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Abstract

Amino Acid Permeases (AAPs) belong to a class of Amino Acid Transporter
(AAT) protein family, which play a pivotal role in the transportation and selective
transit of various biomolecules such as Nitrogen, Potassium, Sodium and various
amino acids based on their size, structure, charge and though their specialized
binding sites. Cells are unable to synthesize some amino acids and must obtain
them from the environment, and thus, AAPs are critical players in this process.
AAPs have been widely studied in vascular plants but they have not been explicitly

reported in non-vascular bryophytes, to date.

In the present study, In-silico tools have been employed for the identification
and characterization of AAPs in the non-vascular bryophyte model Physcomitrella
patens. A total of 16 P. patens AAPs (PpAAPs) were identified that shared phys-
ical and chemical attributes with AAPs of Arabidopsis thaliana (AtAAPs). The
selected PpAAP sequences shared a common domain with scale AtAAPs, confirm-
ing they belong to the same gene family. Furthermore, the average gene lengths
of PpAAPs were found to be significantly higher than those of AtAAPs while
the average protein lengths of the two were almost similar with the average of
PpAAPs slighter higher than the latter. Similar was the instance for GRAVY
(Grand Average of Hydropathicity) values where PpAAPs were higher as com-
pared to AtAAPs. However, the average molecular weight (MW) and Theoretical
Iso-electric point (pl) of AtAAPs was found higher than those of PpAAPs. On-
line tools suggested that all PpAAPs are hydrophobic and localized in the Plasma
membrane, and share a significant degree of homology in their gene structures and
protein motifs with AtAAPs. Phylogenetic analysis showed that PpAAPs possess
evolutionary divergence and variation among them while substantial evolutionary
linkage was observed with AAPs of several other vascular plants, confirming com-
mon ancestry. The closest neighbors of PpA A Ps were observed to be the AAPs of
Cocus Nucifera, Vicia faba, Glycine max, Fucalyptus grandis, Zea mays, Cannabis
sativa, Brassica rapa, Brassica napus and Arabidopsis thaliana. Protein-protein
interactions show that the interacting proteins of the majority of PpAAPs were

involved in the role of transportation of biomolecules. Results proposed that the
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PpAAPs indeed belong to the Amino Acid Permease (AAP) gene family and
shared significant structural and functional homology with AtAA Ps.
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Chapter 1

Introduction

The amino acids, which constitute the fundamental blocks of proteins, are essential
in many metabolic activities that occur within cells. While cells can synthesize
some amino acids, others must be obtained from the environment. Amino acid
transporters, which are integral proteins that are found in cell membranes, play
an important role in the ingestion of these amino acids. They are specialized
proteins that assist transportation across cellular membranes. They are a group
of proteins that recognize and bind to certain amino acids and help them move
into or out of the cell based on physiological demands and concentration gradients
[1]. Amino acid transporters have been reported in several vascular plants and
many important bio-molecules such as Nitrogen (N), Potassium (K) and Sodium
(Na) are in direct interaction with these transporter families which are responsible
for permeability [2]. Research suggests that these nutrients play an essential role

in the reproduction, development, and growth of plants [3].

Amino acid transporters (AATs) can be further divided into several divisions ac-
cording to the specificity of their functions such as uptake property. AATs are fur-
ther classified in two families which are the Amino Acid-Polyamine-Organocation
Family (APCs) and the Amino Acid/Auxin Permease family (AAAPs) [3]. Amino
acid Permeases (AAPs) are a sub-family within the Amino Acid/Auxin Permease
(AAAP) family. Generally, AAPs play important roles in the uptake of amino
acids from the soil, long-distance transport of amino acids from soil to other parts

1
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of the plant through the phloem, efficient nitrogen use, synthesis or development
of proteins, reproduction, and stress response. In the model plant Arabidopsis
thaliana, 8 AAPs have been identified. These AAPs (AtAAP1-AtAAPS8) play
different roles as reported by several studies for instance, AtAAP1 is known to
import nitrogen for seeds in the development stage by loading amino acids in the
phloem. AtAAP2 is known to be expressed in the vascular tissue and is involved in
the long-distance transport of amino acids, ensuring a steady supply of nutrients.
AtAAPS is involved in the export of amino acids from leaves and is expressed in
the phloem while AtAAP/ is involved in pollen development. Similarly, AtAAPS5
is expressed in the roots and is involved in the uptake of amino acids from the soil
while AtAAPG6 plays a vital role in the redistribution of amino acids during stress
conditions. Some AAPs have fewer known functions as in the case of AtAAP7,
which is known to play a role in nutrients and ion transport. AtAAPS8 has been

reported to supply amino acids in developing embryos [3].

In a similar study on rice (Oryza sativa), researchers focused on the function
of four AAPs of O. sativa in particular, namely OsAAP1, OsAAP3, OsAAP7
and OsAAP16 using electrophysiology and found that OsAAPI1, OsAAP7 and
0sAAP16 could transport a wide range of amino acids across the plasma mem-
brane and their functional patterns were found similar to those studied earlier in
A. thaliana [4]. Interestingly, OsAAPS3 was found to display selective transport
against aromatic amino acids, a trait not observed previously even in A. thaliana.
However, it effectively transported specific amino acids such as lysine and arginine.
Researchers also concluded that these OsAAPs could transport both, positively
charged and neutral forms of these amino acids effectively. The localization of
these transporters was also established and plasma membrane was found to house

these transporters, similar to Arabidopsis as reported in previous studies [4].

