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NAD™" is a central metabolite participating in core metabolic
redox reactions. The prokaryotic NAD synthetase enzyme NadE
catalyzes the last step of NAD* biosynthesis, converting nicotinic
acid adenine dinucleotide (NaAD) to NAD*. Some members of the
NadE family use L-glutamine as a nitrogen donor and are named
NadE®™", Previous gene neighborhood analysis has indicated that
the bacterial nadE gene is frequently clustered with the gene
encoding the regulatory signal transduction protein PII, suggesting
a functional relationship between these proteins in response to the
nutritional status and the carbon/nitrogen ratio of the bacterial
cell. Here, using affinity chromatography, bioinformatics analyses,
NAD synthetase activity, and biolayer interferometry assays, we
show that PII and NadES™ physically interact in vitro, that this
complex relieves NadE®™™ negative feedback inhibition by NAD™,
This mechanism is conserved in distantly related bacteria. Of note,
the PII protein allosteric effector and cellular nitrogen level indica-
tor 2-oxoglutarate (2-OG) inhibited the formation of the PII-Na-
dES™ complex within a physiological range. These results indicate
an interplay between the levels of ATP, ADP, 2-OG, PII-sensed
glutamine, and NAD™, representing a metabolic hub that may bal-
ance the levels of core nitrogen and carbon metabolites. Our find-
ings support the notion that PII proteins act as a dissociable regu-
latory subunit of NadE'™, thereby enabling the control of NAD*
biosynthesis according to the nutritional status of the bacterial cell.
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NAD™ is a crucial metabolite participating as a cofactor in
dozens of core metabolic redox reactions. Furthermore, NAD ™"
is used as substrate for lysine deacetylases, ADP-ribosylating
enzymes, DNA ligase, and for NADP ™ biosynthesis. Increasing
evidence supports that NAD " also acts as an important signal-
ing metabolite and that NAD™ is used for 5'-modified mRNA
forming a caplike structure in bacteria (1-3). In prokaryotes,
NAD™ biosynthesis can occur by more than one route, includ-
ing de novo, using L-aspartate as precursor, and salvage path-
ways. In most cases, these routes converge before the final reac-
tion, catalyzed by NAD synthetase enzymes (NadE) in which
nicotinic acid adenine dinucleotide (NaAD) is amidated to pro-
duce NAD™ (4). The NadE enzymes use ATP as a substrate to
produce an NaAD-AMP intermediate, thereby activating the
carboxylate of nicotinic acid to react with ammonia, releasing
NAD™, AMP, and PP, as products (Fig. 1).

There are two different classes of NadE enzymes identified to
date. A shorter version of the enzymes carries only the NAD
synthetase domain and uses ammonia directly as N donor.
These enzymes are known as ammonia dependent or NadEN™,
Longer versions of NadE enzymes carry an extra N-terminal
glutaminase domain and use glutamine as N donor to deliver
ammonia to the synthetase domain through an ammonia tun-
nel (5, 6) (Fig. 1). These enzymes are known as glutamine de-
pendent or NadE®™ Regarding the quaternary structure
arrangement, NadEN™ enzymes are found as dimers, whereas
NadES™ exists in two different subtypes to date: type 1 is
octamers, and type 2 is dimers. Kinetic and structural analysis
suggests that the dimeric type 2 NadE“™ is an evolutionary
intermediate between dimeric NadEN"® and octameric, or type
1 NadE®™ (7).

There is very little knowledge regarding the regulation of
NAD™ biosynthesis pathways in bacteria. In Salmonella
enterica, the expression of the enzymes involved in de novo
NAD™ biosynthesis is regulated by NadR, which is an NAD™"
sensor repressing the biosynthesis of NAD™ when the levels of
this metabolite are high (8). There are other transcriptional
regulators of NAD™ biosynthesis described in bacteria. How-
ever, their sensory properties and mode of action have not been
studied in detail (9).

J. Biol. Chem. (2020) 295(18) 6165-6176 6165

© 2020 Santos et al. Published by The American Society for Biochemistry and Molecular Biology, Inc.


https://orcid.org/0000-0002-5788-2193
https://orcid.org/0000-0001-7088-1681
https://orcid.org/0000-0002-3878-0810
https://orcid.org/0000-0003-3711-969X
https://orcid.org/0000-0002-7140-8455
https://orcid.org/0000-0002-8687-2816
https://orcid.org/0000-0003-1546-9218
https://orcid.org/0000-0001-7767-8168
https://orcid.org/0000-0002-7587-9510
https://orcid.org/0000-0003-3199-8101
https://www.jbc.org/cgi/content/full/RA120.012793/DC1
mailto:Luciano.huergo@gmail.com
mailto:Luciano.huergo@gmail.com
mailto:karl.forchhammer@uni-tuebingen.de
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA120.012793&domain=pdf&date_stamp=2020-3-16

Pll regulates NAD™ biosynthesis in bacteria

e

‘ utaminase
Glutamine hydrolysis

o] o o o
/W\ /‘\/\/\
HO Y NH, HO Y OH

NH, NH,
L-glutamine L-glutamate

Free ammonia
NH3

AMP

\»l
OoH NH, o)
N ATP
N° 9 J
o ° o I\\ N 2
N o non N N, o
WO=P=0—P~0

E { OH OH
HO  OH H
PPi

HO'  OH ol
NaAD

NH, NH, NH,
N N
Iy ooy N)j[\>
S 7 . N
9 9 N N N o non No
\O—P—0—P—0, WO—P—0—b-0
OH OH OH OH

NaAD-AMP intermediate

HO  ©OH

Figure 1. Reaction scheme of NAD synthetases. Last step of the NAD * biosynthesis catalyzed by NadE using L-glutamine or free ammonia as N donor for the
amidation of the precursor NaAD. The hydrolysis of L-glutamine occurs in the glutaminase domain (in cyan). The amidation of NaAD is performed by the

synthetase domain (in purple).

The conservation of gene order can be used as a fingerprint of
proteins that physically interact (10). In prokaryotes, the gene
encoding NadES™ is frequently co-localized with the gene
encoding the regulatory signal transduction protein PII (usually
termed glnB) (11). Conservation of the ginB-nadE gene pair
leads to the hypothesis that NadES™ and PII could physically
interact, and PII proteins could somehow affect the NadE<™
function (12).

The PII proteins are widespread signal transduction proteins
present in a broad range of prokaryotes and in the chloroplast of
eukaryotic phototrophs (12). In addition to the g/nB gene, some
organisms can encode additional PII gene paralogues. In Pro-
teobacteria, the second PII gene is named g/nK and is encoded
in an operon along with the amtB gene (13). In the special case
of Azospirillum brasilense, the glnK-like gene is not co-tran-
scribed with amitB and is named GInZ (11).

