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Transporter kinetics

Transporters can be analyzed similarly to enzymes in regards to their kinetic
properties (Buchanan et al., 2000). Such a model can be generated because it assumes the
existence of an instantaneous binding of substrate to the transporter. Unlike enzymes
however, transporter proteins are capable of binding substrate on either side of the
membrane, which ultimately provides the driving force of uptake by the transporter. The
activities occurring through means of passive and active transport resembles patterns of
Michaelis-Menten kinetics, which describes the rate of reaction of a transporter by
relating its reaction rate to the concentration of the substrate (Buchanan et al., 2000).
Accordingly, the velocity of transport by the carrier proteins adheres to the Michaelis-

Menten equation:

1
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where Viansport 18 the rate of transport, Ve 1s the maximum rate of transport reached at
high substrate concentrations, K, is the Michaelis-Menten constant and 2 of the rate of
Vmax, and [S] is the substrate concentration. Lineweaver-Burk plots can be used to
graphically analyze the Michaelis-Menten terms K., and Vpa. Ki values are able to
establish the binding affinity of the transporter, i.e. high-affinity and low-affinity. For
instance, the smallest K, values are indicative of the highest affinity, where a transporter
is most effective in uptake at low substrate concentrations. Thus, while high-affinity
transport Ky, values are often measured in the micro-molar (uM) range, low-affinity
transporters measure Ky, values in the millimolar (mM) range. The transport values of K,

and V. provide biochemical interpretations as to the functional roles of transporter
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proteins and are often further manipulated, e.g. by mutagenesis, to determine substrate
selectivity, transport, access, and translocation.

Dual-affinity transporters have been observed and are associated with possessing
low-affinity and high-affinity uptake mechanisms by means of biphasic kinetics usually
at the direction of post-translational modifications triggered by upstream signaling
components. These capabilities allow transporters to function across a wide range of
concentrations and may be associated with transceptor qualities of some transporters, as
mentioned previously (see Plant membrane transport proteins). KUP1 and NRT1.1, a root
localized K" transporter and nitrate transporter from Arabidopsis, respectively, have been
observed to display such biphasic affinity patterns. KUP1 transition from high-affinity to
low affinity uptake has been detected within the 100uM to 200uM range, where the K,
values measured at both activities were 44uM and 11mM, respectively (Fu and Luan,
1998). Most recently, NRT1.1 biphasic kinetics capabilities were identified for high-
affinity (50uM) and low-affinity (4mM) systems following uptake activity assays (Figure

3) (Sun et al., 2014).
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Figure 3. Biphasic kinetics of a nitrate transporter from Arabidopsis

Nitrate uptake assays by the Arabidopsis dual-affinity nitrate transporter NRT1.1 in
Xenopus oocytes identified biphasic kinetic phases. This image was taken from a
previous publication (Sun et al., 2014).
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Figure 4. Schematic of a typical 12 TM MFS transporter
MEFS proteins make up the largest group of secondary active transporters and have a 12-
TM or 14-TM structure. The two helical domains of MFS proteins (i.e. N-domain and C-
domain) are linked by a large hydrophilic loop, which forms the cavity of the transporter.
Both termini are localized intracellularly. In the case of the plant Pht represented here, the
protein can be found embedded within the PM of root epidermal cells. This image was
taken from a previous publication (Smith et al., 2000).
Major Facilitator Superfamily transporters

Major Facilitator Superfamily (MFS) proteins, previously known as the uniporter-
symporter-antiporter family, have been reported to be one of the largest families of active
carrier transport proteins, alongside ATP-binding cassette (ABC) transporters, to exist
among members of all phyla (Pao et al., 1998). Comprised of approximately 25 % of all
transport proteins, MFS proteins are characterized by their exclusively secondary active
transport capabilities, 12- or 14- transmembrane (TM) spanning domains, and MFS-
specific motifs (Figure 4) (Pao et al., 1998; Reddy et al., 2012; Yan, 2013). MFS proteins
have been classified into 17 families based upon their mechanisms (i.e. symporter or
antiporter), number of TM domains, polarities, and substrates transported (Pao et al.,
1998). The significance of the structure of MFS proteins, which predominantly are

