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ABSTRACT: The cyanobiont Trichormus azollae lives symbiotically within fronds of the genus Azolla, and assimilates atmospheric nitrogen upon
N-limitation, which earmarks this symbiosis to be a valuable biofertilizer in rice cultivation, among many other benefits that also include carbon
sequestration. Therefore, studying the regulation of nitrogen fixation in Trichormus azollae is of great importance and benefit, especially the two
topmost rungs of regulation, the NtcA and HetR transcription factors that are able to regulate the expression of myriads of downstream genes.
Bioinformatics tools were used to zoom in on the NtcA and HetR transcription factors from Trichormus azollae to elaborate on what makes this
particular cyanobiont different from other symbiotic as well as more distinct counterparts, in their commitment to nitrogen fixation. The utility of
Azolla plants in tropical agriculture in particular merits the “top down N-regulation” by cyanobiont as a significant niche area of study, to make
sense of superior N-fixing capabilities. The Trichormus azollae NtcA sequence was found as a phylogenetic outlier to horizontally infecting cya-
nobionts, which points to a distinct identity compared to symbiotic counterparts. There were borderline (60%-70%) levels of acceptable boot-
strap support for the phylogenetic position of the Azolla cyanobiont’s NtcA protein compared to other cyanobionts. Furthermore, the NtcA global
nitrogen regulator in the Azolla cyanobiont has an extra cysteine at position 128, in addition to two other more conspicuous cysteines (positions,
157 and 164). A simulated homology model of the NtcA protein from Trichormus azollae, points to a single unique cysteine (Cysteine-128) as
a key residue at the center of a lengthy C-helix, which forms a coiled-coil interface, through likely disulfide bond formation. Three cysteine
(Cysteines: 128, 157, 164) architecture is exclusively found in Trichormus azollae and is absent in other cyanobacteria. A separate proline to
alanine mutation in position 97—again exclusive to Trichormus azollae—appears to influence the flexibility of effector binding domain (EBD) to
2-oxoglutarate. The Trichormus azollae HetR sequence was found outside of horizontally-infecting cyanobiont sequences that formed a com-
mon clade, with the exception of the cyanobiont from the genus Cycas that formed one line of descent with the Trichormus azollae counterpart.
Five (out of 6) serines predicted to be phosphorylated in the Trichormus azollae HetR sequence, are conserved in the Nostoc punctiforme
counterpart, showcasing that phosphorylation is likley conserved in both vertically-transmitted and horizontally-acquired cyanobionts. A key
Serine-127, within a conserved motif TSLTS, although conserved in heterocystous subsection |V and V cyanobacteria, are mutated in subsection
IIl cyanobacteria that form trichomes but are unable to form heterocysts. | conclude that the NtcA protein from Trichormus azollae to be strategi-
cally divergent at specific amino acids that gives it an advantage in function as a 2-oxoglutarate-mediated transcription factor. The Trichormus
azollae HetR transcription factor appears to possess parallel functionality to horizontally acquired counterparts. Especially Cysteine-128 in the
NtcA transcription factor of the Azolla cyanobiont is an interesting proposition for future structure-function studies.
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Introduction
Azolla is a genus of water ferns, which are ubiquitous in parts
of South and South East Asia due to the benefits it gifts paddy
cultivation mainly through the fixation of atmospheric nitro-
gen, supplying ammonium ions to the host plant and surround-
ings. The nitrogen fixing microbe in Azolla, is a cyanobiont (a
symbiotic cyanobacterium) designated Trichormus azollae,
which is uncultivable iz vitro and is inherited from the parent
generation through vertical transmission, which dismisses the
need for the reintroduction of the microbe from the environ-
ment.! It is inferred that the nitrogen fixation potential of the
Azolla symbiotic system, varies from 30 to 60kg/hectare of
nitrogen per year, which makes it a powerhouse in nitrogen
fixation.? It is also suggested that Azolla can produce the
equivalent of 1800kg of urea per hectare per year.?

Trichormus azollae, the cyanobiont, is controversial in its tax-
onomy.* The cyanobiont has been called by three generic

names this far; Anabaena, the earliest, Nostoc, the most com-
mon, and 7richormus, the most recent and the least common.*
Although a single genus name has not be consolidated, it is fair
to say that there are certain features of the cyanobiont that are
of interest, as a N-fixing microorganism. There is erosion of the
cyanobiont’s genome, which outside of nitrogen fixation and a
tew other key functions, relegates the cyanobiont to a commit-
ted and obligate relationship with the symbiotic host.
Furthermore, the photosynthesis potential of the cyanobiont
too has been reduced due to its dependence on the host Azolla
plant for photosynthate.® In addition, the nitrogen fixation
potential is crucial for the rapidly dividing fern and the sur-
rounding ecosystem, which makes this symbiosis one of strong
utility in sustainable agriculture.

