*+06
UHM348 [AhetN(M119L,M129L/M130L)] 24 10.6 = 0.2 94*+0.5 86.7 £3.5,12*+27,13%1.2
48 157 £1.0 64 *+0.2 613 £3.2,267 0.6, 12+ 3.6
72 16.7 = 1.1 6.5*+04 49+7,30*x2,21 52
UHM349 [AhetN(M1LM119L,M129L/M130L)] 24 109 = 0.2 9.6 = 0.1 823 *£21,147=*15,3%1
48 16.8 £ 0.7 59*05 39*3,347 +6.1,263 =47
72 17.7 = 0.5 5+0.5 39.7 £2.1,293 £3.8,31 =46
UHM362 {AhetN(M1L,V64VIGTG to GTT|,M129L/M130L)} 24 9.3*+0.1 109 =03 977 £1.2,23+1.2
48 10.1 £0.3 9.1*+03 947 = 21,53+ 2.1
72 9.6 0.2 9.2*+03 93*+17,7%17
UHM352 [AhetN(E131A)] 24 9.3 *+0.6 10.8 = 0.5 96.3 £ 0.6, 3.7 = 0.6
48 13.6 £ 0.6 7*+05 633%£93,25*+79,11.7*+15
72 155*+1.2 6.6 0.3 47.7 =1.2,32+ 36,203 =45
UHM353 [AhetN(E131L)] 24 10.7 = 1.0 85*+08 91.7 £46,77 42,07 =12
48 15*+0.6 6.5+ 0.5 65.7 £4.6, 247 £7.6,9.7 = 3.1
72 159*+0.8 58=*+03 553 *25,32*+1,127 2.1
UHM354 [AhetN(E131Q)] 24 8.7*+0.7 11.8*+04 98*+1,2=*1
48 103 £ 0.1 9.1*+03 97.7*15,23*15
72 10.7 =03 83*+0.2 937*1563*+15
UHM357 (AhetN::patS) 24 93*+08 10.6 = 0.1 88.2 3.5, 11.8£35
48 11404 84*+03 563 *£4.0,174*6.7,73*+35
72 11.13 £ 0.6 75*09 523 *£40, 183 £6.7, 104 £3.5
UHM358 (ApatS::hetN) 24 0.3 *+0.2
48 2.7 +0.1
72 32*04

aAt the indicated times following nitrogen step-down, 500 cells were counted in triplicate, and total heterocysts are presented as means =+ standard deviations. For
heterocyst occurrences, the presence of single, double, or multiple contiguous heterocysts was determined for 300 heterocysts in triplicate and is presented as the
average percentage * standard deviation. The vegetative cells between heterocysts were counted for 300 intervals and are presented as the mean =* standard

deviation of the mean.
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the full-length HetN protein does not move from cell to cell away from the source (23).
If HetN itself constitutes the substance from which the inhibitory signal is derived, this
implies that either multiple sizes of HetN protein are produced or HetN is processed
posttranslationally. Based on the presence of up to five translational start sites up-
stream of the ERGSGR motif, it is possible that HetN-mediated inhibitory activity is
produced from one of several start sites. An in silico analysis of the coding region
upstream of the ERGSGR motif predicted that M1 and M119 are likely translational start
sites, while V64 and M129/M130 are not predicted to initiate translation frequently (see
Fig. S1 in the supplemental material). To determine which translational start site(s) is
required to produce HetN-mediated inhibitory activity, each possible start codon in the
N-terminal hydrophilic domain was inactivated individually and in combination, and
the alleles were assessed for their ability to maintain a proper pattern of heterocysts
when reintroduced into the native hetN locus.

Each methionine was mutated to leucine in every possible combination, except that
M129 and M130 were always mutated together, as they are directly upstream of
ERGSGR (amino acids 131 to 136) in HetN. After 48 h of N—, UHM328 [hetN(M1L)],
UHM346 [hetN(M129L/M130L)], UHM347 [hetN(M1L,M129L/M130L)], and UHM362
{hetN(M1L,V64VIGTG to GTT],M129L/M130L)} differentiated 9.3% =+ 0.2%, 10.0 = 0.6%,
10.1% = 0.3%, and 10.1% = 0.3% of heterocysts, respectively (Fig. 1 and Table 1).
Compared to the wild type (9.5% = 0.3%) and UHM150 (16.2% = 0.2%), the heterocyst
percentages produced by UHM328, UHM346, UHM347, and UHM362 were not signif-
icantly different from that produced by the wild type but were significantly different
from that produced by UHM150 (Table S3). UHM328, UHM346, UHM347, and UHM362
also did not produce an Mch phenotype (Table 1). These results suggest that the M1,
M129, M130, and V64 residues are not required for proper HetN inhibitory function and
heterocyst pattern maintenance.