structured as two groups of 6-TM domains linked by a large hydrophilic loop, is thought

to be in their origin. It has been suggested that the 6-TM repeat unit of MFS proteins
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originated from the triplication of 2-TM structures; the duplication of those 6 TM
domains are proposed to have duplicated to yield the classic 12-TM structure associated
among MFS proteins (Reddy et al., 2012). Movement of MFS transporters has not been a
consistent attribute among MFS transporters, yet conformational changes of the proteins
has been reported to occur in at least one manner: by a ‘rocker-switch’ mechanism
(Pedersen et al., 2013).

Biochemical techniques and crystallography have enhanced understandings of
MEFS function, structure, and mechanics. MFS proteins with known crystal structures and
extensive biophysical analysis often serve as templates for unsolved MFS proteins
(Figure 5). Characteristically, the outward faces of the TM helices having contact with
the hydrocarbon core of the membrane are comprised of nonpolar amino acids while the
inwards faces facing the substrate binding site encompass polar residues. LacY, an
H'/lactose symporter from Escherichia coli, is a well-characterized MFS transporter.
Classified as a member of the oligosaccharide:H" symporter family, LacY has been
observed to be relatively dynamic with distinct functional attributes embodied by the
amino (N-) and carboxy (C-) helical domains; while the N-domain is involved in
substrate recognition, the C-domain mediates proton translocation (Abramson et al.,
2004; Kaback et al., 2011; Pedersen et al., 2013). The LacY structure has been compared
to the conformation of EmrD, an E. coli MFS and multidrug resistance transporter. EmrD
is a H' dependent transporter responsible for the efflux of oxidative phosphorylation
uncouplers and transport of detergents and is a member of one of the two drug efflux

families classified as MFS transporters (Pao et al., 1998; Yin et al., 2006).
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Figure 5. Crystal structures of MFS transporters
Striking similarities in architecture have been observed among MFS transporters,

including P. indica PiPT (top left; PDB: 4J05), A. thaliana NRT1.1 (top right; PDB:
40H3), E. coli EmrD (bottom left; PDB: 2GFP), and E. coli LacY (bottom right; PDB:
40AA). Images were obtained from Chimera with PDB ID entry.
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The asymmetric unit of the EmrD crystal structure is comprised of an artificial
dimer, indicative that the protein is functional in its monomeric form (Yin et al., 2006). Pi
transporters are also characterized as MFS proteins and classified within the
phosphate:H" symporter family. The asymmetric unit of a high-affinity H'/Pi transporter
from the root endophytic fungus Piriformospora indica, was most recently structured and
residues accessible to and involved in Pi binding and the H' gradient were identified
(Pedersen et al., 2013). Comparisons of PiPT to LacY associated with the distinct
functions existing among domains has been suggested; as C-domain affiliated residues
facilitate Pi and H' binding, the N-domain moves inward to seize substrate and mediate
the opening and closing of the central cavity in a ‘rocker-switch’ formation (Pedersen et
al., 2013).

Nitrate and ammonium transporters

As previously mentioned, N assimilation from the soil is acquired from nitrate,
ammonium, and other N forms. Characterization of Arabidopsis nitrate transporters,
members of the MFS family, has revealed four gene families, two of which are involved
in nitrate uptake and movement in the roots, NRT1 and NRT2, and consist of high-
affinity and low-affinity transporters (Cerezo et al., 2001; Wang et al., 2012; Krapp et al.,
2014). Members from the NRT1 family are additionally involved in regulating the root-
to-shoot transport, allocation, and signaling of nitrate (Wang et al., 2012; Krapp et al.,
2014). NRTI.1, in particular, has been classified as a transceptor capable of sensing
external nutrient concentrations to initiate a signaling chain that controls cellular
reactions (Giots et al., 2003; Auesukaree et al., 2004; Remans et al., 2006; Ho et al.,

2009; Popova et al., 2010; Gojon et al., 2011). NRT1.1 was further shown to participate
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in the signaling pathway from the inability of nr¢/;/ mutants to promote lateral root
elongation in nitrate replete conditions as well as to inhibit the expression of other root-
localized nitrate transporters, regardless of nitrate availability, obstructing the plant’s
nitrate uptake and sensing abilities (Remans et al., 2006; Ho et al., 2009).