Identically, another study aiming to functionally characterize AAPs in broad
bean (Vicia faba) was conducted. Rescarchers achieved this by isolating full-
length ¢cDNAs responsible for encoding three AAPs, namely VfAAPI, VfAAP3
and VfAAP4. It was found that VfAAPI and VfAAPS3 were responsible for the
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transport of a wide range of amino acids such as cysteine and arginine/lysine re-
spectively. It was also found that VfAAP1 played a significant role in supplying
amino acids for storage protein synthesis, and that VfAAP3 was mainly expressed
in maternal tissues while no detectable transcripts for VfAAP/ were found. Sim-
ilarly, expression regulation and localization were done for these permeases with
the conclusion that these were localized in parenchyma cells while different devel-

opmental stages affected the pattern of expression [5].

1.1 Problem Statement

In the present study, Physcomitrella patens was chosen as the organism of choice
for studying AAPs in a non-vascular plant model. Transporter proteins have
been extensively studied in vascular plants over the years, but less study has
been conducted on the structural and functional characterization of AAPs in non-

vascular plants.

1.2 Research Gap

AAPs have been identified and characterized both functionally and structurally
in many vascular and non-vascular plants. However, no study has been conducted

on the structural and functional characterization of AAPs in P. patens to date.

1.3 Scope

This study is an attempt to bridge the gap of structural and functional homology
between vascular and non-vascular plants and predict any unknown functions in
members of AAPs of P. patens. Less studies exist on the comparison between
vascular and non-vascular plant gene families and the reason such studies should
exist is because they provide valuable ground and notable predictions for future

studies. Hence, this study may ease in-vivo functional characterization of PpAAPs
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in any future studies, which, in turn, may prove beneficial for crop yield, efficient

use of nitrogen, and various genetic engineering techniques.

1.4 Aim and Objectives

1.4.1 Aim

e This study aims to identify and structurally characterize the AAP gene

family in P. patens.

1.4.2 Objectives

e To identify and characterize AAP gene family structurally in P. patens using

computational tools.
e To study the physicochemical properties of AAP gene family in P. patens.

e To study the evolutionary relationship of AAP gene family between vascular

and non-vascular plants.

e To study the interacting proteins of AAP gene family in P. patens.



Chapter 2

Literature Review

2.1 General Overview of Physcomatrella patens

P. patens is a moss (bryophyte) that is used as one of the model organisms for
research on the physiology, development, and evolution of plants. It is a non-
vascular plant which means that it does not have a well-established xylem and
phloem, and this is a reason why it is a good model organism for comparative
studies with vascular plants. In modern research, it was first documented by Engel
in 1968 in which the moss was grown in the laboratory, and various biochemical and
morphological mutants were introduced in the plant [6]. According to that study,
under specific circumstances, the moss P. patens can complete its full life cycle in
between seven and eight weeks. When cultivated at temperatures between 15°C
and 19°C, it can reproduce sexually. Researchers used a variety of methods to cause
mutations in this moss, including X-rays, ethyl methane sulfonate, and N-methyl-
N’nitro-N-nitrosoguanidine. They produced a variety of mutants, including those
with altered color (yellow mutants), modified shape or structure (morphological
mutants), and the inability to generate specific compounds (such as thiamine,
para-aminobenzoic acid, niacin, and fungal extract). Compared to typical moss,

the yellow mutants contained 35-65% less chlorophyll [6].

P. patens has received a great deal of interest in botany and plant biotechnology.
It is a tiny species of moss that can be found in temperate regions everywhere.

5
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Its ease of development and manipulation, its thoroughly sequenced and well-
annotated genome, and its distinctive evolutionary position, all contribute to its
attractiveness as a model organism [7]. P. patens is quite simple to grow and
manipulate in laboratory settings. It is a cost-effective option for many labora-
tories since it needs little room and resources to thrive. Importantly, this moss
demonstrates a high level of genetic adaptability, including an elevated level of
homologous replication, a characteristic that is uncommon in plants. This makes
it a perfect model for the study of the function of genes and genetic pathways and
enables precise genetic modification. Sequencing and comprehensive annotation
of the P. patens genome have been completed. This has created new possibilities
for comparative genomics research, allowing scientists to follow the development
of numerous genetic features and functions. P. patens, which was a member of
the first class of plants to colonize land some 450 million years ago, holds a spe-
cial place in the evolution of plants. Studying P. patens can help us understand
how plants evolved to live on land from aquatic environments, including how they
adjusted to abiotic stresses such as water scarcity changed how they reproduced,

and developed complicated structures like organs and tissues [§].

2.1.1 Physiology & Biochemistry of Physcomitrella patens

P. patens has a three-month life cycle and does best in open, disturbed envi-
ronments. Although it can survive in some dry environments, it needs water for
reproduction just like other mosses do. The other phases throughout its life cycle
react to light, the force of gravity, and various forms of stress, but its spores need
light to germinate. Researchers have carefully examined P. patens’ responses to
various kinds of light. They have discovered that it exhibits a range of growth
reactions when exposed to clevated amounts of light and that its development can
vary depending on the direction of polarized light [9]. Due to P. patens’s easy
visualization and manipulation of its cells, it was additionally utilized to explore
cell polarity. Cytokinins, auxins, and abscissic acid hormones that are typical of

