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Abstract 

The amino acid permeases (AAPs) are a family of proton-coupled amino acid 

transporters that are found throughout the land plants but not in algae. Previously, the 

majority of research done on AAPs has been in Arabidopsis thaliana and other eudicots. 

There is a wide variation in the number of AAP genes between plant species, so some 

AAPs in non-eudicot species might have novel functions. The purpose of this thesis was 

to investigate the function of AAPs in rice, a model monocot, and liverwort, a basal land 

plant. The long-term goal of this project is to understand how differences in transport 

function in AAPs are related to differences in amino acid sequence. The main goal of this 

thesis work was to identify differences in AAP function. Electrophysiology was used to 

study the substrate specificity and substrate affinity of the rice and liverwort AAPs. Some 

of the rice and liverwort AAPs were found to have novel substrate specificities. Ancestral 

protein sequences were inferred and tested for function. Based on the results, the ability 

to transport basic amino acids is basal in AAPs. The inability to transport basic amino 

acids evolved independently at least twice in the AAP lineage. 
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Chapter One 

Literature Review 

The biological importance of amino acid transport 

Nitrogen is essential for growth and development in all organisms. Plants must 

absorb nitrogen via symbiosis or directly from the soil because they are unable to fix 

atmospheric nitrogen. The needs of different plant tissues for nitrogen varies over time, 

so plants must remobilize nitrogen to where it is needed over long distances. This section 

of the literature review summarizes what is currently known about plant nitrogen 

absorption and remobilization. 

It is useful to consider where in the nitrogen uptake and transport model 

transmembrane amino acid transporters are required. A transporter is required for 

nitrogen transport whenever nitrogen crosses a cell plasma membrane: uptake of nitrogen 

in the roots, apoplastic phloem loading, xylem-phloem transfer, phloem unloading, and 

transfer of nitrogen into the developing endosperm and embryo all require transporters. 

Uptake transporters and export transporters must work in concert for nitrogen to cross a 

symplastic barrier. Amino acid exporters such as SIAR1 (Ladwig et al. 2012) and BAT1 

(Dündar and Bush 2009) have been identified. Plants contain a broad diversity of uptake 

transporters, many of which have overlapping functions. 

Most nitrogen is absorbed in the roots in the form of nitrate and ammonium, 

though direct absorption of amino acids is possible (Näsholm et al. 2009). Direct 

absorption of amino acids may be especially important for plant nutrition in boreal soils 

(Chapin et al. 1993; Kielland 1994; Näsholm et al. 1998). Inorganic nitrogen can be 

incorporated into glutamate and glutamine in the roots, then transaminated into other 
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amino acids (Coruzzi 2003). Both amino acids and inorganic nitrogen enter the xylem 

(Tegeder and Rentsch 2010). Their main destination is the leaves because the 

transpiration rate is highest in the leaves (Tegeder and Rentsch 2010).  

Leaf tissue can also use nitrate and ammonium to make amino acids (Coruzzi 

2003). Amino acids that are not used by the leaves are loaded into the phloem for 

transport to sink organs such as the flowers and roots (Tegeder and Rentsch 2010). 

Amino acids from senescing leaves are remobilized via the phloem to developing leaves 

and flowers (Lim et al. 2007).  

Phloem loading of nutrients can be either symplastic or apoplastic (Turgeon and 

Wolf 2009). In the case of symplastic loading, a high concentration of solutes is 

maintained in the leaf mesophyll and solutes flow down a concentration gradient, without 

crossing a membrane, into the phloem. Apoplastic phloem loading requires the unloading 

of nutrients from mesophyll cells into the apoplast, followed by the active uptake of 

nutrients across a plasma membrane with the use of proton-coupled transporters (Riens et 

al. 1991; Winter et al. 1992). Phloem unloading is generally passive (Lalonde et al. 

2003), probably involving sucrose-permeable pores such as SWEETs (Chen 2014). 

Nutrients can also enter the phloem via xylem-phloem transfer (Pate et al. 1975; Van Bel 

1984; Lalonde et al. 2003), also requiring transporters.  

Unloading of the phloem into the seed coat is symplastic (Patrick 1997). 

However, the endosperm and embryo are symplastically isolated from maternal tissues 

(Zhang et al. 2007). Efflux transporters are required for amino acid efflux from the seed 

coat and uptake transporters are required for amino acid influx into the endosperm or 

embryo. 
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The focus of this study is the AAPs, a family of amino acid uptake transporters 

that have been found throughout the land plants. They use secondary active transport to 

import amino acids against a concentration gradient. They are thought to play a role in 

absorption of amino acids from the environment, phloem loading of amino acids, and 

loading of amino acids into endosperm and the embryo. 

 

The Family tree of the AAPs  

Most amino acid transporters in plants belong to two superfamilies, the amino 

acid-polyamine-choline (APC) superfamily and the amino acid/auxin permease (AAAP) 

superfamily, which is also referred to as the amino acid transporter (ATF1) family (Wipf 

et al. 2002; Rentsch et al. 2007).  

The APC superfamily is widespread; in addition to plants, members of the family 

can be found in animals, yeast, and bacteria (Wipf et al. 2002; Rentsch et al. 2007) The 

APCs in plants belong to two subfamilies, the cationic amino acid transporters (CATs) 

(Su et al. 2004) and the L-type amino acid transporters (LATs) (Verrey et al. 2004). The 

CATs transport cationic amino acids with high affinity. The LATs found in plants have 

not been characterized. In animals, LATs associate with the protein 4F2hc as 

heterodimers and are generally expressed in the intestine and kidney (Verrey et al. 2004).  

The AAAPs are thought to be a distantly related branch of the APC superfamily 

(Chang et al. 2004; Jack et al. 2000). Most members of the APC superfamily have twelve 

transmembrane spans (TMS). Members of the AAAP family have eleven transmembrane 

spans; one TMS at the C-terminus is hypothesized to have been lost during evolution.  
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The AAAP superfamily was first discovered in plants in the early 1990s 

(Frommer et al. 1993; Hsu et al. 1993). The first AAAP sequences that were identified 

belonged to the amino acid permease (AAP) family, which is the subject of this study. 

Other AAAP families that are found in plants include the lysine-histidine transporters 

(LHTs) (Chen and Bush 1997), the proline transporters (ProTs) (Igarishi et al. 2000), the 

GABA transporters (GATs) (Meyer et al. 2006), auxin transporters (AUXs) (Yang et al. 

2006), and the aromatic and neutral amino acid transporters (ANTs) (Chen and Bush 

2001). Members of the AAAP superfamily are secondary active transporters that are 

proton-coupled.  

AAAPs are also found in yeast and animals, but not prokaryotes. The AAAPs in 

yeast and animals are most closely related to plant ANTs (Wipf et al. 2002). Some 

mammalian AAAPs are sodium-coupled, such as the sodium-coupled neutral amino acid 

transporters (SNATs) that correspond to System A and System N of amino acid transport 

in the brain and liver (Mackenzie et al. 2004; Bröer 2014). Mammalian members of this 

family also include proton-coupled transporters such as the lysosomal amino acid 

transporters (LYAAT/PAT1), which function in the lysosome and the gut (Boll et al. 

2004) and the vesicular inhibitory amino acid transporter (VIAAT/VGAT), which 

uptakes GABA into synaptic vesicles (Gasnier 2004).  

The amino acid vacuolar transporters (AVTs) are found in yeast. Some members 

of the AVTs uptake amino acids into the vacuole while others efflux amino acids from 

the vacuole (Russnak et al. 2001).  

The best understood AAPs are also the first ones to have been identified, the 

Arabidopsis AAPs. Arabidopsis has eight AAPs, named AtAAP1-8. AtAAP1-6 and 
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AtAAP8 have a known transport function (Fischer et al. 2002; Okumoto et al. 2002). 

Since the early 1990s, AAPs have been identified in many other plant species (Tegeder 

and Ward 2012). AAPs are found throughout the land plants, including basal plants such 

as Physcomitrella patens, but appear to be restricted to the land plants. They are 

hypothesized to have evolved at about the same time as the water-land transition of 

plants.  

 

The known function of the AAPs  

The AAPs were first discovered from a library of Arabidopsis cDNAs based on 

their ability to rescue yeast amino acid uptake mutants (Frommer et al. 1993; Hsu et al. 

1993; Kwart et al. 1993; Fischer et al. 1995). AAP transport of amino acids was 

determined to be proton-coupled (Boorer et al. 1996) with a 1:1 stoichiometry (Boorer 

and Fischer 1997). Hydropathy analysis suggests that all AAPs have eleven 

transmembrane spans (http://aramemnon.uni-koeln.de). Chang and Bush (1997) 

determined eleven transmembrane spans for AtAAP1 experimentally by using partial 

protein digestion combined with epitope tagging.  

The AtAAPs exhibit a broad substrate specificity. Generally, the neutral and 

acidic proteogenic amino acids are transported except for aspartate (Fischer et al. 2002). 

Only AtAAP6 and AtAAP8 can transport aspartate at a physiologically relevant affinity 

(Okumoto et al. 2002). Transport varies for the basic amino acids lysine and arginine. 

AtAAP3 and AtAAP5 transport lysine and arginine with high affinity, but for the other 

AtAAPs, affinity is low (Fischer et al. 1995; Fischer et al. 2002). Although most amino 

acids are transported at some level, the apparent affinity of AtAAPs for substrates can 
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vary from <0.1 mM to >10 mM (Boorer et al. 1996; Boorer and Fischer 1997; Fischer et 

al. 2002). The alpha-carbon of amino acids appears to be an important determinant of 

specificity because neither GABA (a gamma amino acid) nor β-alanine are transported 

(Fischer et al. 2002).  

Because the AAPs move protons down a concentration gradient when they 

transport amino acids, they are likely either to uptake amino acids across the plasma 

membrane or to export amino acids from the acidic vacuole. AtAAP3 has been localized 

to the plasma membrane through a combination of GFP- and epitope-tagging (Okumoto 

et al. 2004). AtAAP1 is localized to the plasma membrane (Lee et al. 2007). These results 

support the role of AAPs in cell uptake of amino acids.  

The AAPs are thought to be involved in phloem loading. AtAAP3 is expressed in 

the root phloem (Okumoto et al. 2004). AtAAP2 is also localized to the phloem 

throughout the plant and ataap2 mutants have lowered seed total nitrogen and storage 

proteins (Zhang et al. 2010). AtAAP6 is found in the xylem parenchyma (Okumoto et al. 

2002) and is suggested to be involved in xylem-phloem transfer (Hunt et al. 2009). 

ataap6 mutants have an altered composition of amino acids in the sieve element sap.  

AAPs may also be involved in allowing amino acids to cross the symplastic 

barrier between maternal tissue and the developing embryo. AtAAP1 and AtAAP2 have 

coordinated expression in siliques and developing seeds (Hirner et al. 1998); the timing 

of expression is consistent with these AAPs loading amino acids into the endosperm. 

Additionally, ataap1 mutants have decreased amino acids in the embryo and elevated 

amino acids in the seed coat and endosperm, suggesting AtAAP1 transfers amino acids 

from the endosperm to the embryo (Sanders et al. 2009). AtAAP8 is localized to the 
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seeds and flower buds (Okumoto et al. 2002) and ataap8 mutants have reduced seed set 

and altered amino acid composition (Schmidt et al. 2007).  

