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ABSTRACT The PII family comprises a group of widely distributed signal transduc-
tion proteins ubiquitous in prokaryotes and in the chloroplasts of plants. Pl proteins
sense the levels of key metabolites ATP, ADP, and 2-oxoglutarate, which affect the
PIl protein structure and thereby the ability of PIl to interact with a range of target
proteins. Here, we performed multiple ligand fishing assays with the PIlI protein or-
thologue GInZ from the plant growth-promoting nitrogen-fixing bacterium Azospiril-
lum brasilense to identify 37 proteins that are likely to be part of the PIl protein-
protein interaction network. Among the PIl targets identified were enzymes related
to nitrogen and fatty acid metabolism, signaling, coenzyme synthesis, RNA catabo-
lism, and transcription. Direct binary Pll-target complex was confirmed for 15 protein
complexes using pulldown assays with recombinant proteins. Untargeted metabo-
lome analysis showed that Pll is required for proper homeostasis of important me-
tabolites. Two enzymes involved in c-di-GMP metabolism were among the identified
PIl targets. A Pll-deficient strain showed reduced c-di-GMP levels and altered aero-
taxis and flocculation behavior. These data support that PIl acts as a major meta-
bolic hub controlling important enzymes and the homeostasis of key metabolites
such as c-di-GMP in response to the prevailing nutritional status.

IMPORTANCE The PIl proteins sense and integrate important metabolic signals
which reflect the cellular nutrition and energy status. Such extraordinary ability was
capitalized by nature in such a way that the various PIl proteins regulate different
facets of metabolism by controlling the activity of a range of target proteins by
protein-protein interactions. Here, we determined the PIl protein interaction network
in the plant growth-promoting nitrogen-fixing bacterium Azospirillum brasilense. The
interactome data along with metabolome analysis suggest that PIl functions as a
master metabolic regulator hub. We provide evidence that PIl proteins act to regu-
late c-di-GMP levels in vivo and cell motility and adherence behaviors.

KEYWORDS protein interaction, Pll protein, c-di-GMP, motility, metabolic regulation,
cell motility, metabolome, protein interactions

imitation of nutrients affects the growth and fitness of prokaryotes. The ability to
reproduce and compete in natural environments requires sophisticated mecha-
nisms to sense nutrient availability and to tune key metabolic pathways accordingly.
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One of the most ubiquitous sensory systems present in almost all prokaryotes and in
the chloroplasts of Archaeplastida is the Pll signaling proteins (1, 2). The PIl proteins are
likely to have evolved in a deep-branching prokaryotic life form and were conserved
during the evolution of Bacteria, Archaea, and chloroplasts.

The role of Pl proteins in signaling was for the first time observed in Escherichia coli
due to the ability to regulate the activity of glutamine synthetase adenylyltransferase
(ATase) (EC 2.7.7.49), an enzyme involved in the regulation of glutamine synthetase
activity (3). Since this pioneering study, others have shown that PIl proteins act as a
widespread regulator of nitrogen and, more recently, carbon metabolism, in a diverse
range of prokaryotes, including Archaea (4). The sensory properties of canonical PlII
proteins rely on their ability to sense the intracellular levels of key metabolites ATP,
ADP, and 2-oxoglutarate (2-OG). PIl proteins can also sense L-glutamine either by
allosteric binding or indirectly via reversible posttranslational modification (5).

Canonical Pll proteins are very conserved in sequence and three-dimensional struc-
ture. They form homotrimers with a compact barrel-like structure with a flexible loop,
namely, T-loop, which emerges from each subunit (1). PIl proteins have three
nucleotide-binding sites located at the lateral clefts between each subunit (6) which
can be competitively occupied by ATP or ADP, thereby rendering Pl able to sense the
energy status as reported by the ATP/ADP ratio (7-10). Another key PIlI allosteric
effector is 2-OG, a tricarboxylic acid (TCA) cycle intermediate used as a carbon skeleton
for nitrogen assimilation reactions. The 2-OG levels act as a proxy of the balance
between nitrogen and carbon availability (11). The three 2-OG binding sites are located
within the vicinity of the nucleotide-binding sites, and the 2-OG allosteric site is formed
upon previous MgATP binding (12, 13). Hence, 2-OG and MgATP binding are synergis-
tic, while 2-OG and ADP binding are antagonistic (14). Such a mechanism allows PII to
integrate cell energy levels (ATP/ADP ratio) with carbon to nitrogen availability (2-OG
levels).

Additional signal input for PIl came from L-glutamine, a metabolite whose levels act
as an indicator of nitrogen availability in Bacteria (15). In Proteobacteria, L-glutamine
sensing requires an additional protein, namely, GInD, which coordinates PIlI reversible
posttranslational modification accordingly to the prevailing L-glutamine levels (16).
Quite remarkably, in plants, L-glutamine sensing occurs through a unique PIl C-terminal
extension which allosterically binds glutamine (17)

In Bacteria, Archaea, and chloroplasts, Pll is engaged in regulating nitrogen and
carbon metabolic pathways by interacting with key cellular proteins, including trans-
porters, enzymes, and transcriptional regulators (1). These Pl protein-protein interac-
tions are controlled by conformational changes in the PIl structure caused by allosteric
effector binding and posttranslational modification. In general, the binding of 2-OG and
posttranslational modification induce a PIl T-loop conformation which abrogates most
Pll-protein interactions (5).

Proteobacteria frequently encode multiple PIl protein paralogues, which may have
overlapping but also specific functions (18). For example, the plant growth-promoting
nitrogen-fixing bacterium Azospirillum brasilense encodes two PIl paralogues, namely,
GInB and GInZ (19). While both proteins can interact with the ammonium transporter
AmtB (20), only GInB interacts with the nitrogenase regulatory proteins NifA and DraT
(21, 22). On the other hand, GInZ interacts preferentially with DraG (23). Both ginB and
glnZ genes are under the control of the global Ntr system; thus, GInB expression and
GInZ expression are induced under nitrogen limitation (19, 24).