A newer paradigm is presented by Azolla due to the plant’s
potential as a voracious carbon sink—the Rubisco Carboxylase
is the most common enzyme in plants -, which can be utilized
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in abundance due to the strong nitrogen fixation performed by
the cyanobiont.” I showed in an earlier publication that
Trichormus-Azolla symbiosis is a sound future bio-technologi-
cal ally in a prospective “field-based” setting, due to the absence
of nitrous oxide and methane emitting enzymes in the cyano-
biont’s proteome.” A third benefit that can be reaped from
Azolla, is its potent ability to quench harmful heavy metals
such as lead, chromium and to a lesser extent cadmium.® Again,
phytoremediation is dependent on proteins such as “sequester-
ing” metallothioneins, and therefore, nitrogen fixation by the
cyanobiont, once again, is of strong importance.®

In large, the many benefits to be reaped from the Azolla-
Trichormus azollae system, is protein-dependent which makes
the nitrogen fixation engine of the cyanobiont, a valuable cog of
contemporary research. The key protein in nitrogen manage-
ment in Trichormus azollae—and in many other cyanobacte-
ria—is the NtcA transcription factor.”19 The NtcA transcription
factor belongs to the cAMP (CRP) transcription factor family
of proteins and is crucial for the downstream activity of a vast
nitrogen metabolism network, comprising of hundreds of
genes.!! In fact, 11 of the 13 residues that forms contacts with
DNA in CRP transcription factors are conserved or replaced
with a conservative residue in the NtcA proteins. The com-
pound 2-oxoglutarate is thought to activate the functional con-
firmation of the NtcA protein and in its absence, it is assumed
the transcription factor to be in an inactive state. However, even
in the inactive state, there is some form of DNA binding, while
activation by 2-oxoglutarate enhances the binding affinities.!?
Furthermore, the NtcA protein in cyanobacteria is thought to
aid in RNA polymerase recruitment and not merely in DNA
binding-based regulation of gene expression.!!

HetR, the next in line cog to the NtcA transcription factor,
has been shown to be responsive to the N-state of the cell,
downstream of 2-oxoglutarate, which is sensed allosterically by
the NtcA sensor protein. Some empirical work has been per-
tormed on HetR transcription factors which are key for the
formation of heterocysts. In particular, serines have been shown
to be key for both signal transduction by phosphorylation, as
well as for nucleophile function to enzymatically effectuate
catalysis.!3 In heterocystous cyanobacteria, a key motif that
reads TSLT'S is highly conserved. A recent study demonstrated
an upstream kinase (Pnk22) that is capable of phosphorylation
of HetR proteins.!3

In symbiotic systems, there can be regulation of expression
of selective genes in a symbiont, as compared to the stage of
development of the host. In the symbiotic strain Nostoc puncti-
Jforme, the expression of the n#c4 gene after a single infection of
the host Gunnera plants, has been found to be minor in early
developmental stages of the host, increasing during the middle
stages of development of host and finally receding in the older
Gunnera plants (Wang, Ekman et al., 2004). So did the HetR
protein, which too produced the most mRNA during the mid-
dle stages (stage 3) of development of the host plant (Wang,
Ekman et al., 2004).1* It is now known that the transcription

profiles of middle stages of development of an organism are
predominantly due to ancient gene families (de Mendoza,
Sebe-Pedros et al., 2013).> The NtcA transcription family is
an ancient and conspicuous protein encoded by N-fixing
cyanobacterial genomes and can be compared due to a longer
window of gradual evolution and due to the richness of species
that are covered by the protein. NtcA transcription factor has
been shown to bind to 2424 DNA elements, of which 2153 are
genes (Picossi, Flores et al., 2014).16

This in silico study explores the phylogeny of the Azolla
cyanobiont, Trichormus azollae, using NtcA proteins due to its
essential “top of the pyramid” location and the functional sig-
nificance of key residues that are distinct for this protein. I too
explore the HetR transcription factors in terms of their phy-
logeny, the putative serine residues that are likely to be phos-
phorylated to relay downstream the signal for cell differentiation
in heterocyst formation and subsequent nitrogen fixation. The
landscape of nitrogen-centered functions is discussed using the
structures of NtcA and HetR proteins as foci. This study
advances the field of knowledge on this symbiont residing
inside a water fern, which is distinct from all other plants, in
harboring a vertically-perpetuating cyanobiont.

Results and Discussion
Phylogeny of NtcA transcription factors in

cyanobacteria and among cyanobionts

The hierarchy of the mechanism of heterocyst differentiation
begins with the sensing of nitrogen depletion/starvation and
the commencement of the downward cascade commencing
with the global nitrogen regulator, the NtcA transcription fac-
tor (Figure 1). It has been demonstrated in the strain Anabaena
sp. PCC 7120, that heterocyst differentiation is clocked as
below: induction of differentiation (0-2 hours). Formation of
pattern along the trichome (2-9 hours), commitment to a dif-
ferentiated state (9-13 hours), morphological changes (13-24
hours).1” In 48 hours, there is a full fledged heterocyst along a
trichome previously composed of a string of vegetative cells!®
to commence nitrogen fixation.

The phylogenetic reconstruction was performed using three
other genera that all showed strong sequence identity at 100%
coverage with the Trichormus azollae NtcA protein. The phylo-
genetic trees (Figure 2A) based on four proximal genera, were
inconclusive for phylogenetic inferences due to low bootstrap
support. The difficulty in arriving at conclusive phylogeny
compared to neighbors, appears to be curtailed by the lack of
sufficient divergence of sequences and insufficient sites (of
mutations) for study.