AtAAP1 and AtAAP5 are expressed in the roots and can uptake amino acids from 

the environment in vitro (Lee et al. 2007; Svennerstam et al. 2008). However, in both 

these studies the ability of AtAAP1 and AtAAP5 to uptake amino acids was surveyed 

using toxic concentrations of amino acid in the media. An experiment using lower 

concentrations of 14C-labeled amino acids determined that only AtAAP5 would uptake 

amino acids at concentrations typically found in soil (Svennerstam et al. 2011).  

A few studies have been done on AAP function on species other than 

Arabidopsis. Studies in legumes found that the AAPs in castor bean (Neelam et al. 1999), 

faba bean (Miranda et al. 2001) and French bean (Tan et al. 2008) have a broad substrate 

specificity but do not transport aspartate. VfAAP2 in faba bean does transport aspartate 

but not the basic amino acids (Montamat et al. 1999), nor do AAPs in Brassica napus 

transport basic amino acids (Tilsner et al. 2004). There is evidence that AAPs play a role 

in seed loading in pea (Tegeder et al. 2000) and faba bean (Miranda et al. 2001) and 

phloem loading in potato (Koch et al. 2003), Brassica napus (Tilsner et al. 2004) and 

French bean (Tan et al. 2008). PtAAP11 in poplar is expressed in the xylem and could be 

responsible for amino acid nutrition for the developing xylem (Courturier et al. 2010). 

 

A Word on Marchantia polymorpha  

The liverworts belong to a clade of nonvascular land plants called the bryophytes, 

which also includes mosses and hornworts. Together, the bryophytes make up the sister 

group to all other land plants. Liverworts are thought, on the basis of mitochondrial 
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(Dombrovska and Qiu 2004) and genomic (Qiu et al. 2006) DNA evidence, to be the 

most basal of the bryophytes, but a recent exhaustive phylogenetic analysis casts this 

classification into doubt (Wickett et al. 2014).  

In this thesis, the liverwort Marchantia polymorpha is used to study the AAPs in 

bryophytes. Marchantia polymorpha possesses several advantages as a model organism. 

Some bryophytes contain water- and nutrient-conducting tissues that are 

analogous to vascular tissue (Raven et al. 2003). Liverworts of the order Marchantiales 

do not. Water is transported over very short distances via nonspecialized parenchyma 

cells (Raven 1993) in the Marchantiales.  

Marchantia polymorpha has long been the subject of scientific study. In 1908 an 

anatomical study was made of its gemmae cup development (Barnes and Land 1908). 

Mid-century, studies were conducted on the mineral nutrient requirements of Marchantia 

(Voth and Hamner 1940; Voth 1941; Voth 1943) and development (Carothers and 

Kreitner 1967; Kaul et al. 1962). In the era of molecular biology, Marchantia was 

overshadowed as a model bryophyte by Physcomitrella patens because that organism can 

be transformed by homologous recombination with an efficiency approaching 100% 

(Schaefer 2001). Recently, homologous recombination has been reported in Marchantia 

with an efficiency of 2% (Ishizaki et al. 2013). 

Genomic information is becoming available for Marchantia. The chloroplast 

(Ohyama et al. 1986), mitochondrion (Oda et al. 1992), and Y chromosome (Yamato et 

al. 2007) have been sequenced and a DOE project is underway to sequence the genome 

(DOE-JGI: http://www.jgi.doe.gov/sequencing/why/99191.html). A transcriptome is also 

available (Sharma et al. 2014). Genetic transformation methods for Marchantia are being 
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developed. Transformation is rapid because Marchantia has a haploid dominant life 

cycle. It can be transformed by particle bombardment (Takenaka 2000) or Agrobacterium 

co-culture (Ishizaki et al. 2008; Kubota et al. 2013; Tsuboyama and Kanada 2014). 

AAPs had not been previously identified in Marchantia, though they have been 

found in Physcomitrella patens and Selaginella moellindorfii, a basal vascular plant 

(Tegeder and Ward 2012). Because of their ubiquity throughout the land plants, including 

the bryophytes, AAPs were predicted to exist in Marchantia. The work reported here 

includes the first characterization of AAPs in Marchantia.  

 

The Unknown Function of the AAPs 

The study of AAPs to date has been confined largely to eudicots, especially to 

Arabidopsis thaliana. This approach does not capture the diversity of amino acid 

transport among the land plants. The function of AAPs remains little explored in the 

monocots and unexplored in nonvascular plants. 

Recently, investigations of the function of AAPs in rice (OsAAPs) have begun. 

Rice is often used as a model for other grasses because, as a diploid, it is more genetically 

tractable. A 1:1 relationship exists between the AAPs in the grasses, so discoveries made 

in rice are applicable to grains such as wheat and maize. Zhao et al. (2012) analyzed the 

expression profiles of the 19 OsAAPs in various tissues and stages of development. In 

addition, OsAAP6 was found to be a QTL that is positively associated with grain protein 

quality in rice (Peng et al. 2014). 

Rice and other grasses have more than twice as many AAPs as Arabidopsis does. 

The reason is unknown. The additional copies may be redundant and have 
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compartmentalized timing and location of expression. The additional AAPs in grasses 

may also have novel functions not seen in Arabidopsis. 

The bryophytes are the most ancestral clade of plants that are known to have 

AAPs. They lack the tissues – roots, phloem, and seeds – where AAPs are known to 

function in the eudicots. Since AAPs predate these tissues, the ancestral function of the 

AAPs must have been co-opted during the evolution of vascular seed plants. The study of 

the AAPs in a bryophyte, Marchantia polymorpha, could shed light on the ancestral 

function of the AAPs. 

Over the course of this research, it was noted that there are marked differences in 

the ability of different AAPs to transport the basic amino acids lysine and arginine. This 

difference in transport presents an opportunity to explore the determinants of substrate 

specificity in the AAP sequence and how substrate specificity evolved. 

The goal of this thesis research is to address the following questions. Are rice and 

liverwort AAPs similar or different from Arabidopsis AAPs? What is their physiological 

function? How did the substrate specificity of the AAPs evolve? 
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Chapter Two 

Transport Function of Rice Amino Acid Permeases (AAPs) 

 

In this thesis chapter, the transport activity of four AAPs in rice (Oryza sativa) 

was investigated. Nineteen AAPs are found in rice (Tegeder and Ward 2012; Zhao et al 

2012), more than twice as many as in Arabidopsis. Their transport function has not been 

previously studied. A phylogenetic analysis of AAPs from several species shows that 

several clades contain rice AAPs that are not close homologues to Arabidopsis AAPs 

(Tegeder and Ward 2012). I hypothesized that some of these rice AAPs could have novel 

transport function. 

I cloned and analyzed the transport activity of OsAAP1 (Os07g04180), OsAAP7 

(Os05g34980), OsAAP16 (Os12g08090), and OsAAP3 (Os06g36180). 

Electrophysiology was used to measure the substrate specificity and affinity for substrate. 

A pH-sensitive tandem GFP reporter was used to localize OsAAP1 and OsAAP3 to a 

cellular membrane. 

 

 

Reprinted with the permission of the Oxford University Press from: 

Taylor MR, Reinders A, Ward JM (2015) Transport Function of Rice Amino Acid 

Permeases (AAPs). Plant & cell physiology 56: 1355-1363 

 

  



 

 12 

Results 

RNA was extracted from leaves of 2-week-old and 6-week-old rice plants and 

used for cDNA synthesis. Four OsAAP coding sequences were cloned into the oocyte 

expression vector pOO2/GW (Sun et al. 2010). The OsAAP proteins are 475-496 amino 

acids long, similar in length to Arabidopsis AAPs. By phylogenetic analysis OsAAP1 

clusters with AtAAP1, AtAAP6, and AtAAP8 from Arabidopsis (Figure 1; Tegeder and 

Ward 2012), therefore, it is a monocot representative of this well-studied clade. OsAAP3 

has two close homologs in rice (Figure 1) but none from Arabidopsis or Medicago 

truncatula. OsAAP7 and OsAAP16 are found in a monocot-specific clade containing 7 

AAPs from rice (Fig 1, Tegeder and Ward 2012) and no transporters have been 

functionally characterized from this clade. 

To study the transport function of the rice AAPs, each was expressed in Xenopus 

laevis oocytes and two-electrode voltage clamping was used to record amino acid-

dependent currents. Oocytes were perfused with Na Ringer at pH 5.6 and voltage-

clamped at -40 mV. All four rice AAPs showed large amino acid-induced inward 

currents. The amount of cRNA injected was adjusted so that similar current levels were 

obtained for each transporter. Representative currents are shown for OsAAP3 and 

OsAAP7 (Figure 2). When amino acids (10 mM) were applied in the bath solution, 

inward currents (downward deflections) were measured, consistent with proton-coupled 

transporter activity (Figure 2B-C). When amino acids were removed from the bath 

solution, currents returned to baseline. Uninjected oocytes showed no changes in current 

upon application of amino acids (Figure 2A). Both OsAAP3 and OsAAP7 showed a 
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broad substrate specificity. Both transported glycine, phenylalanine, and serine but 

showed low or undetectable current with β-alanine and aspartate (Figure 2B-C).  

  

Figure 1. Phylogenetic tree of AAP amino acid transporters. Amino acid sequences 

from Arabidopsis thaliana (At), Oryza sativa (Os), and Medicago truncatula (Mt) AAPs 

were aligned using Clustal X and the maximum likelihood tree was generated using 

PhyML 3.0. Scale bar represents expected number of substitutions per site. Numbers at 

the nodes indicate bootstrap values out of 100. Arrows indicate AAPs analyzed in this 

study. 
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Figure 2. Substrate-induced currents of OsAAP7 and OsAAP3. Oocytes were 

perfused with Na Ringer (pH 5.6) under voltage-clamp conditions at a membrane 

potential of -40 mV. Bars above each trace indicate time that 10 mM of each substrate in 

Na Ringer was added. A) Uninjected oocyte. B) Oocyte expressing OsAAP7. C) Oocyte 

expressing OsAAP3. 

 

Currents were recorded at membrane potentials from 57 to -138 mV in the 

absence and presence of amino acids. Background currents (Figure 3A and 3C, squares) 

were subtracted from currents in the presence of 10 mM glycine (Figure 3A and 3C, 

triangles) to obtain substrate-dependent currents (Figure 3B and 3D). Currents induced by 

10 mM glycine for OsAAP7 are shown as an example (Figure 3A and 3B) and similar 
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results were obtained for OsAAP1 and OsAAP16. The current/voltage relation for 

OsAAP3 was different. Instead of inward currents increasing linearly at negative 

potentials in the range of -60 to -137 mV as seen for OsAAP7 (Figure 3B), currents 

saturated at negative potentials for glycine (Figure 3D) as well as for asparagine, 

cysteine, glutamate, proline, phenylalanine, and tyrosine (not shown). 

