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Abstract This article reviews the current state-of-the-art

concerning the functions of the signal processing protein

PII in cyanobacteria and plants, with a special focus on

evolutionary aspects. We start out with a general intro-

duction to PII proteins, their distribution, and their evolu-

tion. We also discuss PII-like proteins and domains, in

particular, the similarity between ATP-phosphoribosyl-

transferase (ATP-PRT) and its PII-like domain and the

complex between N-acetyl-L-glutamate kinase (NAGK)

and its PII activator protein from oxygenic phototrophs.

The structural basis of the function of PII as an ATP/ADP/

2-oxoglutarate signal processor is described for Synecho-

coccus elongatus PII. In both cyanobacteria and plants, a

major target of PII regulation is NAGK, which catalyzes

the committed step of arginine biosynthesis. The common

principles of NAGK regulation by PII are outlined. Based

on the observation that PII proteins from cyanobacteria and

plants can functionally replace each other, the hypothesis

that PII-dependent NAGK control was under selective

pressure during the evolution of plastids of Chloroplastida

and Rhodophyta is tested by bioinformatics approaches.

It is noteworthy that two lineages of heterokont algae,

diatoms and brown algae, also possess NAGK, albeit

lacking PII; their NAGK however appears to have des-

cended from an alphaproteobacterium and not from a

cyanobacterium as in plants. We end this article by coming

to the conclusion that during the evolution of plastids, PII

lost its function in coordinating gene expression through

the PipX-NtcA network but preserved its role in nitrogen

(arginine) storage metabolism, and subsequently took over

the fine-tuned regulation of carbon (fatty acid) storage

metabolism, which is important in certain developmental

stages of plants.
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Abbreviations

ATP-PRT ATP-phosphoribosyltransferase

NAGK N-acetyl-L-glutamate kinase

2-OG 2-Oxoglutarate

Introduction to PII signal processors: general

properties and evolution of canonical PII proteins

PII proteins constitute a superfamily of the most widely

distributed signaling proteins in nature, represented in all

domains of life (Sant’Anna et al. 2009; Huergo et al. 2012).

Members of this superfamily are present in almost all

taxonomic groups of bacteria and are ubiquitous in nitro-

gen-fixing methanogens of the archaeal kingdom; however,

in eukaryotes they are only found in oxygenic phototrophs

(Arcondéguy et al. 2001; Forchhammer 2008). In all cases

studied so far, PII proteins are involved in the control of

anabolic nitrogen metabolism. They detect the metabolite
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state of the cell by interdependent binding of ATP and

2-oxoglutarate (2-OG) or ADP in a highly conserved

manner, and thereby regulate the activity of transcription

factors or key metabolic enzymes (Fokina et al. 2010a, b;

Truan et al. 2010; Litz et al. 2011; Radchenko and Merrick

2011; Zeth et al. 2012). Interestingly, these PII-regulated

target proteins are distinct in different phylogenetic groups

of organisms.

Based on the widespread occurrence of the PII super-

family member GlnK in diverse prokaryotes and its con-

served genetic coupling with the ammonium transport

protein AmtB, it has been hypothesized that modern tri-

meric PII proteins may have arisen from an ancient trimeric

PII protein that originated early in the evolution of pro-

karyotes in conjunction with the trimeric ammonium

transporters to control ammonium uptake in response to the

metabolite state of the cells (Thomas et al. 2000; San-

t’Anna et al. 2009). Other PII paralogues, GlnB and NifI,

may have evolved subsequently from this primordial GlnK

protein by gene duplication and functional diversification.

These paralogues are implicated in the regulation of

nitrogen-dependent gene expression, in the activity regu-

lation of glutamine synthetase, and in the control of

nitrogen fixation through a stupendous variety of mecha-

nisms (Huergo et al. 2012; Leigh and Dodsworth 2007;

Luque and Forchhammer 2007; Masepohl and Forchham-

mer 2007).

In cyanobacteria, PII proteins are present in all known

species. While most cyanobacteria harbor one PII protein,

some strains encode a second or even a third paralogue

(Laichoubi et al. 2011). In contrast to many bacteria, where

PII proteins (mainly of the GlnB subfamily) are involved in

regulation of glutamine synthetase at various levels (Ninfa

and Atkinson 2000; Leigh and Dodsworth 2007), cyano-

bacterial PII proteins have evolved to regulate the ornithine

pathway, which leads to arginine and polyamine synthesis,

and to the modulation of nitrogen-dependent transcription.

In eukaryotes, PII homologues have only been identified in

Chloroplastida (green algae and land plants), where they

are nuclear-encoded, and in Rhodophyta, where they are

coded by the plastid genome (Uhrig et al. 2009). In both

these groups, PII is localized in the chloroplast (Hsieh et al.