The PII protein structure is highly conserved and forms a
compact homotrimeric barrel with an extraordinary ability to
sense and integrate the levels of key metabolites such as ATP,
ADP, 2-oxoglutarate (2-OG)* and in certain cases L-glutamine
(14). These metabolites represent critical signals of the nutri-
tional status of the cell as they reflect the availability of energy
(ATP/ADP ratio), nitrogen (glutamine acts as a signal of nitro-
gen availability), and the carbon/nitrogen ratio (2-OG acts as a
signal of the carbon/nitrogen balance) (15).

The nucleotides ATP and ADP bind competitively to the
three nucleotide-binding sites located in the clefts formed
between each PII subunit (16). The three 2-OG binding sites in
the PII trimer are formed only when PII is pre-occupied with
MgATP. This cooperative binding of MgATP and 2-OG results
in enhanced ATP affinity in the presence of 2-OG (17). Thus, in
a competition between ATP and ADP, the presence of high
levels of 2-OG favors the ATP binding to PII (18, 19). The inter-
play between the allosteric effectors 2-OG, ATP, and ADP is a
conserved feature of the PII protein family (12). In response to
varying levels of these allosteric effectors, PII may exist theoret-

“The abbreviations used are: 2-OG, 2-oxoglutarate; Ni-NTA, nickel-nitrilotri-
acetic acid; TEV, tobacco etch virus.
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ically in up to 21 different structural conformations (20).
Although not all of them may play a physiologic role, structural
changes indeed affect the ability of PII to interact and regulate
essential metabolic proteins, thereby pacing the overall cellular
metabolism accordingly to nutrient availability (15).

The PII proteins also respond to the levels of glutamine.
However, the mechanism of regulation by glutamine is not uni-
versal. In Proteobacteria, PII proteins are subject to a cycle of
reversible uridylylation of a Tyr residue located at the apex of a
solvent-exposed loop, namely T-loop. This response is medi-
ated by the glutamine-sensitive bifunctional uridylyltrans-
ferase/removing enzyme GInD (21). On the other hand, plants
and eukaryotic algae evolved PII proteins that are regulated by
glutamine because of direct allosteric binding (22). Despite the
mechanism used for glutamine sensing, glutamine levels affect
the PII protein function to coordinate cellular metabolism
accordingly to the availability of nitrogen.

Here we show that type 2 NadES™ enzymes are negatively
feedback-inhibited by physiological levels of NAD™, and this
regulatory mechanism is conserved in distantly related bacte-
ria. We show that PII proteins act as a dissociable regulatory
subunit of dimeric NadE2%™ in bacteria. Complex formation
between PII and NadE2™" relieves the NadE2S™ inhibition by
NADT, thereby acting as a switch to coordinate NAD ™ produc-
tion with nutrient availability in prokaryotes.

Results

Identification of the dimeric NadE®'™ as a novel target of the
signal transduction protein GInZ

We used Ni-NTA column loaded with N-terminal His-
tagged GInZ in an attempt to identify novel PII-binding pro-
teins in the diazotrophic a-Proteobacterium A. brasilense. This
ligand fishing GlnZ-affinity column was then challenged with
A. brasilense protein extracts in the presence of MgATP. A
blank nickel column, without His-GInZ, was used as a negative
control. After extensive washes with buffer containing MgATP,
both columns were washed with buffer containing MgATP plus
1.5 mm 2-OG. Two consecutive fractions of 1.5 ml (fractions 1
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Figure 2. In vitro complex formation between AbNadE2 and GInZ. A, protein complex formation was assessed by pulldown using Ni?* beads. Assays were
performed in the presence of 5 mm MgCl, and the effectors ATP, ADP, and/or 2-OG at 1 mm, as indicated. Binding reactions were conducted in 400 ul of buffer,
adding purified His-GInZ mixed with native AbNadE2. After extensive washes, bound proteins were eluted with SDS-PAGE loading buffer and analyzed by
SDS-PAGE stained with Coomassie Blue. Lanes 1,4, and 7, HisGInZ only. Lanes 2, 5, and 8, AbNadE2 only. Lanes 3, 6, and 9, a mixture of HisGInZ and AbNadE?2. B,
biolayer interferometry quantification of GInZ-AbNadE2 interaction. His-GInZ was immobilized on the Ni-NTA sensor tip in a concentration of 2 ug/ml. The
sensor tip was then challenged in a solution containing the indicated AbNadE2 concentrations in the presence of 5 mm MgCl, and 1 mm ATP. Insert, plots
reporting the A\ spectral shiftin nm versus time in response to increasing AbNadE2 concentrations. The binding curves and K, were determined and calculated
using the manufacturer’s software (FortéBio) with the determined association and dissociation rates (ko = 9.09 X 10* M~ "s™ ", kope = 2.72 X 107257 1),

and 2) eluted with 2-OG were collected and analyzed by label-
free LC-MS/MS. The rationale of this approach is that, with the
addition of 2-OG, GInZ would assume a different conformation
and, therefore, release proteins that were specifically retained
in the column because of direct physical interaction with GInZ.
The top five proteins that were specifically enriched in the
fractions eluted with MgATP and 2-OG from the His-GInZ
affinity column compared with the control column were two
putative uncharacterized proteins; orotate phosphoribosyl-
transferase, which is part of the pyrimidine biosynthetic path-
way; pyruvate-phosphate dikinase regulatory protein, a bifunc-
tional serine/threonine kinase/phosphatase that regulates
pyruvate-phosphate dikinase; type 2 glutamine-dependent
NAD synthetase, namely AbNadE2S", that has been studied
previously by our group (Fig. S1, UniProt G8AIWS) (7).

In vitro complex formation between purified GInZ and
A. brasilense NadE2

The formation of a PII-NadES" complex has been previously
suggested by bioinformatic analysis (11). Hence, we focused our
efforts to confirm the interaction between A. brasilense GInZ
and AbNadE2 using the purified components in vitro. The
AbNadE2 enzyme was purified to homogeneity and tested for
interaction with the N-terminal His-tagged GInZ protein using
pulldown assays. When ATP or ADP was present in the buffers,
AbNadE2 was co-purified with His-GInZ using nickel beads
(Fig. 2A). When the pulldown assays were performed in the
presence of MgATP and saturating 2-OG concentrations, no
interaction between GInZ and AbNadE2 could be detected (Fig.
24A).