Substrate-dependent currents induced by 10 mM of each of the 20 proteinogenic 

amino acids and β-alanine were measured (Figure 4). Substrate-induced currents were 

normalized to currents induced by 10 mM glycine to control for differences in expression 

level between oocytes. OsAAP1, OsAAP7, and OsAAP16 showed similar substrate 

specificities with one exception: arginine was transported well by OsAAP7 and 

OsAAP16, but at only 6% of the glycine-induced current in OsAAP1-expressing oocytes 

(Figure 4). However, OsAAP3 showed a different substrate specificity. The aromatic 

amino acids phenylalanine, tyrosine, and tryptophan, as well as valine and isoleucine, 

induced less current in OsAAP3-expressing oocytes compared to oocytes expressing the 

other OsAAPs and currents induced by tryptophan were not detectable.  
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Figure 3. Current-voltage relationship for 

OsAAP7 and OsAAP3 glycine-induced 

currents. Oocytes were perfused with Na Ringer 

(pH 5.6) under voltage-clamp conditions at a 

holding potential of -40 mV. Currents were 

recorded during 300 ms voltage pulses from +57.5 

to -137.6 mV. A) Currents in the absence and 

presence of 10 mM glycine for OsAAP7. B) 

Glycine-induced currents (background subtracted) 

for OsAAP7. C) Currents in the absence and 

presence of 10 mM glycine for OsAAP3. D) 

Glycine-induced currents for OsAAP3. 
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Basic amino acids were transported relatively well by OsAAP3 (Figure 4). We 

compared the affinity of OsAAP1, as a representative of well-characterized AAPs, to 

OsAAP3 for positively charged amino acids and uncharged amino acids of similar size. 

Histidine (pKa 6.00), lysine (pKa 10.53), and arginine (pKa 12.48) carry net positive 

charge at the pH of the bathing solution (pH 5.6). Two additional substrates, methionine 

and citrulline, have similar sized side chains as lysine and arginine, respectively, but do 

not carry a net charge at pH 5.6. Nonlinear regression using the Michaelis-Menten 

equation was performed on each concentration-activity curve to calculate K0.5. OsAAP3 

displayed similar K0.5 values for lysine and methionine, as well as arginine and citrulline 

(Figure 5). If OsAAP3 only transported the uncharged form of amino acids we would 

expect the apparent K0.5 to be much higher for arginine and lysine because only a small 

fraction of these basic amino acids is present in the uncharged form at the acidic pH of 

the bath solution. While it is clear that OsAAP3 transports uncharged amino acids in 

symport with protons, the results indicate that, in addition, OsAAP3 transports the 

positively charged form of lysine and arginine. OsAAP1 showed a higher affinity for 

methionine (K0.5 = 0.57 mM) compared to lysine (K0.5 = 27 mM) and a higher affinity for 

citrulline (K0.5 = 1.8 mM) compared to arginine (K0.5 > 100 mM). At pH 5.6, when total 

lysine concentration is 27 mM (the measured K0.5 of OsAAP1), the concentration of 

uncharged lysine is 0.317 µM, orders of magnitude lower than K0.5 values measured for 

other amino acid substrates. Therefore, we conclude that both OsAAP1 and OsAAP3 

transport the charged forms of basic amino acids. These transporters are also likely to 

transport uncharged forms of lysine and arginine based on their ability to transport 

methionine and citrulline.  
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Figure 4. Substrate specificity of OsAAP1, OsAAP3, OsAAP7, and OsAAP16. 

Oocytes expressing OsAAPs were perfused with Na Ringer at pH 5.6. Substrate-induced 

currents (background subtracted) are presented. Substrates were applied at 10 mM 

concentrations and steady-state induced currents were recorded at -118 mV. Currents 

were normalized to those induced by 10 mM glycine. Average glycine (10 mM)-induced 

currents were  -0.95 ± 0.19 µA for OsAAP16, -0.80 ± 0.17 µA for OsAAP7, -0.78 ± 0.06 

µA for OsAAP3, and -0.53 ± 0.04 µA for OsAAP1. Error bars represent mean ± standard 

error (n=3). Currents for tyrosine were measured at 2.5 mM (limit of solubility). 
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Figure 5. Kinetic analysis of methionine, lysine, citrulline, arginine, and histidine 

transport by OsAAP1 and OsAAP3. Oocytes expressing OsAAPs were perfused with 

Na Ringer solution at pH 5.6 at a holding potential of -40 mV. Substrate-induced currents 

(background subtracted) were measured at -137.6 mV. Error bars represent mean ± 

standard error (n=4 except for OsAAP1 lysine, citrulline and OsAAP3 lysine, histidine 

where n=3). Currents were normalized to Vmax. 
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AAP proteins have 11 transmembrane spans with the N-terminus in the cytosol 

and the C-terminus in the apoplast. N-terminal GFP fusions have been used with AtAAP1 

to demonstrate plasma membrane localization (Lee et al. 2007). However, in our study, 

N-terminal fusion of GFP with OsAAP1, OsAAP3, OsAAP7, and OsAAP16 interfered 

with expression in onion epidermal cells resulting in low expression that appeared 

punctate (not shown). A C-terminal GFP fusion to OsAAP7 resulted in ER-localized 

fluorescence (not shown). This is expected since the C-terminus is located in the ER 

lumen/apoplastic side of the membrane. GFP is quenched at the acidic pH expected in the 

apoplast and the apparent ER-localization reflects the portion of the AAP protein present 

in the ER. 

To obtain more information on cellular localization of the rice AAPs, C-terminal 

fusions of the pH reporter pHusion, a tandem EGFP-RFP construct, were used (Gjetting 

et al., 2012). RFP is relatively stable at low pH, allowing pHusion to be used as a 

ratiometric probe for cellular pH (Gjetting et al. 2012). Here, we used pHusion to 

differentiate between localization of the C-termini of OsAAP1 and OsAAP3 in the ER 

lumen vs. the apoplast (Figure 6) to determine whether these transporters are localized to 

the plasma membrane. AAP localization was analyzed using both transient expression in 

onion epidermis and stable expression in Arabidopsis. For OsAAP1, GFP and RFP 

fluorescence were visible throughout the ER in onion cells (Figure 6A and B) and in 

Arabidopsis root cells (Figure 6D and E). In the overlay images RFP fluorescence was 

visible around the perimeter of the cell where GFP was not seen (Figure 6C and F). This 

is consistent with a localization of the C terminus of OsAAP1 in the acidic apoplast 

where RFP fluorescence but not GFP fluorescence was observed. Similar results were 
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obtained for OsAAP3 in both onion epidermal cells (Figure 6G-I) and Arabidopsis roots 

(Figure 6J-L) where GFP and RFP fluorescence appears predominantly cytoplasmic but 

in the overlays RFP can be seen at the cell periphery. Therefore, we conclude that 

OsAAP3 and OsAAP1 are located in the plasma membrane. To rule out the possibility 

that red fluorescence around the cell is the result of autofluorescence of the cell wall, an 

onion epidermal cell not expressing a pHusion construct was imaged at the same laser 

intensity. No significant autofluorescence was found (not shown).  
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Figure 6. Plasma membrane localization of OsAAP1-pHusion and OsAAP3-pHusion 

in onion epidermal cells and Arabidopsis root cells. OsAAP1:pHusion or 

OsAAP3:pHusion were transiently expressed in onion epidermis by particle 

bombardment or expressed in Arabidopsis roots by stable transformation. (A,B,C) 

OsAAP1 in onion epidermis; (D, E, F) OsAAP1 in Arabidopsis roots; (G, H, I) OsAAP3 

in onion epidermis; (J, K, L) OsAAP3 in Arabidopsis roots. 



 

 23 

Discussion 

Many more AAP genes are present in rice and other monocots compared to 

Arabidopsis (Figure 1). Therefore, even though the function of AAPs in Arabidopsis has 

been studied, it is important to analyze the function of monocot AAPs directly. In fact, 11 

AAPs encoded by rice occur in clades that do not contain AAPs from Arabidopsis or 

Medicago truncatula (Tegeder and Ward 2012). There may be some different transport 

activity or function of AAPs in monocots that has not been discovered in Arabidopsis. 

OsAAP1 belongs to a phylogenetic clade that also contains 3 previously 

characterized AAPs from Arabidopsis: AtAAP1, AtAAP6, and AtAAP8 (Tegeder and 

Ward 2012). We were interested to know how similar the activity of OsAAP1 was to the 

most related AAPs from Arabidopsis. OsAAP1 has a low affinity for basic amino acids 

similar to AtAAP1 and AtAAP6 (Fischer et al. 2002). AtAAP6 has a high affinity for 

histidine (Fischer et al. 2002) that is not shared by OsAAP1 or AtAAP1, indicating that 

substrate affinity is not very consistent within clades of AAPs. OsAAP7 and OsAAP16 

belong to a monocot-specific clade but their substrate specificity was quite similar to 

OsAAP1 with the exception that OsAAP7 and OsAAP16 transport arginine to a greater 

extent compared to OsAAP1. OsAAP1, OsAAP7 and OsAAP16 functioned as general 

amino acid permeases and transported all amino acids well except aspartate and β-

alanine. This is similar to the activity of most Arabidopsis AAPs. In Arabidopsis, only 

AtAAP6 transports aspartate well and β-alanine is only transported by AtAAP3 (Fischer 

et al. 2002).  

OsAAP3 is in a clade with no clear representatives in Arabidopsis or Medicago 

truncatula and the substrate specificity of OsAAP3 was quite different from all other 
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AAPs characterized to date. OsAAP3 displayed low, or not detectable, transport of 

valine, tyrosine, tryptophan, phenylalanine and isoleucine. However, it transported 

alanine, leucine and methionine very well. OsAAP3 was also distinct from other rice 

AAPs we tested in that it transported the basic amino acids lysine and arginine very well 

(Figure 4). Lysine and arginine also induce large currents in Xenopus oocytes expressing 

AtAAP3 and AtAAP5 from Arabidopsis (Fischer et al. 2002).  

The substrate specificity and H+ : 1 amino acid stoichiometry of Arabidopsis 

AtAAP1 and AtAAP5 were studied in detail using a combination of electrophysiology 

and radiolabeled substrate uptake (Boorer and Fischer 1997). AtAAP5 transports the 

uncharged form of neutral and acidic amino acids and transports the positively charged 

form of basic amino acids (Boorer and Fischer 1997). The stoichiometry of AtAAP1 and 

5 is fixed at 1 H+ : 1 amino acid regardless of amino acid charge. We addressed the 

question of whether rice AAPs transport the charged form of basic amino acids. At pH 

5.6, the ratio of positively charged : uncharged lysine is 1 : 1.2 x 10-5 and for arginine this 

ratio is 1 : 1.3 x 10-7. The relatively large currents induced by lysine and arginine in 

oocytes expressing OsAAP3 indicate that the positively charged form of basic amino 

acids was transported. OsAAP1 and OsAAP3 transport the uncharged amino acids 

methionine and citrulline, therefore, it is likely that the uncharged lysine and arginine are 

also transported but the rate is expected to be quite low. 

Expression of AAPs in rice has been studied using microarrays and RNA-seq 

(Zhao et al. 2012). OsAAP1 has high expression in roots and seeds, OsAAP3 expression 

is low but is predominantly in pollen, OsAAP7 has high expression in leaves, and 

OsAAP16 shows high expression in roots, leaves, flowers and seeds. Expression of about 
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half of the 19 rice AAPs is regulated by stress (drought, salt, or cold stress); however, the 

expression of the four rice AAPs analyzed in this paper is not regulated by stress (Zhao et 

al. 2012). 

