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FIG 6 Effects on nifHI expression of mutations in the conserved regions of stem-loop structures. (A) Locations of mutations in JU420, JU422, and JU423 and
their predicted effects on RNA secondary structure. AG values are shown for only the first predicted stem-loop structure. The mutations are shown in the boxed
regions. (B) The nitrogenase activities of the mutants were measured by acetylene reduction 24 h after the removal of fixed nitrogen from the medium. (C) The
amounts of nifHI and nifBI transcripts were measured by RT-qPCR from RNA harvested from cells 24 h after the removal of fixed nitrogen. The amount of nifH1
transcript is shown relative to that of nifBI. (D) 5" RACE products for the wild-type strain and each of the mutants. Because the 5’ end of nifHI is a processed site,
the 5" RACE was done without TAP treatment of the RNA. (E) Sequences of the 5" RACE products from panel D. The 5" ends are underlined, and the mutations

in JU422 and JU423 are shown in red (the JU420 mutation is further downstream). The error bars indicate standard deviations.

minor changes in the processed 5’ end for JU420 and multiple
ends for JU422, while JU423 had a processing site that was 8 nu-
cleotides upstream from the site in the wild-type strain (Fig. 6E).
While these mutations in the conserved areas in the predicted
stem-loop region all had effects on nifHI transcript levels, like the
mutant BP703 with an altered sequence in the 5" stem-loop (Fig.
3A), the effects on nitrogenase activity and on growth were not
severe. In strain JU423, which has a relatively unstable 5" stem-
loop structure and an altered sequence near the processing site
(Fig. 6A), the effects were more deleterious, suggesting that the
sequence near the processing site, as well as a stable stem-loop
structure, is important for proper processing of the transcript,
resulting in higher levels of the nifHI transcript.

Antisense RNA in the nifUl-nifHI intergenic region. The
RNA-seq data for Anabaena sp. PCC 7120 show small amounts of
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an antisense RNA with an apparent 5 end located 148 bp up-
stream of nifH (42), and a primary transcription start site was
mapped to that site by RNA-seq using a method that enriched for
primary transcripts (43). Therefore, we looked for antisense RNA
in this region in A. variabilis. Preliminary experiments with vari-
ous primer sets in the nifUI-nifHI intergenic region using strand-
specific cDNA identified an antisense transcript with a 5" end at
about 148 bp upstream from the start of nifHI (data not shown).
Using the nomenclature recommendation for small RNAs (55),
we have named this small RNA sava4870.1 (see Materials and
Methods). Primers within the nifUI gene (Fig. 7B) were used to
determine by RT-qPCR that sava4870.1 is between 164 and 215 bp
in length (Fig. 7A); however, there also appeared to be low-level
transcription of antisense RNA that extended further into the
nifUl gene (Fig. 7A). We compared the amounts of antisense tran-
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script using primers that amplified strand-specific cDNA in cells
grown with or without fixed nitrogen. Four sets of primers that
amplified the strand-specific cDNA were used (Fig. 8D): (i)
sava4870.1 antisense RNA (labeled “antinif”), (ii) antisense RNA
beginning 29 bp upstream of the putative tss for the antisense
RNA (R20), (iii) antisense RNA beginning 70 bp upstream of the
putative tss for the antisense RNA (R21), and (iv) antisense RNA
beginning 64 bp upstream of the start site of nifH I to 156 bp into
the nifHI1 gene (nifH). The last three served as controls for
sava4870.1 antisense RNA, since they were not within the
sava4870.1 gene. RNA from cells grown without fixed nitrogen
showed a 7-fold increase in expression of the antisense transcript
for nifHI (labeled nifH) compared to the control antisense RNA
(R20and R21) (Fig. 8A); however, there was little or no increase in
expression of the sava4870.1 antisense RNA (antinif) compared to
the control antisense RNA (R20 and R21) (Fig. 8A). In contrast,
RNA from cells grown with fixed nitrogen showed increased ex-
pression of the sava4870.1 antisense RNA (antinif) compared to
the control antisense RNA (R20 and R21) and nifH (Fig. 8B).
Expression of the sava4870.1 RNA (antinif) in cells grown with
fixed nitrogen compared to those grown without fixed nitrogen
was at least 20-fold higher than the antisense transcripts (R20,
R21, and nifH) (Fig. 8C). Thus, the sava4870.1 transcript is down-
regulated under conditions of nitrogen fixation, suggesting that it
may play a role in inhibiting nif gene expression in cells growing
with fixed nitrogen.