Ammonium transporters (AMTs) mediate the uptake of ammonium from the soil
where rates of transport are highly influenced by changes in pH and electrical potential
(Howitt and Udvardi, 2000). Six AMT isoforms from Arabidopsis have been identified-
four of which contribute significantly to N acquisition and transport in the root. A
cooperative system among root-localized AMTs has been established between AMTI;1,
AMTI1;2 AMTI1;3, and AMTI1;5. AMTI1;1, AMT1;3 and AMTI;5 are high-affinity
transporters localized to the PM of epidermal cells with K,, values ranging between
4.5uM and 61uM (Yuan et al., 2007). Ammonium transport through these transporters
enter a symplastic route, yet transport can enter the root via the apoplastic route to later
enter the symplast through AMT1;2, which is likewise a high-affinity transporter but with
a reduced uptake capacity (K, of 234 uM) (Yuan et al., 2007). AMT transcripts are
regulated in a N- and organ-dependent manner (Yuan et al., 2007). Expression of
AMTI;2, localized to the PM of the endodermis and root cortex, is not altered by N
concentrations. This is inconsistent with expression profiles of AMT1;1, AMT1;3, and
AMTI;5, where root expression is inhibited by N and induced by N deficiency or the
supply of sugars (Yuan et al., 2007). The cooperation previously mentioned among these
transporters was illustrated in alternating mutants lines where compensation occurred
with functioning AMTs under N deficient conditions; observations of additive uptake

capacity behavior was further observed with AMT1;1 and AMT1;3 (Yuan et al., 2007).
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Several AMT1 isoforms interact with each other (Ludewig et al., 2003). Through this
activity, AMT1;1 oligomers in Arabidopsis are inactivated by an ammonium-triggered
phosphorylation. This post-translational modification is thought to function as a result of
transceptor abilities in response to ammonium concentration sensing (Lanquar et al.,
2009).
Sucrose transporters

Photosynthetically produced sugars require various cell-to-cell movements.
Sucrose, the dominant product of photosynthetic carbon dioxide fixation, is transported
by high and low-affinity systems integral to the distribution of photoassimilates between
photosynthetic tissues, such as mature leaves, and source and sink organs (Lu and Bush,
1998; Reinders et al., 2002a). Sucrose transporters (SUTs) are energy dependent, MFS,
H'-symporter carrier proteins and have been classified into five subcategories based on
their localization, uptake capacities, and higher-plant classification (Kuhn and Grof,
2010). Members of the first group of SUTs are dicot-specific and are expressed in the PM
of sieve elements and/or companion cells, exhibiting high-affinity K, values between
0.07 mM-2.0 mM. SUT1 members primarily catalyze uptake of sucrose for phloem
loading and for transport to sink tissues. Group 2 and Group 4 SUTs have been identified
as low-affinity transporters in both dicots and monocots and have been localized to sieve
elements and tonoplast, respectively. Groups 3 and 5 consist of monocot low-affinity
SUTs and have been localized to the PM of sieve elements and companion cells,
exhibiting K, values of 2 mM-8 mM (Kuhn and Grof, 2010). Arabidopsis contains nine
SUT homologs, 7 of which encode functional SUTs, and are categorized among SUTI,

SUT2, and SUT4 groups based on their identity, localization, and function. Heteromeric
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and homomeric interactions have been identified among Arabidopsis and Solanaceae
plant SUTs, however functional aspects of their higher-ordered structures still need to be
determined (Reinders et al., 2002a; Reinders et al., 2002b; Schulze et al., 2003).
Phosphate transporters