In contrast to the above-described mutants, any allele containing a mutated M119
residue differentiated supernumerary heterocysts. Strains UHM345 [hetN(M119L)],
UHM348 [hetN(M119L,M129L/M130L)], UHM349 [hetN(M1LM119L,M129L/M130L)], and
UHM356 [hetN(M1L,M119L)] differentiated 14.3% = 0.3%, 15.7% * 1.0%, 16.8% = 0.7%,
and 15.2% = 1.1% of heterocysts, respectively, after 48 h of N= (Fig. 1 and Table 1).
Compared to the wild type and UHM150, the percentages of heterocysts produced by
UHM348, UHM349, and UHM356 were significantly different from that produced by the
wild type but were not significantly different from that produced by UHM150 (Table
S3). While the heterocyst percentage produced by UHM345 was significantly different
from those produced by both the wild type and UHM150, it was more similar to that
produced by UHM150 than to that produced by the wild type. All four mutant strains,
UHM345, UHM348, UHM349, and UHM356, produced an Mch phenotype (Fig. 1 and
Table 1). These data show a stark contrast between alleles that function like the wild
type and those that are inactive and result in a AhetN phenotype, specifically via the
formation of Mch and an increased heterocyst percentage. Taken together, these
results suggest that M119 is required for proper HetN inhibitory function and may
represent a translational start site.

The hetN(M119L) allele produces a protein that localizes to the cell membrane.
When amino acids are mutated individually or in combination, it is possible that any
resulting impairments in protein activity are caused by either the alteration of active
regions required for function or destabilization of the protein structure leading to
degradation. It is therefore possible that the results presented above, which indicated
that alleles harboring the hetN(M119L) mutation were nonfunctional, were due to
unforeseen changes in the protein structure rather than mutation of a translational start
site. Such misfolded proteins are usually degraded by the cell and would present the
same phenotype as a nonfunctional but properly folded allele. To verify that the
hetN(M119L) mutation described above resulted in the production of proteins that
display the characteristics of HetN, rather than producing misfolded and degraded
variants, mutant alleles of hetN were translationally fused to yellow fluorescent protein
(YFP) and assessed for both fluorescence localization in a pattern analogous to that of
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FIG 1 Alleles of hetN encoding M119L substitutions result in an Mch phenotype similar to that of a AhetN
strain. (A) Schematic depicting the positions of potential start codons (M1, M119, M129/130, and V64,
encoded by a GTG codon) and the ERGSGR motif in the hetN coding region. (B) Heterocyst percentages
for the wild-type and AhetN strains as well as strains with the indicated chromosomal mutations. Data
are presented as the averages of results from three replicates. Error bars represent standard deviations.
Statistical significance was calculated by a t test with a P value of <0.05 (*, different from the AhetN strain
and not different from the wild type; **, different from both the AhetN and wild-type strains; ***, different
from the wild type and not different from the AhetN strain). (C to I) Bright-field images of the wild type
(C), UHM150 (AhetN) (D), UHM328 [hetN(M1L)] (E), UHM345 [hetN(M119L)] (F), UHM346 [hetN(M129L/
M130L)] (G), UHM347 [hetN(MTL,M129L/M130L)] (H), and UHM349 [hetN(M1L,M119L,M129L/M130L)] (I).
Micrographs were taken 48 h after the removal of combined nitrogen. Carets indicate heterocysts. Bar in
panel C, 10 um.
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HetN-YFP and inhibition of heterocyst differentiation (19, 22, 23). Each of the following
hetN alleles was fused to YFP and introduced on a multicopy plasmid into the wild
type and UHM163, which contains hetR(R250K) at the native hetR locus and forms
heterocysts even when hetN is overexpressed: hetN(M1L), hetN(M119L), hetN(M129L/
M130L), hetN(MI1L,M119L), hetN(M1L,M129L/M130L), hetN(M119L,M129L/M130L), and
hetN(M1L,M119L,M129L/M130L). The expression of the wild-type and mutant hetN
alleles was controlled by the copper-inducible petE promoter in both the wild type
and UHM163 and by the native hetN promoter in UHM163.