Recent work in bacteria and plants revealed several novel Pll targets that are not
only involved in nitrogen metabolism, but in general core metabolism, such as acetyl-
coenzyme A (CoA) carboxylase, phosphoenolpyruvate carboxylase (PEPC), NAD synthe-
tase, and glucosamine 6-phosphate deaminase (25-27). Therefore, Pll has a much
broader regulatory role than originally thought. We have previously used PII affinity
columns to successfully identify acetyl-CoA carboxylase and NAD synthetase as binding
partners of the PIl protein GInZ in A. brasilense (26, 28). Here, we performed multiple
GInZ ligand fishing assays to identify 37 proteins that are likely to be part of the Pl
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protein interaction network in A. brasilense. The data support that Pl regulates a
plethora of key metabolic pathways which includes c-di-GMP levels affecting che-
motaxis in a gradient of air (aerotaxis) and flocculation behavior. This knowledge
provides a framework for a better comprehension of metabolic regulation in A.
brasilense, which can be exploited in the future to improve A. brasilense biofertilizer
traits.

RESULTS

Identification of potential GInZ-interacting proteins in A. brasilense extracts. In
order to provide a comprehensive analysis of the GInZ interaction network in A.
brasilense, we performed extensive ligand fishing assays. A range of GInZ affinity
columns were used, including His-tagged and FLAG-tagged GInZ as baits (see Materials
and Methods for details). These columns were challenged with total A. brasilense
protein extracts in the presence of ATP or ADP and the potential GInZ-binding proteins
were eluted from these columns in buffer containing MgATP and 2-OG. The presence
of 2-0G significantly alters the GInZ protein structure (12) and affects the stability of
GInZ-target complexes, allowing the specific elution of proteins that were retained in
the column by interaction with GInZ. A total of six independent assays were considered
for the analyses: in four assays, proteins were allowed to interact with GInZ in the
presence of ATP and were eluted in the presence of ATP plus 2-OG (assays named ATP1
to ATP4); in two assays, proteins were allowed to interact with GInZ in the presence of
ADP and were eluted in the presence of ATP plus 2-OG (assays named ADP1 and ADP2).
Columns without GInZ were used as negative controls to discriminate between specific
GInZ targets and unspecific background. The extracts from all these columns were
analyzed by label-free liquid chromatography coupled to tandem mass spectrometry
(LC-MS/MS). Only two replicate ADP assays were performed given that a lower number
of proteins bound to PIl were identified in comparison to the experiments performed
in the presence of ATP.

Proteins were considered potential GInZ-binding candidates when their relative
abundances were =3-fold enriched with a P value of less than 0.05 in the fraction
eluted from the GInZ column in comparison to the respective control. Using these
criteria, 86, 54, 55, 43, 15, or 16 proteins were selected in the assays ATP1, ATP2, ATP3,
ATP4, ADP1, and ADP2, respectively (see Table S1 in the supplemental material). After
dereplication, 118 proteins remained for further analysis, of which 9 were exclusively
enriched in ADP assays. In order to provide a list of the most likely GInZ-binding
candidates, we further filtered proteins that were enriched in at least three out of the
four ATP assays or in the two of the ADP assays. This resulted in a list of 37 proteins
(Table 1) that are likely to be part of the GInZ interaction network. The N-acetyl-L-
glutamate kinase (NAGK) enzyme was enriched only in the ATP1 assay; however, it was
considered for further analysis since it is a known Pll-binding partner in other organisms
(29). Samples from ATP assays were also subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) analysis, and protein bands specifically
enriched in the GInZ affinity column samples were identified by in-gel trypsin digestion
followed by matrix-assisted laser desorption ionization—time of flight (MALDI-TOF)
peptide mass fingerprint analysis. This analysis further supports the enrichment of eight
proteins among those selected by the LC-MS/MS approach (Table 1).

Several proteins related to fatty acid metabolism, nitrogen metabolism, signaling,
coenzyme synthesis, RNA catabolism, and transcription were among the GInZ-binding
target candidates. As a proof of concept, previously described A. brasilense GInZ-
binding targets, BCCP (biotin carboxyl carrier protein) and NadE2, were among the
predicted GInZ target candidates, thereby validating our experimental design (Table 1).

Validation of potential GInZ-interacting proteins by pulldown. Out of the 37
candidate GInZ-binding proteins, 23 were cloned into expression vectors, and 21 could
be expressed in the soluble fraction using E. coli BL21 A(DE3) as host. From these
soluble recombinant proteins, eight were purified to homogeneity and complex for-
mation with His-tagged GInZ (His-GInZ) was studied by pulldown using Ni2* beads. The
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TABLE 1 The A. brasilense GInZ interaction network?

MSystems’

Label free LC/MS/MS

Uniprot |Protein name ATP1|ATP2|ATP3|ATP4|ADP1|ADP2|SDS-PAGE| Validation
G8AEY8 |acetyl-CoA carboxylase, biotin carboxyl carrier subunit (BCCP) X Literature
G8ATT3 |acetyl/propionyl-CoA carboxylase, alpha chain (AccA) Not tested
GBATTS |acetyl/propionyl-CoA carboxylase, beta chain (AccD) Not tested
GB8ASZ7 [3-oxoacyl-(acyl carrier protein) reductase (ACP-reductase) No
G8ASZ2 |Acyl-CoA reductase Not tested
G8AWAI |Short-chain dehydrogenase/reductase (3-oxoacyl-acyl-carrier protein reductase No
GS8AMEO Yes
G8ATRS Yes
GS8APW7 Yes
G8ASIO0 Yes
G8AIWS Literature
G8AF97 Yes
G8ATGY Not tested
G8ARS4 Not tested
G8AKW1 Yes
G8AGG4 X Yes
G8AGCS5 No
G8ANVS Not tested
ATY9VO X Yes
G8ALXS Yes
G8AI64 Yes
G8AJOS Not tested
G8AIG7 X Yes
G8AT20 No
G8AQ26 Not tested
G8AG60 X Yes
G8AWCO Yes
G8AIM1 |leucine aminopeptidase X Not tested
GBAZBS5 |PTS system permease (IIAMan), nitrogen regulatory IIA protein (EITANtr) No
G8APWG6 |Uncharacterized protein ( DNA-directed RNA polymerase subunit omega) Not tested+
G8ANLG6 |conserved protein of unknown function; putative coiled-coil and glutathione domains X Not tested
G8APZ0 |conserved protein of unknown function; putative Transglutaminase domain Not tested
G8AQ29 |Trk system potassium uptake protein (TrkA) Yes
G8AM 13 |Putative uncharacterized protein cell division protein (ZapA) No
G8AHW4 |Pyrimidine (Deoxy)nucleoside triphosphate pyrophosphohydrolase Not tested
G8AFB3 |[NADP-dependent malic enzyme (MaeB1) p.4 Yes
G8AZB2 |Phosphoenolpyruvate-protein phosphotransferase (EI) Not tested*