Anabaena cylindrica, forms a monophyletic cluster with
Trichormus azollae, when the homocitrate synthase protein
sequences were assessed for their phylogenetic relationships.!”
Here in this study, Anabaena cylindrica, forms a neighboring
clade to a unitary Trichormus azollae, in relation to NtcA protein
phylogeny, and shares the specific clade with a member of the
Sphaerospermapsis, backed by

genus although  not
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Differentiation of Heterocysts for Nitrogen Fixation

Host (Genus) Cyanobiont Age of Symbiosis
Azolla Trichormus azollae ~90 Mya
Gunnera Nostoc punctiforme ~115 Mya
Cycas Nostoc cycadae ~265-290 Mya
Anthoceros Nostoc punctiforme ~470 Mya

Figure 1. (A): The top-down hierarchy of NtcA dependent differentiation
of heterocysts. (B) Cyanobionts and their putative (maxiumum) symbiotic
age (Warshan et al., 2018).20

strong bootstrap support. This unsubstantiated finding (due to
inconclusive sampling support) is supplementary and support-
ive of recent single-gene and whole-genome phylogeny studies.
Interestingly, the genus  Sphaerospermopsis  (specifically
Sphaerospermopsis - aphanizomenoides BCCUSP55) has been
shown to form a single two-member monophyletic clade with
Trichormus azollae, with 64% bootstrap support between nodal
tips, when the rbcL-rbeX molecular marker was employed.?!
Still, when whole genome phylogeny was inferred for cyanobac-
teria, the Trichormus azollae genome formed a monophyletic
clade only with the genome of Sphaerospermapsis aphanizome-
noides BCCUSP55 (Warshan et al, 2018). The genus
Sphaerospermopsis forms coiled and straight filaments and, in
some cases, has been originally thought as Anabaena, exclusively
from morphology, and later changed in nomenclature based on
molecular data gathering exercises.

Next, I searched individually for NtcA proteins in the NCBI
protein database from known cyanobionts and constructed a
Maximum Likelihood phylogenetic tree from the downloaded
sequences (10 in number) with bootstrap support from 500
pseudo-replications. The phylogenetic tree of the cyanobiont
NtcA proteins demonstrated that the Trichormus azollae NtcA
protein formed a lone member outside of all other cyanobionts
that clustered together, further dividing into smaller daughter
clades. The bootstrap support for the position of the Trichormus
azollae NtcA protein, is > 60% but < 70%, which tells us that
they are likely to be accurate than inaccurate. Why the NtcA
protein of Trichormus azollae is closer to the free-living species
(Figure 2A) and falls outside of the core “cyanobionts” clade
(Figure 2B), does present an interesting biological conundrum.

In this, the structure-function relationship of the NtcA protein
of Nostoc azollae becomes crucial to attest to the changes of
sequence that can contribute to its role in N-regulation.

In relation to cyanobionts, the Azo/la-Trichormus relation-
ship is the youngest (~90 MYA) and except for the Gunnera-
Nostoc symbiosis dating to ~115 MYA (Warshan et al., 2018)
are ancient symbioses that have coevolved during the establish-
ment of plant symbioses, namely those of gymnosperms and
bryophytes (Figure 1B) (It should be noted that due to the
proximity of 90 MYA and 115 MYA, they could very well be
contemporary events in age). Perhaps, it is the shorter evolu-
tionary history of the NtcA transcription factor of Trichormus
azollae that clusters it closer to the free-living species of cyano-
bacteria and distant from other cyanobionts (Figure 1B).
Trichormus azollae has been known to produce more frequently
spaced heterocysts in N-starved conditions and is a power-
house in relation to nitrogen fixation.

Functional insights to the NtcA transcription factor
in Trichormus azollae

A few non-conserved positions in the Trichormus azollae NtcA
sequence were observed when aligned using ClustalW. One
such unique mutation, I infer to be of strong functional signifi-
cance (Figure 3). The NtcA transcription factor from the
Trichormus azollae cyanobiont possesses three cysteines, which
is one more in number than all auxiliary sequences from cyano-
bacteria. While the cysteine in position 157 is 100% conserved,
a majority of sequences used for the sequence alignment pos-
sesses the cysteine in position 164. However, the cysteine at
position 128, is exclusively found in Trichormus azollae (Figures
3 and 4). It has been suggested that the presence of two
cysteines (Position 157 and Position 164) in cyanobacteria
such as Anabaena sp. PCC 7120 (which too are present in
Trichormus azollae in the same positions) is an indicator of
intra-molecular disulfide bond formation, although this
hypothesis has been proven to be inaccurate.??

Other biological pathways outside of nitrogen metabolism,
such as the light-dependent keto caretenoid pathway, are
dependent on the NtcA transcription factor.?® Therefore, the
NtcA transcription factor acts as a universal “manager,” for the
regulation of many pathways, especially those involving the
element nitrogen. The DNA binding helix-turn-helix motif is
found conserved between residues 174 to 195 in the NtcA
global nitrogen regulator protein family*? and is known to
allow optimal spacing for DNA binding by shifting the two
helices apart, upon activation by 2-oxoglutarate!? and this relay
of function from the sensory N-terminus to the effector
C-terminus is thought to be performed by the central C-helix.