mosses and flowering plants have been examined in P. patens, and various mutants
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have been developed. Hormones and other variables can cause the moss to transi-
tion from a two-dimensional to three-dimensional growth. Calcium is essential for
P. patens cell polarity, which affects how the organism’s cells branch and develop.
The ability of cytokinin to induce three-dimensional development in moss cells
provides a novel method for investigating the function of these hormones. It is
simple to follow the moss’ development from spores to sophisticated structures,
a trait not frequently found in other examples of model organisms. Rhizoids, or
the roots of moss plants, separate from the plant’s base, and the leaves develop in
a spiral shape. Reproductive organs develop when the appropriate circumstances
are met, and fertilization happens when water is supplied. Additionally, moss may
interact with other living things, such as fungi, but nothing is known about how P.
patens respond to pathogens. Last but not least, although biochemical research on
P. patens is not nearly as sophisticated as genetic study, scientists have discovered
several genes involved in metabolism and anticipate that P. patens’ biochemical

nature may be fairly similar to that of other terrestrial plants [10].

2.1.2 Life Cycle of Physcomitrella patens

A dominating haploid gametophyte as a morphologically distinctive, diminished
diploid sporophyte alternates throughout P. patens life cycle, which is typical
of all bryophytes. By apical tip growth, a germinating meiospore develops into
filamentous protonemata that contain two distinct cell types that represent the
juvenile gametophyte: chloronema cells, which have more chloroplasts and cell
walls that are parallel to the growth axis, and caulonema cells, which have fewer
chloroplasts as well as oblique cell walls. A gametophyte having basal rhizoids and
an upright, leafy stem that may develop sexual organs (gametangia) is produced
by caulonemal cells as meristematic buds having three-faced apical cells. due to P.
patens’ monoecious nature [11]. The life cycle of P. patens is depicted in Figure

2.1.

The life cycle of P. patens was well observed by Engel in a study in which mor-

phological and biochemical mutants were induced [6]. According to the study, this
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F1GURE 2.1: Life cycle of P. patens Source: Adapted from [10].

moss is cleistocarpous (creating a specific kind of moss spore capsule that fails to
open when mature) and monoecious (containing reproductive organs from both,
male and female organs within the same plant). The gametophore, or sexual form
of the plant, has a small seta (stalk) that measures between 0.25 and 0.50 mm and
connects the spore capsule of the moss to it. This capsule lacked an operculum, a
lid-like appendage commonly found in other moss species, in keeping with the dis-
tinctive features of cleistocarpous mosses. A single fertilization event produced 3—4
thousand spores in the capsule, which a viable count supports. Physcomitrella’s
spores are roughly 20 x 40 micrometers in size and have an elevated viability rate
of 90-95%. Given conditions of 25°C to 30°C and 200 to 300-foot cd (a unit that
measures the intensity of light) under constant illumination, they can germinate
in 48 to 72 hours. On solid or liquid media, the germinated spores develop into

filamentous colonies of size 7-10 mm in 2-3 weeks [6].

After 2-3 weeks, each colony of these filaments, referred to as green protonemata,

bears 10-15 gametophores. The upright gametophores were 0.5-1.0 millimeters
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long and bear 5-6 bracts that resemble leaves after this phase. It is worth men-
tioning that protonemal and gametophoric cell inoculum can also grow into a
colony. The sexual reproduction of P. patens had been observed in earlier inves-
tigations, but the crucial significance of low temperature had not been shown by
these scientists. According to the results of this study, 90-95% of the P. patens
gametophytes cultured at 15-19°C develop male (antheridia) and female (archego-
nia) reproductive organs, which lead to the development of spore capsules. Only
cultures kept at cooler temperatures (15-19°C) for 4-6 weeks were shown to have
sexual reproduction. The experiment showed that light-dark regimes had no dis-
cernible impact on sexual reproduction. Between 19°C and 21°C, the production
of capsules is reduced by 80%, and at 23°C', no capsules are formed. The researcher
also noted that growing colonies produced from spore or vegetative inoculum on
minimum media for 2-3 weeks at 25-30°C is the standard approach for promoting
sexual reproduction. The colonies are then transferred to a colder environment
that is kept at 15-19°C. 7-10 days after lowering cultures to cooler temperatures,
antheridia, and archegonia start to grow on gametophores. At the reduced temper-
ature, mature spore-containing capsules begin to form after 3-4 weeks. 150-300
capsules can be produced from an aseptic culture of 15-30 colonies on a solid

medium in a 25 X 150 mm culture tube [6].

2.2 Arabidopsis thaliana as a Model Organism

The scientific community initially concentrated a great deal of its attention on
a procedure known as mediated cell transformation. Arabidopsis, a little plant
from the mustard family, was introduced, and the story started to shift. The first
person to recognize its genetic potential was the European researcher Laibach,

whose baton was later picked up by Re’dei in the United States [12].

With the creation of its genomic map and the opportunity for further genetic in-
vestigation, the 1980s were an important period for A. thaliana. Additionally, its
small genome provided a benefit for thorough genetic and molecular analysis, dis-

tinguishing it in research of plant physiology. It is impossible to overstate 1987’s
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P. patens  A. thaliana

Genome size 487 Mbp 157 Mbp
No. of chromosomes 27 5
Average intron length 252 bp 146 bp
Average intron number 5 5

Intron G/C 40% 33%
Exon G/C 50% 40%

FiGUuRE 2.2: Comparison between genomes of P. patens and A. thaliana.
Source: Adapted from [13]

importance in the context of the A. thaliana study. An important event conducted
at Michigan State University’s campus served as a stimulus for the launch of an
online discussion forum for Arabidopsis research. Ambitious goals were established
in 1990 as this concept started to gain popularity among scientists. These included
in-depth genetic analyses that ranged from substantially mutating its genome to
completely decoding its genetic makeup. The larger scientific community antic-
ipated that knowledge gained from A. thaliana may have repercussions, helping
industrial applications, medical sciences, as well as agriculture. The fact that
the Arabidopsis Genome Initiative originated in 1996 only serves to emphasize its

significance.