1998; Ermilova et al. 2012) and appears to control the key

step in arginine synthesis, as in cyanobacteria.

PII-like proteins: witnesses of a widely distributed

signal processing mode

In the phylogenetic analysis carried out by Sant’Anna et al.

(2009), a novel group of PII-like proteins, termed PII-new

group (PII-NG), was identified and included in the PII

superfamily based on sequence similarity. These sequences

however lack the two PROSITE signatures characteristic of

PII proteins (http://prosite.expasy.org). One of these

PROSITE patterns (PS00496; Nitrogen regulatory protein

P-II, uridylation site 46–51) is not highly conserved even

among canonical bacterial PII proteins; it is located in the

flexible T-loop region and is subjected to covalent modi-

fications. The second PROSITE signature (PS00638; [ST]-

x(3)-G-[DY]-G-[KR]-[IV]-[FW]-[LIVM]-x(2)-[LIVM]) is

part of the nucleotide binding site (Xu et al. 1998) and is

intimately involved in signal perception by PII proteins.

Therefore, especially the lack of this latter site indicates

that these proteins cannot fulfill canonical PII functions as

previously described. Intriguingly, however, the PII-NG

encoding genes are localized next to heavy metal efflux

pumps and thus might be involved in the regulation of

these transporters. The architectural principle of PII pro-

teins seems to be apparently even more widely distributed.

It is seen in proteins that do not share appreciable sequence

conservation with canonical PII, but have structures that

are highly similar to the PII core architecture, except for

the loops, which seem to be characteristic for the canonical

PII protein. These proteins form a widespread superfamily

of trimeric proteins with potential regulatory roles and

occur in almost all known organisms (Kinch and Grishin

2002; Arnesano et al. 2003; Saikatendu et al. 2006). While

in most cases their function is unknown, in some cases they

are known to be involved in diverse functions such as

copper tolerance (Arnesano et al. 2003) or anchoring ace-

tylcholinesterase in mammalian neurons (Perrier et al.

2000). Whether these proteins are evolutionary related to

PII proteins or not remains to be clarified. A protein

domain that exhibits a structure highly similar to PII has

been found in the enzyme ATP-phosphoribosyltransferase

(ATP-PRT) from Mycobacterium tuberculosis (Cho et al.

2003) and Escherichia coli (Lohkamp et al. 2004). ATP-

PRT is the first enzyme of the histidine pathway and is

allosterically inhibited by AMP and histidine. The C-ter-

minal PII-like domain comprises the binding site for the

allosteric inhibitor histidine. The structure of the PII-like

domain of ATP-PRT has striking similarities with the PII

in complex with the key enzyme of arginine synthesis,

N-acetyl-L-glutamate kinase (see structure comparison in

Fig. 1). Note that the orientation of the PII-like domain is

upside down compared to Synechococcus elongatus PII

bound to NAGK. This similarity is highly intriguing and

indicates that the PII-like domain is possibly a relic of an

ancestral PII-like protein found in ATP-PRT. At present,

the PII-like domain functions as a sensory device for ATP-

PRT, using the architectural principle of PII proteins as

signal processing units. Regulation of amino acid biosyn-

thesis reactions (glutamine, arginine, and histidine) thus

emerges as a common basis of the function of PII and PII-

like proteins.
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The PII architecture: from structure to function

PII proteins have a common architecture: a typical bacterial

PII protein consists of three identical subunits of 112 amino

acids, which fold into a b1–a1–b2–[S-loop]–b3–a2–b4–

b5 structure. The three subunits assemble with the b-sheets

in the center, forming an intertwined triangular core of

three extended b2-sheets that pair with the neighboring

b20- and b200-sheets (Fig. 1e). The C-terminal b5-sheet

swaps to the b4-strand of the neighboring subunit to form

part of the active site (Cheah et al. 1994; Leigh and

Dodsworth 2007; Forchhammer 2008). The periphery is

made up of six (three times two) a-helices and nine (three

times three) loop regions, which connect the secondary

structural elements, to form a barrel-like structure with

three lateral clefts between the subunits. For the function of

PII proteins, the three signal transducing T-loops (one per

subunit) are of particular importance, since they transmit

information on the ligand-binding state of PII into con-

formational change and mediate many (but not all) of the

PII-receptor interactions. The T-loop is a large solvent-

exposed and flexible loop that extends between the b2- and

b3-strand and protrudes from the bottom of the intersubunit

cleft. The three clefts arrange the binding sites for the

effector molecules. About 20 structures of PII proteins

(Huergo et al. 2012) in complex with ATP or ADP have

been deposited in the PDB, including PII from cyanobac-

teria and Arabidopsis. Comparison of these structures

reveals a highly conserved adenyl nucleotide binding mode

(Xu et al. 1998; Zeth et al. 2012) with ATP and ADP

competing for the same site. The nucleotide is bound

essentially through positively charged residues and

Fig. 1 Comparison of the structures of ATP-phosphoribosyltransfer-

ase and PII-NAGK complex. a The complex of PII (slate) and the

hexameric N-acetyl-L-glutamate-kinase (light green) from S. elong-
atus (PDB ID: 2V5H) are shown. b In the structure of ATP-PRT