Cysteines have features that are crucial from a functional
perspective. Cysteines possess thiol/sulthydryl groups (the only
amino acid to utilize such a group), are capable of forming
disulfide bonds using two cysteine residues, are found as a
highly conserved residue in protein sequences, forms clusters in
close proximity, have high metal binding affinities, while
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Figure 2. (A): Phylogeny of NtcA transcription factors in selected cyanobacteria: The amino acid sequences of NtcA proteins from four genera that all
showed high sequence homology at 100% sequence coverage to the Trichormus azollae NtcA sequence (WP_013190440), were first aligned using the
ClustalW algorithm using MEGA version X and the phylogenetic reconstruction performed using both the Neighbor Joining method (top) and Maximum
Likelihood (bottom) method with support from 1000 bootstrap replications. (B): Phylogeny of NtcA transcription factors from cyanobionts: The amino acid
sequences of 10 cyanobionts were first aligned and the phylogenetic tree constructed using the Maximum Likelihood method, with bootstrap support from
500 replications.
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Figure 3. Multiple sequence alignment of NtcA transcription factors from cyanobacteria. WP_013190440 is the Trichormus azollae NtcA sequence, which
is the only protein sequence to have a third cysteine at position 128. Other cyanobacterial NtcA proteins have only two cysteines in primary sequence.

attracting controversy on its hydrophobic/non-hydrophobic
nature.”* Such properties in cysteines confine them to be
largely irreplaceable. The conversion of a serine to a cysteine
(Figure 3), is no wobble/third position change, and requires a
two nucleotide conversion (Figure 4E) which demonstrates
that the conversion of a serine to a cysteine is most likely a
functional adaptation. According to the Grantham’s distance
based on composition, polarity and molecular volume of an
amino acid and Miyata’s distance, which is based on volume
and polarity (Table 1), serine to cysteine transformations
(through non-synonymous substitution of codons) can be
termed significant due to their physiochemical distance
between cysteine and serine, which suggests that the reason for
the change is functional or operational. Cysteines too are rare
in helices and are predominantly found as part of beta sheets,?
which too points to the cysteine here as performing a key/dis-
crete function.

Cys-128 is found in the lengthy central C-helix that forms the
tight coiled-coil interface between the reacting monomers. A
comparison of the homology model of the Trichmormus azollae
NtcA protein against that of Anabaena cylindrica homology
model, showcases that the central interface is narrower in the for-
mer, while in the latter, a broader gap is found between the dimer
partners (Figure 4B and C). Upon binding of 2-oxoglutarate, a
crucial twisting of the central C-helix, from a 17 degree angle to a
23 degree angle, helps form a coiled coil structure (Figure 4D), a
stable dimer with a significantly larger binding interface (approx-
imately 2000 A2)12 The surrounding region corresponding to the
Cys-128, is termed the helical bridge or the C-helix, which is able
to upon N-terminal 2-oxoglutarate binding, change its confor-
mation and bind tighter than in the inactive-conformation.!?
Reformation of hydrogen bonds of key residues in the paired
helices of the dimer (with 2-oxoglutarate), in particular hydrogen

bonds donated by arginines and glutamates, are
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Figure 4. (A): Output from the secondary structure prediction tool PSIPRED 4.0 for the NtcA protein from Trichormus azollae showing helices, beta
strands and loops/coils. The color-coded specifics are shown below the panel. (B): The tertiary structure (homology model) of the NtcA protein of the
Azolla cyanobiont (Trichormus azollae) modeled using the SWISS-MODEL web server (see methods section), and compared to the homology model of
the Anabaena cylindrica structural homolog. The dimer interfaces are shown by a bracket in red. The template ID is 31a7.1.A. (C): The alignment of the
model (chains A and B of the homodimer) with the reference structure (3la7.1.A) as shown in SWISS-MODEL. The secondary structural elements are
shown below the sequences. (D): lllustration of the mechanism of formation of a coiled coil structure by the NtcA protein dimer, using the central C-helix
as the coil. (EBD—Effector Binding Domain; DBD—DNA Binding Domain). The angle of one monomer against the other, expands from a 17 degree angle

to a 23degree angle upon 2-oxoglutarate binding. The hydrogen bonds and the effector binding too are shown in the model. This was illustrated as
demonstrated in Zhao et al.’? (E): Stretch of sequence of NtcA protein of Trichormus azollae aligned against those of Anabaena variabilis (U89516.1)
belonging to Subsection IV, Cyanothece ATCC51142 (U80855.1) in subsection | and Microcystis aeruginosa PCC 7806 (EU402445.1) which too is
grouped in subsection |. Two changes in amino acids composition only found in Trichormus azollae sequence is shown in boxes, against those of
cyanobacterial counterparts. The asterisks below indicate the number of nucleotide changes/level of preservation. Subsection | members are strongly

divergent from subsection IV.