Following introduction into host strains, it was possible that different HetN-YFP
fusion proteins would be produced and give rise to yellow fluorescence, which indi-
cates the expected membrane localization of a stable protein, or that no fluorescence
would be observed, indicating that the allele did not produce a stable, full-length
fusion protein. Yellow fluorescence should be observed in either all cells of UHM163
when functional hetN alleles are expressed by P, or heterocysts alone when
controlled by P, Twenty-four hours following the removal of combined nitrogen
(N7), UHM163 containing P,.hetN(M119L), P,..-hetN(M129L/M130L), and P,
hetN(M119L,M129L/M130L) displayed YFP fluorescence in both vegetative and hetero-
cyst cells along the inner membrane in a pattern similar to HetN-YFP fusion results
reported previously (Fig. 2; see also Table S2 in the supplemental material) (19, 22).
Under the same conditions, strains harboring any combination that included mutation
of the M1 residue, P,.-hetN(MIL), P,..-hetNMILMI119L), P,..-hetN(MILM129L/
M130L), and P,.,.-hetN(M1L,M119L,M129L/M130L), did not show detectable YFP fluores-
cence in any cell type (Fig. 2 and Table S2). The expression of the same hetN alleles from
the native hetN promoter in UHM163 or the petE promoter resulted in detectable YFP;
however, fluorescence was restricted exclusively to heterocysts when expressed by the
native promoter (Fig. S2 and Table S2). These results suggest that the M1 residue is
required for the presence of a detectable YFP fusion protein.

While the production of a properly localized YFP fusion protein is a noteworthy
characteristic, maintaining the ability to suppress heterocyst differentiation is also
pertinent to hetN function. It is possible that the expression of the YFP fusion constructs
described above either would suppress heterocyst differentiation in the wild type,
indicative of a functional allele, or would allow differentiation, showing that the allele
is nonfunctional. All hetN alleles were expressed from P, to ensure that they would
be expressed in all cells along filaments (8). Furthermore, because none of the RGSGR
motifs are altered, even a nonfunctional protein that is produced and degraded into
smaller peptides could still be capable of inhibiting differentiation, as was previously
suggested (24). After 24 h of N—, the wild type containing an empty vector control
plasmid produced 7.6% =+ 0.4% heterocysts and no detectable YFP. In contrast, the wild
type harboring P,,...-hetN-yfp failed to produce heterocysts, and YFP fluorescence was
observed primarily in the inner membrane in a pattern similar to that reported in
previous work (Fig. 2 and Table S2) (19, 22, 23). All but two of the above-described
constructs containing a hetN allele fused to YFP inhibited heterocyst differentiation
in the wild type. Only plasmids expressing P,...-hetN(MILMT19L)-yfp and P,
hetN(M1LM119L,M129L/M130L)-yfp allowed significant heterocyst differentiation in the
wild type, producing 6.1% * 0.1% and 6.9% * 0.9% heterocysts, respectively, and
lacked detectable YFP fluorescence (Fig. 2 and Table S2). These results suggest that
there may be separable functionalities within HetN: the M1 residue was required to
produce an observable YFP fusion protein, but, like the data for hetN alleles integrated
into the chromosome presented above, the M119 residue was required to suppress
heterocyst differentiation when the alleles were overexpressed.

PatS and HetN are not functionally redundant. PatS and HetN are the primary
inhibitors responsible for de novo pattern formation and then pattern maintenance
within Anabaena. Both proteins harbor the conserved ERGSGR motif that interacts
directly with HetR, they are produced by source cells, and they each have activity that
diffuses laterally. However, the hetN coding region is much larger than that of patS, patS
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FIG 2 The M1 and M119 residues of hetN are required for function and proper translation of a YFP fusion
protein. (A) Heterocyst percentages for the wild-type strain carrying either pPJAV153 as an empty vector
control or plasmids harboring the indicated hetN alleles expressed by the petE promoter 24 h after the
removal of combined nitrogen. (B to G) The wild type (B to E) and strain UHM163, which contains
hetR(R250K) at the native locus and forms heterocysts even when hetN is overexpressed (F and G), 24 h
after the removal of combined nitrogen with the following plasmids: pAD135 containing P,,...-hetN-YFP
(B), pAD131 containing P, hetN(M1LM119L)-YFP (C), pAD128 containing P,..hetN(M1L)-YFP (D),

petE petE
pAD129 containing P,-hetN(M179L)-YFP (E), pAD128 containing P,..hetN(M1L)-YFP (F), and pAD129
containing P

petE—hetN(Ml 19L)-YFP (G). From top to bottom are bright-field images, red autofluorescence,
and yellow fluorescence from HetN-YFP alleles. Carets indicate heterocysts. Bar in panel B, 10 um.