The interaction between GInZ and AbNadE2 was then quan-
titatively analyzed using Biolayer interferometry. The His-
tagged GInZ was mobilized on Ni-NTA tips and exposed to
various AbNadE2 solutions in presence of different effector
molecules. The binding curves obtained with increasing con-
centrations of AbNadE2 enabled the estimation of a K, of 300
nM in the presence of ATP and a K, of 150 nm in the presence of
ADP (Fig. 2B and Fig. S2, respectively).

SASBMB

The AbNadE?2 is feedback-inhibited by NAD™

To determine whether the GInZ-AbNadE2 interaction
would affect the AbNadE2 activity, enzymatic assays were per-
formed by combining the substrates L-glutamine, ATP, and
NaAD. The formation of NAD* by AbNadE2 was determined
spectrophotometrically after its conversion to NADH by alco-
hol dehydrogenase, as described previously (7). Strikingly,
despite complex formation, GInZ had no effect on AbNadE2
activity using saturating or subsaturating concentrations of the
AbNadE2 substrates (data not shown).

We reported previously and confirmed here that AbNadE2 is
more active in a reducing environment in the presence of DTT
using glutamine as N donor (Fig. S3). This feature seems to be a
general characteristic of dimeric NadE2S™ as we also noted this
effect with orthologous enzymes from the 3-Proteobacterium
Herbaspirillum seropedicae (HsNadE2°'™™) and from the Cya-
nobacteria Synechocystis sp. (ScNadES™) (Fig. S3A). On the
other hand, the presence of DTT had no effect when L-gluta-
mine was substituted by ammonium as N donor for the reaction
(Fig. S3B). These data suggest that NadE2S'" enzymes require a
reducing environment for the full activity of the glutaminase
domain.

Given the role of NadE in NAD ¥ homeostasis and its possible
regulation by the redox status, we thought that some of the cell
redox metabolites and the final products of NAD ™ biosynthetic
pathway (NAD*, NADH, NADP™, and NADPH) could play a
role in the regulation of AbNadE2. Hence, AbNadE2 activity
was measured by monitoring PP, released in the presence of
these metabolites. We found that NAD™ acted as a potent
inhibitor of AbNadE2, diminishing the enzyme activity to
~17%. The other tested metabolites showed no effect (Fig. 34).
The presence of NAD™ inhibited AbNadE2 in a dose-depen-
dent hyperbolic curve with an estimated K; of 1 mwm (Fig. 3B).

The structural similarities between NaAD and NAD " (Fig. 1)
led us to investigate if the presence of NAD™ could inhibit
NadE activity by competing with the NaAD substrate (compet-
itive inhibition). The type of inhibition can be distinguished by
the kinetic constants, which were, therefore, determined. The
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Figure 3. The AbNadE2 activity is down-regulated by NAD* and GInZ
relives AbNadE2 from NAD™ inhibition. NadE2 discontinuous assays were per-
formed to measure the formation of PP; in the presence of 4 mm L-glutamine, 4
mm ATP, and 2 mm NaAD. Data were plotted as relative percent activity consider-
ing the reaction without NAD™ as 100% activity. A, effect of redox metabolites,
when indicated 2.5 mm NAD ™ or T mm of NADH, NADP* or NADPH were added.
An asterisk indicates statistically significant difference (t test, p < 0.01),n = 3.8,
reactions were carried out in the presence of 100 nm NadE2Ab (monomer), GInZ
was added at 2 um (trimer) when indicated. Reactions without GInZ were con-
tained 2 um BSA. The calculated AbNadE2 NAD™ K; was 1 mm and 2.5 mm in the
absence and presence of GInZ, respectively. Data were analyzed and the ICs,
were calculated by nonlinear regression in GraphPad Prism 7. S. D. from triplicate
experiments are indicated by error bars.

presence of NAD™ did not affect the AbNadE2 NaAD K, but
instead, this metabolite altered AbNadE2 V. (from 0.09 wmol
s t0 0.04 umol s~ ! in the presence of NAD™") (Fig. S44). The
L-glutamine K),, was also unaffected in the presence of 1 mm
NAD™ (Fig. S4B). These data indicate the presence of an allos-

teric NAD ™ inhibitory binding site on AbNadE2.

The feedback inhibition of AbNadE2 by NAD™ is relieved by GInZ

The presence of GInZ did not affect AbNadE2 activity in the
presence or absence of 5 mm NAD™ (Fig. 3B). However, GInZ
was able to partially relieve the inhibitory effect on AbNadE2
activity when NAD " was present under physiological relevant
levels (between 0.5 and 2.5 mMm). The AbNadE2 NAD™ inhibi-
tion curve changed from hyperbolic to sigmoidal in the pres-
ence of GInZ (Fig. 3B), increasing the IC;, from 1 mM in the
absence of GInZ to 2.5 mM in its presence. The AbNadE2
NAD™ IC,, in the presence of GInZ is near the reported intra-
cellular NAD ™ concentration in Escherichia coli of 2.6 mm (23).
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When NAD " was kept constant at the physiologically rele-
vant concentration of 2.5 mm, GInZ was able to activate
AbNadE2 in a hyperbolic GInZ dose-dependent curve (Fig. 4A4).
The estimated K, . was 640 nM, which is in the same range as
the K, for the GInZ-AbNadE2 complex estimated using Bio-
layer interferometry (Fig. 2B).

Given the negative effect of 2-OG on the formation of the
GInZ-AbNadE2 complex (Fig. 2A4), we thought whether 2-OG
could impair the ability of GInZ to relive AbNadE2 NAD™ inhi-
bition. When AbNadE2 activity was measured in the presence
of 2.5 mM NAD™ and GInZ was first equilibrated in buffer con-
taining 2-OG before combining with AbNadE2, 2-OG impaired
the ability of GInZ to relive AbNadE2 NAD™ inhibition in a
2-OG-dependent manner (Fig. 4B). The response to 2-OG was
hyperbolic with a K; for 2-OG of 15 um (Fig. 4B). The K; for
2-0OG is in the same range as the K; for 2-OG- dependent inhi-
bition of GInZ-AbNadE2 complex formation, as determined by
pulldown or Biolayer interferometry (Fig. 4, C and D).

When AbNadE?2 activity was measured by mixing GInZ and
ADbNadE?2 before the addition of 2-OG, a different response to
increasing 2-OG levels was observed. The effect of 2-OG was
much less pronounced, with 2-OG showing a K of 1 mMm (com-
pare Fig. 4, Band E, and Fig. 4, C and F). Note that although the
experiments depicted in Fig. 4B reflect the ability of 2-OG to
inhibit GInZ-AbNadE2 complex formation, the assay in Fig. 4F
reflects the ability of 2-OG to dissociate a pre-formed GInZ-
AbNadE2 complex. Pulldown assays indicated that concentra-
tions of 2-OG up to 2 mM were not enough to fully dissociate a
pre-formed GInZ-AbNadE2 complex (Fig. 4E). On the other
hand, 2 mm 2-OG completely abolished GInZ-AbNadE2 com-
plex formation (Fig. 4C). These data imply that once the GInZ-
AbNadE2 complex is formed, 2-OG is much less effective to
impair the interaction between these proteins and, hence, to
relieve AbNadE2 NAD™ inhibition.