Table 1. Empirical amino acid substitution pattern from DAMBE,26
based on sequence pairs comprising 10 cyanobiont sequences in
total. Amino acid dissimilarity indices are Grantham’s distance,?”
Miyata’s distance?® and neighbor-based distance.2®> Ones in bold
are from Trichormus azollae NtcA protein sequence, against other
symbiotic counterparts.

AA1—AA2 NUMBER G M

Leu—Gin 21 112 2.696 114.9
Lys—Arg 9 26 0.397 70.5
Pro—Ala 9 27 0.064 56.6
Ser—Ala 21 99 0.509 41.0
Ser—Cys 9 112 1.836 471
Thr—Ser 9 58 0.885 23.6

Abbreviations: G, Grantham’s distance; M, Miyata’s distance; N, neighbor-based
distance.

termed significant in fact, Arginine-129 and Glutamate-134
bind 2-oxoglutarate directly, immediately sensing the binding of
the ligand. In particular, Arginines 129 (in the C-helix) and at
position 143 (at the hinge region), and Glutamates 134 and 135
from the C-helix, are key resiudes for conformational adaptation
and relaying the conformational changes to the DNA-binding
domain upon 2-oxoglutarate binding.1?

The central location of Cysteine-128 in the C-helix and the
inter-molecular propensity of cysteines to form disulfide bonds/
bridges, suggest that the two Cysteines at position 128, are
involved in the formation of an inter-molecular disulfide-bond.
The dimer would be tighter in binding compared to other NtcA
proteins that are absent of a third cysteine in the C-helix, and
thereby are reliant solely on inter-molecular hydrogen bonds
(Figure 4B). In fact, Cysteine-128 is strategically placed at the
center of the C-helix, 13 residues immediately adjacent to the
right and 12 residues found on the left (Figure 4A and C). When
the putative intra-molecular disulfide bonds were predicted for
the Trichormus azollae NtcA protein, not a single disulfide bond
was predicted by the prediction service (Table 2), which too sup-
ports the theory that the inter-molecular disulfide bond forma-
tion may likely assist in the dimerization of the NtcA monomers
in the absence of intra-molecular disulfide bonds.

Coiled coil domains are widespread as dimerization inter-
faces performing key regulatory functions. Examples here are

Table 2. Predicted disulfide bonds and their probabilities based on
scores, when the Trichormus azollae NtcA protein sequence was

checked using the DIANNA server (http://clavius.bc.edu/~clotelab/
DiANNA/).2® No putative disulfide bond formations were predicted.

DISULFIDE BOND SCORES

CYSTEINE DISTANCE BOND

SEQUENCE
POSITION

128-157 29 LRGLSCRILQT- 0.01064
FLLILCRDFGV

128-164 36 LRGLSCRILQT- 0.01062
DFGVPCADGIT

157-164 7 FLLILCRDFGV- 0.01073

DFGVPCADGIT

transcription factors such as C-fos and C-jun proteins.3%3!
Intermolecular dimerization in the presence of a cysteine
disulfide bridge is also thought to enhance the thermal stability
of the protein. Structural biology in tandem with gel mobility
shift assays and site-directed mutagenesis studies are required
to demonstrate such hypotheses.

Another mutation (position 97) of NtcA sequence of
Trichormus azollae, encompasses a proline to alanine transfor-
mation (Figure 4E) which is not found in counterparts from
other cyanobacterial divisions, namely Anabaena variabilis
(U89516.1) belonging to subsection IV, unicellular Cyanothece
ATCC51142 (U80855.1) in subsection I that has 34 nif genes
(the most in cyanobacteria), Microcystis aeruginosa PCC 7806
(EU402445.1) in subsection I that is capable of cyanotoxin
production. Prolines are residues that due to a dearth in
hydrogen bond donation capacities are found mostly in loops/
turns and not in helices or beta sheets. The proline-97 forces
the FTA tripeptide sequence between two beta strands
(Figure 4C) to be rigid and the replacement with an alanine
in the Trichormus azollae sequence, changes the rigidity to a
more flexible structure. I infer from the tertiary structure that
the effector binding domain of the NtcA protein (Figure 4D)
where this proline to alanine transformation is found and its
close proximity to the 2-oxoglutarate binding pocket (Figure
4B), makes this mutation one that influences structural flexi-
bility accompanying effector binding and subsequent
dimerization.


http://clavius.bc.edu/~clotelab/DiANNA/
http://clavius.bc.edu/~clotelab/DiANNA/
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Phylogeny of HetR transcription factors in
cyanobionts

When 10 cyanobiont HetR sequences were used to construct
a Maximum Likelihood phylogenetic tree, I found that the
Trichormus azollae and Nostoc cycadaea wk-1 HetR sequences
formed on a distinct lineage distant from other cyanobionts
that formed a collective cluster that further trifurcated into
three daughter clades. Bootstrap support for the position of
the HetR sequence of Trichormus azollae is strong, with 62%-
100% bootstrap support (Figure 5). Again, I am not able to
distinguish the cyanobionts from Azolla fronds, and those
from Cycad coralloid root nodules, in relation to their func-
tional significance, although it is known that the Cycas coun-
terpart needs infection of the root system while in Trichormus
azollae, it is a case of vertical transmission, which needs no
infection from the surrounding environment. Furthermore,
the genus Cycas symbionts are evolutionary older (~260-290
MYA) compared to the Azolla cyanobiont which does pose
key questions, at their relative mutation rates and evolution-
ary pathways. Still Trichormus azollae is an obligate symbiont
and has been only subjected to symbiotic pressures for ~90
MYA, while the Cycas counterpart is facultative, which sug-
gests that the evolutionary pressures to be different between
the two cyanobionts and consequently their symbiotic com-
petence. Furthermore, though different from plastid evolu-
tion, there is evidence of pseudogenization and genome
erosion in the Azolla cyanobiont® but there is no evidence of
gene exchange between cyanobiont and host genome.3?