To understand the physiological role of a transporter, it is necessary to know its 

cellular localization. The use of fluorescent proteins for this purpose is a challenge for the 

AAP family because they have an odd number of TMS. AtAAP1 was demonstrated to 

have 11 TMS (Chang and Bush 1997) and we expect that all AAPs have the same 

topology. Since GFP fluorescence is quenched at acidic pH, GFP fusions that position 

GFP either in acidic environments such as the vacuolar lumen or in the wall space may 

not provide an accurate localization of AAP proteins. Previously, AtAAP1 (Lee et al. 

2007) and AtAAP3 (Okumoto et al. 2004) have been localized to the plasma membrane 

using N-terminal GFP fusions. For the rice AAPs, N-terminal GFP fusions led to low 

expression or punctate cytoplasmic fluorescence indicating that the GFP interfered with 

biosynthesis (not shown). Therefore we used the EGFP-RFP tandem fluorescent protein 

pHusion (Gjetting et al. 2012) fused to the C-terminal end of OsAAP1 and OsAAP3 to 

determine localization. The majority of EGFP and RFP fluorescence was intracellular, 

consistent with the endoplasmic reticulum (ER). However, RFP but not EGFP 

fluorescence was observed in cell periphery consistent with a plasma membrane 

localization (Figure 6). The predominant ER localization could be due to the use of a 

strong promoter (2x CaMV 35S) but similar intracellular localization was also observed 

for AtAAP3 and was suggested to be due to trafficking or cycling of the transporter 

(Okumoto et al. 2004) which could also be true for the rice AAPs. A C-terminal fusion of 

GFP with rice OsAAP6 was localized to the ER (Peng et al. 2014). Based on the topology 
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of AAPs and results reported here, we suggest that it is more likely that OsAAP6 is a 

plasma membrane protein and that fluorescence observed in the ER was due to protein 

during biosynthesis or trafficking. Our results using pHusion are consistent with a plasma 

membrane localization for rice AAPs. 

 

Materials and Methods 

Phylogenetic analysis. Full-length protein sequences were aligned using Clustal X 

(Larkin et al. 2007). Maximum likelihood analysis was done using PhyML 3.0 with 100 

bootstrap replicates (Guindon et al. 2010; Guindon and Gascuel 2003) through the iPlant 

Collaborative website (www.iplantcollaborative.org). Trees were visualized using the 

FigTree program (http://tree.bio.ed.ac.uk/software/figtree/).  

 

Cloning of AAPs from rice. Rice plants (Oryza sativa var. Kitaake) were grown in 

Turface MVP (Turface Athletics, Buffalo Grove, IL) in 8" pots outdoors. RNA was 

extracted from leaves of 2-week-old and 6-week-old plants using the RNeasy kit (Qiagen, 

Hilden, Germany). cDNA was synthesized using the Omniscript Reverse Transcription 

kit (Qiagen). Primers were designed to amplify the coding regions of the following 

AAPs: OsAAP16 (Os12g08090), OsAAP7 (Os05g34980), OsAAP3 (Os06g36180), and 

OsAAP1 (Os07g04180). PCR products were cloned into pCR8/GW/TOPO (Invitrogen, 

Carlsbad, CA) and sequences were confirmed. These clones were recombined with 

oocyte expression vector pOO2/GW (Sun et al. 2010). 

Reverse primers were designed for OsAAP3 and OsAAP1 to amplify coding 

sequences without stop codons using the pOO2 clones as templates. Products were 
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cloned into pCR8/GW/TOPO. The pH-sensitive GFP reporter, pHusion, was amplified 

by PCR from pMP1922 (Gjetting et al. 2012). A BP recombination reaction was 

performed to insert the pHusion sequence into pDONR-P2R-P3 (Invitrogen). Then a 

three-way LR recombination reaction was performed using pB7m34GW as the 

destination vector (Karimi et al. 2005). The recombination reaction placed the 2x CaMV 

35S promoter upstream of the OsAAP3 or OsAAP1 coding sequence and the pHusion 

reporter downstream. The reaction used LR Clonase II Plus from Invitrogen. The 

resulting vectors were called pB7m34GW-OsAAP3-pHusion and pB7m34GW-OsAAP1-

pHusion.  

 

Expression in oocytes. Oocytes were prepared as described previously (Sivitz et al. 

2005). Constructs in pOO2/GW were linearized using MluI and cRNA was synthesized 

using the SP6 mMessage mMachine kit (Ambion, Austin, TX). Oocytes were injected 

with 25 ng (50 µL) of cRNA except for the following: For OsAAP1, 60 ng of cRNA was 

injected per oocyte. For OsAAP3, 2.5 ng of cRNA was injected per oocyte for 

measurements of lysine and arginine transport and 10 ng was injected per oocyte for all 

other experiments. Oocytes were incubated in Barth's solution (88 mM NaCl, 1 mM KCl, 

0.33 mM Ca(NO3)2 0.41 mM CaCl2, 0.82 mM MgSO4, 2.4 mM NaHCO3, 10 mM 

HEPES, pH 7.6) containing 10 µg/mL gentamycin for 3-7 days at 15 ºC prior to 

recordings. 

 

Electrophysiology. Electrophysiology measurements were made using a Dagan TEVC 

200A amplifier (Dagan Corp, Minneapolis, MN). Currents were recorded using Clampex 
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(Axon Instruments Inc., Union City, CA). 1.5 mM thin wall borosilicate glass pipettes 

(Warner Instruments Corp., Hamden, CT) filled with 1 M KCl were used for recordings. 

Oocytes were perfused with a modified Na Ringer solution (115 mM NaCl, 2 mM KCl, 

1.8 mM CaCl2, 1 mM MgCl2, 5 mM MES, pH 5.6 with Tris) and clamped at a holding 

potential of -40 mV. Solutions of amino acid substrates in the same Na Ringer were 

prepared and the pH adjusted to 5.6. Substrate-dependent currents were measured at 

membrane potentials from +57.5 mV to -137.6 mV in 20 mV increments using 300 ms 

voltage pulses. Currents were filtered at 2000 Hz. Background currents measured before 

and after substrate applications were averaged and subtracted from currents recorded in 

the presence of substrate. Currents from at least three independent oocytes were recorded 

for each experiment. The relationship between substrate concentration and substrate-

induced current was fitted to the Michaelis-Menten equation:  

 

I = (Is
max • [S])/(Ks

0.5 + [S]) 

 

where I is the current, S is the substrate, Is
max is the maximal substrate-induced current, 

and Ks
0.5 is the substrate concentration when substrate-induced current is half maximal. 

Nonlinear regression was performed using Prism (GraphPad Software, La Jolla, CA). 

 

Transient expression in onion cells. Epidermal peels from onion (Allium cepa) were 

prepared on MS plates (0.5 g/L MES, 1x MS salts, 30 g/L sucrose, pH 5.7) supplemented 

with 1% phytagar and 100 µg/mL ampicillin. Epidermal peels were bombarded with 

DNA-coated microparticles using the Bio-Rad Biolistic PDS-1000 He as described by 
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Sivitz et al. (2007). After bombardment, epidermal peels were incubated on MS plates 

wrapped in Parafilm and stored in the dark for 18 hours. Confocal microscopy was 

performed with a Nikon A1-S1 spectral confocal microscope using excitation/emission  

wavelengths of 488/525nm for EGFP and 561/595nm for RFP. 
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Chapter Three 

Function of Amino Acid Permeases (AAPs) in the liverwort 

Marchantia Polymorpha 

 

To date, AAPs have not been previously reported in liverworts. In this chapter, I 

identify five AAPs in Marchantia polymorpha, MpAAP1, MpAAP2, MpAAP3, 

MpAAP4, and MpAAP5. 

Mitochondrial and genomic DNA evidence suggest that the liverworts are the 

most basal of the land plants, sister group to all other land plant species (Dombrovska and 

Qiu 2004; Qiu et al. 2006; Bowman et al. 2007). The emergence of the AAPs has been 

hypothesized to coincide with the emergence of land plants (Tegeder and Ward 2012). 

Analysis of the function of AAPs from M. polymorpha could provide information 

concerning the early evolution of land plants and the ancestral function of AAPs. 

Three of the Marchantia AAPs, MpAAP1, MpAAP2, and MpAAP3 were cloned 

and tested for function using electrophysiology and yeast complementation. All three 

MpAAPs were functional in both yeast and oocytes. Electrophysiology was used to 

measure substrate specificity and affinity for substrate. 

 

 

Reprinted from the following manuscript: 

Taylor MR, Reinders A, Ward JM (2015) Function of amino acid permeases (AAPs) 

in the liverwort Marchantia polymorpha. (submitted)  
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Results 

Five open reading frames from Marchantia polymorpha were identified that are 

likely to encode AAPs (MpAAPs) and these were named MpAAP1 through 5. 

Phylogenetic analysis showed that the MpAAPs cluster in a single clade with Selaginella 

and Physcomitrella AAPs (Figure 7).  This clade does not contain AAPs from 

Arabidopsis but does contain rice OsAAP4, 5, 6, and 17 (Figure 7). Note that none of the 

AAPs in this clade have been functionally characterized. Since AAPs are unique to land 

plants (Tegeder and Ward 2012), this clade containing all bryophyte AAPs may represent 

the earliest AAPs. 
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Figure 7. Maximum likelihood phylogenetic tree of AAP proteins. Protein sequences 

from Arabidopsis thaliana (At), Marchantia polymorpha (Mp), Medicago truncatula 

(Mt), Oryza sativa (Os), Physcomitrella patens (Pp), and Selaginella moellendorffii (Sm). 

Protein sequences of the Arabidopsis lysine-histidine transporters (LHTs), a sister group 

to the AAPs, were used as an outgroup. Arrows indicate MpAAPs, asterisks indicate 

AAPs that have been functionally characterized. Scale bar represents expected number of 

substitutions per site. Numbers at the nodes indicate bootstrap values out of 100 

bootstraps. 

 

MpAAP1, 2 and 3 were cloned and expressed in yeast and Xenopus oocytes and 

their transport function was tested. The yeast strain 22Δ8AA has mutations in 8 amino 

acid transporter genes (Fischer et al. 2002) and is unable to grow on proline as the sole 

source of nitrogen (Okumoto et al. 2002). 22Δ8AA was transformed with MpAAP1, 2, 

and 3, as well as the empty vector pDR196 and OsAAP1 which has previously been 

shown to transport proline and other amino acids (Taylor et al. 2015). The MpAAPs and 

OsAAP1 allow 22Δ8AA to grow on 3 mM proline as the sole nitrogen source (Figure 8) 

indicating that the three MpAAPs are functional amino acid transporters.  
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Figure 8. MpAAPs can mediate the uptake of proline when expressed in yeast. Yeast 

strain 22Δ8AA is unable to grow on proline as sole source of nitrogen. Yeast transformed 

with an empty expression vector, pDR196, was used as a negative control. Media 

supplemented with 0.5 g l-1 ammonium sulfate was used as a non-selective condition. 

Yeast were grown for 4 days at 30ºC.  MpAAP1, MpAAP2, and MpAAP3 allow yeast to 

grow on media with 3 mM proline as sole nitrogen source. OsAAP1, used as a positive 

control, also allowed the yeast to grow on 3 mM proline. 