In addition to serving as a monument to the plant’s importance, this international
cooperative effort signaled an essential change regarding how substantial genetic
projects were undertaken. The project allowed for the cataloging of a sizeable
amount of the plant’s genomic DNA sequence in open databases. The trajectory of
A. thaliana, from an underappreciated weed to a pillar in the field of genetic model
organisms, represents a scientific miracle, that had an objective to completely
sequence the entire 120-Mb genome by 2000. In summary, Arabidopsis’ journey
has cemented its status as a crucial tool for illuminating complex features of plant
physiology and genetics [12]. Figure 2.2 shows the genomic differences between P.

patens and A. thaliana.
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2.2.1 The Genome of Arabidopsis thaliana

The genome of A. thaliana is divided into five chromosomes and contains about
20,000 genes [12]. Analyzing the chromosome structure was difficult because of
the tiny meiotic chromosomes and lack of polytene chromosomes. However, subse-
quent developments have improved visualization, such as in in-situ hybridization
techniques. Each chromosome has been visualized using three different mappings
for instance, based on recombination frequencies, the classical genetic map dis-
plays the locations of mutant genes. By looking at segregating phenotypes in self-
pollinating plants, the initial map was generated. Currently, there are about 460
mutant genes on this map, which is available online (http://mutant.lse.okstate.edu).
Notably, over 110 of these genes have been cloned. The positions of genes that were
cloned and molecular markers are shown on the Recombinant Inbred (RI) Map.
This map was created using a particular population of plants that frequently self-
pollinated. This map, as is also accessible online (http://nasc.nott.ac.uk/new_ri_m
ap.html) now displays more than 790 markers. Online access to physical maps of
the Arabidopsis genes provides current information on the chromosomes. It is also
available online (http://genome-www.stanford.edu/Arabidopsis/) and is updated

regularly as more studies are being conducted on the subject [12].

2.3 Nitrogen Use Efficiency (NUE) in Plants

Nitrogen use efficiency (NUE) measures a plant’s ability to produce grain in rela-
tion to the quantity of nitrogen in the soil. It is defined mathematically as GwINs,
when ’Gw’ refers to grain weight, showing the total quantity of grain generated,
and 'Ns’ represents nitrogen availability, representing the quantity of nitrogen

available to the plant. This efficiency is divided into two major components:

e Absorption (Uptake) efficiency: This refers to the extent to which the

plant can soak up or absorb nitrogen accessible from the soil.
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e The efficiency of utilization: After absorption, this indicates how well
the plant can use the ingested nitrogen to produce grain. It measures the
crop’s metabolic and physiological efficacy in turning ingested nitrogen into

productive grain yield [14].

A significant quantity of nitrogen fertilizer is sprayed globally each year, primarily
on cereal crops. Despite the vast quantities applied, its use is poor, with just 33%
of total nitrogen collected in grain. Unutilized nitrogen can pollute the environ-
ment, cause greenhouse gas emissions, and be costly due to variations in nitrogen
fertilizer costs. In agriculture, there is an urgent need to improve nitrogen fertilizer
efficiency [15]. Nitrogen is carried through the root to the shoot via its xylem, and
from high in nutrients leaves to nutrient-demanding regions via the phloem. Sink
organs that require nutrients typically have limited xylem intake due to their poor
transpiration activity. Phloem loading is the process of supplying nutrients to the
phloem, which happens in the small veins of leaves. Unloading, which occurs in
sink organs, is the act of removing or dispersing such nutrients from the phloem.
The transport phloem is the fundamental component of the phloem system, con-
necting the loading and unloading processes. This network also provides for the
interchange of nitrogen compounds in plant components such as stems, roots, and

leaves between the xylem and phloem [16].

2.3.1 Effects of Nitrogen Use on Environment

Nitrogen fertilizer consumption has increased worldwide, from roughly twelve Tg
in 1960 to around 113 Tg in 2010 [17]. This trend is projected to continue as
the global population grows. Nitrogen fixation, nitrification, assimilation, am-
monification, and denitrification are all phases in the nitrogen cycle. Various
substances escape into the atmosphere during this cycle, influencing the climate.
These chemicals, which include greenhouse gases (GHGs) such as carbon dioxide,
carbon monoxide, and nitrogen dioxide, are contributing to global warming, which
can have a negative impact on the security of food and agriculture. N,O is partic-

ularly problematic because of its extended atmospheric lifetime and strong Global
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Warming Potential (GWP), which is 310 times that of CO,. Agricultural nitrogen
consumption increases NHz and NO, emissions, which are contributing to climate
change indirectly. These compounds can either warm or cool the atmosphere by
eliminating methane or generating light-scattering aerosols. Furthermore, greater
nitrogen usage can result in greater retention of carbon in soils due to better

primary productivity and litter generation [17].

2.3.2 Improving NUE by Altering Transport Mechanism
of Nitrogen

Determining the rate of nitrogen absorption in plants, especially cereals, is critical
in agronomy for optimizing nitrogen usage efficiency (NUE). Recent discoveries
have shed light on the mechanisms behind nitrogen transportation in vegetation,
but the optimum tactics for increasing NUE remain unclear. Increasing the capa-
bility or selectivity of transporter proteins at the root epidermis may theoretically

boost nitrogen uptake, however, the existing uptake capacity is significant [15].