aThe 37 proteins that were considered the GInZ interaction network are separated accordingly to their predicted function: fatty acid metabolism (orange), secondary
messenger metabolism (green), enzyme cofactor metabolism (blue), RNA catabolism (purple), nitrogen metabolism (brown), transcription (pink), and other function
(yellow). The columns ATP1 to ATP4 and ADP1 and ADP2 represent LC-MS/MS label-free proteomic data from each GInZ ligand fishing experiment. The relative
protein enrichment in comparison to control is represented as a heat map, increasing from orange to dark red. Proteins that were considered enriched in the ATP
assays as judged by visual inspection of SDS-PAGE gels followed by identification by peptide mass fingerprint are indicated with an X in the SDS-PAGE column. In
the validation column, “Yes” indicates that protein complex formation with GInZ was confirmed by pulldown analysis in the current study, “Literature” indicates
confirmation of complex formation with PIl protein in previous studies, “No” indicates negative results in pulldown analysis, and “Not tested” followed by a plus sign
or by an asterisk indicates that the corresponding protein could not be overexpressed or was completely insoluble, respectively. PTS, phosphotransferase system.

other 13 proteins were tested for interaction with His-GInZ using the soluble protein
fraction of whole E. coli BL21 A(DE3) cell extract after the induction of the potential GInZ
target recombinant protein. Of the 21 examined proteins, 15 were confirmed as PII
interactors by pulldown assays as judged by visual enrichment of the band correspond-
ing to the target protein in the presence of GInZ in comparison to the controls (Fig. 1
and Table 1). For all complexes confirmed by pulldown, the presence of 2-OG reduced
the degree of target protein copurification with GInZ (Fig. 1), thus providing additional
specificity of the protein complex detected.

Functional groups of the putative novel GInZ-binding targets. (i) Proteins
related to fatty acid metabolism. It is well established that PIl proteins regulate fatty
acid biosynthesis from Bacteria to plants by direct interaction with BCCP (30-32).
Indeed, BCCP was detected among the GInZ targets in our assays (Table 1). The BCCP
protein is a component of the acetyl-CoA carboxylase enzyme (ACC). In most Bacteria,
including E. coli and A. brasilense, ACC is formed by four different subunits, BCCP, BC,
CTe, and CTB. In eukaryotes, including humans, the ACC subunits are encoded by a
single polypeptide. Whereas in Actinobacteria such as Mycobacterium tuberculosis, the
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FIG 1 Complex formation between GInZ and new targets assessed by pulldown. Interactions between
purified His-GInZ and target proteins were assessed by pulldown in the presence of 5 mM MgCl, and the
indicated effectors (1 mM ADP, 1 mM ATP, and 1.5 mM 2-0OG). (A) TrkA (G8AQ29); (B) DGC, putative
diguanylate cyclase (GBAMEO); (C) Rho (G8AG60); (D) ppGpp synthetase (GBAPW?); (E) putative RNase J
(GBAKW1); (F) NAGK (G8AI64); (G) NadE1 (G8ASIO); (H) putative c-di-GMP phosphodiesterase (G8ATR8); (I)
MaeB, NADP-dependent malic enzyme (G8AFB3); (J) CoaBC (G8AF97); (K) PuuA (GBALXS); (L) putative
signal transduction histidine kinase (GBAWCO); (M) RPH. RNase PH (G8AGG4); (N) PyrE, orotate phospho-
ribosyltransferase (G8AJG7); (O) ATase, glutamine synthetase adenylyltransferase (UniProt accession no.
A7Y9V0). Twenty micrograms of His-GInZ was immobilized into magnetic Ni2* beads and mixed with
20 ug of partially purified protein (A, F, G, I, M, N, and O) or cell extracts overexpressing the indicated
recombinant protein (B, C, D, E, H, J, K, and L). Proteins were eluted from the Ni2* beads and analyzed
by SDS-PAGE. The gels were stained with Coomassie blue. Controls were performed using His-GInZ or
target protein only. Enrichment of the band corresponding to the target protein in the presence of
His-GInZ are indicative of direct complex formation. The specificity of the protein complexes was further
validated by their sensitivity in the presence of 2-OG.

ACC enzymes are formed by two polypeptides, namely, AccA (fused BCCP and BC) and
AccD (fused CTa and CTB) (33). Two subunits of an enzyme annotated as acetyl/
propionyl-CoA carboxylase, namely, AccA and AccD, which resembles the organization
of ACC from Actinobacteria (GBATT3 and G8ATT5) were detected in our GInZ-ligand
fishing assays (Table 1).

These data suggest that Pll proteins may have the principal ability to interact with
other proteins containing a BCCP domain in addition to the archetypical BCCP present
in Bacteria and chloroplasts encoded as a separate polypeptide. Indeed, previous
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FIG 1 (Continued)

Pll-ligand fishing assays in Arabidopsis thaliana indicated that multiple isoforms of BCCP
are able to interact with PIl in the plant chloroplast (30).

In addition to BCCP, other proteins related to fatty acid metabolism have been
detected as potential GInZ targets (Table 1) including FabG, the enzyme responsible for
the first step of fatty acid elongation cycle. The direct interaction between FabG and
GInZ was not confirmed by pulldown (see Fig. S1 in the supplemental material). One
possibility is that FabG may have been fished indirectly through complex formation
with other direct PIl targets such as ACC.

(ii) Proteins related to nitrogen metabolism. The primary function of Pll proteins
is to regulate nitrogen metabolism. As expected, several proteins related to nitrogen
pathways have been detected in our GInZ-ligand fishing assays (Table 1), including
NAGK and ATase, two enzymes that have been extensively studied as PIl targets in
other organisms (7, 29). Proteins related to nucleotide biosynthesis (PyrE and PurC) and
degradation (Ade) along with those involved in polyamine metabolism (PuuA and
SpeE) were also identified as potential GInZ-binding targets (Table 1). Direct protein-
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protein interaction with GInZ was confirmed for NAGK, ATase, PuuA, and PyrE as
assessed by pulldown (Fig. 1F, O, K, and N).