(PDB ID: 1Q1K) from E. coli, the enzymatic domain is colored in

green and the C-terminal, PII-like domain in salmon. c, d Enlarged

views of the PII and PII-like domain are shown in the same

orientation as in panels (a) and (b). The N-terminal b-strands are

colored in magenta. e, f The structural superimposition of the PII and

PII-like domain, in top and side view, is depicted. The large T-loops

of PII, which are absent in the PII-like domain, are colored in gray.

This figure was generated using PyMOL (www.pymol.org)
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hydrogen bonding contacts contributed from two opposing

subunits of the cleft (Fig. 2a): from one subunit, Arg38 and

Gln39 residues (belonging to the basal part of the T-loop)

contact the c-phosphate of ATP, whereas Lys90 and Gly89

contact the b- and a-phosphate; from the opposite subunit,

two Arg residues (101 and 103) of the C-loop contact

c- and b-phosphates, whereas Thr29 and Val64 coordinate

the adenosine moiety. The mode of 2-oxoglutarate binding

to PII has been clarified recently by solving the crystal

structures of PII proteins with Mg-ATP and 2-OG from the

archaeon Archaeoglobus fulgidus (Maier et al. 2011), the

proteobacterium Azospirillum brasiliense (Truan et al.

2010), and the cyanobacterium S. elongatus (Fokina et al.

2010a). In the latter case, a snapshot of the sequential

anticooperative binding of 2-OG to the three sites could be

obtained. In all cases, a Mg2? ion bound by the b- and

c-phosphate of ATP plays an essential role by coordinating

the 1-carboxy- and carbonyl-oxygens of 2-OG (Fig. 2b).

Furthermore, a universally conserved Lys58 residue forms

a salt bridge with the 5-carboxy-group of 2-OG. The basal

part of the T-loop wraps around the 2-OG molecule mainly

through backbone interactions of Gln39, Lys40, and Gly41.

This results in a unique conformation of the T-loop,

thereby affecting the T-loop-mediated protein interactions.

From the plant kingdom, only the structure of Arabidopsis

thaliana PII has been resolved to date. Overall, its structure

corresponds to the archetypical PII architecture described

above. However, A. thaliana PII contains N- and C-ter-

minal extensions of 13 and 15 amino acids length,

respectively. These extensions are also found in all other

plant PII proteins analyzed so far, including green algae,

with an exception of chloroplast-encoded PII of red algae

(Uhrig et al. 2009; Ermilova et al. 2012). In the A. thaliana

structure, the N-terminal extension is organized opposite to

the T-loop, whereas the C-terminal extension folds back

towards the effector binding site and in the ATP-free

structure, it occupies part of the ATP binding site (Mizuno

et al. 2007). It was suggested that these additional sequence

elements could mediate plant-specific functions. The

effector molecule binding properties of A. thaliana PII are

quite similar to those of cyanobacterial PII proteins

(Forchhammer and Hedler 1997; Smith et al. 2003; Fokina

et al. 2010b): ATP and ADP compete for the same binding

site and 2-OG binds in synergy with ATP. However, in

case of PII from S. elongatus, ADP does not support the

binding of 2-OG, and antagonizes 2-OG binding even in

the presence of ATP (Fokina et al. 2011); in contrast ADP

does support the binding of 2-OG to A. thaliana PII.

Curiously however, 2-OG lowered the affinity of ADP for

A. thaliana PII, indicating unfavorable ligand contacts. The

unique C-terminal segment, which contacts the effector

molecule binding site, might cause these differences.

However, ligand-binding properties of other plant PII

proteins should be analyzed before generalizing the prop-

erties of A. thaliana to all plants.