Complex molecular networks control absorption, assimilation, and intraplant dis-
persion in the nitrogen transport process. External influences, like changes in the
environment that affect soil nitrogen levels, add an additional level of complica-
tion. Although high-affinity transport systems (HATS) are primarily responsible
for nitrogen absorption, low-affinity transport systems (LATS) may play impor-

tant roles in particular circumstances, such as specific soil temperatures.

The lack of empirical data on the real contribution of these carriers in field condi-
tions makes it difficult to identify viable genetic targets for increasing NUE. Ac-
cording to some studies, rather than manipulating individual components, chang-
ing complete regulatory cascades may be more beneficial. For example, in A.
thaliana, amplification in the DofI transcription factor resulted in a 30% rise in

plant nitrogen content, evading the plant’s typical regulatory constraints [15].
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2.3.3 Improving NUE by the Use of Specialized Proteins

Research has shown that proteins such as NLPs (Nodule-Inception-like Proteins)
may improve Nitrogen Use Efficiency. OsNLPI, a protein isolated from rice, or
Oryza sativa is essential for nitrogen utilization efficiency (NUE) in the plant.
This protein is found in the cell’s nucleus and reacts swiftly to nitrogen deficiency.
Increasing OsNLP1 levels can improve the development of rice, yield of grains,
and NUE under a variety of nitrogen circumstances. When nitrogen is scarce,
deleting OsNLP1 reduces both grain production and NUE. OsNLPI1 regulates
several genes involved in nitrogen utilization, including those involved in nitrate
and ammonium absorption and assimilation. The direct adherence of OsNLPI to
the promoters of the genes promotes their expression. As a result, OsNLP1 is
critical for optimizing nitrogen usage in rice and represents a prospective path for

increasing both nitrogen uptake and rice output [18].

2.4 Amino Acid Transporters and their Role

The exchange of nitrogen in plants happens through amino acids [19]. Nitrogen
is essential for the growth of plants and reproduction. Plants acquire both inor-
ganic (such as ammonia and nitrates) and organic nitrogen forms from the soil.
Once ingested, nitrogen passes through an absorption process that involves trans-
forming nitrate to ammonium and finally to amino acids. This can happen with
either the root or the source leaves. This process normally produces glutamine or
glutamic acid as the initial organic molecule, which then aids in the production
of other amino acids. These amino acids can be synthesized in an array of cell
compartments, which include plastids, mitochondria, and cytoplasm. Asparagine
and glutamine are contained mostly in the xylem sap, whereas all amino acids are
transferred by the phloem. These amino acid amounts can vary depending on the
species of plants and environmental variables. The aforementioned amino acids

are essential for nourishing various portions of the plant, such as the tips of the
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roots and flowers. As a result, AATs are critical in ensuring the right amount of

organic nitrogen across the plant [3].

2.4.1 Classification of Amino Acid Transporters

Plant AATs are essential for the transportation and dissemination of amino acids.
According to their sequence homology as well as how they take up drugs, these

types of transporters can be divided into two groups. They are as follows:

2.4.1.1 Family of Amino Acid/Auxin Permeases (AAAP).

e AAPs (Amino Acid Permeases): transporters that handle a wide variety of

amino acids with no specialization.

e Lysine and Histidine Transporters (LHTs): These specialize in the transport

of lysine and histidine, as the name implies.

e Gamma-aminobutyric Acid Transporters (GATs): For Gamma-Aminobutyric
acid transport since they are specialized transporters, specific to their trans-

port.
e Proline Transporters (ProTs): They are in charge of proline transport.

e Indole-3-Acetic Acid Transporters (AUXs): They are responsible for facili-
tating the movement of indole-3-acetic acid, a kind of auxin that is essential

for plant growth.

e Aromatic and Neutral Amino Acid Transporters: They only transport aro-

matic and neutral amino acids.

e Amino Acid Transporter-like Proteins: These kinds of proteins may have
structural similarities to existing amino acid transporters, but their functions

may be different or as yet unidentified [3].
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2.4.1.2 APC (Amino Acid-Polyamine-Organocation) Family:

e Cationic Amino Acid Transporters (CATs): are in charge of transporting

cationic amino acids.

e Amino Acid/Choline Transporters: Proteins that are responsible for the

movement of both amino acids and choline.

e Polyamine H™ Symporters (PHSs): They're enzymes that transport polyamines

in tandem with protons (H™).

There is also a newer set of transporters known as "Usually Multiple Acids Move In
and Out Transporters’ (UMAMIT). This family was just discovered in A. thaliana.
This points to the possibility of additional identification and classification of pro-

tein transporters in plants [3]. Figure 2.3 shows the classification of AATs.