To determine the effect of loss of the sava4870.1 transcript, we
created a sava4870.1 promoter mutant, strain BP712, in which a
22-bp deletion in the region immediately upstream of the
sava4870.1 tss was replaced with an Xbal site. This mutation dras-
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FIG 8 (A and B) Expression of sava4870.1 antisense RNA in cells grown without (—N) (A) or with (+N) (B) a source of fixed nitrogen. Antisense RNA was
measured by RT-qPCR using strand-specific cDNA with primer sets that amplified the regions labeled antinif, R20, R21, or nifH, as shown in panel D. (C) Ratio
of antisense RNA expression, +N versus —N, for each region shown in panel D. (D) Map of the nifUl-nifHI intergenic region showing the locations of the

RT-pPCR products. The error bars indicate standard deviations.
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FIG 9 Expression of sava4870.1 antisense RNA in FD and in mutant BP712.
(A) Expression of sava4870.1 antisense RNA was determined by comparing the
amount of antisense RNA (antinif) to the amount of antisense RNA upstream
of the antisense region (R21) in the wild-type (FD) and mutant (BP712)
strains. (B) Expression of nifHI sense RNA was determined by comparing the
amount of nifH1 transcript to the amount of nifBI transcript in the wild-type
(FD) and mutant (BP712) strains. The error bars indicate standard deviations.
(C) Map of the nifHI region showing the primers used for the experiment in
panel A. The sense primer for nifH1 (used in the experiment shown in panel B)
is at the 3’ end of the gene, outside the region shown.

tically reduced expression of the sava4870.1 RNA, as measured by
expression of sava4870.1 in wild-type versus mutant cells grown
with fixed nitrogen, but had little effect on expression of the
sava4870.1 RNA in cells grown without fixed nitrogen, consistent
with the fact that sava4870.1 RNA is expressed primarily in cells
grown with fixed nitrogen (Fig. 9A). Since the mutation in BP712
also destroyed the region just upstream of the nifHI processing
site (the promoter deletion extends to —1 relative to the transcrip-
tional processing site), we also determined its effect on expression
of the nifHI sense transcript. This mutation resulted in a 50%
reduction in nifHI expression (Fig. 9B), similar to the effect seen
for mutations in the predicted stem-loop region, such as JU420
and JU422 (Fig. 6C). The only phenotype associated with the
BP712 mutant was a delay of about 24 h before initiation of nitro-
gen fixation and diazotrophic growth; however, once growth be-
gan, the cells appeared to grow normally (data not shown). This
phenotype of the BP712 mutant more likely reflects the decrease
in expression of nifH1 sense transcript rather than the loss of the
sava4870.1 transcript, since the antisense RNA is hardly made in
the absence of fixed nitrogen. This conclusion is supported by the
fact that in BP712 we were not able to detect a 5' RACE product in
RNA from cells grown without fixed nitrogen, suggesting that the
nifHI transcript is not processed normally in BP712 (data not
shown). Further, the half-life of the sense transcript downstream
from the transcriptional processing site in BP712, about 10 min, as
determined by measuring the Loop 3’ product (Fig. 3A), was very
similar to the half-life of the sense transcript upstream of the tran-
scriptional processing site, as determined by measuring the Loop
5" product (Fig. 3A and data not shown). The decrease in nifHI
transcript in the BP712 mutant (Fig. 9B), combined with the lack
of a processed nifHI transcript and the short half-life of the
Loop 3’ product in the mutant compared to the long half-life in
the same region of the wild-type strain, indicates that the mu-
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FIG 10 Mapping nifD1, nifK1, and Ava_3931 transcript 5" ends. (A) RNA
isolated from cells grown without fixed nitrogen for 24 h was analyzed by 5’
RACE. A band for a processed transcript 44 bp upstream from the start of
nifDI and a band 131 bp upstream from the start of nifK1 were present with
(+) or without (—) TAP treatment of RNA. A band for a processed transcript
near the start of Ava_3931 was present with or without TAP treatment of RNA;
however, we were unable to determine the 5" end exactly. (B) Map of tran-
scripts for nifH1, nifD1, nifK1, and Ava_3931 showing the tps and sizes of the
deduced transcripts.

tation that abolished the promoter for sava4870.1 also had a
major effect on the nifHI transcript, probably at the level of
transcript processing.