Effects of GInZ uridylylation and the GInZ T-loop on AbNadE2
activity

Under nitrogen-limiting conditions, GInZ is predominantly
found in fully uridylylated form in vivo (24). Using in vitro uri-
dylylated GInZ protein, we could show that, in contrast to
nonuridylylated GInZ, GInZ-UMP, was not able to relieve
AbNadE2 NAD™ inhibition (Fig. 54). Furthermore, GInZ-
UMP; could not interact with AbNadE?2, as indicated by pull-
down assays (data not shown). Hence, the uridylylation of GInZ
abrogates its ability to interact with AbNadE2 and to relieve the
NAD™ inhibition.

Most of the known interactions between PII proteins and
their target proteins occur via the T-loop of the PII protein.
Indeed, this is the region that suffers the most prominent con-
formational change upon 2-OG binding (17). We tested the
ability of a GInZ variant carrying a deletion of the T-loop (GInZ
AQ42-S54) to interact with AbNadE2. The delta T-loop variant
was still able to interact with GInZ, but the complex formation
was unresponsive to 2-OG (Fig. S5A). In agreement with the
pulldown data, the GInZ variant AQ42-S54 was able to relieve
the AbNadE2 NAD™ inhibition despite the presence of 2-OG
(Fig. 5A).
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stained with Coomassie Blue. D, biolayer interferometry analysis of the GInZ-AbNadE2 complex. The His-GInZ was immobilized in the Ni-NTA sensor tip. The tip
was then steeped in a solution containing 400 nm AbNadE2, MgCl, 5 mm, 1 mm ATP, and different concentrations of 2-OG. Insert, plots reporting the AX spectral
shiftin nm versus time under different 2-OG concentrations. The binding curves and K; were determined using the manufacturer’s software (FortéBio). £, curve
of AbNadE2 relative inhibition in response to increasing 2-OG concentrations. The AbNadE2 inhibition in the presence of 5 mm NAD™ is considered 100%
inhibition. Reactions were carried in the presence of 2.5 mm NAD* and 2 um GInZ. The GInZ and NadE2 proteins were preincubated in MgATP before the
addition of 2-OG and the start of the reaction. Hence, this assay reflects the ability of 2-OG to dissociate a pre-formed GInZ-AbNadE2 complex. The estimated
K,for 2-OG was 1 mm and calculated nonlinear regression in GraphPad Prism 7. F, the HisGInZ-NadE2 complex was immobilized on Ni** beads in the presence
of 1 mm ATP. Beads were washed (Wash) with buffer containing ATP (1 mm) and the indicated 2-OG concentrations. Bound proteins were eluted in SDS-PAGE
sample buffer (Elution). The samples were applied to SDS-PAGE 15%, and the gels were stained with Coomassie Blue.

A. brasilense encodes a second PII paralogue, namely GInB, that both A. brasilense PII paralogues can interact with

which is 67% identical to GInZ at the amino acid sequence (25).
To determine whether GInB could also interact with AbNadE2,
pulldown assays were performed using His-GInB or His-GInZ
as a bait in the presence of ATP. Even though AbNadE2 could
be co-purified with His-GInB, the amount of AbNadE2 protein
recovered was higher using His-GInZ as bait (Fig. S5B). In
agreement, GInB was much less effective than GInZ in relieving
the AbNadE2 NAD™ inhibition (Fig. 54). These data suggest
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AbNadE2, but a more stable complex is apparently formed with
the GInZ paralogue.

The regulatory interplay between NAD™ and Pl proteins is
conserved among bacterial dimeric glutamine- dependent
NadES"

To determine whether regulatory interplay between NAD™
and PII proteins is conserved among NadE2'™ in bacteria, the
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Figure 5. Effect of PIl protein on NadE2 activity depends on the PII variant and is conserved in different bacteria. A, the activity of AbNadE2 was
measured in the presence of MgCl, 5 mm, T mm ATP, 2.5 mm NAD™, and the indicated PIl protein (GInZ, GInZAloopT, GInB, and GInZ-UMP) at 2 um concen-
tration (trimer), 1.5 mm 2-OG was added when indicated. Treatment without Pll was carried with 2 um of BSA. Activity measured following PP, production. An
asterisk indicates the statistically significant difference compared with GInZ (t test, p < 0.01),n = 3. Band C, NadE2 activity data were plotted as relative percent
activity considering the reaction without NAD™ as 100% activity. All reactions were carried out in the presence of 100 nm HsNadE2 (B) or ScNadE2 (C), 4 mm ATP,
2 mm NaAD, and 4 mm L-glutamine. When indicated, the corresponding Pll protein was added at 2 um (trimer). Curves without Pll were carried out using 2 um
BSA. Activity measured following PP, with EnzChek Pyrophosphate Assay Kit. An asterisk indicates a statistically significant difference compared (t test, p <

0.01);n = 3.

NadE2"™ enzymes from the B-Proteobacterium H. seropedicae
and the Cyanobacteria Synechocystis sp. were purified to homo-
geneity and tested for enzymatic activity in the presence of
NAD™ and the GInZ/GInB orthologue from the respective
organism. In both cases, NadE2S" was inhibited by NAD ™" in a
dose-dependent manner within the physiological range (Fig. 5,
B and C). For both organisms, the presence of PII relieved
NadE2€"™ NAD™ inhibition, although the PII effect was less
pronounced in the case of Synechocystis sp NadE2 (Fig. 5B).
These data suggest that both the inhibition by NAD™ and reg-
ulation by PII are conserved mechanisms to regulate NadE25™
in bacteria.

Bioinformatic analysis of the PlI-nadE gene islands

Inspection of the PIRSF database (26) identified 19,848
sequences homologous and homeomorphic to AbNadE2 (i.e.
containing similar domain architecture, a glutaminase domain
fused to NAD synthetase domain, PIRSF accession 006630).
These sequences are distributed in 1772 eukaryotes, 17,578
bacteria, and 222 Archaea. Hence, glutamine-dependent NadE
enzymes are widespread throughout nature.