2.4.2 Description of Various Amino Acid Transporters in

Arabidopsis thaliana

Arabidopsis plants rely on a complex network of AATs, which are predominantly
localized in their roots. These transporters are classified into three types: AAPs,
LHTs, and ProTs. AAPs, such as AAP1 and AAPS5, are found in various regions
of the root and aid in the absorption of certain amino acids. LHTs are recognized
for their high-affinity systems of transport, and they specialize in carrying lysine
and histidine, but they also transport additional neutral and acidic amino acids.
LHT1, for example, has been found in both Arabidopsis and rice roots, highlight-
ing its relevance in amino acid absorption. Finally, ProTs, particularly ProT?2, are
responsible for facilitating the movement of proline, glycine, and -aminobutyric
acid (GABA). These transporters guarantee efficient nutrient uptake, which con-
tributes to the general health and growth of the plant [3]. There are fourteen APC
transporters in the A. thaliana genome [20]. Nine of them belong to cationic amino
acid transporters (AtCAT1-9), that contain 14 putative transmembrane (TM) do-

mains. They specialize in essential amino acid transport with great affinity. The
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F1GURE 2.3: Classification of Amino Acid Transporters with reference to Amino
Acid Permeases (AAPs) Source: Data modified from Yao et al. [3]
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other five APC members have 12 transmembrane domains, one of which is a
possible gamma-aminobutyric (GABA) transporter. Furthermore, the Arabidop-
sis genome contains the ATF superfamily of amino acid transporters, which has
roughly 46 members. Amino acid permeases (AtAAPs), lysine and histidine trans-
porters (AtLHTs), proline transporters (AtProTs), aromatic and neutral amino
acid transporters (AtANTs), and potential auxin transporters (AtAUXs) are the
five subclasses of this superfamily [20]. Given the abundance of amino acid trans-
porters, it is clear that they serve a variety of activities that are controlled by
factors such as substrate specificity, expression site, and environmental triggers.
This complication motivates researchers to delve thoroughly into the intricacies

within every transporter gene family.

2.4.3 Expression of Various Amino Acid Transporters in

Arabidopsis thaliana

Numerous amino acid transporters in the Arabidopsis genome have specialized
functions in plant development and food intake. Because of the way they func-
tion in stems, flowers, and siliques, transporters AtAAP1, AtAAP2, AtAAP/, and
AtAAPS likely assist in loading phloem from source tissues and may also carry
amino acids to developing embryos. Other transporters, such as AtAAPS3, which
is mainly expressed in the roots, may aid in the uptake of amino acids from the
phloem or topsoil. Furthermore, AtAAP6, which is present primarily in roots and
leaves, appears to be critical for the uptake of amino acids from the xylem, owing
to its high affinity. Other amino acid transporters, such as AtLHT1 and AtLHT?2,
appear to be required for the uptake of amino acids from soil and specialized
cellular roles. Arabidopsis also has 3 amino acid proline transporters, AtProT1,
AtProT?2, and AtProT3, all of which have different expression patterns and roles.
AtANT1 is known for its broad expression, whereas AtCAT1 is known among
the APC superfamily for its possibility of versatility in phloem physiology. Other
AtCATs, on the other hand, have unique roles and patterns of expression across

tissues. Surprisingly, the genes that are orthologous to amino acid transporters
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might have different expression patterns in various plant species, implying dif-
ferent evolutionary paths. Although tomatoes have proline transporters similar
to Arabidopsis, their activities and expression patterns differ. The many roles of
these transporters in plants highlight their relevance in the development of plants,

nutrition, and adaptation [20].

2.5 Amino Acid Permeases

AAPs are specialized proteins that play an important role in cell physiology. They
act as gatekeepers in the cell’s membrane, directing the passage of amino acid
molecules through and out of a cell [21]. Integral membrane proteins suggest AAPs
remain profoundly buried within cellular membrane lipid bilayers. In contrast to
peripheral membrane proteins, which adhere to the membrane’s surface, integral
proteins are those that span the whole length of the membrane, typically with
domains on both the outside and inside of the cell. As a result, they can form
conduits or pores across which amino acids can flow, ensuring the selective transit
of these important molecules. One of the key tasks of these AAPs is to mediate
amino acid transport. Because of this mediation, AAPs can specifically allow
specific amino acids to travel through while prohibiting others. They accomplish
this selectivity by combining the structure and charge of the protein, as well as the
existence of specialized binding sites designed to recognize only particular amino
acids or classes of amino acids. Amino acids are required by all cells for a variety

of reasons.

Cells in many organisms may be unable to synthesize all of the amino acids re-
quired. As a result, they have to acquire them from their surroundings. AAPs
are critical players in this process. AAPs may assist the transport of amino acids
into a cell when extracellular amino acid levels exceed within the cell, thereby
guaranteeing that the cell has a consistent supply of these important molecules

[21].
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2.5.1 Function as Integral Membrane Proteins

Since AAPs are integral membrane proteins, they are intimately entwined inside
the cell’s lipid bilayer. They do not merely live on the surface, but also pierce
it, with protein sections projecting on both the interior and exterior sides of the
membranes. This transmembrane configuration is not random. As the permease
moves across the lipid environment, it creates complicated pathways. These chan-
nels play an important role in the passage of the amino acids throughout the cell
membrane. These channels, which operate as selective gates, are precisely designed
to allow just certain amino acids through. Notwithstanding the ever-changing ex-
ternal environment, this differentiation ensures that the interior cell environment
remains regulated and in harmony. Cells can also adhere to one another, thanks
to cell-to-cell adhesion, which is mediated by specific integral membrane proteins.
In multi-cellular organisms where cell coordination is crucial, this is especially
significant. Integral proteins give the cell membrane its structural integrity by an-
choring it to the cell’s internal or external structures. Integral membrane proteins
are also found in complexes of proteins like the chain of electron transportation
in mitochondria, which are essential for the respiration of cells and ATP synthesis

21].