Processing of the nifD1, nifK1, and Ava_3931 transcripts.
We used 5" RACE, which can distinguish between processed and
primary transcripts (58), to map the 5’ ends of the nifD1I, nifK1,
and Ava_3931 (the conserved gene downstream from nifK1) tran-
scripts. In this technique, primary transcripts are treated with
TAP, which hydrolyzes the 5 triphosphate to a monophosphate
so that it can be ligated to the RNA linker. However, processed
transcripts do not require TAP treatment because they already
have a 5" monophosphate. Using 5" RACE, with and without TAP
treatment, we performed RNA ligase-mediated RT-PCR and then
recovered and sequenced the cDNA bands to determine the 5’
ends of the nifDI, nifK1, and Ava_3931 transcripts. For all three
transcripts, a band was visible from RNA samples that were not
treated with TAP (Fig. 10A), indicating that the transcripts are
processed from a larger transcript. Despite the diffuse nature of
the nifD1 product, bands for both nifDI and nifK1 were recovered
from the gel and were successfully sequenced to identify the 5’
end. While sequence was obtained for the Ava_3931 product, the
sequence at the 5" end was not of sufficient quality to map the 5’
end, but we estimate that it is close to the start of Ava_3931. The
locations of these three processing sites predict transcript sizes for
nifH1, nifD1, and nifK1 (Fig. 10B) that are consistent with the sizes
that were first reported in 1986 for the nifH, nifD, and nifK tran-
scripts in Anabaena sp. PCC 7120 by Northern blotting (59).

DISCUSSION

NifH plays a crucial role in nitrogenase assembly and function (15,
16, 30, 60). First, it is the enzyme that reduces dinitrogenase. As
part of the mature nitrogenase complex, NifH is present in a 2:1
ratio to the NifD and NifK subunits. However, NifH also has a
major role in the assembly of nitrogenase, specifically in the mat-
uration of the P cluster and in the maturation and insertion of the
M cluster (MoFe,S,C-homocitrate) into nitrogenase (16). Thus, it
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is not surprising that NifH is the most abundant nitrogenase pro-
tein. In other diazotrophic bacteria, nifH is the first gene on a
larger transcript that includes nifD and nifK, so it was assumed
that nifHDK in cyanobacteria also comprised an operon under the
control of a strong promoter upstream of nifH (61, 62). However,
as we have shown previously, nifH1 in A. variabilis is driven pri-
marily by the distant nifBI promoter, supplemented by a weak
promoter in nifUI (39). The abundance of the nifHI transcript
compared to nifBI, nifS1, and nifUI cannot be attributed to the
strength of the promoter but does correlate well with the stability
of the nifH1 transcript, which is made by RNA processing at a site
123 bp upstream from the nifH1 start site. Although the sequences
of the intergenic nifU-nifH regions of many heterocystous cyano-
bacteria are not well conserved and do not align well, manual
alignment revealed conserved regions that produce a predicted
stem-loop structure at the 5’ end of the nifHI transcript that is
very well conserved (see Fig. S1 in the supplemental material).
Stem-loops stabilize transcripts when they are at the extreme 5’
end of the transcript (63). The stabilization of the 5’ end of the
transcript when it is double stranded results from the mRNA not
being recognized by 5" exonucleases. According to Emory et al.
(63), up to 2 unpaired nucleotides at the 5" end of a transcript can
be tolerated, while 5 or more unpaired nucleotides at the 5’ end of
the transcript prevent a stem-loop from having any stabilizing
effect. We analyzed mutations in the predicted stem-loop at the 5’
end of nifH]I to determine the relative importance of the sequence
in this region versus the stem-loop structure for nifHI transcript
abundance. Based on several mutants, it appears that both the
sequence and the structure contribute to the abundance of the
nifH1 transcript, and loss of both reduces the amount of transcript
by about 90%. Mutant BP706, which completely lacks the first
stem-loop structure, had very little nifHI mRNA and had slow
growth under diazotrophic conditions. The JU423 mutation also
had a very deleterious effect on mRNA abundance, probably be-
cause the first predicted stem-loop is not very stable (AG = —9
versus —21 for FD) and it has several mispaired bases, while the
predicted stem-loop in the wild-type strain has only a single mis-
paired base. The decreased stability of the mutant stem-loop in
JU423 increases the probability of a single-stranded target that is
recognized for mRNA degradation. The altered stability of the
stem-loop in JU423 not only led to a large decrease in transcript
levels for nifHI but also changed the processing site, which was
shifted 8 nucleotides upstream compared to the wild-type strain.
This suggests that the altered stem-loop structure in the mutant
affected the cleavage site that yields the normal 5'-processed nifH1
transcript.