There are four Pht families in plants: Phtl, Pht2, Pht3, and Pht4 (Poirier and
Bucher, 2002; Versaw and Harrison, 2002; Guo et al., 2008; Lin et al., 2009; Nussaume
et al., 2011). The Phtl family has been associated with the uptake, transport, and
translocation of Pi between the environment and the root, and subsequently among shoot
systems to maintain core, plant Pi homeostasis. This nine-member collection of
membrane localized high- and low-affinity transporters is the main system of Pi
acquisition from the soil and is suggested to aid in a portion of the 80 % of total plant Pi
that is remobilized and recycled (Raghothama, 2000; Himmelblau and Amasino, 2001).
The K, values of high-affinity Pht] members have previously been observed within the
micromolar range between 23uM - 192uM (Daram et al., 1998; Liu et al., 1998; Jia et al.,
2011; Nussaume et al., 2011; Qin et al., 2012). The single Pht2 family member, Pht2;1, is
localized to the plastid and targeted to the chloroplast envelope. Characterization of
Pht2;1 has revealed a presumed H+/Pi, low-affinity system which aids to facilitate Pi
allocation, loading, and translocation throughout the plant and within leaves (Daram et
al., 1999; Versaw and Harrison, 2002). Pht2;1 has further been associated with the cell
wall metabolism of young tissues in Solanum tuberosum and is suggested to have an
integral role in photosynthetic activity (Rausch et al., 2004). Recently, Pht2;1 from wheat
was found to be involved in Pi translocation from the cytosol to the chloroplast to

regulate Pi availability in order to improve plant Pi use efficiency and is suggested to be
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associated with a distinct signaling pathway (Guo et al., 2013). The three membered Pht3
family is comprised of mitochondrial-localized transporters and have similar physical
attributes to mammalian mitochondrial carriers, functioning to provide Pi for the
oxidative phosphorylation of ADP to ATP (Nakamori et al., 2002; Poirier and Bucher,
2002). Six Pht4 transporters have been isolated from Arabidopsis plastids and Golgi
organelles from roots and leaves and characterized as low-affinity transporters (Guo et
al., 2008). Arabidopsis seedling pht4;6 mutants, the single Golgi membrane localized
Pht4 member, were found to have hypersensitivity to salt and osmotic stress and further
analysis proposed PHT4;6 functions in Pi efflux, cell wall biosynthesis, and N-
glycosylation (Cubero et al., 2009). Cooperation among Pht families is demonstrated in
the signaling and molecular mechanisms that allow plants to maintain Pi homeostasis, as
will be discussed later, despite the diversity of the roles and functions of the Pi

transporters previously mentioned.

epi cortex endo peri xyl

Figure 6. Model of Pi uptake by Phtl transporters in Arabidopsis roots

This model summarizes the uptake and transport of Pi within the root system of
Arabidopsis thaliana Phtl transporters (filled circles) (except Phtl;6). The image was
adapted from a previous publication (Yuan et al., 2007). epi, epidermis; endo,
endodermis; peri, pericycle; xyl, xylem.
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Multi-functional Phtl family members

The root system is a complex network that involves nutrient transport, signaling,
and sensing capabilities while adding specific physical modifications to achieve internal
and peripheral balance. Unlike the AMT transport pathway in Arabidopsis, the
Arabidopsis Pht system requires Pi to move intracellularly through the symplastic
pathway in order to proceed to long-distance transport. Thus, while Pi may move through
the apoplast, the Casparian strip interrupts its transport past the endoderm; in the case of
AMT transport, as previously mentioned, at this state ammonium is capable of entering
the symplast by a specialized transporter located at the endoderm PM. Thus, a transporter
system unique to Pi nutrient uptake and allocation exists at the root so that molecules can
be subsequently driven by Pi-related regulatory components to maintain whole plant Pi
homeostasis, an intricate process that will be discussed later (Figure 6).