Modification of PII proteins

The E. coli GlnB protein was the first PII protein to be

carefully studied. As in many other proteobacteria, E. coli

PII proteins (GlnB and GlnK) are subject to covalent UMP-

modification (uridylylation) at Tyr51, located at the apex of

the T-loop (Adler et al. 1975; Atkinson et al. 1994). In fact,

uridylylation was long regarded as the hallmark of PII

signaling (Arcondeguy et al. 2000; Ninfa and Atkinson

2000). Uridylylation is brought about by the bifunctional

enzyme GlnD (Uridylyltransferase/uridylyl-removase),

whose activity is regulated by glutamine, with low gluta-

mine levels favoring PII uridylylation and high glutamine

Fig. 2 Comparison of all residues and water molecules that form

polar contacts with ATP alone and ATP ligated to 2-OG in PII protein

from S. elongatus (PDB ID: 2XZW). Amino acids forming contacts

with the side-chains are indicated in blue letter code, amino acids

forming backbone interactions are indicated in black. a Polar contacts

formed by ATP when bound to PII protein, b ATP undergoes minor

changes in conformation to establish polar contacts with residues to

enable the 2-OG molecule to ligate in the presence of ATP and Mg2?

454 Planta (2013) 237:451–462
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levels favoring PII deuridylylation. By these means, the PII

protein becomes a highly sensitive transmitter of the cel-

lular glutamine status (Jiang and Ninfa 2011). However,

uridylylation is not a general trait of PII signaling. The PII

protein in the cyanobacterium S. elongatus was shown to

be phosphorylated at Ser49, a position adjacent to the

uridylylation site of E. coli PII (Forchhammer and Tandeau

de Marsac 1994). In vivo, the phosphorylation status of PII

depends on the carbon/nitrogen supply of the cells: nitro-

gen-limiting conditions favor PII phosphorylation, excess

nitrogen, preferably in the form of ammonia, causes PII

dephosphorylation. With S. elongatus cell-free extracts,

phosphorylation could be achieved in the presence of

millimolar concentrations of 2-OG and ATP. The PII

kinase is still unknown; however, the phosphatase of PII-P,

PphA, could be identified in Synechocystis PCC 6803

(Irmler and Forchhammer 2001) and has since then been

thoroughly studied (Ruppert et al. 2002; Kloft and Forch-

hammer 2005; Schlicker et al. 2008; Su et al. 2011; Su and

Forchhammer 2011, 2012). PphA is a Ser/Thr phosphatase

of the PP2C family and the crystal structure of the PphA

homologue from the thermophilic cyanobacterium Ther-

mosynechococcus has been solved (Schlicker et al. 2008).

In addition to the binuclear metal center, a third metal,

which is occasionally observed in bacterial PP2C homo-

logues, was shown to be an essential part of the catalytic

center (Su et al. 2011). Recognition of the phosphorylated

PII protein involves a flap subdomain, which shields the

catalytic center of PphA (Su and Forchhammer 2011). The

formation of a precisely fitted substrate-enzyme complex is

a prerequisite for dephosphorylation. The conformation of

the T-loop plays a critical role in this process: only when

PII is non-ligated with 2-OG, PphA is able to dephos-

phorylate PII. As long as PII-P resides in the Mg-ATP/2-

OG ligated state, it is protected from dephosphorylation

(Ruppert et al. 2002; Su and Forchhammer 2011), implying

that the 2-OG induced conformation of the T-loop does not

fit into the catalytic crevice of PphA. Ser49 phosphoryla-

tion seems not to be generally conserved in cyanobacteria.

In Prochlorococcus marinus, an abundant marine pro-

chlorophyte, the evidences indicate absence of PII phos-

phorylation (Palinska et al. 2002), in agreement with the

lack of a PphA homologue gene (Cyanobase: http://

genome.kazusa.or.jp/cyanobase). In filamentous cyano-

bacteria, the situation is less clear. No PII phosphorylation

could be detected in Nostoc punctiforme extracts but the

N. punctiforme PII protein could be phosphorylated in vitro

by S. elongatus cell extracts (Hanson et al. 1998). Mass

spectroscopic analysis of the PII protein from Anabaena

extracts revealed Tyr51 to be subjected to nitration under

diazotrophic conditions while no phosphorylation at Ser49

was detected (Zhang et al. 2007). Absence of PII phos-

phorylation in the Nostocales is, however, in contrast to the

presence of a PphA homologue. Mutation of the PphA

homologue gene resulted in altered PII functions in Ana-

baena (Laurent et al. 2004). In plants, potential PII phos-

phorylation was investigated in A. thaliana. Its PII protein

has conserved the seryl-phosphorylation site, but no

phosphorylation could be identified. Recently, the PII

protein from Chlamydomonas reinhardtii was character-

ized. It has a potentially phosphorylatable threonyl residue

at the corresponding position, but like in Arabidopsis,

protein phosphorylation analysis revealed only non-phos-

phorylated PII protein (Ermilova et al. 2012). At a first

glance, it seems odd that in spite of conservation of this

site, phosphorylation of PII seems not to be conserved.