In the BP706 mutant, which completely lacks the first stem-
loop structure, there was much less nifH1 transcript than in the
wild-type strain, because the nifHI transcript was more unstable,
and the mutation had a polar effect, resulting in loss of the down-
stream nifK1 transcript (Fig. 5A), while the half-life of nifK1I in the
mutant remained nearly the same as in the wild-type strain. While
these results may seem contradictory, the quantity of a transcript
may decrease while the half-life of the remaining transcript re-
mains the same. Northern blot analysis in Anabaena sp. PCC 7120
identified nifH, nifHD, and nifHDK transcripts but not a nifB-
SUHDK transcript (59). This suggests that the processing event
between the nifUl and nifHI transcripts in A. variabilis occurs
more rapidly than the processing events within the nifHDKI tran-
script. The nifK1 transcript has its own processing site (Fig. 10)
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that likely affects the half-life of the nifK1 transcript; however, the
quantity of nifK1 transcript is sensitive to the stability of the up-
stream nifHI transcript, because a destabilized nifHDKI tran-
script reduces the abundance of all three individual transcripts.
The half-life of the nifK1 transcript after it is processed from the
nifHDKI transcript should not be affected by the mutation in the
nifHI stem-loop structure, which we observed (Table 3). Hence
the abundance of the nifKI transcript is affected more than the
half-life in the stem-loop mutants.

While the abundance of the nifHI transcript was expected, it
was surprising that, despite large reductions in the amount of
nifH1 transcript in some mutants, there was much less effect on
nitrogenase activity. The normal pattern of nitrogenase expres-
sion, with a strong peak at about 24 h after nitrogen step down
followed by a rapid decline in activity, which remains relatively
low (64), suggests that the cells initially make more transcript/
enzyme than is required, modulating the amount as the cells be-
come nitrogen replete and store fixed nitrogen in cyanophycin
(65). Hence, they may make more enzyme than is required ini-
tially to replenish nitrogen reserves and then repress expression,
while the mutants may continue to express nitrogenase much lon-
ger, which may explain the lack of a major defect in growth of
some of the mutants under diazotrophic growth conditions.