All of the members of the Phtl family, with the exception of Phtl;6, are expressed
in the root and can have induced expression under Pi-deficient conditions (Figure 7)
(Mudge et al., 2002; Shin et al., 2004). The high-affinity Phts Phtl;1 and Phtl;4 are
expressed in the root epidermis, endoderm, and root hairs and contribute significantly to
Pi and AsV uptake (Karthikeyan et al., 2002; Mudge et al., 2002; Misson et al., 2004;
Shin et al., 2004; Catarecha et al., 2007; LeBlanc et al., 2013). Loss-of-function of Phtl;1
and Phtl;4 revealed an additive transporter function behavior, where Pi uptake was
reduced by more than 50 % in comparison to wild-type capabilities (Shin et al., 2004). In
this same study, Phtl;1 was further characterized to compensate for the loss-of-function
of Phtl;4, suggesting independent roles of Phtl;1 and Phtl;4 in Pi uptake (Shin et al.,

2004). The overall distribution of Phtl transporters in the plant suggests multi-functional
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roles of Pi transporters. For example, Phtl;4 has further been suggested to be involved in
Pi movement from senescing floral organs as observed in transcriptome analysis;
however, as a strong contributor to Pi acquisition from the soil, more understanding is
necessary to link Phtl;4 with global Pi remobilization (Mudge et al., 2002; Shin et al.,
2004; van der Graaff et al., 2006; Nagarajan et al., 2011).

High-affinity Phtl;5 from Arabidopsis, on the contrary, has been extensively
characterized to possess a regulatory role in the remobilization and redistribution of Pi
under varying Pi conditions (Mudge et al., 2002). Identified as a remobilizer,
redistributor, and supplier of Pi, transcriptome analysis and in planta studies have
observed that leaf senescence contributes to Phtl;5 upregulation in developing and aged
tissues in response to Pi availability and ethylene, a phytohormone associated with
senescence (van der Graaff et al., 2006; Nagarajan et al., 2011). Functionally, Phtl;5
shuffles Pi from old tissues to developing organs by scavenging processes (Nagarajan et
al., 2011). Studies monitoring Pi mobilization between roots and shoots further suggests
Phtl;5 plays a regulatory role in the allocation of Pi in response to Pi availability

(Nagarajan et al., 2011).
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Figure 7. Expression patterns of the Arabidopsis Phtl transporter family

This image summarizes the expression patterns of the nine Arabidopsis thaliana Phtl
transporters based on Pi availability. The image was taken from a previous publication
(Nussaume et al., 2011).
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Regulation of Phtl transporters and PHOL1 in response to Pi

Phtl transporters and PHOI are the primary units responsible for Pi acquisition
and allocation. PHO1, a root pericycle localized protein harboring a SYG1-PHOS81-XPR1
and ERD1-XPR1-SYG1 (SPX-EXS) domain, is involved in loading Pi to the xylem in
the roots and in Pi efflux in the leaves (Hamburger et al., 2002; Wang et al., 2004;
Stefanovic et al., 2011). While uptake of Pi is not affected, the phol mutant endures
impaired Pi loading, causing a loss in leaf Pi levels and preventing root-to-shoot
translocation of Pi (Poirier et al., 1991; Hamburger et al., 2002; Liu et al., 2012). Thus, it
is not surprising that PHO1 expression is induced like high-affinity Phtl transporters,
although moderately, by Pi-deficient conditions. Four families of SPX domain-containing
proteins have been categorized and a number have been implicated to act as Pi
transporters (Wu et al., 2011; Secco et al.,, 2012). For instance, to maintain Pi
homeostasis in rice, SPX1, whose expression is triggered in response to Pi-deficient
conditions, has been observed to improve plant growth under poor Pi conditions via a
negative feedback loop occurring downstream of PHO2 and PHR2 (an Arabidopsis
PHR1 homolog) (Zhou et al., 2008). While PHR2 positively regulates the rice transporter
PT2 (an Arabidopsis Phtl;4 homolog), whose root expression is induced under Pi-
deficient conditions, SPX1 suppresses the upregulation of PT2 expression by PHR2
(Secco et al., 2012). Furthermore, SPX1 suppressed mutants cause an induced expression
of PT2 under Pi-replete levels, suggesting a regulatory role of SPX domains in response
to Pi to prevent over-accumulation (Wang et al., 2009). In addition, the degradation of
other SPX proteins in rice, e.g. SPX4, has been observed as a result of Pi availability (Lv