is expressed early in differentiation while hetN is expressed primarily by mature
heterocysts, and patS is expressed at a much higher level than hetN (13, 15-18, 25-27).
Previous bioinformatic analyses have shown that patS homologs harboring an RGSGR
motif are widely distributed throughout filamentous cyanobacteria (28). While hetN
homologs are common among many cyanobacterial lineages, only five strains encode
an RGSGR motif (22). It has been hypothesized that patS is the evolutionary predecessor
and that the use of hetN in lateral inhibition may be a relatively new occurrence in
cellular differentiation. Recent work indicated differing roles for the hetC gene, which is
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also thought to be involved in lateral inhibition (29), and that evolutionary divergence
of this gene has occurred among several isolates of Anabaena sp. strain PCC 7120 (30).
Due to their similarities, and the possibility of evolutionary divergence in hetN function
among cyanobacteria, as has been shown for hetC, it is possible that there is some
functional redundancy between the two proteins. To determine whether hetN and patS
are functionally redundant, strains in which the coding region of patS was replaced by
the coding region of hetN and vice versa were created, and heterocyst differentiation
was measured (see Fig. S3 in the supplemental material). In both of these strains, the
native copy of the unaltered gene was maintained (e.g., P,.-hetN was present at the
native locus, and P,,.s-hetN was expressed from the patS locus). If these genes are
functionally redundant, swapping their loci should not greatly alter the percentages of
heterocysts produced.

Strains UHM358 (ApatS::hetN) and UHM357 (AhetN:patS) were created, and their
ability to differentiate heterocysts was determined 24 and 48 h after the removal of
combined nitrogen (N™). After 24 h, the wild type and UHM114 (ApatS) produced
9.1% = 0.3% and 21.3% = 3.1% heterocysts, respectively, while UHM358 produced
0.3% = 0.2% heterocysts (Fig. 3 and Table 1). When hetN replaced patS in UHM358,
heterocyst differentiation did not exceed ~3% for the duration of the experiment,
which indicates that the expression of hetN at levels comparable to those of patS is
sufficient to inhibit differentiation. After 48 h of N—, the wild type and UHM150 (AhetN)
produced 9.5% * 0.3% and 16.2% = 0.2% heterocysts, respectively, while UHM357
produced 11.4% * 0.4% heterocysts (Fig. 3 and Table 1). When patS was controlled by
the hetN promoter in UHM357, an increased but intermediate number of heterocysts
was formed, but Mch was observed. It is likely that the expression of patS and hetN has
been optimized for these genes and that driving patS or hetN by the other promoter
results in differences in expression that give rise to these phenotypes. These results
indicate that hetN and patS are not functionally redundant due to the strongly
inhibitory influence of hetN in the patS locus and the decrease in inhibition by patS in
the hetN locus.

DISCUSSION

The proper placement of differentiated cells is paramount to the development and
function of multicellular organisms. In all multicellular developmental systems studied,
biological patterns are created and often rely on graded responses from opposing
signals. In the Anabaena system, heterocyst positioning is initially defined by the
interaction of HetR and PatS, and this pattern is maintained through successive
generations by the function of HetN (3). This biological pattern of differentiated cells
facilitates the optimized movement of fixed nitrogen and carbon throughout the
filament, which allows continued growth during times of nitrogen starvation. In this
work, we showed that, like PatS, the glutamate in the ERGSGR motif is required for
proper HetN function (20). Additionally, HetN and PatS are not functionally redundant,
because replacing the hetN coding region with the patS coding region and vice versa
did not recapitulate a wild-type pattern of heterocysts. The data presented here also
indicate that two translational start sites may be utilized to produce HetN for pattern
maintenance.