Analysis of transcripts in the nifUI-nifHI intergenic region
revealed a small antisense transcript that began just upstream
from the transcriptional processing site for nifHI1 (but is tran-
scribed in the opposite direction). This transcript is evident in the
RNA-seq data for Anabaena sp. PCC 7120 (42), and its 5" end was
mapped in a global search for primary transcription start sites in
the strain (43); however, neither its size nor its function has been
described. It appears to be about 200 bp, extending well into the
nifUl gene, and is upregulated +N compared to transcripts up-
stream of the sava4870.1 promoter, though still present in very
small amounts. While the amount of antisense transcript increases
under —N conditions, that seems to be the result of increased
expression of antisense RNA throughout the region, since there is
also increased antisense RNA upstream of the sava4870.1 pro-
moter. Compared to the upstream region, sava4870.1 RNA is
more highly expressed +N than —N, and a mutation in the pro-
moter for sava4870.1 affected expression only +N, not —N. A
mutant lacking the promoter region for sava4870.1 showed
greatly reduced nifHI1 expression, suggesting that the antisense
RNA is required for high-level expression of nifHI. Although it is
possible that the antisense sava4870.1 RNA that is already present
in heterocysts helps to stabilize the nifHI transcript, leading to a
decrease in nifHI transcript in the mutant, this seems unlikely,
because the mutant and wild-type strains show nearly identical
levels of sava4870.1 antisense RNA under nitrogen-deficient
growth conditions (Fig. 9A). More likely, the effect of the muta-
tion may not be directly related to loss of the sava4870.1 antisense
RNA. The sava4870.1 promoter mutation is very close to the pro-
cessing site for the nifH1 transcript and did abolish processing of
the nifH1 transcript. Further, a mutant with a 38-bp deletion that
began 4-bp downstream from the end of nifUl, and thus was
within the sava4870.1 gene, had no phenotype (data not shown),
supporting the hypothesis that sava4870.1 is not directly involved
in nifHI expression. We also observed that there was a 50- to
100-fold increase in expression of nifHI1 antisense transcripts in
cells grown in the absence of fixed nitrogen compared to cells
grown with fixed nitrogen. While the amount of antisense tran-
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script compared to sense for nifHI is very low (about 2.5% as
much), it is difficult to imagine the role of this antisense transcript
in the expression of nitrogenase genes.

In Anabaena sp. PCC 7120, the transcripts for nifHDK, as de-
termined by Northern blots, suggested that they all derived from a
single transcript initiated upstream of nifH. The nifH probe hy-
bridized to transcripts of about 4.7 kb, 2.8 kb, and 1.1 kb; nifD
hybridized to transcripts of 4.7 kb and 2.8 kb, and nifK hybridized
to the 4.7-kb transcript (59). These sizes correspond to transcript
junctions between nifH and nifD and between nifD and nifK. If the
nifB promoter is the primary promoter for transcription of the
entire nif cluster, then it seems unlikely that termination of tran-
scription at these junctions is the only mechanism of transcript
regulation, although it could play a role, since the amount of tran-
script for genes downstream of nifK1 is much less than for nifK1
itself (46). However, we determined that the transcript made from
the nifB1 and internal nifUI promoters is processed just upstream
of nifDI, nifK1, and Ava_3931 (Fig. 10), resulting in predicted
transcript sizes that are consistent with the reported sizes for the
nifH, nifD, and nifK1 transcripts in Anabaena sp. PCC 7120 (59).
However, the presence of a strong 2.8-kb band that hybridizes to
nifH and nifD in Anabaena sp. PCC 7120 (59) suggests that pro-
cessing between nifH and #ifD is not efficient. The region around
the 5" end of nifDI has no strong predicted secondary structure;
however, the 5’ end of nifKI is within a strong predicted single
stem-loop structure (AG = —31.7). The sizes and abundances of
the nifDI and nifK1 transcripts in A. variabilis may reflect a com-
bination of termination of transcription, transcriptional process-
ing, and transcript stability; however, the relative amounts of
nifH1, nifDI, and nifKI transcripts normalized to nifBI are
roughly proportional to their half-lives (Table 3), suggesting that
stability is very important in maintaining the stoichiometry of the
three transcripts. The 7-fold decrease in the amount of nifEI tran-
script compared to nifK1 (46), however, suggests that this large
drop may result from both transcriptional termination down-
stream of nifKI and the much shorter half-life of nifEl than of
nifK1 (Table 3). Despite multiple attempts, we have not been suc-
cessful in finding the 5" end of nifEI by 5" RACE.

The data presented here support the conclusion that expres-
sion of the nifHI, nifD1, and nifK1 genes, encoding the nitroge-
nase proteins that are required in the greatest abundance for ni-
trogen fixation, depends on transcript processing. Further, the
stability of the nifH1, nifD1, and nifK1 transcripts correlates with
the amount of transcript (46), and at least for nifHI, sequences
near the transcriptional processing site are important in process-
ing and transcript stability. The predicted secondary structures in
the intergenic regions of nifUl-nifHI and nifDI-nifK1 may play a
role in the regulation of the transcript abundances of nifHI and
nifK1; however, at least in the case of nifH1, the sequences around
the processing site appear to be equally important for transcript
stability.
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