2.5.2 Specificity of Amino Acid Permeases

Every protein has a role to play in the great orchestra of cellular activity, and
AAPs are not an exemption. The substrate selectivity of such proteins is one
of their most fascinating characteristics. AAPs have developed to recognize and
attach to a single amino acid, facilitating its transport while blocking the trans-
port of others. Because of this fine-tuned specificity, the cell can finely regulate
the entry and outflow of specific amino acids based on its metabolic needs. Not
all permeases, however, are restricted to one particular amino acid ’key’. Some
evolved to be adaptable enough to be able to accommodate a variety of struc-
turally connected amino acids. This group specificity frequently reflects structural

similarities between different amino acids, enabling the AA Ps to identify a shared
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FIGURE 2.4: Selective permeability and specificity of phospholipid bilayer [23]

feature or motif. This adaptability guarantees that cells can effectively adapt to a
variety of situations where a variety of amino acids may be accessible [22]. Figure
2.4 shows the selective permeability mechanism of AAPs within the phospholipid
bilayer.

2.5.3 Transport Mechanism and Regulation

The interior of the cell is a center of activity, and the correct elements, partic-
ularly amino acids, need to be present for appropriate reactions to occur. As
transporters, AAPs achieve this by utilizing specific processes for transporting
amino acids over the membrane. Facilitated diffusion is a passive process in which
amino acids travel spontaneously from an area where they are abundant to an-
other where they are scarce. The AAPs function as a specialized door, increasing
the movement’s efficiency. This technique uses no energy; instead, the inherent
capacity of molecules to expand out is used. Active transportation delivers amino
acids from low-concentration locations to high-concentration areas, going against
the natural flow. Cells must invest energy because this is energetically unfavor-
able. Cells accomplish this ingeniously by linking the transportation of peptides
to the movement of ions, often protons (H"). Both the amino acid as well as the
proton are channeled in the same path in a symport process, whereas they travel

in opposite directions in an antiport system. This deliberate linkage ensures that
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the energy-intensive process is viable [21]. AAPs expression and activity are fre-

quently altered according to the cellular surroundings:

e Nutrient Availability: The presence or lack of various amino acids in the
surroundings can control the expression of associated permeases in many
organisms. For example, if an amino acid is scarce, cells may stimulate the

expression that encodes the permease essential for its uptake.

e Specific amino acid requirements for the synthesis of proteins or other metabo-

lic activities may additionally affect permease expression and functionality.

e Post-translational Modifications: Post-translational modifications such as

phosphorylation can influence the action of AAPs [22].

2.5.4 Genome-Wide Analysis of Amino Acid Permeases

Genome-wide studies are an important and interesting way of identifying and an-
alyzing important gene families in plants or animals. Various such studies have
been conducted in the past, that serve as a foundation for our theoretical under-
standing of these gene families, as well as pivotal building blocks for various genetic
engineering techniques. AAPs have been studied in the past for their molecular
characterization, in hopes of improving crop yield and nitrogen preservation. In
a relevant study by [24], genome-wide identification of AAPs was conducted for
molecular characterization of their transcriptional responses to nutrient stresses in
Brassica napus. Three primary goals outlined in the study were to identify all of
the AAP genes in B. napus, to characterize the genomic features and transcrip-
tional responses of AAP gene members to nitrogen stresses, such as ammonium
toxicity and nitrate limitation, and to look into the transcriptional responses of
AAPs to other nutrient stresses, such as phosphate constraints, boron deficiency,
cadmium toxicity, and salt stress. The molecular characterization and genome-
wide identification of AAP members point to both functional divergence and evo-
lutionary conservation between Arabidopsis and B. napus. The results were in-