However, conservation of this site could be due to its

pivotal role in PII-NAGK interaction.

PII-mediated regulation of the arginine pathway

in cyanobacteria and plants

Yeast-two hybrid screening for PII-interaction partners in

cyanobacteria and plants using genomic DNA from

S. elongatus and A. thaliana identified the enzyme N-acetyl-

L-glutamate kinase (NAGK) as a novel PII receptor (Burillo

et al. 2004; Heinrich et al. 2004; Sugiyama et al. 2004). In

plants and cyanobacteria, NAGK catalyzes the committed

step of arginine biosynthesis and in agreement, the enzyme

is feedback-inhibited by arginine. In S. elongatus and

A. thaliana, PII modulates the catalytic properties of

NAGK. Initial experiments (Heinrich et al. 2004; Chen

et al. 2006) yielded some inconsistent results due to the use

of a non-optimized assay buffer, which impaired 2-OG

effects and which lacked a reducing agent, necessary for

high NAGK activities (Beez et al. 2009). When tested under

optimized conditions, the following common properties

between the proteins from S. elongatus and A. thaliana

became evident (Beez et al. 2009): (1) PII activates the

overall catalytic efficiency (kcat/Km) of NAGK, for

S. elongatus 8-fold and for A. thaliana 1.5-fold. In the latter

case, activation is mainly an effect on kcat. (2) PII relieves

NAGK from arginine feed-back inhibition. It also increases

the half maximal inhibitory concentration of arginine (IC50)

from 20 to 200 lM for S. elongatus, and from 1 to 6 mM for

A. thaliana NAGK. Arginine inhibits NAGK by increasing

the Km for the substrate NAG, an effect, which is counter-

acted by PII. (3) 2-OG antagonizes the protection of NAGK

by PII from arginine inhibition.

The most prominent differences between NAGK of

S. elongatus and A. thaliana are a much higher activity

(almost 100-fold) of A. thaliana NAGK and a much higher

IC50 towards arginine. In A. thaliana, ATP accelerated

complex formation; however, ADP did not negatively

affect this process (Beez et al. 2009). By contrast, in
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S. elongatus, ADP lowered the affinity of the PII-NAGK

complex formation (Fokina et al. 2011). Therefore, in

S. elongatus, PII activation of NAGK activity not only

depends on 2-OG but also on the ATP/ADP ratio (Fokina

et al. 2011), whereas in A. thaliana, only 2-OG antago-

nizes NAGK activation by PII (Beez et al. 2009). A

remarkable finding was the observation that the A. thali-

ana PII protein could completely replace S. elongatus PII

in activating its NAGK. Conversely, S. elongatus PII

protein could at least partially activate A. thaliana NAGK.

This functional swapping between the cyanobacterial and

higher plant PII-NAGK protein pair points out that the

fine-tuned interactions between PII and NAGK are

extremely conserved. The high degree of similarity was

also revealed by the crystal structures of PII-NAGK

complexes from S. elongatus (Llacer et al. 2007) and A.

thaliana (Mizuno et al. 2007). The NAGK enzyme is a

trimer of dimers (each subunit approximately 32 kDa),

assembling into a hexameric toroid with two identical

faces. On each side of the toroid one PII trimer attaches

(see Fig. 1a) mainly by contacts from the T-loop and by a

second interaction surface contributed by the body of the

PII protein and B-loop residues (Llacer et al. 2007, 2008;

Mizuno et al. 2007). To bind NAGK, the T-loop of PII

has to adopt a tightly folded conformation (Llacer et al.

2007; Fokina et al. 2010b). In the 2-OG ligated state, the

T-loop is not able to adopt this fold, explaining the

antagonistic effect of 2-OG on PII-NAGK complex for-

mation. The tightly folded T-loop inserts into the

interdomain crevice of NAGK, a process in which

hydrogen bonding interactions of T-loop residue Ser49

(the site of phosphorylation in S. elongatus PII) and an ion

pair network organized by Arg45 play a critical role

(Llacer et al. 2008). Phosphorylation of Ser49 impairs

these interactions and thus prevents NAGK binding in

S. elongatus. The pivotal PII residues for NAGK interac-

tion, Arg45, Ser49, and Glu85, as well as the correspond-

ing NAGK residues for these contacts, Glu194, Arg233,

Arg254, Ala257, and Gln258, comprise sequence signa-

tures for PII-NAGK interaction unique for most oxygenic

phototrophic organisms. Lack of this signature in NAGK

sequences from two red algae (Gracilaria tenuistipitata and

Cyanidioschyzon merolae) correlates with the apparent

absence of PII proteins in these organisms (Llacer et al.