etal., 2014; Liu et al., 2014b).
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Multiple regulatory components are involved in the plant’s response to low Pi by
transcriptional, post-transcriptional, and post-translational regulation. Phtl transporters
and PHOI1 are targeted and mediated by a collection of these regulatory pathways.
Transcription factors, including MYB transcription factors, e.g. PHR1, PHL1, MYB62,
and WRKYs, e.g. WRKY45, WRKY75, WRKY®6, activate Pi starvation responsive
(PSR) genes, like Phtl transporters and PHOI1, via regulatory local and systemic
transcriptional responses. Besides transcriptional regulation, Phtl transporters have been
observed to undergo post-translational regulation by phosphorylation and ubiquitination.
Recent work has identified the role of two independent ubiquitin enzymes, i.e. PHO2 and
NLA, involved in modulating post-translational trafficking of Phtl proteins. Transcripts
for these enzymes are regulated by microRNAs (miRNAs).
miRNAs modulate the expression of Phtl transporters and PHO1

miR399 and miR827-mediated regulatory pathways dictate the trafficking and
degradation of PHO1 and Phtl transporters (Figure 8) (Liu et al., 2014b). miRNAs play a
major role in regulating gene expression at the post-transcriptional or translational level,
and in the case of mediating PSR genes, are critical in the maintenance of plant Pi
homeostasis. miRNAs are endogenous, non-coding small RNAs composed of
approximately 22 nucleotides that regulate gene expression in plants and animals (Jones-
Rhoades et al., 2006). As post-transcriptional regulators, miRNAs target mRNA
transcripts within coding sequences (Brodersen et al., 2008). Plant miRNAs pair within
the 5’ UTR region, often in open reading frames, of target mRNAs with complementarity
by an AGO-catalyzing cleavage to reduce their subsequent translation (Jones-Rhoades et

al., 2006; Rogers and Chen, 2013). The functions of plant miRNAs in regulating
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biological processes include development, metabolism, and response to stress.
Translational inhibition by miRNAs has been shown to regulate stress responses in

plants, as in the case with miRNA399 and miR827 (Jones-Rhoades et al., 2006).

/MIR827 NLA
PHR1/PHR1-LIKEL > PHT1
Key: — Transcriptional
Post-transcriptional MIR399 PHO2 _I PHO1
= Post-translational

Figure 8. Modulation of Phtl transporters and PHO1 by regulatory components at
different levels of regulation
Regulation of Phtl transporters and PHO1 occurs in response to Pi availability. The post-
transcriptional regulation of ubiquitin enzymes (i.e. NLA, PHO2) by miRNAs occurs
under Pi-deficient conditions to inhibit the degradation of Pi uptake and translocation
components (i.e. PHT1, PHO1). These components are post-translationally modified by
PHF1, NLA, and PHO2 under complete Pi conditions to maintain plant Pi homeostasis
and prevent the over-accumulation of Pi. This image was taken from a previous
publication (Liu et al., 2014b).
miRNA399 and miRNA827-mediated regulation of PHO2 and NLA

miRNA399, localized to the phloem and induced by Pi deficiency, which targets
PHO?2 and represses it post-transcriptionally under Pi-deficient conditions to prevent the
degradation of PSR genes, including Phtl transporters and PHO1 (Chiou et al., 2001;
Aung et al., 2006; Bari et al., 2006; Pant et al., 2008). As a long-distance signal, the
induced expression of miRNA399 in the shoots under Pi-deficient conditions causes its
movement to the roots to target PHO2 mRNA for degradation. Over-expressing
miRNA399 in pho2 mutant plants contributed to a decline in Pi mobilization (Aung et al.,
2006). The inability of Pi to be properly mobilized in miRNA399 over-expressing plants