 

The three MpAAPs were expressed in Xenopus laevis oocytes and transport 

activity was analyzed using two-electrode voltage clamping (TEVC). Oocytes were 

clamped at -40 mV and amino acids were applied at 10 mM in Na Ringer solution at pH 

5.6. Uninjected oocytes did not show measurable amino-acid induced currents (Figure 

9A). However, application of amino acids to oocytes expressing any of the MpAAPs 

induced inward currents. MpAAP1-expressing oocytes showed large currents induced by 
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alanine, cysteine, and arginine while β-alanine, phenylalanine and aspartate did not 

induced measurable inward currents (Figure 9B). Currents induced by amino acids in 

oocytes expressing MpAAP2 and MpAAP3 were small, ≤25 nA for MpAAP2 (Figure 

9C) and ≤15 nA for MpAAP3 (Figure 9D). Under these conditions, MpAAP3 showed 

small currents for all applied amino acids, indicating that it is a general amino acid 

permease similar to most Arabidopsis (Fischer et al. 2002) and rice AAPs (Taylor et al. 

2015). Interestingly, β-alanine produced an inward current in MpAAP3-expressing 

oocytes and the only other AAP known to transport this non-proteinogenic amino acid is 

AtAAP3 (Fischer et al. 2002). Although measurable currents were produced by MpAAP3 

at the high amino acid concentrations used in this experiment (10 mM), currents were 

generally too small for detailed kinetic analysis. Oocytes expressing MpAAP2 showed 

small inward currents in response to alanine and arginine and larger currents when 

cysteine was applied (Figure 9C). 

To study the voltage dependence of amino acid-induced currents, recordings were 

made at membrane potentials from 57 to -118 mV in the absence and presence of 10 mM 

cysteine (Figure 10A and C). Cysteine-specific currents (background subtracted) were 

supralinear for both MpAAP2 (Figure 10B) and MpAAP1 (Figure 10D). This voltage 

dependence, with increased current at more negative potentials, indicates that these two 

transporters are regulated by membrane potential and the increased current could be due 

to transporter activation at negative potentials or a voltage-dependent shift in substrate 

affinity (see below).  
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Figure 9. Substrate-induced currents of oocytes expressing MpAAP1, MpAAP2, and 

MpAAP2. Oocytes were perfused with Na Ringer (pH 5.6) under voltage-clamp 

conditions at a membrane potential of -40 mV. Bars above each trace indicate time that 

10 mM of each substrate in Na Ringer was added. A) Uninjected oocyte. B) Oocyte 

expressing MpAAP3. C) Oocyte expressing MpAAP2. D) Oocyte expressing MpAAP1. 
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Figure 10. Current-voltage relation for MpAAP1 and MpAAP2 with cysteine as the 

substrate. Oocytes were perfused with 10 mM cysteine in Na Ringer at pH 5.6. 

Background currents were recorded in the absence of cysteine. A) Background (squares) 

and cysteine-induced currents (triangles) for MpAAP1. B) Cysteine-dependent 

(background subtracted) currents for MpAAP1. C) Background (squares) and cysteine-

induced currents (triangles) for MpAAP2. D) Cysteine-dependent (background 

subtracted) currents for MpAAP2. 
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Currents induced by 10 mM of each of the proteinogenic amino acids and β-

alanine were measured (Figure 11). Like the other characterized AAPs, MpAAP1and 

MpAAP2 showed a relatively broad substrate specificity. For MpAAP2, as was observed 

in Figure 3, much higher currents were induced by cysteine than by the other amino 

acids. The substrate specificity of MpAAP1 was similar to that of OsAAP3 (Taylor et al. 

2015); large currents were induced by lysine and arginine, while the aromatic amino 

acids and isoleucine were selected against (Figure 11). 

The affinity of MpAAP1 for several amino acid substrates was studied (Figure 

12). Currents were measured in response to different concentrations of amino acids and 

non-linear regression analysis was used to fit the Michaelis-Menten equation to the 

resulting concentration-activity curves. The apparent affinity of MpAAP1 for lysine (K0.5 

= 0.2 ± 0.03 mM) was higher than any reported for the Arabidopsis AAPs, which have 

K0.5 values for lysine in the range of 0.4 to >50 mM (Fischer et al., 2002). MpAAP1 also 

had an especially high affinity for arginine, with a K0.5 at 72 ± 3.1 µM. By comparison, 

most Arabidopsis AAPs do not transport arginine. AtAAP3 and AtAAP5, which do 

transport arginine, have K0.5 values that are higher than that of MpAAP1, 0.22 and 0.14 

mM, respectively. The apparent affinity of MpAAP1 for histidine, with a K0.5 of 2.88 ± 

2.32 mM, was similar to that of the Arabidopsis AAPs that range from 0.13 to 6.8 mM 

(Fischer et al. 2002). 
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Figure 11. Substrate specificity of MpAAP1 and MpAAP2. Oocytes expressing 

MpAAPs were perfused with Na Ringer at pH 5.6. Substrates were applied in the same 

solution. Steady-state substrate-dependent currents were recorded at -118 mV and 

reported as percentage of the current induced by 10 mM glycine. Current induced by 10 

mM glycine was -13±5.7 nA for MpAAP1 and -38±13 nA for MpAAP2. Error bars 

represent mean ± one standard error (n = 3 or 4). Currents for tyrosine were measured at 

2.5 mM (limit of solubility). 
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Figure 12. Kinetic analysis of MpAAP1 transport of lysine, arginine, histidine, and 

methionine. Oocytes expressing MpAAP1 were perfused with Na Ringer solution at pH 

5.6 and amino acids were applied in the same solution. Substrate-dependent currents were 

measured at -118 mV. Error bars represent mean ± one standard error (n=3). Currents are 

normalized to Vmax. Mean Vmax was -685±11 nA for lysine, -142±80 nA for methionine, -

618±52 nA for arginine, and -369±202 nA for histidine. 

 

The apparent affinity of MpAAP1 for amino acids was measured at different 

membrane potentials from -1.1 mV to -118 mV. The K0.5 values of MpAAP1 for 

substrates were generally lower at more negative membrane potentials (Figure 13). This 

showed that MpAAP1 responded to hyperpolarization by increasing its affinity for amino 

acid substrates.  
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Figure 13. Voltage dependence of K0.5 values of MpAAP1. K0.5 was measured for 

lysine, arginine, histidine, and methionine as in Figure 6 at pH 5.6 and at different 

membrane potentials between -1.1 mV and -118 mV. 

 

Currents induced in MpAAP2-expressing oocytes were generally too small for 

detailed kinetic analysis. Cysteine produced the largest inward currents of any amino acid 

tested (Figure 9) in oocytes expressing MpAAP2. Lower pH did stimulate cysteine 

transport by MpAAP1 and 2, therefore experiments were performed at pH 5.0. Under 

those conditions, MpAAP1 showed a K0.5 for cysteine of 4.46 ± 0.26 mM at -118 mV. 

For MpAAP2, currents induced by cysteine did not saturate even at 40 mM cysteine 

(Figure 14). This indicated that MpAAP2 had a low affinity for cysteine. The K0.5 of 
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MpAAP1 for cysteine was also voltage dependent (Figure 14) similar to the K0.5 for other 

amino acids (Figure 12). This could explain the supralinear current/voltage relation for 

currents induced by 10 mM cysteine shown in Figure 10B. At potentials close to zero, the 

substrate concentration of 10 mM is approximately the same as the K0.5 for cysteine 

(current would be equal to 1/2 Vmax), at more negative potentials the K0.5 was 

approximately 5 mM and currents induced by 10 mM cysteine would consequently be 

greater (2/3 Vmax). 
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Figure 14. Affinity of MpAAP1 and MpAAP2 for cysteine. Oocytes expressing 

MpAAPs were perfused with Na Ringer solution at pH 5.0, and cysteine was added in the 

same solution. Substrate-induced currents were measured at -118 mV. Error bars for 

MpAAP1 represent mean ± one standard error (n=3). Currents are normalized to Vmax. 

Mean Vmax was -687±56 nA. K0.5 was measured for cysteine at pH 5.0 and at membrane 

potentials between -1.1 mV and -118 mV. Cysteine-induced currents for MpAAP2 did 

not saturate. Currents for a representative oocyte are shown. 
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Discussion 

Molecular genetic evidence suggests that the liverworts are a sister clade to all 

extant land plants (Dombrovska and Qiu 2004; Qiu et al. 2006; Bowman et al. 2007) and 

therefore they occupy a key position in plant evolutionary history. Amino acid permeases 

(AAPs) originated with the land plants (Tegeder and Ward 2012), the earliest of which 

are non-vascular. Marchantia polymorpha is a liverwort and represents early non-

vascular land plants. AAPs in flowering plants are predominantly expressed in vascular 

tissue or in sink tissue where they function in the uptake of amino acids. AAPs in non-

vascular plants have not been previously studied and their function in the plant is not 

known. Here we analyzed the transport function of several Marchantia polymorpha 

AAPs to begin to understand whether transport function of AAPs changed during 

evolution of vascular tissue.  

Five Marchantia polymorpha AAPs were identified from EST data. These 

sequences cluster within the same clade as AAPs from Physcomitrella and Selaginella 

(Figure 7). This clade also contains AAPs from rice but none from Arabidopsis. 

Considering that the transport function of AAPs in this clade has not been previously 

studied, we hypothesized that MpAAPs could potentially have novel functions. MpAAP1 

shows 53% sequence identity at the amino acid level with AtAAP1 and 71% sequence 

similarity, so there is significant sequence divergence between Arabidopsis and 

Marchantia polymorpha AAPs. 

Three of the five MpAAPs, MpAAP1, MpAAP2, and MpAAP3, were cloned and 

shown to be functional as amino acid transporters when expressed in yeast. The MpAAPs 

were further analyzed by expression in Xenopus laevis oocytes. Two-electrode voltage 
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clamping was used to measure amino-acid-induced currents for all three MpAAPs. 

MpAAP1 had a substrate specificity similar to the rice transporter OsAAP3 (Taylor et al. 

2015). Lysine and arginine were transported but the aromatic amino acids were not. This 

indicates that the OsAAP3 substrate specificity that was considered to be unique (Taylor 

et al. 2015) may be widespread in land plants but not represented in Arabidopsis.  

MpAAP2 had a substrate specificity similar to that of VfAAP1 from broad bean 

(Miranda et al. 2001). Cysteine was transported more strongly than any other amino acid 

(Figure 11).  All three MpAAPs transported lysine and arginine. MpAAP1 transported 

arginine with an especially high apparent affinity, with a K0.5 of 72 ± 3.1 µM. This is 

higher than the affinity of most AAPs for any substrate (Fischer et al. 2002), comparable 

to the affinity of PtAAP11 from poplar for proline (Couturier et al. 2010) and that of the 

high affinity amino acid transporter LHT1 from Arabidopsis for glutamate, proline, and 

histidine (Hirner et al. 2006). 

Only a few AAPs have been reported to transport lysine and arginine efficiently: 

RcAAP3 from Ricinus communis (Neelam et al. 1999), VfAAP1 and VfAAP3 from Vicia 

faba (Miranda et al. 2001), AtAAP3 and AtAAP5 from Arabidopsis (Fischer et al. 2002), 

and OsAAP3, 7, and 16 from rice (Taylor et al. 2015). Because the MpAAPs were also 

capable of transporting lysine and arginine, we speculate that the earliest AAP was able 

to transport lysine and arginine and that substrate specificity tended to narrow over 

evolutionary time.  