In the chromosome, hetN encodes a 287-amino-acid protein annotated as a ketoacyl
reductase, which has been shown to have some functionality in this regard (31). To
date, studies of mutations in hetN have primarily investigated the size of the gene
necessary to produce inhibitory activity, which has soundly demonstrated that the
RGSGR motif is required for HetN function (19, 22). Both an initial study that mutated
the RGSGR motif and subsequent work that mutated the entire ERGSGR motif showed
that this motif is required for heterocyst inhibition. A study designed to determine the
amino acids required for PatS activity and the size of the inhibitory peptide in the cell
showed that the conserved glutamate in the ERGSGR motif alone is required for optimal
PatS function (20). This is also consistent with in vitro work demonstrating that the
binding affinity of ERGSGR for HetR is roughly 30 times higher than that of RGSGR (14).
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FIG 3 Proper positioning of patS and hetN in the genome is required for their function in heterocyst
differentiation. (A) Heterocyst percentages from 500 cells were determined in triplicate various times
after nitrogen step-down for the wild-type, AhetN, ApatS, AhetN:patS, and ApatS:hetN strains and are
presented as averages *+ standard deviations. (B to E) Bright-field micrographs of the wild-type (B), ApatS
(UHM114) (C), AhetN::patS (UHM357) (D), and ApatS:hetN (UHM358) (E) strains. Micrographs were taken
either 24 h (B, C, and E) or 48 h (D) after the removal of combined nitrogen. Carets indicate heterocysts.
Bar in panel B, 10 um.

The work presented here builds on the observation that the ERGSGR motif is required
for HetN function and shows that the conserved glutamate is specifically necessary for
HetN function in a manner equivalent to that for the glutamate of PatS. These findings
indicate that the HetN and PatS inhibitors may act in a similar mechanistic manner.
The results presented here point to two possible translational start sites for HetN at
M1 and M119. When alleles mutant for the five possible start codons were reintroduced
into the native hetN locus, only those harboring M119 mutations failed to maintain the
normal heterocyst pattern and allowed the formation of Mch. When hetN alleles with
M119 mutations translationally fused to YFP were expressed from a plasmid, fluores-
cence localized to the inner membrane in a manner similar to that of a native HetN-YFP
fusion protein, suggesting that M119 is required for inhibitory signal production but
not necessarily localization. Mutation of M1, however, resulted in alleles with wild-type
inhibitory function, but this did not produce any membrane-localized YFP fluorescence,
suggesting that M1 is required for localization but not inhibitory signal production.

August 2018 Volume 200 Issue 16 €00220-18

Journal of Bacteriology

jb.asm.org 10


http://jb.asm.org

Possible Start Codons for HetN in Anabaena

Together, these results indicate that two different sizes of HetN may be produced: one
that is full length and localizes to the inner membrane of Anabaena cells but does not
contribute the majority of inhibitory activity and one that initiates from M119, may
localize to the membrane but does not result in the production of a complete
fluorescent fusion protein, and is the main contributor of inhibitory activity.

It is possible to argue against this hypothesis by asserting that even hetN alleles
lacking M119 were capable of halting differentiation when overexpressed in every cell
in the filament. Previous work has shown that the overexpression of any protein
harboring an RGSGR sequence in every cell in the filament, including the unannotated
orf77, will abrogate differentiation (24). This is a nonspecific response to the increased
concentration of the RGSGR motif in cells, even from proteins not involved in differ-
entiation, rather than a specific response to a developmentally regulated inhibitor. The
difference between assessing fluorescence from protein fusions and the ability of the
protein to inhibit differentiation reveals two separate HetN functionalities, consistent
with the existence of two different translational start sites for HetN. This realization
explains several phenomena associated with previously reported HetN results.

In previous work, HetN-YFP was isolated from Anabaena cells, and the size was
determined by Western blotting using an anti-YFP antibody (23). That analysis was
conducted to determine whether HetN was posttranslationally modified and a smaller
peptide was passed between cells as the active portion of HetN. It was possible that
several band sizes would have been visualized, particularly those of full-length HetN-
YFP and a smaller C-terminally processed portion of HetN-YFP; however, only full-
length HetN-YFP was detected. Visualization of only the full-length protein makes sense
in light of the above-described findings. Given the observation that the truncated
HetN-YFP protein produced from an M119 start site failed to yield observable fluores-
cence (Fig. 2), it is unlikely that this truncated form would be present in a sufficient
abundance to be detected by an anti-YFP antibody. The use of multiple start sites also
provides a reason why the HetN-YFP fusion protein was never observed to travel from
cell to cell, but the inhibitory signal continued to propagate laterally. The possibility of
multiple start sites would allow HetN to function both as a ketoacyl reductase and as
an inhibitory signal without requiring complicated posttranslational machinery. Indeed,
a lipidomic analysis comparing the wild type and a AhetN mutant lacking this ketoacyl
reductase functionality has not been conducted but would determine the role of HetN
in Anabaena lipid metabolism.