The conservation of gene order can be used as a fingerprint of
proteins that physically interact (10). We have set a bioinfor-
matic approach to identify Pll-nadE genetic islands in pro-
karyotes. A total of 1300 nonredundant PII-nadE islands were
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identified (Table S1). Most of the PII-nadE islands identified
belonged to B- and y-Proteobacteria, 834 and 436 counts,
respectively (Table S1). PII-nadFE islands were identified in dis-
tantly related prokaryotes such as the bacteria phylum Firmic-
utes, Nitrospirae, Actinobacteria, Deinococcus-Thermus,
Ignavibacteriae; and the Archaea phylum Euryarchaeota, Cre-
narchaeota (Table S1). Interestingly, in A. brasilense and Syn-
echocystis sp., the PII gene is not linked nadE; PII nevertheless
regulated the NadE®™ function (Figs. 3B and 5C). Hence,
NadES™ regulation by PII can occur despite the absence of a
genetic link of respective genes in these cases. The bioinfor-
matic analysis reinforces that the formation of the PII-NadE
complex may be a conserved feature in bacteria and may also be
present in Archaea.

The NadE sequences identified within the PII-nadE islands
were separated into three major groups using CLANS (Fig. 6).
Most of the retrieved NadE sequences belonged to dimeric
NadES™, Interestingly, a significant number of octameric glu-
tamine-dependent NadE®™ synthetases were also retrieved in
this analysis, along with few members of ammonium-depen-
dent NadEN"? enzymes (Fig. 6). These data suggest that regu-
lation of NAD™ biosynthesis by PII may be even more wide-
spread in nature and not only restricted to dimeric type 2
NadE®™.
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Figure 6. Similarity based grouping of NadE orthologues identified in the Pll-NadE genomicislands. All the NadE sequences retrieved from the identified
PlI-NadE islands were compared using all-against-all BLAST searches using CLANS. Each protein sequence is displayed as a dot and the pairwise similarities are
presented in a graph according to the similarity distances. Three major clusters were formed. The sequences of previously characterized dimeric and octameric
glutamine-dependent NadE were included as function group guide in the analysis and are indicated. The green cluster included the octameric NadE1°" from
Mycobacterium tuberculosis, NadE1°™ from Herbaspirillum seropedicae (HsNadE1), and NadE1S™™ from Azospirillum brasilense (AbNadE1). The blue cluster
included the dimeric glutamine-dependent NadE enzymes from H. seropedicae (HsNadE2), NadE2°'™ from A. brasilense (AbNadE2), NadE®"™ from Burkholderia
thailandensis, and Synechocystis sp. (ScNadE2). The red cluster includes NadE sequences lacking the N-terminal glutaminase domain and thus were considered

putative ammonia-dependent NadE.

Discussion

The biosynthesis of NAD™" is a vital metabolic pathway in
bacteria such that the suppression of the enzyme catalyzing the
last step of NAD biosynthesis, NadE, resulted in bactericidal
effects (27) because of nicotinamide nucleotides being essential
cofactors in redox catalysis, and the total concentration of these
molecules must cover their requirement for cell metabolism. In
addition to this well-established role, NAD™" also serves as a
substrate for sirtuins (lysine deacetylases), ADP-ribosylating
enzymes, DNA ligase, and NAD™ kinase and may act as a sig-
naling metabolite (1, 2). For these reasons, the production of
NAD™ must be coordinated with its consumption and cell
growth to keep the nicotinamide nucleotide levels homeostatic.

Here we show that the glutamine-dependent dimeric
NadE2 from distantly related bacteria such as from A.
brasilense (a-Proteobacteria), H. seropedicae (3-Proteobac-
teria), and Symechocystis sp (Cyanobacteria) are negative
feedback—inhibited by physiologically relevant concentra-
tions of NAD™ (Figs. 3B and 5, B and C). We speculate that
bacterial NadE2€'™ may be universally inhibited by NAD™.
Kinetic analysis with AbNadE2 showed that NAD " does not
compete with the binding of substrate NaAD but reduces the
enzymes V,_ _(Fig. S4). This clearly indicates that NadE2™
is feedback-inhibited through an allosteric inhibitory bind-
ing site for NAD ™.

Initially, we used a PII protein affinity column to successfully
identify AbNadE2 as a novel target of the PII protein GInZ in
the diazotrophic a-Proteobacterium A. brasilense (Fig. 2A and
Fig. S1). The presence of GInZ changed the response of
AbNadE2 to its feedback inhibitor NAD™. Instead of a hyper-
bolic inhibition curve with a K; of 1 mm, the GInZ-AbNadE2
complex displayed a sigmoidal inhibition curve with an IC;, of
2.5 mm. Thereby, GInZ relived the AbNadE2 NAD™ inhibitory
effect in particular under physiologically relevant NAD™ con-
centrations (Fig. 3B). The sigmoidal dose-response curve indi-
cates the cooperativity of the NAD™ allosteric binding sites in
the GInZ-AbNadE2 complex (Hill coefficient 2.2). The pres-
ence of high 2-OG levels or GInZ uridylylation impaired the
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formation of the AbNadE2-GInZ complex, thereby preventing
GInZ to revert AbNadE2 NAD™ inhibition (Figs. 4D and 5A).

From these data, we propose a model where the PII protein
acts as a dissociable regulatory subunit of NadE2°™ to regulate
NAD biosynthesis according to the metabolic state sensed by
GInZ (Fig. 7). Under low nitrogen availability, glutamine levels
are low, and 2-OG levels are high (23, 28), PII (GInZ) is uridy-
lylated, resulting in diminished flux through NadE2 because of
NAD™ feedback inhibition and low availability of the L-gluta-
mine substrate (Fig. 7A). Upon an ammonium shock, glutamine
levels rise (7), and PII is rapidly deuridylylated (24), 2-OG levels
reduce because of its use in ammonium assimilatory reactions
(15, 29). These conditions favor the formation of the NadE2-PII
complex, thereby relieving the NAD™ inhibition over NadE2,
allowing increased flux through NadE2 (Fig. 7B). This is of
particular importance in the nitrogen-fixing bacterium A.
brasilense, which possesses a mechanism to inactivate the
abundant enzyme nitrogenase by ADP ribosylation as an imme-
diate response to ammonium shock (30). The nitrogenase
ADP-ribosyl-transferase DraT uses NAD™ as a substrate and is
activated upon interaction with the PII protein GInB (31, 32)
precisely under the conditions where GInZ activates NadE2
(Fig. 7). Hence, the concerted activation of the NAD ™ consum-
ing enzyme, DraT, with the NAD™ producing enzyme, NadE2,
by the paralogue PII proteins, would ensure NAD* homeosta-
sis during the enzymatic consumption of this cofactor.