suggests that any absence in the regulation of miRNA399 expression interferes with the
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internal remobilization of Pi (Chiou et al., 2001; Bari et al., 2006; Nagarajan et al., 2011).
PHR1 mediates the transcription of At4, IPS1, and miRNA399 under Pi-deficient
conditions. At4 and IPS1, noncoding RNAs induced under Pi-deficient conditions, inhibit
the miR399-directed cleavage of PHO2 by mimicking the target sequence of PHO2
(Franco-Zorrilla et al., 2007). Taken together, the miRNA399-PHO2 regulatory circuit
functions to maintain controlled levels of Pi as a means to prevent Pi over-accumulation
and prolonged Pi starvation conditions.

miRNAS827 is induced specifically under Pi-deficient conditions to target and
repress SPX domain-containing proteins including Nitrogen Limitation Adaptation
(NLA), a N starvation response gene whose activity is down regulated under Pi-deficient
conditions (Kant et al., 2011; Rojas-Triana et al., 2013; Park et al., 2014). NLA is a
maintenance regulator in Pi homeostasis with ubiquitin E3 ligase activity (Kant et al.,
2011; Rojas-Triana et al., 2013; Park et al.,, 2014). Cross-talk among nitrate and Pi
response pathways was demonstrated by n/a mutant plants, where early senescence
occurred as a result of Pi hyper-accumulated toxicity due to the uninhibited transport of
Pi by Phts (Kant et al., 2011). These Pi toxicity phenotypes were similarly observed in
pho2, strongly suggesting the involvement of these two genes within the same pathway.
Recently, under Pi limitation, NLA was found to be suppressed by miRNAS827 to
ultimately prevent the degradation of Phtl;4, but not Phtl;1, in Arabidopsis. It has been
suggested that the miRNA827 homolog in rice behaves contrarily- where its expression is
reduced in response to Pi deficiency (Lin et al., 2013). These variances imply that Pi
regulation, involving homeostasis and/or Pi remobilization, might occur differently

among plants and may need to be considered on a per species basis.
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Post-translational regulation of PHO1 and Phtl transporters

PHO?2 itself exhibits regulatory abilities and encodes an E2 ubiquitin-conjugating
enzyme, an enzyme in the ubiquitination reaction that targets a protein for degradation
and ultimately recycling by the cell (Bari et al., 2006). Moderately upregulated under Pi-
deficient conditions, PHO1 degradation is regulated post-translationally by PHO2 by
physical interaction within endomembrane compartments, i.e. endoplasmic reticulum and
Golgi apparatus (Liu et al., 2012; Rojas-Triana et al., 2013). Thus, pho2 mutants exhibit
phosphate toxicity, similar to n/la mutants, because of enhanced Pi uptake and loading
into the xylem as a result of uninhibited PHO1 and Pi transporters (Liu et al., 2012).
While PHO2 is suggested to be a central negative regulator, the regulation of Pi
components by PHO2 is not yet fully understood; the over-expression of PHO1 was
observed to not yield the Pi toxicity levels of pho2 mutants- suggesting other regulatory
components of PHO1 and PHO2 (Kant et al., 2011; Liu et al., 2012; Liu et al., 2014b).