The finding that an M1L mutation results in the lack of HetN-YFP-mediated fluores-
cence is very much in line with previous findings regarding the functional regions of
HetN. Previous work indicated that the N-terminal region of HetN represents a hydro-
phobic domain that may act as a leader peptide (19, 22). The creation of a HetN-YFP
translational fusion to an allele lacking residues 2 to 46 (hetNA2-46) resulted in the
production of a protein that did not properly localize to the cell periphery and lacked
observable yellow fluorescence (19). The overexpression of the hetNA2-46 allele halted
heterocyst differentiation, and expression from the native locus produced a wild-type
developmental phenotype; both of these results indicate that this allele was functional.
The hetN(M1L) allele presented in this work presumably would fail to translate the
hydrophobic leader peptide domain, which could impair its membrane localization and
yield a phenotype similar to that of the hetNA2-46—YFP fusion. It was originally
suggested that the posttranslational processing of HetN created a truncated peptide
lacking YFP that could be transferred between cells and was responsible for HetN-
mediated inhibitory activity. It is alternatively possible that premature translational
stopping produces a short peptide that is the source of HetN-mediated inhibitory
activity. The second possibility of a short peptide produced from the M119 translational
start site was advanced previously and would result in a product with a size similar to
the functional size of PatS needed to achieve lateral inhibition (22). Previous results
have also indicated that mutations in sep) and hetC influenced the movement of the
hetN inhibitory signal but not that of patS (23, 29). It is possible that the multiple
potential sizes of HetN interact with the cell pole machinery or septal channels
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TABLE 2 Strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s)? Source or reference

Anabaena strains
PCC 7120 Wild type Pasteur Culture Collection
UHM114 ApatS 32
UHM150 AhetN 19
UHM163 AhetR(R250K) 14
UHM328 AhetN(M1L) This study
UHM345 AhetN(M119L) This study
UHM346 AhetN(M129L/M130L) This study
UHM347 AhetN(M1LM129L/M130L) This study
UHM348 AhetN(MT119L,M129L/M130L) This study
UHM349 AhetN(MTLM119L,M129L/M130L) This study
UHM352 AhetN(ET131A) This study
UHM353 AhetN(ET131L) This study
UHM354 AhetN(E131Q) This study
UHM356 AhetN(MTLM119L) This study
UHM357 patS replacing hetN in the hetN locus This study
UHM358 hetN replacing patS in the patS locus This study
UHM362 AhetN(MT1L,V64VIGTG to GTT],M129L/M130L) This study