2007). Figure 3 shows an alignment of the C-terminal part

of NAGK sequences from oxygenic phototrophs and from

various bacteria. Besides the above-mentioned signature

sequences, a Cys–Cys pair located between signature res-

idues Arg233 and Ala257 is almost unique for the oxygenic

phototrophs. These residues do not directly take part in

complex formation. However, it is tempting to speculate

that this cysteine-pair could be the cause for the demand of

reducing conditions in vitro for the NAGK enzyme activity

in cyanobacteria/plants (Beez et al. 2009). Thus, it is likely

that NAGK could be redox controlled in oxygenic photo-

trophs, a mechanism that would allow them to switch off

the energy consuming arginine synthesis during light to

dark transition.

Fig. 3 Multiple sequence alignment of the C-terminal region of

NAGK. Representative NAGK sequences from cyanobacteria, green

plants, red algae, proteobacteria, archaea, brown algae, and diatoms

were aligned using T-Coffee (Di Tommaso et al. 2011) with default

settings. Residues important for interactions with PII are highlighted

in salmon. The highly conserved adjacent cysteine residues seen in

NAGK sequences of oxygenic phototrophs are shown in yellow with

an exception of a proteobacteria Desulfovibrio vulgaris

456 Planta (2013) 237:451–462
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Conservation of PII-NAGK interaction during plastid

evolution

The high degree of conservation in sequence, structure, and

function between S. elongatus and A. thaliana PII-NAGK

complexes implies a strong selective pressure for main-

taining PII-regulated arginine biosynthesis in the evolution

of plastids from an ancestral cyanobacterium. If this is

indeed the case, the phylogeny of PII and NAGK sequen-

ces should be similar to each other, and should also reflect

the evolution of plants. Hitherto studies have only focused

on the phylogenetic analysis of the PII superfamily and

they have not been conclusive on whether plant PII pro-

teins are of cyanobacterial origin or not (Osanai and

Tanaka 2007; Uhrig et al. 2009; Sant’Anna et al. 2009).

Since PII proteins are short and highly similar in sequence,

reliable inference of their phylogeny is difficult. Also, to

our knowledge, a comprehensive phylogenetic analysis of

NAGK proteins has not been performed yet. Spurred by

this, we decided to revisit the analysis of PII and NAGK

proteins using cluster analysis and maximum likelihood-

based phylogenetic reconstruction. In cluster analysis,

sequences are treated as point masses in a virtual multi-

dimensional space which attract or repel each other

depending on the statistical significance of their pairwise

sequence similarities. Sequences find their equilibrium

position in the map not only by attraction to similar

sequences but also by repulsion of different ones. Unlike

phylogenetic methods, which have exponential computa-

tional complexity and only allow calculation of trees with a

few thousand sequences at most, the computational com-

plexity of cluster analyses only increases approximately

quadratically with the number of sequences, making cal-

culation of maps with several thousand sequences within a

reasonable time possible. In fact, cluster maps become

more accurate with an increasing number of sequences as

the larger number of pairwise relationships average out the

random error arising from simpler pairwise similarity-

based comparisons.

In the map of PII proteins (Fig. 4a), the sequences from

cyanobacteria (cyan) form a tight cluster that groups

together with clusters of sequences from other bacteria

(black), whereas sequences from plants (green) and red

algae (red) build individual clusters only connected to

Fig. 4 Cluster map of PII and NAGK proteins. To gather PII and NAGK

sequences for cluster analysis, the non-redundant protein sequence

database at the NCBI, filtered to a maximum sequence identity of 90 %

(nr90), was searched by seeding BLAST (Altschul et al. 1997) with the

PII (gi 3885943) and NAGK (gi 332646151) sequences from S. elongatus
PCC 6301. All sequence matches with an E-value of less than 1E-10

were pooled together. In the next step, the obtained PII and NAGK

sequences were clustered separately in CLANS (Frickey and Lupas

2004) based on their all-against-all pairwise similarities as measured by

BLAST P-values. In the cluster map, dots represent sequences and line

coloring reflects BLAST P-values; the brighter a line, the lower the

P-value. Sequences are colored as follows: cyanobacteria—cyan, green

plants (Viridiplantae)—green, red algae—red, archaea—yellow, fungi—

light violet, cellular slime molds—orange, diatoms—blue, brown

algae—magenta, and other bacteria—black. a 1744 PII sequences

obtained using BLAST were clustered at a P-value cut-off of 1E-33. At

this stringent cut-off, while highly similar sequences remain connected to

each other and form central clusters, less similar sequences drift to the

periphery of the map. PII sequences from green plants and red algae make

their best matches to cyanobacteria, whereas sequences from cyanobac-

teria are closer to other bacteria. b 1,583 NAGK sequences identified by

BLAST are shown. Clustering was carried out at a P-value cut-off of 1E-

83. NAGK sequences from cyanobacteria, green plants, and red algae

form a tight cluster in the obtained cluster map
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cyanobacterial sequences (cyan). This suggests that PII