AAPs in Arabidopsis and legumes function in long-distance transport of amino 

acids through vascular tissue (Tan et al. 2008; Zhang et al. 2010) and loading of amino 

acids into developing seeds (Tegeder et al. 2000; Miranda et al. 2001; Sanders et al. 
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2009). Marchantia lacks true vascular tissue (Raven 2003; Ligrone et al. 2012) and, 

although phloem-like cells are widespread within the bryophytes, they are not found in 

liverworts with simple thalli such as Marchantia polymorpha  (Ligrone et al. 2012). 

Therefore, we consider the MpAAPs to represent the amino acid permeases that were 

present prior to the evolution of true vascular tissue and that were recruited for the 

essential functions of long-distance transport of amino acids in vascular plants and 

loading of amino acids into seeds in spermatophytes. In Marchantia, the MpAAPs may 

act to conduct amino acids cell-to-cell over short distances. 

Land plants primarily take up nitrogen in the form of ammonium or nitrate. 

Arabidopsis has been shown to take up amino acids directly from the soil using AAPs in 

the roots (Lee et al. 2007; Svennerstam et al. 2008; Svennerstam et al. 2011). A potential 

role of the MpAAPs could be to take amino acids from the soil. Further understanding of 

the function of the MpAAPs in Marchantia could shed light on the ancestral function of 

amino acid transporters and their evolutionary history.  

 

Materials and Methods 

Identification of MpAAPs. A BLAST search was done against RNA-seq, EST and 

genomic DNA sequences by Drs. Ryuichi Nishihama and Takayuki Kohchi (Kyoto 

University, personal communication) using known AAP sequences encoding AtAAP1, 

AtAAP3, and OsAAP1. Open reading frames (ORFs) were identified using ORF finder at 

Bioinformatics.org (http://www.bioinformatics.org/sms2/orf_find.html).  Predicted 

protein sequences from the candidate ORFs were aligned with known AAP protein 

sequences using MUSCLE (Edgar 2004). LHTs (lysine-histidine transporters, a sister 
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clade to the AAPs) from Arabidopsis thaliana were used as an outgroup. Maximum 

likelihood analysis was done using PhyML 3.0 with 100 bootstrap replicates (Guindon 

and Gascuel 2003; Guindon et al. 2010) through the iPlant Collaborative website 

(www.iplantcollaborative.org). Trees were visualized using the FigTree program 

(http://tree.bio.ed.ac.uk/software/figtree/). Candidate ORFs within the AAP clade were 

named MpAAP1 through 5. 

Cloning. Both genomic DNA and mRNA were extracted from Marchantia 

polymorpha tissue collected from the College of Biological Sciences Conservatory 

(University of Minnesota). The mRNA was extracted from thallus and gametophore 

tissue using the RNeasy kit (Qiagen, Hilden, Germany). cDNA was synthesized from the 

mRNA using the Omniscript Reverse Transcription kit (Qiagen). Genomic DNA was 

extracted using CTAB buffer (0.7 M NaCl, 50 mM Tris, 10 mM EDTA, 1% CTAB, pH 

8.0), treated with 1 volume of chloroform, the aqueous phase was precipitated with 50% 

isopropanol and the pellet was dissolved in TE, pH 8.0.  

Primers were designed to amplify the predicted coding sequences of each 

MpAAP. MpAAP2 and 3 were amplified from thallus cDNA. MpAAP1 was amplified 

from gametophore cDNA. PCR products were cloned into pCR8/GW/TOPO (Invitrogen, 

Carlsbad, CA) and sequences were confirmed. Sequences for MpAAP1 and MpAAP3 

each had single-nucleotide changes relative to EST sequence from the Kohchi lab. We 

sequenced genomic DNA from our isolate and found that the amplified coding sequences 

match the sequence of our Marchantia polymorpha isolate. These clones were 

recombined with oocyte expression vector pOO2/GW (Sun et al. 2010) for the 

electrophysiology experiments and pDR196/GW (Loqué et al. 2007) for yeast expression 
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experiments. The GenBank accession numbers for these clones are: MpAAP1 

(KT455389), MpAAP2 (KT455387), and MpAAP3 (KT455388).  

Yeast growth and transformation. The yeast strain 22Δ8AA (Fischer et al. 2002) 

has mutations in eight amino acid transporter genes and is unable to grow on arginine, 

aspartate, glutamate, proline, or citrulline as a sole source of nitrogen (Okumoto et al. 

2002). Yeast were transformed using the method described in Dohmen et al. (1991) with 

either the empty vector pDR196 or pDR196/GW containing the open reading frame for 

MpAAP1, MpAAP2, MpAAP3, or OsAAP1 as a positive control (Taylor et al. 2015). 

Transformants were selected for growth on SD media (1.7 g l-1 yeast nitrogen base, 20 g 

l-1 glucose 20 g l-1 Bacto agar) supplemented with 5 g l-1 ammonium sulfate. 

Transformants were transferred to SD supplemented with 0.5 g l-1 ammonium sulfate to 

exhaust cells of stored nitrogen. To test whether AAPs mediate proline uptake, 

transformants were plated on SD supplemented with 3 mM proline. SD supplemented 

with 0.5 g l-1 ammonium sulfate was used as control media. Experiments testing for yeast 

growth on proline were repeated with three independent transformants.  

Oocyte Expression and Electrophysiology. Oocyte expression and 

electrophysiology were carried out as described previously (Taylor et al. 2015) with 

minor changes as follows. Oocytes were injected with 55 ng of cRNA per oocyte for 

MpAAP1, 100 ng of cRNA for MpAAP3. For MpAAP2, oocytes were injected with 35 

ng of cRNA for substrate specificity experiments and 100 ng of cRNA for all other 

experiments. Oocytes were incubated in Barths solution (88 mM NaCl, 1 mM KCl, 0.33 

mM Ca(NO3)2, 0.41 mM CaCl2, 0.82 mM MgSO4, 2.4 mM NaHCO3, 10 mM HEPES, 

pH 7.6, 100 µg ml–1 penicillin,  100 µg ml–1 streptomycin, 10 µg ml–1 gentamycin) for 3 
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to 5 d at 15 ºC prior to recording. For electrophysiological recording, oocytes were 

perfused with modified Na Ringer solution (115 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 

mM MgCl2, 5 mM MES, pH 5.6 with Tris) and clamped at a holding potential of –40 

mV. Substrate-dependent currents were measured at membrane potentials from +58 to –

118 mV. 
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Chapter Four 

Transport Function of Ancestral Amino Acid Permeases 

(AAPs) 

 

The AAPs vary widely in their ability to transport basic amino acids. Fischer et al. 

(2002) did an in-depth analysis of the substrate specificity of the Arabidopsis AAPs. Of 

eight Arabidopsis AAPs, only AtAAP3 and 5 transport lysine and arginine well. Some 

amino acids, such as valine, are transported well by all AAPs. I analyzed the substrate 

specificity of several OsAAPs and MpAAPs. OsAAP16, OsAAP7, MpAAP2 and 

MpAAP3 transport lysine and arginine (Taylor et al. 2015; Taylor et al. submitted 

manuscript). For MpAAP1 especially high currents are induced by lysine and arginine 

(Taylor et al. submitted manuscript). This thesis chapter describes work done to begin to 

determine differences in AAP amino acid sequence that control substrate specificity. 

A number of computational methods exist to infer the sequence of ancestral 

proteins from a family of extant proteins. The maximum likelihood method was 

developed and demonstrated on a set of mammalian lysozyme c proteins (Yang et al. 

1995) and presents a significant advantage over older parsimony methods (Thornton 

2004). Ancestral protein reconstruction has been used to explore the vision of the 

ancestral archosaur (Chang et al. 2002) and to reconstruct an ancient bacterial elongation 

factor (Gaucher et al. 2003). 

DNA shuffling is a method that makes it possible to rapidly explore the sequence 

space between two related genes (Stemmer 1994a, b). The two related genes are partially 
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digested by DNAse and the fragments are mixed. A round of primerless PCR causes 

fragments to base-pair with each other and serve as templates for DNA elongation. The 

primerless PCR produces a library of mixed sequences that are then amplified in a second 

round of PCR. DNA shuffling has notably been used to accelerate the directed evolution 

of bacterial enzymes (Crameri et al. 1998). 

 

Results 

 I collaborated with Tony Dean to make a phylogeny of AAP peptide sequences 

from Arabidopsis thaliana, Marchantia polymorpha, Medicago truncatula, Oryza sativa, 

Physcomitrella patens, and Selaginella moellendorffii (Figure 15A, 15B). AAPs that do 

transport basic amino acids can be found in clades throughout the tree, including the 

MpAAPs, which are basal in this phylogeny. AAPs that are known to not transport basic 

amino acids are found in two distinct clades. Because of the phylogenetic pattern of basic 

amino acid transport, I hypothesized that the ancestral AAP did transport basic amino 

acids and that substrate specificity got narrower in some clades over time. 

To address this question, I again collaborated with Tony Dean and used RAxML 

(Stamatakis 2014) to infer the likely amino acid sequence of the ancestral AAP at each 

node of the phylogenetic tree. I selected the inferred sequences at node 69 and node 89 of 

the phylogenetic tree to have synthesized (Figure 15B). These nodes were selected 

because both are the most recent common ancestors of clades that contain both AAPs that 

do transport and AAPs that do not transport basic amino acids. The inferred ancestral 

AAP amino acid sequences were named ancestor69 and ancestor89. 
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Figure 15. Maximum likelihood phylogeny of AAP proteins. Protein sequences from 

Arabidopsis thaliana (At), Marchantia polymorpha (Mp), Medicago truncatula (Mt), 

Oryza sativa (Os), Physcomitrella patens (Pp), and Selaginella moellendorffii (Sm). The 

protein sequence of Arabidopsis lysine-histidine transporter 1 (AtLHT1) was used as an 

outgroup. A. Node labels indicate bootstrap support for the phylogenetic tree out of 100 

bootstraps. B. Node labels indicate reconstructed ancestral AAP sequences. Modern 

AAPs marked with a + transport basic amino acids; AAPs marked with a – do not. The 

other AAPs have not been functionally characterized. 
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To reconstruct a nucleotide sequence for ancestor69 and ancestor89, I used a 

descendant AAP from each clade as a sequence template. These sequences were AtAAP1 

for ancestor69 and AtAAP2 for ancestor89. I made codon changes in the nucleotide 

sequence of the descendant AAP in order to code for the desired amino acid sequence 

(Appendix A and B). The nucleotide sequences were then sent to Blue Heron for 

synthesis. 