The mechanism of regulation of glutamine synthetase (GS) adenylylation in A.
brasilense remained elusive, as Pll mutant strains did not affect GS adenylylation in vivo
(19). The identification of a GInZ-ATase protein complex suggests that A. brasilense may
possess a canonical control of GS adenylylation via Pll-ATase complex such as that
described in E. coli. A better comprehension of the regulatory properties of the
Pll-ATase complex in A. brasilense is key to genetically engineer ammonium-excreting
strains with improved biofertilizer traits.

The interaction between PIl and NAGK was thought to be restricted to oxygenic
phototrophs and evolved early in the cyanobacterial lineage (4). However, recent data
indicated that this interaction is also conserved in Gram-positive Corynebacterium
glutamicum (34). The finding that PIl also interacts with NAGK in the Gram-negative
alphaproteobacterium A. brasilense (Fig. 1F) supports that the PII-NAGK complex may
be much more widespread than originally thought.

The NAGK activity is required for L-arginine biosynthesis. This amino acid is an
important precursor for polyamine biosynthesis. Further enzymes involved in poly-
amine metabolism were recovered as potential novel GInZ-binding targets (Table 1),
such as spermidine synthase (Spe), which converts putrescine to spermidine and
gamma-Glu-putrescine synthase (PuuA), involved in putrescine degradation. Complex
formation between GInZ and PuuA could be confirmed using pulldown (Fig. 1K). PuuA
belongs to the glutamine synthetase family and shares significant homology with GS.
Interestingly, in some Archaea, Pl proteins regulate GS activity by direct protein-protein
interaction (35, 36). Hence, there may be a conserved structural element within the
glutamine synthetase family which acts as a docking site for PIl proteins.

(iii) Proteins involved in coenzyme and secondary messenger metabolism. Two
isoforms of the glutamine-dependent NAD synthetase (NadE1 and NadE2) and the
enzyme involved in coenzyme A biosynthesis (CoaBC) were identified as potential GInZ
targets (Table 1). The NadE2 enzyme has been studied as a GInZ target in A. brasilense
previously (26). Upon an ammonium shock, GInZ interacts with NadE2 to relieve the
NAD™ negative-feedback inhibition over the NadE2 enzyme. In the current study, we
also identified and validated the interaction between GInZ and the second glutamine-
dependent NAD synthetase isoform NadE1 (Fig. 1G), thus corroborating our previous
bioinformatic predictions based on the conservation of Pll-NadE gene order. Interest-
ingly, the third NadE isoform present in A. brasilense, which does not contain the
N-terminal glutaminase domain, was not fished by GInZ despite being detected by our
proteomic analysis in the cell extracts. Hence, we speculate that GInZ interacts with the
glutaminase domain of NadE paralogues. The interaction between CoaBC and GInZ was
confirmed by pulldown (Fig. 1J) though this particular interaction seems to be weak
given the small enrichment (but visible and 2-OG responsive) of CoaBC in the presence
of His-GInZ in comparison to the control (Fig. 1J).

Surprisingly, two enzymes involved in the metabolism of the second messenger
c-di-GMP were identified as potential GInZ targets. A putative diguanylate cyclase DGC
(GBAMEO) and a putative diguanylate cyclase/phosphodiesterase PDE with PAS/PAC
domain (GBATRS). For both enzymes, the interaction was confirmed by pulldown assays
and was responsive to the 2-OG levels (Fig. 1B and H). The fact that GInZ showed a
stable interaction with enzymes catalyzing opposing reactions strongly suggests that
GInZ may play a role in the regulation of c-di-GMP levels.

An enzyme annotated as a putative ppGpp synthetase (GBAPW?7, putative RelA) was
also among the list of putative GInZ targets. This interaction was robust and 2-OG
sensitive as judged by pulldown analysis (Fig. 1D). In response to amino acid starvation,
RelA interacts with stalled ribosomes activating the synthesis of guanosine tetraphos-
phate (p)ppGpp. These alarmones globally regulate transcription and translation in a
process known as the stringent response, lowering stable RNA synthesis while increas-
ing the transcription of genes involved in amino acid biosynthesis (37). Given the key
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role of Pll proteins in nitrogen sensing, we speculate that GInZ may affect ppGpp levels
and stringent response by direct interaction with RelA. Interestingly, a functional
relation between PIl proteins and RelA has previously been established in E. coli, where
Pll regulates the expression of relA through the NtrBC nitrogen two-component system
(38). Our data suggest that Pll may regulate RelA function at the enzyme activity level.

(iv) Proteins involved in RNA catabolism and transcription. Four putative en-
zymes involved in RNA catabolism were identified as potential GInZ targets. Two of
them, namely, the putative ribonucleases J (GBAKW1) and H (Rph), were confirmed to
directly interact with GInZ in a 2-OG-regulated manner by pulldown (Fig. 1E and M). The
other RNases G and R were not tested; therefore, it remains to be determined whether
RNases G and R directly interact with GInZ or whether they assemble indirectly via an
RNase degradosome, which occurs in other Bacteria (39). In any case, our data suggest
that GInZ may be implicated in the regulation of RNA degradation.

Four proteins involved in transcription were among the putative GInZ-binding
partners. These proteins included RpoN, NtrX, Rho factor, and a putative signal trans-
duction histidine kinase (GBAWCO0). The interaction between GInZ and both Rho and
G8AWCO was confirmed by pulldown, and these protein complexes were responsive to
2-0G levels (Fig. 1C and L). The RpoN interaction was not confirmed by pulldown (see
Fig. S1F in the supplemental material), while the interaction with NtrX was not further
investigated.

(v) Proteins belonging to other functional groups. Other proteins that were
confirmed to interact with GInZ by pulldown were TrkA and MaeB1 (Fig. 1A and I). The
MaeB1 enzyme is similar to malic enzymes containing a nonfunctional C-terminal
phosphotransacetylase domain (40). It is believed that MaeB enzymes act in gluconeo-
genesis by converting L-malate to pyruvate while reducing NADP to NADPH (41). The
A. brasilense MaeB1 activity is regulated by the ratio of acetyl-CoA to CoA-SH, thereby
controlling the fate of carbon distribution at the phosphoenolpyruvate/pyruvate/
oxaloacetate metabolic node (42).