proteins of plants and red algae are of cyanobacterial ori-

gin, which is in accordance with previous proposals

(Osanai and Tanaka 2007; Sant’Anna et al. 2009; Uhrig

et al. 2009). While the cyanobacterial cluster is in close

proximity to the other bacterial clusters, the plant cluster is

further removed from the cyanobacterial cluster. This

indicates that PII proteins from cyanobacteria had limited

freedom to evolve, but PIIs from plants were altered to

adapt to new niches after being acquired from an ancient

cyanobacterium. By contrast, in the NAGK map (Fig. 4b),

the sequences from cyanobacteria, red algae, and Chlo-

roplastida cluster together indicating an endosymbiotic

origin of these proteins. NAGK from the two sequenced

diatoms (blue), Thalassiosira pseudonana and Phaeo-

dactylum tricornutum, cluster together with NAGK from

alphaproteobacteria. It is possible that in the evolution of

heterokonts, which include diatoms and brown algae, an

argB gene (encoding NAGK) was acquired by horizontal

gene transfer from an alphaproteobacterium while the ori-

ginal cyanobacterial/plastidal NAGK and PII genes were

lost. To exclude that this grouping was an artifact of the

cluster analysis, we inferred phylogeny of PII (Fig. 5a) and

NAGK (Fig. 5b) sequences using maximum likelihood-

based reconstruction. The resulting trees support the phy-

logenetic grouping exhibited by the cluster maps. Overall,

the evolutionary trees of PII and NAGK sequences are in

perfect agreement with the assumed evolution of cyano-

bacteria and of the plant kingdom (Deschamps and Moreira

2009). In support of co-evolution between PII and NAGK,

the phylogenetic tree of NAGKs matches the tree of PII

sequences, except for the two red algae Gracilaria tenu-

istipitata and Cyanidioschyzon merolae (denoted as 2* in

Fig. 5b), which have lost PII during evolution. Their

NAGKs are distantly related to the NAGKs from the other

red algae. In these organisms, the loss of PII has released

NAGK from the constraint to interact with PII and there-

fore, their NAGK sequences gained more freedom to

evolve. Together, this analysis shows that control of argi-

nine synthesis through PII-dependent signaling was kept

under selective pressure in the evolution of plastids of

Chloroplastida and most Rhodophyta.

Fig. 5 Molecular phylogenetic analyses of PII and NAGK proteins.

For the analysis, representative PII (GlnB), PII-like (GlnK), and

NAGK proteins were selected from cyanobacteria, green plants, red

algae, a-proteobacteria, c-proteobacteria, archaea, brown algae, and

diatoms. Multiple sequence alignments of PII and NAGK sequences

were calculated using T-Coffee (Di Tommaso et al. 2011) with

default parameters. Poorly aligned positions and highly divergent

regions were removed using Gblocks (Talavera and Castresana 2007).

The refined alignments were then used to infer phylogenetic trees in

MEGA 5.0 (Tamura et al. 2011), employing the maximum likelihood

(ML) method with the WAG model of substitutions and the discrete

Gamma distribution model of evolutionary rate variation among sites.

The bootstrap consensus trees inferred from 1,000 replicates are

shown; branches corresponding to partitions reproduced in less than

50 % bootstrap replicates are collapsed. The phylogenetic tree of PII

(a) contains 28 amino acid sequences and that of NAGK (b) consists

of 27 sequences
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Further functions of PII signaling in oxygenic

phototrophs

The complete network of interactions of PII with its binding

partners in cyanobacteria (summarized in Fig. 6) has been

reviewed previously (Osanai and Tanaka 2007; Forch-

hammer 2008, 2010). In brief, two major targets of PII

regulation have been identified at the molecular level, the

transcriptional co-activator PipX and NAGK. PipX, a small

protein of approximately 90 amino acids, was shown to

be required for full expression of NtcA-activated genes

(Espinosa et al. 2006, 2007; Laichoubi et al. 2012). Binding

of PipX to NtcA is favored by high 2-OG levels in vitro,

whereas 2-OG in concert with Mg-ATP prevents binding of

PipX to PII. The structures of PipX-NtcA and PipX-PII

complexes have been solved (Llacer et al. 2010; Zhao et al.