I transcribed cRNA from ancestor69 and ancestor89 and expressed both in 

Xenopus laevis oocytes. Ancestor89 shows substrate-induced currents in oocytes (Figure 

16). Ancestor69 does not. I went on to measure the substrate specificity of ancestor89 for 

proteinogenic amino acids and β-alanine (Figure 17). Ancestor89 has a promiscuous 

substrate specificity. It is unusual in that it can transport β-alanine. The only other AAPs 

that transport β-alanine are MpAAP3 (Taylor et al. submitted manuscript) and AtAAP3 

(Fischer et al 2002). To further investigate the broad substrate specificity of ancestor89, I 

tested its ability to transport Ala-Ala, a dipeptide; GABA, a gamma amino acid; and 

sucrose, which is not an amino acid. None of these were transported. 
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Figure 16. Substrate-induced currents of ancestor69 and ancestor89. Oocytes were 

perfused with Na Ringer (pH 5.6) under voltage-clamp conditions at a membrane 

potential of -40 mV. Bars above each trace indicate time that 10 mM of each substrate in 

Na Ringer was added. 
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Figure 17. Substrate specificity of ancestor89. Oocytes expressing ancestor89 were 

perfused with Na Ringer at pH 5.6. Substrates were applied in the same solution. Steady-

state substrate-dependent currents were recorded at -118 mV and reported as percentage 

of the current induced by 10 mM alanine. Current induced by 10 mM alanine was -

143±52 nA (n = 5). Error bars represent mean ± one standard error (n = 3; n = 5 for 

glycine). Currents for tyrosine were measured at 2.5 mM (limit of solubility). 
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Since ancestor69 is not functional in oocytes, I tested its function in two strains of 

yeast. One strain, 22Δ8AA, has eight of its endogenous amino acid uptake genes knocked 

out and is unable to grow on arginine, aspartate, glutamate, proline, or citrulline as a sole 

source of nitrogen (Okumoto et al. 2002; Fischer et al. 2002). The other strain, 

22Δ6AAL, has eight amino acid uptake genes knocked out as well as LYS2, a gene 

involved in the biosynthesis of lysine (Fischer et al. 2002). This strain is unable to grow 

without high concentrations of supplemental lysine (1.5 g/L) added to the media. If a 

functioning lysine transporter is expressed in 22Δ6AAL, it will allow the yeast to grow 

on a much lower concentration of lysine. Ancestor69 does not rescue the ability of 

22Δ8AA to grow on proline as a sole source of nitrogen or the ability of 22Δ6AAL to 

grow on a low concentration of lysine (Figure 18). 
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Figure 18. Ancestor69 does not mediate the uptake of proline or lysine when 

expressed in yeast. Yeast strain 22Δ8AA is unable to grow on proline as a sole source of 

nitrogen and strain 22Δ6AAL is unable to grow without high concentrations (1.5 g/L) of 

supplemental lysine in the medium. Yeast transformed with an empty expression vector, 

pDR196, was used as a negative control for both strains. OsAAP1 and MpAAP2, used as 

positive controls for 22Δ8AA, allowed the yeast to grow on 3 mM proline. MpAAP2 and 

MpAAP3, used as positive controls for 22Δ6AAL, allowed the yeast to grow on 0.1 mM 
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lysine. Yeast transformed with ancestor69 did not grow in either of the selective 

conditions. Yeast were grown for 3 days at 30ºC. 

 

I also wanted to know which regions of the AAP sequence are responsible for the 

difference in the ability to transport basic amino acids. An alignment of amino acid 

sequences of functionally characterized AAPs did not reveal any differentially conserved 

residues (data not shown). Next I used a structural approach to address the question. An 

x-ray crystal structure of an AAP is not available. However, crystal structures have been 

made of distant bacterial relatives of the AAPs: AdiC (Gao et al. 2009), ApcT (Shaffer et 

al. 2009), and GadC (Ma et al. 2012). These bacterial proteins have an average amino 

acid residue identity of 17% and similarity of 50% to the AAPs. Sequence similarity was 

high enough to use a protein threading strategy using Phyre (Kelley et al. 2015). There 

was no clear difference in the threaded structures of the AAPs that do and do not 

transport basic amino acids (data not shown). 

Next, I tried gene shuffling to determine which regions of the AAP sequence 

determine basic amino acid transport. Gene shuffling rapidly explores the sequence space 

between two related sequences. My plan was to shuffle two AAP coding sequences, use 

22Δ6AAL to select for shuffled sequences that do transport lysine, then check for what 

amino acid residues the transporters have in common. I shuffled AtAAP1 and ancestor69 

using the protocol described in Reinders et al. (2012) and made an E. coli library of the 

shuffled sequences. I tested ten transformant colonies to check library quality. Only a low 

level of sequence recombination took place (Figure 19). 5 of 10 sequences that were 
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tested recovered one of the coding sequences that went into shuffling. 4 of 10 had only 

one site of recombination, and 1 had two sites of recombination. 

 

 

Figure 19. Sequence comparison of 10 randomly picked clones from 

ancestor69/AtAAP1 gene shuffling library. Regions shaded in black represent 

sequence derived from the ancestor69 coding sequence. Regions in white represent 

sequence derived from the AtAAP1 coding sequence. 

 

Discussion 

The data provide some experimental evidence that ancestral AAPs transported 

basic amino acids. This is consistent with results from phylogenetic analysis indicating 

that the ability to transport basic amino acids is a basal characteristic. The Marchantia 

AAPs, which belong to an early land plant species and belong to an early-diverging 
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branch on this phylogeny (Figure 15), do transport lysine and arginine. Ancestor89, the 

inferred ancestral sequence to AtAAP2, 3, 4, and 5, also transports basic amino acids. It 

also transports β-alanine, which makes it like AtAAP3 and more promiscuous than 

AtAAP2, 4, and 5. 

There are limitations to these data. The reconstruction of ancestral sequences 

depends on an accurate phylogenetic tree. Bootstrap support for node 69 and node 89 is 

68 and 64 out of 100 bootstraps, respectively. The posterior probabilities of most of the 

predicted amino acid residues are above 99%, but given that each reconstructed sequence 

contains over 450 amino acid residues, at least one residue is almost guaranteed to be 

wrong (Thornton 2004). 

I did not pursue the gene shuffling experiment further because of a lack of a 

selection system for transporters that can uptake lysine. The yeast strain 22Δ6AAL was 

intended to be used for lysine selection. Although AAPs do rescue lysine uptake in this 

strain (Figure 18), not all AAPs could be expressed in the yeast. I tried to transform 

22Δ6AAL with AtAAP1 under several different conditions and got no transformants. 

Further research into the transport of basic amino acids in AAPs could involve the 

shuffling of modern AAPs with each other. This strategy could work if both AAPs can be 

expressed in 22Δ6AAL yeast and the amino acid sequence similarity between the two 

AAPs is similar enough for gene shuffling. Protein threading of the AAPs could be more 

fruitful in the future if a crystal structure of a closer relative to the AAPs becomes 

available. 
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Materials and Methods 

Protein threading. Protein sequences of all the functionally characterized AAPs were 

submitted to Phyre, a web-based protein threading engine (Kelley et al. 2015). All 

threaded sequences were visualized using Chimera (Petterson et al. 2004). 

 

Production of ancestral AAPs. A phylogenetic tree of AAP protein sequences from 

Arabidopsis thaliana, Marchantia polymorpha, Medicago truncatula, Oryza sativa, 

Physcomitrella patens, and Selaginella moellendorffii was produced using RAxML 

(Stamatakis 2014). Ancestral AAP sequences were inferred using the same software 

program. 

The N-terminal sequences of the AAPs are highly variable. Sequence upstream of 

the first conserved residues of the AAPs, on average 20-30 residues, was excluded from 

the analysis. DNA sequences were reconstructed from the inferred protein sequences. 

Because the N termini of the AAPs had been excluded from the analysis, ancestor69 was 

given the N terminus of AtAAP1 and ancestor89 was given the N terminus of AtAAP2. 

Reconstructed sequences were sent to Blue Heron Biotechnology, Inc. for synthesis. 

 

Cloning. Primers were designed to amplify coding sequences of ancestor69 and 

ancestor89 from the Blue Heron vectors. PCR products were cloned into 

pCR8/GW/TOPO (Invitrogen, Carlsbad, CA) and sequences were confirmed. pCR8-

ancestor89 appears to be toxic to E. coli because only plasmids with an inverted insert or 

a mutation in the coding sequence were recovered. I selected a clone of pCR8-ancestor89 
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that had one SNP and one frameshift mutation at the 3' end of the coding sequence. This 

was recombined with the oocyte expression vector and repaired afterwards as follows. 

pCR8/GW-ancestor89 and pCR8/GW-ancestor69 were both recombined with 

oocyte expression vector pOO2/GW (Sun et al. 2010) for the electrophysiology 

experiments. After recombination, site-directed mutagenesis was performed on 

pOO2/GW-ancestor89 to remove the mutations from the ancestor89 coding sequence. 

The insert was sequenced to confirm that it matched the ancestor89 reference sequence. 

pCR8/GW-ancestor69 was recombined with pDR196/GW (Loqué et al. 2007) for 

yeast expression experiments.  

 

Oocyte expression and electrophysiology. cRNA for ancestor69 and ancestor89 was 

transcribed and expressed in oocytes as described previously (Taylor et al. 2015). For 

ancestor89, 50 ng of cRNA (50 nL) was injected into each oocyte. For ancestor69, 120 ng 

of cRNA was injected into each oocyte. Electrophysiology was also conducted as 

described previously. 

 

Yeast growth and transformation. The yeast strain 22Δ8AA was created by Fischer et al. 

(2002) from Σ22574d (MATα) (Jauniaux and Grenson 1990). 22Δ8AA has eight amino 

acid uptake genes deleted and is unable to grow on arginine, aspartate, glutamate, proline, 

or citrulline as a sole source of nitrogen (Okumoto et al. 2002). 22Δ6AAL has six amino 

acid uptake genes deleted as well as LYS2, a lysine biosynthesis gene (Fischer et al. 

2002). It is unable to grow without high concentrations of supplemental lysine (1.5 g/L) 

in the media. 
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Yeast were transformed using the method described in Dohmen et al. (1991). 

Yeast were transformed with either the empty vector pDR196 or pDR196/GW containing 

the open reading frame for ancestor69. For 22Δ8AA, the vectors pDR196/GW containing 

the open reading frame for OsAAP1 and MpAAP2 were used as positive controls. For 

22Δ6AAL, the vectors pDR196/GW containing the open reading frame for MpAAP2 and 

MpAAP3 were used as positive controls. 

For 22Δ8AA, transformants were selected for growth on SD media supplemented 

with 0.5 g/L ammonium sulfate. For 22Δ6AAL, transformants were selected for growth 

on SD media supplemented with 0.5 g/L ammonium sulfate and 1.5 g/L lysine. 

 

Gene shuffling. Shuffling of the coding sequences for ancestor69 and AtAAP1 was 

performed as described in Reinders et al. (2012) with the following changes. Coding 

sequences for ancestor69 and AtAAP1 were digested by DNAse for 10 minutes instead 

of 15 minutes. The shuffled gene library was expressed in DH5α E-coli. I did not proceed 

to express the library in yeast. 
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Conclusions 

The purpose of this work was to examine the transport function of AAPs in 

species beyond the eudicots, where they had previously been studied. Specifically, this 

thesis meant to address whether rice and liverwort AAPs are similar or different from 

already characterized AAPs, their physiological function, and how substrate specificity of 

the AAPs evolved. 

Nineteen AAP genes are found in rice. In this thesis, seven rice AAP cDNAs were 

cloned, representing a variety of clades in the AAP phylogeny, and four were 

characterized using electrophysiology. OsAAP3 had a substrate specificity distinct from 

the substrate specificities of the Arabidopsis AAPs. OsAAP3 transported lysine and 

arginine well and aromatic amino acids were selected against. OsAAP1, OsAAP3, 

OsAAP7, and OsAAP16 had K0.5 values for amino acid substrates in the mM range, 

similar to the Arabidopsis AAPs. 

The broad substrate specificities of OsAAP1, OsAAP7, and OsAAP16 may 

indicate that discrimination against particular amino acids is not important for their 

physiological function. For example, if they act as phloem loaders, their function may be 

to load all amino acids that are available. Or substrate specificity may be determined by 

some other mechanism in the plant. Selective exporters may determine which amino 

acids enter the apoplast and are available to OsAAP1, OsAAP7, and OsAAP16, or 

another family of selective uptake transporters may act redundantly to the OsAAPs. 