TrkA interacts with the integral membrane TrkH potassium channel to regulate its
activity. In E. coli, TrkA function is regulated by nitrogen availability through direct
interaction with nitrogen regulatory IIA protein (EIIANt) (43). The E. coli TrkA-EIIANt
complex responds to L-glutamine and 2-OG levels, as these metabolites regulate EIIAN
phosphorylation (44). Interestingly, a putative EIIAN" was also detected in our GInZ
ligand fishing assay (Table 1). However, the GInZ-EIIAN" complex could not be con-
firmed by pulldown (Fig. STA). One possibility is that GInZ and EIIANt" may interact
indirectly through the formation of a GInZ-TrkA-EIIAN* ternary complex. Alternatively,
the interaction may occur with phosphorylated EIIANt which was not investigated here.

Several studies indicate a link between ammonium and potassium metabolism in
prokaryotes. Given the similarities in ionic radii and hydration shells between NH,* and
K+, membrane transporters for these ions allow significant amounts of the similar ion
to permeate (11). One possibility is that the purpose of the interaction between TrkA
and GInZ is to regulate the transport function in response to the ammonium levels in
analogy to the AmtB-PIl complex (45). Furthermore, the interaction between PIl and Trk
may function to tune K™ transport to L-glutamate levels, since K™ acts as the major
counter ion to L-glutamate in vivo. Both L-glutamate and K* pools increase when
nitrogen-limited E. coli is supplied with ammonium (46); it is tempting to speculate that
both responses are orchestrated by PIl proteins.

Untargeted metabolome analysis of the A. brasilense ginB ginZ double mutant
strain. Given the vast range of proteins identified as potential novel targets of the Pl
protein GInZ in A. brasilense, we sought that a Pll-minus strain would present an altered
metabolome. Hence, LC-MS was used to compare the metabolome of wild-type A.
brasilense versus a glnB ginZ double mutant strain. Data were obtained from cells
collected during nitrogen starvation (—N) and 5 min after the addition of 1 mM NH,CI
(+N). Upon the addition of ammonium to nitrogen-starved cells, we expect that Pl
proteins became deuridylylated and without bound 2-OG, thereby resembling the
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conditions used in our GInZ ligand fishing assays. The g/nB ginZ double mutant strain
was used in metabolic analysis, since literature data indicate that the multiple PlII
paralogues may have overlapping functions (1). Hence, metabolic defects could be
masked in a gInZ single mutant strain due to redundant functions of the g/inB paral-
ogue.

The biological triplicate LC/MS run from cells cultured in —N and +N were com-
pared using pair and multigroup XCMS analysis (47). Nonmetric multidimensional
scaling (NMDS) indicated a clear separation of the data according to strain at dimension
1 (Fig. S2). A total of 19 metabolic pathways were disturbed in the A. brasilense 2812
glnB ginZ double mutant strain at —N in pairwise comparison to the FP2 wild-type
strain (P < 0.05) (Table S2A). Five minutes after the addition of ammonium (+N), the
number of disturbed pathways in the 2812 ginB gInZ double mutant strain was 82
(Table S2B). The increasing number of disrupted pathways in response to an ammo-
nium shock in the PIl mutant reinforces the role of Pll proteins in metabolic regulation
in response to nitrogen availability.

Most of the disrupted pathways in the Pll-deficient strain compared to the wild-type
strain at —N conditions were related to nucleotide, glycolysis, gluconeogenesis, TCA,
and trehalose and histidine metabolism. After the ammonium shock (+N), additional
nucleotide metabolic pathways were disturbed in the mutant along other pathways,
including those involved in the metabolism of amino acids, NAD ", and phospho/amino
sugar (Table S2). These data reinforce the role of Pll proteins in the regulation of amino
acid and NAD™ in response to ammonium availability. Activity network analysis con-
necting all disrupted metabolites is depicted in Fig. S3. These global metabolic defects
may explain the impaired growth previously reported in the 2812 gInB gInZ double
mutant strain (19).

We manually investigated metabolites that act as the substrates or products of the
enzymes listed as potential novel GInZ-binding targets. Efforts were concentrated in
compounds identified as [M-H]-, with less than 5 ppm mass deviation and expected
elution time based on the literature (48). We observed that the level of coenzyme A
(CoA) was reduced in the Pll-deficient strain in both —N and +N conditions (Fig. 2A and
B). On the other hand, pantothenate, which is a precursor of CoA biosynthesis, showed
the opposite trend (Fig. 2C). These data point to dysregulated CoA biosynthesis in the
PIl mutant strain, which could be explained by the fact that CoaBC, an enzyme involved
in CoA biosynthesis, was identified as a novel GInZ target (Table 1). Alternatively,
dysregulated CoA levels may be caused by the fact that Pll regulates enzymes that use
acetyl-CoA such as acetyl-CoA carboxylase. Unfortunately, we could not detect esteri-
fied forms of CoA in our LC-MS data.

In the wild-type cells, the levels of the nucleotide precursors PRPP (phosphoribosyl
pyrophosphate) and SAICAR (phosphoribosylaminoimidazolesuccinocarboxamide)
augmented in response to the ammonium shock (Fig. 2D and E). Conversely, in the
Pll-deficient mutant, PRPP and SAICAR were lower and less responsive to nitrogen
(Fig. 2D and E). The enzymes PyrE and PurC, which were identified in the GInZ ligand
fishing assays, have PRPP and SAICAR as the substrate and product, respectively. Hence,
these data provide additional support for a role of Pll proteins in the regulation of PyrE
and PurC.

The GInZ protein regulate c-di-GMP levels in vivo and cell motility. Among the
novel GInZ targets identified and validated by pulldown, there were two enzymes
involved in c-di-GMP metabolism with opposing activities, a putative diguanylate
cyclase DGC, GBAMEQ, and a putative diguanylate cyclase/phosphodiesterase PDE,
G8ATR8 (Table 1). We thought that the interaction with GInZ would result in the
activation/deactivation of the opposing enzyme activities in order to avoid a futile cycle
of c-di-GMP synthesis and degradation. If that hypothesis is correct, dysregulated
c-di-GMP levels should be observed in a gInZ knockout strain.