The involvement of regulatory and signaling components, like PHO2, in Pi
homeostasis has also been studied alongside Phtl transporter function. PHO2 has been
shown to physically interact with and post-translationally degrade Phtl transporters,
including Phtl;1 and Phtl;4 from Arabidopsis, within post-endoplasmic reticulum
compartments (Huang et al., 2013). This degradation regulates the quantity of Phts that
are processed for PM localization to prevent further Pi acquisition. Similarly, the
regulation and proper targeting of Phtl transporters has been observed in both
Arabidopsis and rice to be driven by PHF1, an endoplasmic reticulum localized traffic
facilitator (Gonzalez et al., 2005; Bayle et al., 2011; Chen et al., 2011). The post-

translational regulation of Phtl members by PHF1 is triggered by the availability of Pi,
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however differences have been observed in PHF1 function among homologs. For
instance, studies on the regulation of the rice Phtl transporter PT2 by PHF1 suggests that
in addition to aiding in proper PM localization, PHF1 plays a crucial role in Pi uptake and
translocation in rice (Chen et al., 2011).

Although similar in activity, as far as the involvement of PHO2 and PHF1 in the
post-translational modification of Pi transporters, the role of PHF1 in targeting Phtl
transporters is independent to the degradation caused by PHO2 regulation. Additional
functional properties of PHF1 have been observed in n/a mutants, where leaf senescence
attributed to Pi over-accumulation under N-limited conditions was rescued by a knockout
of PHF1 (Chen et al., 2011; Kant et al., 2011). This illustrates a role for PHF1 in
regulating Pi transporters and possibly acting in accord with NLA, which post-
transcriptionally modulates Pht expression. NLA has recently been associated with the
ubiquitination of AtPhtl;4 to regulate Pi levels under Pi-sufficient conditions (Park et al.,
2014; Liu et al., 2014b). Recent studies further acknowledged the existence of physical
interactions of NLA with PHO2 to cooperatively degrade AtPhtl;4 under Pi-replete
conditions, illustrating crosstalk between these pathways (Park et al., 2014).
Physiological and additional molecular effects in response to Pi limitation

Signaling components initiated by the availability of nutrients in the soil, such as
P, N, and iron, prompt downstream mechanisms and stress responses (Lopez-Bucio et al.,
2003). A sequence of acclimations is triggered by plants during Pi-deficient conditions in
an effort to improve the capacity of Pi uptake and maintain Pi homeostasis, including
changes in the morphology of the root system and the synthesis and secretion of organic

compounds; the induced symbiotic association with fungi; and differences in Pi
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mobilization, transport and metabolism (Schachtman et al., 1998; Lopez-Bucio et al.,
2002; Poirier and Bucher, 2002). Growth of plants starved for Pi has a distinct effect on
the architecture of the root system particularly in the reduction in primary root growth,
induced root hair elongation and growth of lateral root hairs. The process that occurs at
the primary meristem under Pi-deficient conditions involves the inhibition of cell division
that prevents the growth of the primary root. Studies have shown this change to be
mediated by an induced determinate growth process, a developmental stage in which
meristematic cells divide briefly prior to differentiation (Rodriguez-Rodriguez et al.,
2003; Sanchez-Calderon et al., 2005). In addition, an increase in the root-to-shoot ratio
occurs due to the enhanced formation of root hairs and growth of lateral roots towards the
topsoil, adding to a plant’s ability to increase uptake surface area and reach of mobile Pi.
White lupin (Lupinus albus) proteoid root formation induces the exudation of
organic acids and acid phosphatases and acts as a highly efficient method to increase
rhizosphere Pi availability and uptake (Cheng et al., 2011). These clusters of root are
particularly specialized in the secretion of the organics malate, citrate, acid oxalate,
fumarate and acid phosphatase for the chelation of Pi resources, i.e. Ca, Al, and Fe
(Cheng et al., 2011; Weisskopf et al., 2011). In Arabidopsis, which lacks specialized
proteoid roots and an ability to form symbiotic relationship with mychorrizae, purple acid
phosphatases (PAPs) and acid phosphatases (APases), including AtPAP26, AtPAP12,
and AtPAP17 (Veljanovski et al., 2006; Robinson et al., 2012), contributing to plant Pi-
deficient responses have been characterized. APases are capable of releasing Pi-bound
molecules by optimizing pH to produce an acidic medium. This in turn stimulates the

mobilization of Pi within the soil for acquisition at the root.
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