OsAAP3 may have a narrower substrate specificity because its function is to 

transport amino acids in some tissue in the plant where lysine and arginine nutrition is 

important and aromatic amino acids are not. According to microarray data analyzed by 
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Zhao et al. (2012), OsAAP3 shows relatively low expression in all plant tissues tested. 

Elucidating the tissue-specific expression of the OsAAPs and conditions that induce 

expression in the future will be important for determining their physiological function. 

At the start of this thesis, AAPs were not known to exist in liverwort species. Five 

AAPs were identified in Marchantia polymorpha and three were cloned. All three, 

MpAAP1, MpAAP2, and MpAAP3, were functional in both oocytes and yeast. MpAAP2 

has a substrate specificity unlike that of previously characterized AAPs. Higher currents 

were induced by cysteine than for the other amino acids, but the apparent affinity of 

MpAAP2 for cysteine was low (K0.5>50 mM). MpAAP1 had an especially high affinity 

for lysine (K0.5 = 20 µM) and arginine (K0.5 = 72 µM).  

The especially high affinity of MpAAP1 for lysine and arginine may mean that it 

functions in an environment where these amino acids are scarce. Marchantia polymorpha 

is a cosmopolitan species of liverwort that thrives in boggy soil. MpAAP1 may function 

to uptake lysine and arginine from nitrogen-poor soil. A tissue-level localization of 

MpAAP1 to rhizoids, root-like structures, would support this hypothesis. Efforts to 

localize the MpAAPs are underway in the Ward lab. 

MpAAP2 has an unusual substrate specificity that selects for cysteine. Cysteine 

contains sulfur, so MpAAP2 may function for sulfur nutrition rather than or in addition to 

nitrogen nutrition. One other AAP that is specific to cysteine has been characterized, 

VfAAP1 from broad bean (Miranda et al. 2001). VfAAP1 is expressed in the developing 

cotyledon. Cysteine-specific AAPs may be more widespread than is currently known. 

Identification and characterization of more cysteine-specific AAPs would shed light on 

their function. 
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Two ancestral AAP protein sequences were inferred in order to study the 

evolution of substrate specificity in the AAP family. The DNA sequences of the ancestral 

AAPs were reconstructed and transport function was tested in yeast and oocytes. One of 

the ancestral AAPs, ancestor69, was not functional in yeast or oocytes. The other 

ancestral AAP, ancestor89, was functional in both yeast and oocytes. Ancestor89 had a 

broad substrate specificity and was able to transport lysine, arginine, and β-alanine.  

The results of the ancestral AAP experiments are preliminary and require follow-

up work. The biological relevance of lysine and arginine transport in the AAPs remains 

an open question. However, even if lysine and arginine transport is not physiologically 

relevant, research on the ancestral AAPs can shed light on the structure-function 

relationship of modern AAPs. Further gene shuffling and phylogenies of the AAPs with 

more support at deeper nodes would help in the study of this relationship. 

This thesis has added to our knowledge of several AAPs, but many questions 

about the AAPs remain to be answered in the future. 
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Appendix A 

Construction of the DNA sequence of ancestor69 

 

The amino acid sequence of ancestor69 was aligned with AtAAP1 using MUSCLE. The 

DNA sequence of AtAAP1 was then used as a template to construct the DNA sequence 

of ancestor69. Individual codons were changed to code for the amino acid sequence of 

ancestor69. Changed codons are indicated in bold. The N-terminus of AtAAP1 was 

assigned to ancestor69. 

 

The amino acid identity between ancestor69 and AtAAP1 is 70% and similarity is 92%. 
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Appendix B 

Construction of the DNA sequence of ancestor89 

 

The amino acid sequence of ancestor89 was aligned with AtAAP2 using MUSCLE. The 

DNA sequence of AtAAP2 was then used as a template to construct the DNA sequence 

of ancestor89. Individual codons were changed to code for the amino acid sequence of 

ancestor89. Changed codons are indicated in bold. The N-terminus of AtAAP2 was 

assigned to ancestor89. 

 

The amino acid identity between ancestor89 and AtAAP2 is 83% and similarity is 96%. 
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Appendix C 

Methods Used in Maintenance of Marchantia polymorpha 
 
 
 
 
Media 
 
Adapted from: 
Kubota A, Ishizaki K, Hosaka M, Kohchi T (2013) Efficient Agrobacterium-mediated 

transformation of the liverwort Marchantia polymorpha using regenerating thalli. 
Bioscience, biotechnology, and biochemistry 77: 167-172 

Ono K, Ohyama K, Gamborg OL (1979) Regeneration of the liverwort Marchantia 
polymorpha L. from protoplasts isolated from cell suspension culture. Plant 
Science Letters 14: 225-229 

Gamborg OL, Murashiga T, Thorpe TA, Vasil IK (1976) Plant Tissue Culture Media. 
In Vitro 12: 473-478 

 
 
M51C Medium 
 
To make one liter, combine the following ingredients: 
 
Macronutrients 
KNO3    2 g 
NH4NO2   400 mg 
MgSO4•7H2O   370 mg 
CaCl2•2H2O   300 mg 
KH2PO4   275 mg 
EDTA-Fe   40 mg 
 
Micronutrients 
KI    0.75 mg 
H3BO3    3 mg 
MnSO4•H2O   10 mg 
ZnSO4•7H2O   2 mg 
Na2MoO4•2H2O  0.25 mg 
CuSO4•5H2O   0.025 mg 
CoCl2•6H2O   0.025 mg 
Na2•EDTA   37.3 mg 
FeSO4•7H2O   27.8 mg 
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Vitamins 
Inositol   100 mg 
Nicotinic Acid   1 mg 
Pyridoxine•HCl  1 mg 
Thiamine•HCl   10 mg 
 
N-Z amine   200 mg 
L-glutamine   292 mg 
Sucrose   20 g 
MES    0.5 g 
 
Notes: 
 
The mg/L concentration of vitamins called for in this recipe is the same as that called for 
in full-strength Gamborg's B5 medium. Gamborg's B5 vitamins can be ordered from 
plant media supply companies. 
 
The mg/L concentrations of micronutrients are also the same as that called for in full-
strength Gamborg's B5. They are not available online. I recommend making a 500x or 
1000x liquid stock and autoclaving it. The stock keeps well at room temperature. 
 
After all the ingredients are combined, adjust the pH of the mixture to 5.8 with KOH. 
 
All the ingredients in this recipe should autoclave well. However, autoclaving sugars and 
amino acids together is not recommended because there is a risk they will caramelize. I 
suspended the amino acids in water and sterile-filtered them separately, autoclaved the 
rest of the media, then added the amino acids in the sterile hood. 
 
 
Gamborg's B5 Medium 
 
To make one liter, combine the following ingredients: 
 
    Full Strength   Half Strength 
 
Macronutrients 
KNO3    2500 mg   1250 mg 
CaCl2•2H2O   150 mg   75 mg 
MgSO4•7H2O   250 mg   125 mg 
(NH4)2SO4   134 mg   67 mg 
NaH2PO4•H2O   150 mg   75 mg 
 
Micronutrients 
KI    0.75 mg   375 µg 
H3BO3    3 mg    1.5 mg 
MnSO4•H2O   10 mg    5 mg 
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ZnSO4•7H2O   2 mg    1 mg 
Na2MoO4•2H2O  0.25 mg   125 µg 
CuSO4•5H2O   0.025 mg   12.5 µg 
CoCl2•6H2O   0.025 mg   12.5 µg 
Na2•EDTA   37.3 mg   18.65 mg 
FeSO4•7H2O   27.8 mg   13.9 mg 
 
Vitamins 
Inositol   100 mg   50 mg 
Nicotinic Acid   1 mg    0.5 mg 
Pyridoxine•HCl  1 mg    0.5 mg 
Thiamine•HCl   10 mg    5 mg 
 
MES    1 g    0.5 g 
Phytagar (for plates)  10 g    10 g 
 
Notes: 
 
Powdered Gamborg's B5 mix is available, but it contains sucrose. I have found that 
leaving out the sucrose vastly reduces the risk of media contamination and the 
Marchantia grow fine without it. 
 
I recommend making a dry mixture of the macronutrients, vitamins, and MES. Store this 
at 4 ºC. Make a liquid stock of the micronutrients and store at room temperature. 
Remember that a 500x stock of micronutrients will be a 1000x stock if you are making 
half-strength Gamborg's B5. 
 
Adjust pH to 5.7 with KOH. 
 
All the ingredients autoclave well and can be autoclaved at the same time. 
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Maintenance of Sterile Marchantia Polymorpha Thalli 
 
Marchantia grows well under the same light regime as Arabidopsis (16 hours fluorescent 
light, 8 hours darkness). 
 
Maintain plants on plates containing half-strength Gamborg's B5. Wrap plates in cloth 
tape. 
 
Marchantia plates will dry out over the course of a few weeks. They will dry out faster in 
the winter when humidity in the lab is low. Plates must be subcultured to maintain a 
population of sterile Marchantia. 
 
To subculture a plate, sterilize forceps in 70% ethanol. Using the forceps tip, dig gemmae 
out of an old plant's gemmae cup and spread onto a fresh plate. Use few gemmae (5-10 
per plate). They grow quickly. 
 
If Marchantia plates become contaminated, transfer gemmae to plates containing half-
strength Gamborg's B5 plus 100 mg/L cefotaxime. After a few weeks, subculture 
Marchantia to half-strength Gamborg's B5 plates as usual.  
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Thallus transformation of Marchantia 
 
Adapted from: 
Kubota A, Ishizaki K, Hosaka M, Kohchi T (2013) Efficient Agrobacterium-mediated 

transformation of the liverwort Marchantia polymorpha using regenerating thalli. 
Bioscience, biotechnology, and biochemistry 77: 167-172 

 
Marchantia preparation 
• Cut apical portions off of 14-day-old thalli and remove. Cut remaining the remaining 
thallus portions into quarters. 
• Transfer cut pieces to a new half-strength Gamborg's B5 plate. Let plants regenerate for 
3 days. 
 
Agrobacterium preparation 
• Use standard transformation procedure to insert plasmid of interest into Agrobacterium. 
Grow in 5 mL LB + 25 mg/L gentamycin + appropriate selection marker, with shaking, at 
30 ºC for two days. 
• The morning that the Agrobacterium will be co-cultivated, pellet the culture. (I spun the 
solution down 1.5 mL at a time in a 1.5 mL tube). Resuspend in 10 mL of M51C solution 
+ 100µM acetosyringone. 
• Return solution to 30ºC plus shaking for 6 hours. 
 
Co-cultivation 
• Prepare 50 mL of M51C + 100 µM acetosyringone in a 200 mL flask. 
• Add 1 mL of Agrobacterium culture and 15-20 regenerating thallus pieces. 
• Co-cultivate under continuous light + shaking at 120 rpm for 3 days at room 
temperature. 
• Wash plantlets 5-6 times with sterile water. 
• Soak plantlets in sterile water + 1 g/L cefotaxime for 30 min. 
• Transfer plantlets to plates with half-strength Gamborg's B5 + appropriate selection 
marker and 100 mg/L cefotaxime. 
 
 