The levels of c-di-GMP were determined in vivo in A. brasilense using target LC-
MS/MS analysis. We determined c-di-GMP levels in cells collected during nitrogen
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starvation (—N) and 5 min after the addition of NH,Cl (+N) or with a low concentration
of the carbon source and high ammonium (carbon starvation) (Fig. 3A). The gInZ-minus
strain showed a trend of increased c-di-GMP under all conditions although statistical
significant increase was detected only under carbon starvation (Fig. 3A). This correlates
well with the results of our pulldown assays which suggest that GInZ interacts with
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FIG 3 The GInZ protein is involved in the control of c-di-GMP levels and related cellular behaviors. (A)
Intracellular c-di-GMP levels in A. brasilense wild-type strain (Sp7) and ginZ-minus strain (Ag/nZ) under
indicated metabolic conditions. Statistical significance: *, P < 0.05. (B) Flocculation, as determined by the
OD of the supernatant of cell suspensions in which cells were induced to flocculate for 24 h. Statistical
significance: ****, P < 0.0001. N, number of replicates. The picture shows flocculated cells indicated by
black arrows. (C) Capillary aerotaxis assays. The white arrow indicates the formation of a biomass band
of motile cells 120 s after the exposure to ambient air. The band was stable for over 15 min under these
conditions. (D) Distance of the aerotaxis biomass band from the end of the capillary tube. Statistical
significance: ****, P < 0.0001. N, number of replicates.

c-di-GMP-related enzymes only under low 2-OG levels which are likely to occur in vivo
exactly under carbon starvation (under low carbon and high nitrogen). These data
support that GInZ regulates c-di-GMP homeostasis in vivo.

It is well established in different bacteria that increased c-di-GMP levels are associ-
ated with the transition of bacteria from motile and planktonic to sessile lifestyles (49).
Consistent with this hypothesis, the gInZ-minus strain flocculated more than the wild
type (Fig. 3B). The levels of c-di-GMP also modulate aerotaxis in A. brasilense (50). Hence,
we compared the aerotaxis behavior between the wild type and the g/nZ mutant
strain. While the g/InZ mutant strain was motile, it showed impaired aerotaxis,
localizing at a different zone, relative to the wild-type strain, in aerotaxis capillary
assays (Fig. 3C and D).

DISCUSSION
The aim of this work was to provide a comprehensive analysis of the GInZ interac-
tion network in A. brasilense. The use of GInZ affinity columns coupled to mass
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spectrometry has been used previously by our group to successfully identify novel
targets of Pll in A. brasilense such as BCCP and NadE2 (28). By systematically analyzing
the proteins retrieved from multiple GInZ ligand fishing assays, a list of 37 proteins that
are likely to interact with GInZ was generated. Among the potential novel GInZ-binding
targets were proteins related to nitrogen and fatty acid metabolism, signaling, coen-
zyme synthesis, RNA catabolism, and transcription (Table 1). These data suggest that Pl
proteins may play a much broader role in metabolic regulation than previously envis-
aged by the literature.

We cannot exclude the possibility that some of the proteins identified as GInZ-
binding targets may be false-positive results. Moreover, some of the PIl protein inter-
actions identified may occur indirectly which is likely to be the case of the AccD
(G8ATTS). In order to provide additional evidence for direct protein-protein interaction
with GInZ, candidate proteins were expressed and subjected to in vitro pulldown assays
with GInZ. These analyses, along with previously published data confirmed that GInZ is
able to directly interact with 17 of these proteins (Table 1). In all cases, complex
formation was confirmed by pulldown assays and the protein complexes were sensitive
to 2-0OG, thereby further validating the specificity of the assay (Fig. 1).

Untargeted metabolome analysis revealed altered levels of coenzyme A, pantothe-
nate, PRPP, and SAICAR in a Pll-deficient strain (Fig. 2). Given that enzymes involved
with the use/production of these metabolites were identified as potential targets of
GInZ, the altered accumulation of these metabolites in a Pll-minus strain provides
additional evidence for the implication of PIl in the regulation of these enzymes. The
central metabolite PRPP acts as a major carbon skeleton for the biosynthesis of purine
and pyrimidine nucleotides, the amino acids histidine and tryptophan, and the cofac-
tors NAD and NADP (51). The metabolome analysis revealed that PRPP levels increase
in A. brasilense wild-type strain in response to ammonium availability (Fig. 2D). This
metabolic response may be important to provide enough carbon skeleton for nucle-
otide biosynthesis when nitrogen becomes available. On the other hand, PRPP levels
remained low in the Pll-deficient mutant despite nitrogen availability (Fig. 2D), sup-
porting a role of Pll in the regulation of PRPP levels. A similar profile was observed for
the metabolite SAICAR (Fig. 2E), which takes part in the purine biosynthesis pathway
(52). The metabolic defects may explain the severe growth defects previously reported
in the gInB gInZ double mutant (19). Other groups of metabolites that were affected by
the absence of Pll signaling (see Table S2 and Fig. S3 in the supplemental material)
include those involved in NAD metabolism, reinforcing the previously described role of
PIl on the regulation of NAD biosynthesis.

An important outcome of the current study was the finding that proteins from
diverse functional groups were among the validated GInZ-binding targets (Table 1). We
surmise that they could possess recurring structural elements that would act as the
docking sites for GInZ. Protein domain/motif analyses were performed with the pull-
down validated GInZ targets. The recurring protein domains/motifs were biotinyl/
lipoyl-binding, GGDEF, CN-hydrolase, PAS, NAD(P)-binding, and coiled-coil, suggesting
that these domains could be candidates for docking of GInZ. Interestingly, the GAF
domain of the NifA protein has been already described as the docking site for Pl
proteins in A. brasilense (53).