Our in vitro data indicate that once the PII-NadE2 complex is
formed, higher levels of 2-OG are needed to dissociate the com-
plex compared with the 2-OG levels required to inhibit com-
plex formation (Fig. 4, E and F). Apparently, the PII affinity for
2-OG binding is reduced within the PII-NadE2 complex com-
pared with free PIL. This may result in a “memory effect” such
that once the GInZ-AbNadE2 complex is formed, it would
become resistant to small and transient fluctuations in 2-OG
concentrations. That the affinity of PII proteins toward the
effector molecules is differentially modulated through complex
formation with various targets has already been described at a
structural level for cyanobacterial PII protein (14, 34).
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Figure 7. The Pll proteins act as a dissociable regulatory subunit of NadE2%' to pace NAD* production accordingly to the availability of L-glutamine
and 2-0G. A, when nitrogen is limited, cell growth is arrested, the intracellular levels of 2-OG are high, and glutamine are low. Pllis fully uridylylated and does
notinteract with NadE2, resulting in strong feedback negative inhibition of NadE2 by NAD ™. B, when ammonium becomes available, glutamine rises and 2-OG
drops, Pll is deuridylylated (reaction catalyzed by the GInD enzyme in response to high glutamine) and bound to MgATP and/or ADP (orange dots). Under this
condition, Pll interacts with NadE2 relieving NAD™" inhibition and thus allowing higher NAD* production rates to feed the demands of active cell growth.

The action of PII to tune down feedback inhibition of NadE2
by NAD™ is conserved in distantly related bacterial such as
H. seropedicae (B-Proteobacteria) or Synechocystis sp (Cyano-
bacteria) (Fig. 5, B and C). Hence, the model depicted in Fig. 7
may be applied for other prokaryotes, as well. The conservation
of gene order is a fingerprint of proteins that physically interact
(10). The fact that the PII-nadE pair is conserved in widely
distant prokaryotes of bacterial and archaeal origin (Table S1)
suggests that the PII-NadE interaction may be widespread in
prokaryotes. This is in analogy to the conserved PlI-amtB
genetic pair, whose protein products were shown to physically
interact in a broad range of prokaryotes, including bacteria and
Archaea (12, 35). Our gene neighborhood analysis also suggests
that other types of NAD synthetases, NadE1°"™ and NadEN",
could be regulated by interaction with PII (Fig. 6). This hypoth-
esis is currently under investigation.

The unique ability of the PII protein to sense and integrate
the levels of essential metabolites such as ATP, ADP, 2-OG, and
glutamine was capitalized by nature in such a way that PII reg-
ulates a range of key metabolic enzymes, transporters, and tran-
scriptional regulators by direct protein— interactions (12). In
addition to the well-established control of the nitrogen metab-
olism, recent data showed that PII regulates other key meta-
bolic pathways, such as those involved in fatty acid production
(36, 37). The identification of NadE2%" as a novel PII target
protein supports the notion that PII may function as a central
orchestration unit of metabolism to tune the flux trough key
metabolic pathways according to the metabolic state deter-
mined by the availability of nutrients and energy supply.

When nutrients and energy are plentiful, microbes achieve
maximum growth rates, and under these conditions, the pro-
duction of NAD™" and its derivatives (NADH, NADP, and
NADPH) must increase to keep pace with cell growth, provid-
ing enough cofactors for daughter cells. Indeed, single-cell fluo-
rescence measurements indicate a peak of NADH accumula-
tion during the progress to cell division in E. coli (38). As the
new findings pointed to regulation through NAD™ levels
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although NADH did not affect NadE2°"™, we speculate that
oscillations in the NADH/NAD™ ratio may play a role in the
NAD™ biosynthesis and thus in regulation through PII trans-
duction proteins. The mechanism responsible for coordinating
NAD™ production with nutrient availability has remained elu-
sive. The PII proteins, with their extraordinary sensory proper-
ties, are ideally suited to fulfill this role.

The NAD™ levels play important signaling roles in
eukaryotes by regulating processes such as DNA repair, cell
cycle progression, gene expression, and calcium signaling (6,
39). Impaired biosynthesis and increased NAD ™ consumption
are associated with aging and pathologies in mammals (39). The
use of NAD™ as a substrate for a range of enzyme prokaryotic
enzymes, including those involved in RNA modification (40),
sirtuins (41), and ADP-ribosylation (42), suggest that NAD™"
also play important regulatory roles in prokaryotes. The key
metabolic function makes NAD " well-suited for signaling. The
interplay between the levels of ATP, ADP, 2-OG, glutamine
(sensed by PII), and NAD™ (sensed by NadE2) through the for-
mation of the PII-NadE2 complex, constitutes a novel meta-
bolic hub that may act to balance the levels of core cellular
metabolites.

Experimental procedures
Ligand fishing His-GInZ affinity chromatography

To prepare the A. brasilense protein extract, 400 ml of the
A. brasilense 2812 strain was cultivated on NFbHP toan A4y 11
of 2. Cells were collected by centrifugation, resuspended in 20
ml of buffer containing 50 mm Tris-HCI, pH 8, 100 mm KCI, 20
mM imidazole, 5 mMm MgCl,, 1 mm ATP and disrupted by soni-
cation. The soluble fraction (after centrifugation at 30,000 X g,
4 °C for 30 min) was divided into two aliquots, one was the
control fraction and the other the GInZ affinity ligand fishing.

For the preparation of the His-GInZ extract, 300 ml of E. coli
BL21(DE3) carrying the pMAS3 plasmid that expresses the
A. brasilense His-GInZ protein was cultured in LB medium at

SASBMB


https://www.jbc.org/cgi/content/full/RA120.012793/DC1

37 °C until Agy \m 0f 0.5. Then, 0.3 mm IPTG was added, and
after 4 h, cells were harvested by centrifugation and resus-
pended in buffer containing 50 mm Tris-HCI, pH 8, 100 mm
KCl, and 20 mm imidazole. Cells were disrupted by sonication
and the soluble fraction obtained after centrifugation (30,000 X
gat 4 °C for 30 min).