2010). It is thought that PII binding of PipX tunes down

NtcA-dependent gene expression (Espinosa et al. 2007).

PipX homologues have been identified in all cyanobacterial

genomes, but they are absent in eukaryotes, implying that

modulation of gene expression by PII was lost during the

endosymbiotic transition of the cyanobacterial ancestor into

a chloroplast. A few cyanobacteria possess multiple PII

paralogues, and in these cases, the organisms also contain

multiple PipX paralogues. In the case of the marine cya-

nobacterium Synechococcus WH5701, it could be shown

that only one of the two PII paralogues activates NAGK and

binds to PipX protein; the function of the other PII para-

logue is unknown (Laichoubi et al. 2011). A further target

of PII was identified as PamA in the cyanobacterium Syn-

echocystis PCC 6803. PamA is a potential transmembrane

channel protein of the MscS family with unknown function.

Fig. 6 Schematic representation of the 2-oxoglutarate (2-OG) depen-

dent cycle of PII interactions in cyanobacteria under ATP-replete

conditions. Under low 2-OG conditions (left), PII (slate) forms a

complex with NAGK (light green), the key enzyme of the arginine

pathway (top, light gray background), or with PipX (brown), the co-

activator of transcription factor NtcA (yellow) (middle part, dark gray
background). In complex with PII, NAGK is highly active and

protected from tight arginine feedback-inhibition. The NtcA-factor is

unable to bind PipX. At increasing 2-OG levels, the PII-complexes

dissociate and release 2-OG-ligated PII, which becomes phosphory-

lated by PII kinase activity. Free NAGK has diminished activity and

is tightly feedback-inhibited by arginine. PipX associates with NtcA

and activates NtcA-dependent gene expression. When the 2-OG

levels drop again, phosphorylated PII has to be dephosphorylated by

PII phosphatase PphA before being able to form complexes with

NAGK and PipX again. In the chloroplasts of plants, PII-NAGK

interaction is conserved, whereas no homologues of PipX, NtcA, and

PphA are found. Instead, PII interacts with ACCase (see text for

details). PDB ID of structures: 2V5H (PII-NAGK complex), 2XGX

(NtcA), 2XG8 (PII-PipX), 2XKO (NtcA-PipX), 1QY7 (free PII), and

2XUL (PII2OG). This figure was generated using PyMOL
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Mutation of PamA affects the expression of a subset of

nitrogen-regulated genes, among them is a sigma-factor

required for the expression of sugar-catabolic genes (Osanai

et al. 2005). Furthermore, circumstantial evidence suggests

that PII is also involved in the control of nitrate/nitrite

uptake in S. elongatus (Forchhammer 2010).

The above-mentioned PII receptors are absent in plants;

however, a new PII receptor, the chloroplast acetyl-CoA

carboxylase (ACCase), a key enzyme in fatty acid synthesis

in plastids, was identified by pull-down experiments with A.

thaliana extracts (Feria Bourrellier et al. 2010). ACCase

activity was repressed by PII, but this repression was

antagonized by 2-OG and oxaloacetate and to a lesser extent

by pyruvate. So far this interaction has not been charac-

terized in great detail and also it needs to be confirmed if

this interaction can be generalized for all plants. Never-

theless, the regulation of ACCase by PII represents an

intriguing link to carbon storage metabolism. Physiological

analyses in A. thaliana support the function of PII in storage

metabolism. The PII gene is upregulated in early seed

maturation by the transcription factor WRINKLED1 (Baud

et al. 2010), and in seeds of PII deficient mutants, a transient

increase of fatty acid production and an alteration in fatty

acid composition were observed. From these results, a

regulatory role of PII in the fine-tuning of fatty acid bio-

synthesis and partitioning in seeds had been inferred (Baud

et al. 2010). Furthermore, in A. thaliana PII mutants, nitrite

uptake in chloroplast is enhanced (Ferrario-Mery et al.

2008), resembling the regulatory defect of nitrite/nitrate

uptake in cyanobacterial PII mutants (Kloft and Forch-

hammer 2005). Altogether, the data indicate that during the

evolution of plastids, PII lost its primary function of coor-

dinating gene expression through interactions with PipX,

but preserved its role in nitrogen (arginine) storage metab-

olism, and eventually took over fine-tuned regulation of

carbon (fatty acid) storage metabolism. Currently, PII is

known to play a role in early seed maturation, but it is

unclear if it also has roles in other developmental stages of

plants. Studies of phylogenetically more ancient plants and

of unicellular green algae will be necessary to unravel the

roles of PII in the metabolic pathways of Chloroplastida.
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