A recent study used PII ligand fishing assays to elucidate the PIl protein interaction
network in Synechocystis sp., revealing that Pll controls a range of transporter systems
via direct protein-protein interaction (54). Strikingly, the only common protein identi-
fied as a PIl target between that study and in the current study was NAGK. The distinct
Pl interaction network detected in Synechocyctis sp. and A. brasilense may reflect
different metabolism operating in these organisms, i.e., phototrophic versus hetero-
trophic metabolism. Alternatively, it may be caused by the lack of the PII effectors (ATP,
ADP, and 2-OG) during the ligand fishing assays performed in Synechocyctis sp. We are
currently exploring the Pll interaction network in other organisms under similar exper-
imental conditions to establish whether there are other across domain conserved
Pll-target complexes such as the PII-NAGK complex.
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It is well established that the ancient multitasking PIl proteins orchestrate metabolic
regulation in Bacteria, Archaea, and plants. In this study, we provide evidence that the
A. brasilense PIl protein GInZ regulates a broad range of metabolic pathways such as
those involved with nitrogen and fatty acid metabolism, signaling, coenzyme synthesis,
RNA catabolism, and transcription. Untargeted metabolome analysis confirmed dys-
regulated levels of important cellular metabolites in the absence of PIl. Given the
ancestry and the extraordinary ability of Pll proteins to sense and integrate the levels
of key metabolic signals such as ATP, ADP, 2-OG, and L-glutamine, it would not be
surprising if PIl would act as a master metabolic regulator. Even though our data show
that PIl interacts with various key metabolic proteins, further biochemical studies will
be required to elucidate whether and how the PIl proteins affect the activity of the
identified PIl target protein through complex formation. In addition to direct regulation
of the target protein(s) activity, it is possible that regulation occurs by controlling
cellular localization of protein(s), as reported for DraG in A. brasilense (55, 56).

Among the novel GInZ targets identified and validated by pulldown, there were two
enzymes involved in c-di-GMP metabolism with opposing activities (Table 1). In vivo
determination of c-di-GMP revealed altered accumulation of c-di-GMP in a ginZ-
deficient mutant, suggesting altered regulation of c-di-GMP-producing/degrading en-
zyme in the absence of GInZ (Fig. 3A). Such a hypothesis is supported by a phenotypic
analysis, which showed that the gInZ-minus strain has increased flocculation (Fig. 3B)
and altered aerotaxis behavior (Fig. 3C and D). Both these phenotypes are well
established to be linked to intracellular c-di-GMP levels (49, 57). Further biochemical
and genetic analysis will be required to determine the exact mechanism of how GInZ
controls c-di-GMP signaling and these cellular behaviors. It is worth mentioning that
while most of the detected nucleotides were either slightly downregulated or unaf-
fected in the PIl mutant strain, the level of CMP was higher in the PIl mutant (2.2X and
6.7X in the —N and +N conditions, respectively) (Fig. S4). Given that CMP is the final
product of c-di-GMP degradation, the altered levels of c-di-GMP and CMP may be
caused by a dysregulated cycle of c-di-GMP synthesis/degradation.

These data lead us to propose that GInZ acts to regulate the opposing enzyme
activities of c-di-GMP synthesis/degradation supporting a novel role of PIl proteins in
c-di-GMP signaling. The GInZ protein could be used as a processing unit to sense key
nutrients (2-OG and L-glutamine) and energy (ATP/ADP ratio) to regulate c-di-GMP
levels, thereby allowing the cells to make the proper decision, i.e., to be planktonic
or sessile, in response to environmental signals. Whether regulation of c-di-GMP
levels by PIl proteins operate in other prokaryotes besides A. brasilense remains to
be determined. However, an inspection at the Pfam database (58) indicated a
guanylate cyclase domain fused to PIl in sequences from the Archaea Nitrosotalea
(pfam AOA2H1FDM3_9ARCH) suggesting that Pll may regulate c-di-GMP in other taxa.
Interestingly, recent data in the plant-pathogen bacterium Dickeya dadantii point to an
association between the levels of TCA intermediates and c-di-GMP (59). It is tempting
to speculate that such connection involves the PIl proteins via 2-OG sensing.

The ubiquitous distribution suggests that Pll evolved in a deep branching common
ancestor and was kept conserved during the evolution of Archaea, Bacteria, and
chloroplasts. The ancient appearance of Pll supports that it coevolved with most of the
metabolic pathways we know today. It would not be surprising if nature had capitalized
the sensory properties of Pll to regulate a vast range of key enzymes and proteins
according to their metabolic needs, as supported by our data. Further biochemical
analysis of each of the novel Pll complexes and decoding the PIl interaction network in
other organisms are under way to provide additional details in the function of these
extraordinary sensory proteins.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains, plasmids, and primers used are listed in
Table S3 in the supplemental material. General cloning methods are described in Text S1 in the
supplemental material.
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His-tagged GInZ Ni2+ affinity column interaction. Three hundred milliliters of E. coli BL21(DE3)
carrying the pMAS3 plasmid, expressing the A. brasilense HisGInZ protein (60) was cultivated in LB at 37°C
until an optical density of 600 nm (ODg,,) of 0.5 was reached when 0.5 mM isopropyl-B--
thiogalactopyranoside (IPTG) was added, following 4-h incubation. Cells were collected by centrifugation
and resuspended in buffer 1 (50 mM Tris-HCl [pH 8], 100 mM KCI, and 20 mM Imidazole). Cells were
disrupted by sonication, and the soluble fraction obtained after centrifugation (30,000 X g at 4°C for 30
min) was loaded onto a 1-ml Hi-trap chelating column (GE Healthcare) or onto a 1-ml Protino Ni-IDA
column (Macherey-Nagel). The column was washed with 15 ml of buffer 1 containing 50 mM imidazole
to remove unspecific bound proteins. The column was equilibrated with 5ml of buffer 2 (buffer 1
containing 5 mM MgCl,, T mM ATP or ADP as indicated in each experiment, and 20 mM imidazole) before
the addition of the A. brasilense protein extract.

To prepare the A. brasilense protein extract, 400 ml of the A. brasilense 2812 strain was cultivated on
NFbHP medium (66) to an ODg, of 2. Cells were collected by centrifugation, resuspended in 20 ml of
buffer 2 (containing 1 mM ATP or ADP as indicated in each experiment), and disrupted by sonication. The
soluble fraction (after centrifugation at 30,000 X g, 4°C for 30 min) was divided into two aliquots. One
was loaded onto the HisGInZ charged Ni2* column, and the other aliquot was loaded onto a control Ni2*
column (without preloaded HisGInZ). Both columns were washed with 20 ml of buffer 2. The putative
GInZ-interacting proteins were specifically eluted by passing 3 ml of 2-OG elution buffer (buffer 1
containing 5 mM MgCl,, 1 mM ATP, and 1.5 mM 2-OG). The eluted fractions were analyzed by SDS-PAGE,
MALDI-TOF (details in Text S1), and label-free quantitative LC-MS/MS.