For interaction assay, two Hi-trap chelating columns (1 ml)
(GE Healthcare) charged with Ni** were used. The first one
was equilibrated with buffer containing 50 mm Tris-HCl, pH 8,
100 mm KCI, and 20 mMm imidazole and loaded with His-GInZ
extract, washed with 20 ml of buffer containing 50 mm Tris-
HCI, pH 8, 100 mm KCI, and 50 mm of imidazole to remove
unspecific bound proteins and equilibrated with 5 ml of buffer
containing 50 mMm Tris-HCl, pH 8, 100 mm KCl, 50 mMm imidaz-
ole, 5 mm MgCl,, 1 mm ATP. This column is prepared to bind
the putative targets of GInZ. The second column was equili-
brated with 5 ml of buffer containing 50 mm Tris-HCI, pH 8,
100 mm KCl, 5 mm MgCl,, 1 mm ATP, and 50 mm imidazole.
This column is a control for the unspecific binding of proteins
to the column resin, thus, providing a control fraction of pro-
teins eluted in the ligand fishing assay but not bound to GInZ.
Both columns were loaded with A. brasilense protein extract
and washed with 20 ml of buffer containing 50 mm Tris-HCl,
pH 8, 100 mm KCI, 5 mm MgCl,, 1 mm ATP, and 50 mm
imidazole.

Proteins bound to both columns were eluted with 3 ml of
buffer containing 1.5 mm 2-OG and 50 mm Tris-HCI, pH 8, 100
mwm KCl, 5 mm MgCl,, 1 mm ATP, 50 mm imidazole. Two frac-
tions of 1.5 ml (namely Fractions 1 and 2) were collected from
the control and His-GInZ columns and analyzed by label-free
quantitative LC-MS/MS as described previously (43). Proteins
were identified using a UniProt A. brasiliense database from
June 2012 (8122 sequence entries). The log enrichment ratio of
each protein in the His-GInZ column/control column in each
fraction was plotted using GraphPad Prism 7 (Fig. S1).

Construction of the plasmid expressing NAD synthetase from
Synechocystis sp, GInD, and GInZATloop from A. brasilense

The sequence of the slr1691 gene from Synochocystis sp.
strain PCC 6803, encoding dimeric NadE29", was retrieved
from CyanoBase (44). Amplification of the gene by PCR was
performed using Synochocystis genomic DNA as a template
with the forward primer 5'-ATCACCATCACCATCACGAT-
TACGATATCCCAACTAGTGAAAACCTGTATTTTCAG-
GGCGCTAGCCATATGTTTACCATTGCCCTTGCCCAG-
CTTAATC and the reverse primer 5'-CAGCAAAAAACCCC-
TCAAGACCCGTTTAGAGGCCCCAAGGGGTTATGCTA-
GTTATTGCTCAGCGGCCGCGGATCTTAACTGCCTT-
GGGGATGGAAAG.

The glnD sequence from A. brasilense was retrieved from
NCBI database. The amplification by PCR was performed using
A. brasilense genomic DNA as a template with the forward
primer 5'-CTAGTGAAAACCTGTATTTTCAGGGCGCTA-
GCCATATGCTCTCCACCCGCGCCGCCTCCGCCGACG-
CGTCCGACGCCAAGGACGCCGGCACAGCCAACATCC-
CCAACAAG and the reverse primer 5'-CCAAGGGG-
TTATGCTAGTTATTGCTCAGCGGCCGCGGATCCCTC-
ATGCGGACGGATCGGCGAGCGCGTGCAGCAGCCGC-
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TCGCGGATCTGGGCCAGCTTGTTC. Both amplified frag-
ments were Gibson assembled into the pTEV5 vector pre-
viously cut with Ndel and BamHI (New England Biolabs).

The gene glnZATloop was obtained from pMSA4A42-54 (45)
and subcloned into pET28a. The pMSA4A42-54 plasmid was
cut with Ndel and BamHI (New England Biolabs). The resulting
fragments were separated by 1% agarose gel electrophoresis and
the fragment extracted using Monarch DNA Gel Extraction
Kit. Gene fragment was then cloned into pET28a using Ndel/
BamHI sites and transformed into DH10B cells. The kanamy-
cin-resistant selected clone was checked by restriction pattern
and it was named pGInZA42-54.

The obtained plasmids (pASnadESc, pASGInDAD, and
pGInZA42-54) were sequenced to confirm the integrity of the
inserted genes (Table S2) (24, 48-53).

Protein expression and purification

Recombinant protein expression was performed in E. coli
Lemo21 (DE3) cells (New England Biolabs) in LB medium. The
TEV protease was overexpressed in E. coli Rosetta (DE) pLysS
(Novagen). Typically, E. coli strains carrying the expression
plasmids (Table S2) (24, 48—53) were grown to an A, ,,, of 0.7
at 37 °C. Protein expression was induced by adding 0.5 mm iso-
propyl B-D-thiogalactopyranoside and the cell culture was
incubated for 12 h at 120 rpm at 20 °C.

For purification of His-tagged PII proteins (His-GInZ, His-
AbGInB, His-GInZ ATloop (AQ42-S54), His-HsGInK, or His-
ScPII), cell pellets were resuspended in sonication buffer (50
mM Tris-HCI, pH 8.0, 100 mm KCI, 20 mm imidazole) and cells
were disrupted by sonication (two times for 4 min, output 5 at
50% duty cycle in a Bronson sonifier), followed by centrifuga-
tion at 30,000 X g for 30 min to remove cell debris and insoluble
material. The soluble fraction (approximately 40 ml) was
loaded onto a 1-ml HisTrap HP Ni-NTA column (GE Health-
care). The column was washed with 10 ml (50 mm Tris-HCI, pH
8.0, 100 mMm KCI, 50 mm imidazole) and proteins were eluted
using a linear gradient of imidazole (100 to 500 mM) in the same
buffer. Eluted fractions were analyzed by 15% SDS-PAGE, and
the fractions containing the protein of interest were pooled and
dialyzed in storage buffer (50 mm Tris-HCI, pH 8.0, 100 mm
KCl, 10% glycerol). For purification of His-tagged NAD synthe-
tase and GInD proteins (HsNadE2, ScNadE2, and AbGInD), the
same procedure was applied with the exception that the buffers
contained 100 mMm NaCl instead of KCl.

To obtain untagged HsNadE2, the purified His-tagged pro-
tein was submitted to a thrombin cleavage using Thrombin
CleanCleave Kit accordingly to manufacturer’s instructions
(Sigma-Aldrich). TEV protease was purified as described pre-
viously (46). The His-tagged ScNadE2 had its N-terminal tag
removed with the TEV protease, as described previously for
other NAD synthetases (7). Native AbNadE2, GInB, and
GInZ from A. brasilense were purified as described previ-
ously (6, 13). The GInZ-UMP, protein was obtained by in
vitro uridylylation of GInZ using purified A. brasilense GInD
as described (47). All the proteins were stored in small ali-
quots at —80 °C.
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NAD synthetase activity assays

Reactions were performed at 30 °C in 50 mm Tris-HCI, pH 8,
50 mm KCI, 10 mm MgCl,, and indicated substrate concentra-
tions. NadES™ activity was determined by coupling the produc-
tion of NAD™ to the NADH-forming oxidation of ethanol using
alcohol dehydrogenase, and photometric detection NADH
(As40 nm)- For enzyme assays, in which NAD™, NADH,
NADP™, and NADPH were tested as potential effectors of
NadE®'"™, the enzyme activity was measured using a discontin-
uous assay over the linear phase of the reaction. Reactions were
started by the addition of L-glutamine and stopped at different
times on ice by adding 100 mm EDTA. The pyrophosphate
product was detected using the EnzChek Pyrophosphate Assay
Kit (Thermo Fisher). All the assays were performed in triplicate
using a Spark microplate reader (Tecan). The initial velocity
data were fitted in the equation indicated in each figure using
GraphPad Prism software package.