Plasmids
pAM504 Shuttle vector for replication in E. coli and Anabaena; Km™ Nm® 38
pDR320 pAM504 with P,.hetN 12
pDR382 pRL277 to introduce hetN into the native locus 19
pPJAV153 pAM504 with P, YFP 23
pPJAV213 PAM504 with P, 27
pRL277 Suicide vector; Sp" Sm* 39
pAD120 pAM504 with P, .\-hetN(M1L)-YFP This study
pAD121 PAM504 with P,.-hetN(M119L)-YFP This study
pAD122 pAM504 with Py \-hetN(M129L/M130L)-YFP This study
pAD123 PAMS504 with P, -hetN(M1L,M119L)-YFP This study
pAD124 pAM504 with P, \-hetN(M1L,M129L/M130L)-YFP This study
pAD125 PAMS504 with P,,,.-hetN(M119L,M129L/M130L)-YFP This study
pAD126 pAM504 with Py \-hetN(M1LM119L,M129L/M130L)-YFP This study
pAD127 pAM504 with P, .\-hetN-YFP This study
pAD128 pAM504 with P, hetN(MTL)-YFP This study
pAD129 pAM504 with P,.-hetN(M119L)-YFP This study
pAD130 PAMS504 with P,..-hetN(M129L/M130L)-YFP This study
pAD131 pAM504 with P.-hetN(MTL,M119L)-YFP This study
pAD132 pAM504 with P,...-hetN(M1L,M129L/M130L)-YFP This study
pAD133 PAM504 with PpetE—hetN(MI 19L,M129L/M130L)-YFP This study
pAD134 pAMS504 with P,...-hetN(M1L,M119L,M129L/M130L)-YFP This study
pAD135 PAMS504 with P,-hetN-YFP This study
pAHB174 PRL277 to make UHM362 This study
pOR101 pRL277 to make UHM328 This study
pOR102 pRL277 to make UHM345 This study
pOR103 PRL277 to make UHM346 This study
pOR104 pPRL277 to make UHM356 This study
pOR105 PRL277 to make UHM347 This study
pOR106 pRL277 to make UHM348 This study
pOR107 pRL277 to make UHM349 This study
pOR108 pAM504 with P,...-hetN(M1L) This study
pOR109 PAMS504 with P,.--hetN(M119L) This study
pOR110 pAMS504 with P,...-hetN(M129L/M130L) This study
pOR111 PAM504 with PPE,E—hetN(MIL,MI 19L) This study
pOR112 pAM504 with P,...-hetN(M1L,M129L/M130L) This study
pOR113 pAMS504 with P,..-hetN(M119L,M129L/M130L) This study
pOR114 pAM504 with P,...-hetN(M1L,M119L,M129L/M130L) This study
pOR115 PRL277 to make UHM352 This study
pOR116 pRL277 to make UHM353 This study
pPJAV348 PRL277 to make UHM357 This study
pPJAV349 pRL277 to make UHM358 This study
pPJAV369 pRL277 to make UHM354 This study

aKm’, kanamycin resistance; Nm", neomycin resistance; Sp*, spectinomycin resistance; Sm’, streptomycin resistance.
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differently than does PatS. These differences in protein size could also provide some
basis for why patS and hetN are not functionally redundant. The potential of two
translational start sites for HetN may provide the information necessary to define the
size and functional nature of HetN required for inhibition and fulfill the majority of the
criteria to define it as a morphogen in this model system.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The growth of Escherichia coli and wild-type Anabaena sp.

strain PCC 7120 and its derivatives, concentrations of antibiotics, and the induction of heterocysts in
medium lacking a source of combined nitrogen were described previously (32, 33). Growth medium
containing 6 mM ammonia as a nitrogen source was prepared as described previously and used to grow
strains prior to the induction of heterocyst differentiation (26). Heterocyst percentages; frequencies of
single contiguous heterocysts, double contiguous heterocysts, and higher numbers of contiguous
heterocysts; and the mean vegetative cell intervals between heterocysts were determined as described
previously (29). Expression from the copper-inducible petE promoter was induced with the addition of
copper to a final concentration of 2 uM (8). Plasmids were introduced into Anabaena strains by
conjugation from E. coli as described previously (34).

Plasmid and strain construction. The strains and plasmids used in this study are listed in Table

2. The primers used in this study are listed in Table S1 in the supplemental material. The integrity
of all PCR-derived constructs was verified by sequencing. Details regarding plasmid creation can be
found in the supplemental material. Replacement of the coding regions of hetN or patS with
different hetN alleles or the coding region of patS was accomplished by allelic exchange as described
previously (18, 32, 35). The following plasmids were used to introduce altered hetN alleles at the
native hetN locus in UHM150: pOR101 for UHM328, pOR102 for UHM345, pOR103 for UHM346,
pOR104 for UHM356, pOR105 for UHM347, pOR106 for UHM348, pOR107 for UHM349, pOR115 for
UHM352, pOR116 for UHM353, and pPJAV369 for UHM354. The coding region of hetN was replaced
with the coding region of patS at the hetN locus with plasmid pPJAV348 to create UHM357. The
coding region of patS was replaced with the coding region of hetN at the patS locus with plasmid
pPJAV349 to create UHM358. Strains with mutations in the hetN and patS genes were verified by PCR
with primer set patSfor and patSrev and primer set up-hetN-F and down-hetN-R, respectively, which
anneal outside the regions used to make the mutations.

Microscopy and prediction of ribosomal binding sites. Photomicroscopy was routinely conducted

as described previously (32). Confocal microscopy was performed as described previously (19). The
location and relative strength of ribosomal binding sites were predicted by using RBS Calculator v2.0 (36,
37). Statistical analysis was conducted by using GraphPad Prism software.

SUPPLEMENTAL MATERIAL

.00220-18.

SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.
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