FLAG-tagged GInZ affinity column interaction. Two separate aliquots of 300 ul of anti-FLAG M2
magnetic beads (Sigma) were washed twice with 500 ul of buffer A (50 mM Tris-HCI [pH 8], 100 mM KCl,
1 mM ATP, and 5 mM MgCl,). One aliquot was used as a negative control, while the other was loaded
with cell extracts containing overexpressed A. brasilense 3X-FLAG GInZ. After 15 min at room temper-
ature, beads were washed three times with buffer A. Both control and 3X-FLAG GInZ-loaded beads were
incubated with 1.5 ml of A. brasilense 2812 protein extract (prepared as described in the previous section,
in buffer A). After 30 min at room temperature, beads were washed four times with 500 ul of buffer A.
Elution was achieved by two consecutive 2X washes with 100 ul of buffer A containing 1.5 mM 2-OG.
The eluted fractions of control and FLAG-tagged GInZ affinity column were analyzed by label-free
quantitative LC-MS/MS and MALDI-TOF analysis (details in Text S1).

Label-free quantitative LC-MS/MS analysis. A total of six independent assays were considered for
the analyses. In four assays, proteins were allowed to interact with GInZ in the presence of ATP and were
eluted in the presence of ATP plus 2-OG (namely, ATP1 to ATP4). In two assays, proteins were allowed to
interact with GInZ in the presence of ADP and were eluted in the presence of ATP plus 2-OG (namely,
ADP1 and ADP2).

Assays ATP1 and ATP2 were performed using Ni2* HiTrap chelating columns (GE Healthcare), assay
ATP3 was performed using Protino Ni-IDA column (Macherey-Nagel), and assay ATP4 was performed
using anti-FLAG M2 magnetic beads (Sigma-Aldrich). The rationale of using different chromatographic
matrices was to discard proteins that could be enriched due to spurious affinity to the matrix. Both ADP1
and ADP2 assays were performed using Ni2* HiTrap chelating columns (GE Healthcare).

Proteins eluted from His-tagged GInZ Ni2*+ affinity columns or FLAG-tagged GInZ affinity columns
were analyzed by label-free LC-MS/MS as described previously (61) (details in Text S1).

Protein complex pulldown assays using nickel magnetic beads. In vitro protein complex forma-
tion was assessed using MagneHis beads (Promega) as described previously (22). All reactions were
conducted in buffer containing 50 mM Tris-HCI (pH 8), 0.1 M NaCl, 10% glycerol, and 20 mM imidazole
in the presence of Pl effectors as indicated in each experiment. Details are provided in Text S1.

Untargeted metabolomic analysis of A. brasilense. The A. brasilense wild-type FP2 or 2812 (PlI
double mutant g/nB glnZ) strains were cultured in triplicate vials in NFbHP medium containing 20 mM
NH,Cl at 30°C, 120 rpm until an OD, of 1 was reached. Cells were collected by centrifugation (2,000 X g,
10 min, 4°C), resuspended, and maintained for 2 h at 30°C and 120 rpm in NFbHP without fixed nitrogen
aerobically in order to obtain nitrogen-starved cells (—N) and induce PII protein expression. Aliquots of
the cell cultures (15 ml) were collected before (—N) and 5 min after the addition of NH,CI 1 mM (+N).
Cells were processed and analyzed by LC-MS as previously described (62), with modifications (details in
Text S1).

The LC-MS data generated from independent triplicate samples were analyzed using XCMS online
(47). Feature detection was set as follows: 5 ppm; minimum and maximum peak width, 10 and 30,
respectively; signal/noise threshold, 20; m/z diff, 0.03. Feature annotation was performed using 10 ppm
with an absolute error of 0.02.

To quantify c-di-GMP levels in vivo, A. brasilense wild-type strain Sp7 and strain 7611 (gInZ minus)
were cultured in minimal medium containing 20 mM NH,Cl and 10 mM L-malate as the carbon source to
an ODg,, of 0.5. Cells were washed and resuspended in media containing 10 mM L-malate without
nitrogen to induce nitrogen fixation and GInZ protein expression. The cultures were split into two 10-ml
samples. c-di-GMP was extracted from one 10-ml sample to establish basal c-di-GMP levels (nitrogen
fixation condition). The other 10-ml sample was subjected to an ammonium shock (20 mM NH,CI) for
30 min before c-di-GMP extraction. In a third condition, named carbon starvation, cells were incubated
for 30 min in media containing 1 mM L-malate and 20 mM NH,Cl before c-di-GMP extraction. The 10-ml
cell aliquots were collected by centrifugation, pellets were weighed and treated in a manner similar to
that described above (see Text S1 for details). Samples were shipped overnight to Michigan State
University mass spectrometry and metabolomics facility where c-di-GMP was quantified by LC-MS/MS as
described previously (63).
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Phenotypic analysis. The cell swimming aerotaxis assays were prepared and analyzed as previously
described (57) (see Text S1 for details). For flocculation assays, the A. brasilense strains were grown in 5 ml
of MMAB (67) supplemented with 20 MM NH,Cl and 10 mM malate to an ODg,, of 0.8. Cells were
centrifuged and washed with chemotaxis buffer (K,HPO, [1.7 g-liter—'], KH,PO, 1[.36 g-liter—']). Cultures
were resuspended to a final OD,, of 0.16 in 1 ml of flocculation medium (64) containing 0.5 mM NH,CI
and 8 mM malate. Cultures were placed in 24-well plates and grown at room temperature for 24 h, with
shaking at 60 rpm. Supernatants of cell suspensions (therefore excluding flocculated cells that fell at the
bottom of the wells) were transferred to cuvettes to measure OD, using gel-loading tips (FisherScientific).
Statistical analysis. Statistical analysis was performed in GraphPad Prism 7 using the t test. Data
were considered significant when P values were <0.05.
Data availability. The mass spectrometry proteomics data have been deposited to the Proteome-
Xchange Consortium via the PRIDE repository (65), data set identifier PXD018530.
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