In vitro protein complex analysis

In vitro protein complex formation was assayed using His-
Magnetic beads (Promega). All reactions were conducted in
interaction buffer containing 50 mm Tris-HCI, pH 8, 100 mm
NaCl, 5 mm MgCl,, 0.05% Tween 20 (v/v), 10% glycerol (v/v), 20
mM imidazole in the presence or absence of effectors (ATP,
ADP, and/or 2-OG) as indicated in each experiment. Five
microliters of beads were equilibrated in 200 ul of interaction
buffer. The beads were recovered and resuspended in 400 ul of
buffer followed by the addition of 20 ug of His-PII and 40 ug of
untagged NadE protein, in this order. After 5 min at room tem-
perature with gentle mixing, the beads were washed three times
with 200 ul of interaction buffer. Bound proteins were eluted by
boiling the beads in SDS-PAGE sample buffer. Proteins were
analyzed by Coomassie Blue—stained 15% SDS-PAGE.

Biolayer interferometry assays

To quantify the kinetic parameters of the PII-NadE complex
an Octet K2 Bio-layer Interferometry System (FortéBio) was
used. The purified proteins His-GInZ and untagged AbNadE2
were diluted in the interaction buffer (50 mm Tris-HCI, pH 7, 50
mum KCl, 10 mm MgCl,, 2 mm ATP or ADP, 2.5 mm NAD ¥, and
1 mg/ml BSA). The Ni-NTA biosensor was first dipped into a
solution of 2 pg/ml of His,-tagged GInZ for 150 s until a binding
signal of ~2 nm was obtained (Loading). The sensor was briefly
washed in binding buffer and then transferred to the analyte
solution containing AbNadE2 at different concentrations for
150 s to record the association curve. Finally, the sensor was
dipped into the interaction buffer for 300 s to monitor the dis-
sociation. In parallel, a reference sensor was subjected to the
same procedure, except that no His-tagged protein was bound,
to determine the background of unspecific analyte binding. In a
series of binding assays, AbNadE2 concentrations of 30 to 2000
nM (dimer concentration) were used to determine the K, of the
GInZ-AbNadE2 protein complex.

To determine the inhibition constant (K;) for 2-oxoglutarate
on GInZ-NadE complex formation, interaction assays using 2
pg/ml of 6xHis-tagged GInZ and 400 nm AbNadE2 solutions
were performed in the presence of different concentrations of
2-oxoglutarate (0 to 480 um). Therefore, the Ni-NTA biosensor
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was loaded with His-GInZ solution and then transferred into
the AbNadE2 solution to measure the association. In a series of
experiments, increasing concentrations of 2-OG were added to
the interaction buffer to determine the inhibitory effect on
association. The experiments were carried out in duplicate and
analyzed with the Octet Data Analysis software using Savitzky-
Golay filtering. The fitting of the curve was done with a 2:1
heterogeneous ligand model. Curves were then plotted in
GraphPad Prism7 software.

Redox titrations of NadE

To determine the dependence of NadE activity on the redox
environment, continuous enzymatic assays were performed in
the presence of saturating concentrations of 2 mm L-glutamine
or 10 mm ammonium chloride. When indicated, 10 mm of
freshly diluted DTT was added 10 min prior to the start of the
reactions. A redox titration using different ratios of DTT and
DTT oy, (trans-4,5-dihydroxy-1,2-dithiane) at 10 mm total con-
centration was performed. The reaction buffer consisted of 50
mwm Tris-HCI, pH 8, 50 mm KCl, 10 mm MgCl,, 2 mm ATP, and
0.2 um of the indicated enzyme (AbNadE2, HsNadE2, and
ScNadE2, monomer concentration).

Bioinformatic analysis of Pll-NadE genomic islands

Metadata of genome sequences from Archaea and Bacteria
available in the NCBI Assembly database were obtained in the
following addresses: ftp://ftp.ncbi.nlm.nih.gov/genomes/
refseq/bacteria/assembly_summary.txt and ftp://ftp.ncbi.nlm.
nih.gov/genomes/refseq/archaea/assembly _summary.txt. (Ac-
cessed 13 July, 2019) Only one genome sequence per species (or
unknown species isolate) was downloaded to prevent data
redundancy, giving priority to sequences obtained from type-
strains and to those that represented complete genomes.

Positions of PII protein homologs were identified in the
genome sequences through tblastn searches, using the GInB
protein of A. brasilense as query (ACF77123.1). Only hits pre-
senting e-values equal to or lower than 1le-5 were considered. A
sequence window containing the PII homolog sequence with its
respective 10 kb upstream and 10 kb downstream sequences
was defined as a “Pll island.” Genome assemblies not presenting
this sequence interval (contigs too short to contain 20 kb of
adjacent sequences) were discarded. All protein sequences
encoded in the “PII islands” were recovered, and they com-
posed a database named as “PII neighbors DB.”

Homologs of the glutamine-dependent NadE proteins of
A. brasilense (UniProt G8AIWS8) and (UniProt G8ASIO) were
searched for in the “PII neighbors DB” with blastp, using le-5 as
e-value cutoff. All NadE-like protein sequences were recovered
using fasgrep from FAST tools (55) and dereplicated using
rmdup from Seqkit package (54). The distance between the
midpoint of each nadE homolog gene and its closest neighbor-
ing PII homolog (midpoint of the PII island) was computed.
Only nadE homologous sequences with the midpoint to PII
homolog lower than 2000 bp were kept. Duplicated NCBI pro-
tein entries were removed. The remaining sequences were
retrieved from NCBI and subjected to clustering analysis based
on all against all BLAST+ similarities to detect orthologous
groups using CLANS (33). The taxonomic affiliation of each
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NadE homolog was recorded using the data available in the
NCBI2lin repository (https://github.com/zyxue/ncbitax2lin),”
which contains pre-converted lineages from the NCBI taxon-
omy database.
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