Insight on function of the HetR transcription factor
in Trichormus azollae

Both NtcA and HetR transcription factors are induced in
N-starved conditions and is triggered to action by 2-oxoglutar-
ate. In the same conditions, a Hanks-type kinase (Pkn22) is

induced that is capable of phosphorylation of specific residues
of the HetR transcription factor for the differentiation of het-
erocysts from vegetative cells.!3 A bacterial two-hybrid system
showed that HetR and Pkn22 interact with each other and
mass spectrometry demonstrated that a conserved Ser-130 was
phosphorylated in HetR upon Pkn22 interplay in all three oli-
gomeric forms of HetR.13 The Pkn22 expression is regulated
by the NtcA transcription factor.

Up to 51 Hanks-type kinases are found in cyanobacteria,
which suggest that there are other protein kinases that are able to
phosphorylate key proteins such as HetR.!3 The Netphosbac 1.0
server which specializes in the prediction of prokaryotic phospho-
rylation sites, was employed for the identification of key residues
that act as substrates to kinases. Using Netphosbac 1.0, six serine
residues which are likely to be phosphorylated (Figure 6) were
identified. Five were found in mid sequence, while one was found
at the beginning of the Trichormus azollae HetR sequence (Figure
6). The six phosphorylation sites were found at 14, 121,127, 166,
193 and 201 locations along the sequence of the Trichormus azollae
HetR protein (Figure 6). However, Serine-130 was not predicted
by the Netphosbac 1.0 portal, showcasing that prediction services
have limitations in their functional assignment.

Five out of the six phosphorylation sites (Figures 6 and 7) were
conserved between the HetR proteins of Trichormus azollae and
Nostoc punctiforme, the former being a vertically transmitted cyano-
biont and the latter a more promiscuous horizontally-transferred
cyanobiont. Phosphorylation of the HetR protein in Nostoc PCC
7120 was shown to be effected by a Pkn22 kinase that is able to
phosphorylate a highly conserved Serine-130 (TSLTS) that is
conserved between heterocyst forming cyanobacteria.!3

This five-residue motif (T'SLT'S) is conserved in subsection
IV and V cyanobacteria suggesting a crucial sequence motif for
induction of heterocyst formation.!3 In contrast, the subsection
III cyanobacteria have a highly divergent motif (Figure 8) where
a key serine residue (Serine-127) identified by Netphosbac 1.0

WP 013192285.1 heterocyst differentiation master regulator HetR Trichormus azollae
—— GBE90322.1 heterocyst differentiation control protein HetR Nostoc cycadae WK-1

97| WP 094349731.1 heterocyst differentiation master regulator HetR Nostoc sp. Peltigera membranacea cyanobiont 210A
ﬂﬂRCJ41548.1 heterocyst differentiation control protein Nostoc punctiforme NIES-2108

WP 104907397.1 heterocyst differentiation master regulator HetR Nostoc sp. Lobaria puimonaria (5183) cyanobiont

100 |1 WP 069071266.1 heterocyst differentiation master regulator HetR Nostoc sp. KVJ20

- AAG53680.1 HetR Nostoc punctiforme

OYE06610.1 heterocyst differentiation control protein Nostoc sp. Peltigera membranacea cyanobiont 232

47| OYD88227.1 heterocyst differentiation control protein Nostoc sp. Peltigera membranacea cyanobiont 213

—
0.020

AVH65550.1 heterocyst differentiation control protein HetR Nostoc sp. Peltigera membranacea cyanobiont N6

Figure 5. Phylogeny of HetR transcription factors from cyanobionts: The amino acid sequences of 10 cyanobionts were first aligned and the phylogenetic
tree constructed using the Maximum Likelihood method, with bootstrap support from 500 replications.
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NetPhosBac 1.08a: predicted phosphorylation sites in Sequence
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Figure 6. The prediction of serine and threonine phosphorylation sites for the HetR proteins from Trichormus azollae (top) and Nostoc punctiforme
(bottom) using Netphosbac 1.0. Five out of the six serines that rise above the cutoff (horizontal line) are conserved between the two sequences. The X
axis shows amino acid position and the Y axis demonstrates phosphorylation potential.

prediction, is transformed to an asparagine, hinting that this
may be a significant mutation, for the absence of differentiation
of heterocysts within this subsection. Asparagines, however, are
unable to form phosphomimetic structures to be surrogates for
serine phosphorylation (Figure 8). Strong heterocyst formation
are conspicuous in phosphomimetic strains that have a consti-
tutively active HetR protein.’® Furthermore, Serine-130 of the
HetR protein of subsection IV and V cyanobacteria is mutated
to polar but neutral threonines, primary amino-group deficient
prolines and hydrophobic alanines as well as valines, in subsec-
tion III cyanobacteria (Figure 8).

Serine is known to possess two disjointed codon types
TCN (TCA, TCC, TCG,TCT) and AGY (AGT and AGC),
which are farther apart than a single nucleotide substitution.
Interestingly, both of Ser-127 and Ser-130 of the conserved
5 residue sequence in Trichormus azollae, are encoded by the
same AGC codon (age[127] ttg aca age [130]) which means
that the serine to asparagine substitution is a simple single-
substitution based one. An induced serine—asparagine
mutation of Ser-179 of the HetR protein abolished the pro-
tease function, showcasing that Ser-179 is perhaps the likely
nucleophile that is central for the cleavage of the protein
backbone3? Serine to asparagine is the same mutation that
occurs at Ser-127 in the TSLTS sequence of subsection 111
cyanobacteria (Figure 8) again symbolizing its importance as
well as its ease of mutation.

Conclusion

The NtcA protein in Trichmormus azollae appears to be forming
a dimer anchored by an intermolecular disulfide bond, which
the other cyanobacteria appear to lack. The third cysteine I infer
to be an important mutation. In the HetR proteins, there is a
conserved patch of 5 residues which are conserved in all cyano-
bacteria capable of forming heterocysts, which is strongly
mutated in subsection III cyanobacteria, which are capable of
forming filaments but are unable to form specialized cells, with
the exception of the genus 7richodesmium that forms diazocytes.
This study advances the field in relation to (1) the selective phy-
logeny of cyanobionts using NtcA and HetR proteins and (2)
structural and functional roles of NtcA and HetR proteins
which could play a role in nitrogen metabolism; while present-
ing many more questions to be pursued empirically in the future.

Materials and Methods

Phylogenetic reconstructions

The non-redundant downloaded amino acid sequences (as FASTA
files) from each query were first aligned with the ClustalW algo-
rithm using MEGA version X (default parameters)3* then con-
verted to the MEGA sequence format, and phylogenetic
reconstruction performed using the Neighbor Joining/Maximum
|=Likelihood methods with support from 250, 500 or 1000 boot-
strap replications. There was no assignment of outgroups.
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#+ netphosbac-1.0a prediction results

#

# Sequence # Context Score Kinase Answer

o

# Sequence 2 S -—-—-MSNDID 0.221 main .

# Sequence 14 S RLGPSAMDQ 0.534 main Y

# Sequence 26 S YLAFSAMRT 0.282 main

# Sequence 30 T SAMRTSGHR 0.244 main

# Sequence 31 S AMRTSGHRH 0.375 main

# Sequence 44 T DAAATAAKC 0.121 main

# Sequence 53 T ATYMTYLEQ 0.090 main

# Sequence 64 T NLRMTGHLH 0.191 main

# Sequence 87 T ROALTEGKL 0.366 main

# Sequence 97 S KMLGSQEPR 0.403 main .

# Sequence 121 S HPGRSRVPG 0.657 main Y

# Sequence 126 T RVPGTSLTS 0.153 main .

# Sequence 127 S VPGTSLTSE 0.550 main Y

# Sequence 129 T GTSLTSEEK 0.144 main .

# Sequence 130 S TSLTSEEKK 0.242 main .

# Sequence 151 T AQLVTSFEF 0.236 main .

# Sequence 152 S QLVTSFEFL 0.419 main .

# Sequence 166 S LHKRSQEEL 0.570 main Y

# Sequence 179 S  QMPLSEALA  0.278 main .

# Sequence 193 s RLLYSGTVT 0.510 main Y

# Sequence 195 T LYSGTVTRI 0.323 main

# Sequence 197 T SGTVTRIDS 0.310 main .

# Sequence 201 S TRIDSPWGM 0.676 main Y

# Sequence 211 T FYALTRPFY 0.425 main

# Sequence 224 T DQERTYTMV 0.142 main

# Sequence 226 T ERTYTMVED 0.160 main

# Sequence 231 T MVEDTARYF 0.338 main

# Sequence 248 S RKANSMRAV 0.494 main

#
MSNDIDLIKRLGPSAMDQIMLYLAFSAMRTSGHRHGAFLDAAATAAKCAT # 50
YMTYLEQGONLRMTGHLHHLEPKRVKI IVEEVRQALTEGKLLKMLGSQEP # 100
RYLIQLPYLWMEKYPWHPGRSRVPGTSLTSEEKKQIERKLPKNLPDAQLV # 150
TSFEFLELIEFLHKRSQEELPPHHOMPLSEALAEHIKRRLLYSGTVTRID # 200
SPWGMPFYALTRPEFYAPADDQERTYTMVEDTARY FRMMKDWAERKANSMR # 250
AVEELDIPIEQMQOAMEELDETI IRAWADKYHQDGGMPMVLOMVEANQDQ # 300

Ll e e # 50

B e e e e e e e e e e e e e e e et e e e e # 100

Bl e e e S, P # 150

Sl e e S e e e e e e e e e, IS I # 200

T # 250

Figure 7. The predicted serines that were shown to be putative substrates for phosphorylation by an upstream kinase, shown using the Netphosbac 1.0

server. The positive ones are marked Y and coded in yellow color.

Secondary structure prediction

The secondary structure prediction service PSIPRED 4.0
(http://bioinf.cs.ucl.ac.uk/psipred/) was used to showcase the
helixes, beta strands, and coils.3’

Homology modeling

Homology modeling was performed using the default param-
eters of the SWISS-MODEL server (https://swissmodel.
expasy.org/).36:37

Phosphorylation site prediction

The web address (http://www.cbs.dtu.dk/services/NetPhosBac/)
hosting the Netphosbac 1.03¢ was used for the identification of
the putative phosphorylation sites.

Prediction of disulfide bonds

The selected sequence was searched against the DIANNA
server (http://clavius.bc.edu/~clotelab/DIANNA/) for the
identification of likely disulfide bond pairs.?’


http://bioinf.cs.ucl.ac.uk/psipred/
https://swissmodel.expasy.org/
https://swissmodel.expasy.org/
http://www.cbs.dtu.dk/services/NetPhosBac/
http://clavius.bc.edu/~clotelab/DiANNA/
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2. AAL0S045.1 heterocyst differentiation protein Trichodesmium erythraeum IMS101

3. AAB81942.1 heterocyst differentiation protein partial Trichodesmium tenue

4. AAB81941.1 heterocyst differentiation protein partial Trichodesmium contortum

5. AAQDE415.1 heterocyst differentiation protein partial Trichodesmium aureum

6. CBNS6579.1 Heterocyst differentiation control protein Oscillatoria sp. PCC 6506

7. WP_015148088.1 heterocyst diff iation master regulator HetR O:

8. WP_158307959.1 heterocyst differentiation master regulator HetR Microcoleus vaginatus

9. WP_006618511.1 heterocyst differentiation master regulator HetR Arthrospira platensis

10. WP_096831969.1 heterocyst differentiation master regulator HetR Tychonema bourrellyi
11. AAQ0E413.1 heterocyst differentiation protein partial Trichodesmium pelagicum

12. NES94832.1 heterocyst differentiation master regulator HetR Desertifium sp. SIO12

13. WP_017318187.1 heterocyst differenti master regulator HetR Mastigocladopsis repens
14. WP_041268935.1 heterocyst differentiation master regulator HetR Getlerinema sp. PCC 7407
15. AAD43512.1 HetR partial Nostoc sp. GP 9401

16. WP_094349731.1 heterocyst differentiation master regulator HetR Nostoc sp. Peltigera membranace

17. AAD43509.1 HetR partial Calothrix sp. PCC 7507

18. ADM83442.1 heterocyst differentiation partial Dolichospermum flos-aquae PMC207.03
19. WP_069071266.1 yst differentiation master regulator HetR Nostoc sp. KVJ20
20. BAE80661.1 heterocyst differentiation protein partial Desmonostoc sp. PCC 7906

21. BAEB0ES8.1 heterocyst differentiation protein partial Fischerella muscicola PCC 7414
22. BAEB0698.1 heterocyst differentiation protein partial Fischerella thermalis PCC 7521
23. AUB37256.1 peptidase S48 HetR Nostoc flageliforme CCNUN1

24. ADMB3445.1 heterocyst differentiation partial Planktothrix sp. PMC253.05

25. BAEB0657.1 heterocyst differentiation protein partial Fischerella muscicola SAG 1427-1 PCC 73103

26. AAMBE674.1 HetR partial Aphanizomenon flos-aquae TR183

27. AAGS3966.1 HetR partial Nodularia harveyana

28. BAES0663.1 heterocyst differentiation protein partial Tolypethrix sp. CCMP1185

29. BAEB0659.1 heterocyst differentiation protein partial Fischerella muscicola UTEX 1829
30. ERT0S802.1 heterocyst differentiation control protein Lyngbya aestuari BL J

31. WP_049560785.1 heterocyst differentiation master lator HetR Li phi

C Leptolyngbya sp. PCC 73110
Trichodesmium erythraeum IMS101
Trichodesmium tenue
Trichodesmium contortum
Trichodesmium aureum
Trichodesmium pelagicum
Oscillatoria sp. PCC 6506
Oscillatoria acuminate
Microcoleus vaginatus
Tychonema bourrellyi
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Limnoraphis robusta
Lyngbya aestuarii BL J
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Figure 8. The structures of the amino acids asparagine, phosphomimetic aspartic acid, and phosphoserine. (B) Sequence alignment of HetR proteins
showing the conserved TSLTS motif, which is strongly divergent in subsection Ill non-heterocystous cyanobacteria. (C) The highly mutated five amino

acid motif in subsection Ill cyanobacteria shown against that of subsection IV Trichormus azollae.
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Multiple sequence alignments

The non-redundant downloaded amino acid sequences (as

FASTA files) were employed for sequence alignment using the
Clustal W algorithm using the MEGA X software.3*
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