tended to offer a thorough understanding of amino acid importation and transport
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Gene ID Gene name Block DS (bp) Exon/ Amino acid ¥a L Kafs Divergent time
intron |aa) {Mya)
Arlg58360 AAART D 1458 &/5 485
BnaAD1g217500 BnaATAART D 1524 &5 507 0.03%4 03931 0.1002 1310
BnaAD3gso4oaD BnaA3 ARt D 1623 BT 540 00565 03%8r [AE 1329
BnaAl¥g 147000 BnadAnAdrt D 1440 &5 479 Q0de6 04043 Q1153 1348
BnaC019429900 BnaCTAAPT D 1524 &5 507 Q0405 03rar Q1081 1249
BnaCivg 184400 Bnal4 AART D 1455 &5 A4 00439 03854 0.1269 1285
BnaCnng 256200 BnaCnAAPY D 1440 &5 479 Q0489 03965 01233 132
ArSgDa220 Ardars R 1482 &5 493
BnaAn3g026500 BnaA3AArz R 1464 76 AE7 00293 Q477 1569
BnaAl0g226700 BnaATOAAR? R 1458 &/5 485 00366 05027 1676
BnaCD3g037500 BnalC3AAPR? R 1464 &5 4E7 00313 04676 1359
BnaC0og472300 BnaloAdrz R 1458 &5 45 Q437 o4rar 1596
Ar1Q77380 ALAAP3 E 1431 /6 4a7a
BnaAD7g33s10D BnaAT AAPS E 1431 e a7a 00374 035945 00948 13.15
BnaCD6g 330800 Bnola AAPTa E 1431 7% 476 00336 03855 Q0999 1288
BnaCD6g 380900 BnoCaAAPTh E 1431 /6 ara Q.0408 03847 01051 1282
AISQE3ASO AtAAPY X 1401 &5 466
BnaAn2g339300 BnaAZ AAPY X 1401 &5 a6 05479 1826
x 140 554 L] 04567 1522
BnaCD2g427400 x 1401 54 466 0.5398 1799
BnaC03g505000 Bnal3AARg X 1401 4 466 04357 1455
AL1g44100 ALAAPS C 1443 4 AED
Bnafnng 170300 BnaAnAAPS C 1248 43 415 Q.08 04964 1655
BnaAnago444a0D BnaAl AARS & 1446 54 481 Q0840 05449 1816
BnaAnsg 186600 BnaAs AAPRS C 1464 504 4AE7 0.0801 0.5204 1735
BnaA1lgUESIOD BnaAT0AARS C 1431 574 476 Q1506 05013 1672
BnaCDegDIS800 BnoCaAAPRs C 1431 W4 a7a Q.1149 04509 1636
ALSQ49630 ALAARS w 1446 &5 481
BnaCnng 144300 BnalnAAPE w 1440 &5 473 00560 04756 onr 1585
AISQ23810 ALAAPT Q 1404 &5 467
BnaAlHg051300 BnaAGAAry Q 1413 76 47 01092 03343 0.3082 1181
BnaCOogoar000 BnaCeAAry Q 1059 &5 352 0.1169 03813 03066 12N
Arlg10010 ArAARE A 1426 &5 ars
BnaAD&g3E000D Bnass AAPRa A 1401 &5 466 0.1387 04977 0278y 1659
BnaADeg3E010D Bnass AAPSh A 1389 &5 462 0.1385 05880 02355 1960
BnaADHgs72300 BnaAGAAPSg A 1446 &5 481 0.1387 04977 o2rar 1659
BnaAD&gsr2a0D BnaAgAAPsh A 1584 &5 517 0.1385 0.5880 02355 1960
BnalD5g492000 BnaCsAAPSa A 1410 /6 469 0.1361 05426 02308 1809
BnaCD5g492100 BnaCs AAPSh A 1449 &5 482 0.1385 0.5880 02355 1960
BnaCD8g424100 BnoCaAAPSa A 1446 &5 481 0.1508 02216 06805 739
BnaCD8g424200 BnoCaAAPSh A 1515 /6 S04 0.1463 05326 0274y 1775
BnalCD8g424300 BnolH AARSC A 1448 &5 481 Q13 05357 02513 1752

FIGURE 2.5: Molecular characterization of Amino Acid Permeases (AAPs) in
Brassica napus and Arabidopsis thaliana. Source: Adapted from [24]

in B. napus amid various nutritional stressors. The molecular characterization of

AAPs in Brassica napus and Arabidopsis thaliana is presented in Figure 2.5.

The study presents the role amino acids play in this process and the significance

of nitrogen in seed yield and the levels of protein in plants. For the best possible

growth and development of plant organs, nitrogen is essential. Plants take up in-

organic nitrogen nutrients in the form of ammonium and nitrate. These nutrients
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provide amino acids, which are essential for the growth and metabolism of the
reproductive and vegetative organs. More than 100 potential amino acid trans-
porter genes (AATs) are highlighted in the study, including the Usually Multiple
Acids Move In and Out Transporters (UMAMIT) family, which is characterized
in the model Arabidopsis, and the Amino acid-Polyamine-Choline (APC') trans-
porter superfamily. Among them, AAPs are implicated in several physiological
processes, including amino acid absorption, phloem loading, seed loading, and
grain yield. They are presented to be a moderate-affinity system with broad sub-
strate specificity. The reason for reduced nitrogen efficiency, according to this
study, is that rapeseed senescent leaves separate before nitrogen nutrients and are
completely remobilized to sink organs. The goal of the study was to improve B.
napus’s nitrogen remobilization efficiency by molecularly modifying amino acid

transporters, specifically AAPs [24].

2.5.5 Evolutionary Consideration

The widespread presence of AAPs throughout all life domains emphasizes their
vital evolutionary importance. Their prevalence from simplest microbes to sophis-
ticated eukaryotes indicates an ancient origin and key function in coordinating
amino acid transport, which is critical for cell development and survival. Evo-
lution, on the other hand, is not a one-size-fits-all process. Although several
permeases are conserved throughout species, emphasizing their critical roles, the
particular types and amounts of these kinds of proteins in different creatures vary
significantly. This variation is a result of individual evolutionary journeys in which
animals or plants tailored their permease variety to their specific environmental
difficulties and ecological niches. It is therefore understandable that all vascular
and non-vascular plants have originated from a common ancestor, but have gone
through extensive evolutionary change over generations to suit the needs of the
environment, and to ensure their survival, growth, and development. Various for-
mer studies have compared the evolutionary divergence and presence of variation
among the AAPs across different species. For instance, the study by [2], reveals the

phylogenetic relationship between NLP gene family of different species of plants,
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and confirms the ancestral lineage of NLPs among bryophytes and vascular plants
to be common. In summary, while the fundamental role of AAPs stays constant,

their evolutionary subtleties reflect the complex tapestry of life’s flexibility [25].
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Methodology

The overview of methodology is shown in Figure 3.1
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Gene structure visualization by GSDS online server
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Discussion/Results

FiGURE 3.1: Overview of Methodology
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3.1 Sequence Retrieval Phase

The sequence retrieval phase, which comprises screening for, removing redundancy,

and finalizing samples was completed in three phases which are listed as follows:

3.1.1 Genome Screening

Since Arabidopsis thaliana was selected as a scale organism in this study, the
full-length, protein, and coding sequences of A. thaliana amino acid permeases
(AtAAPs) were downloaded from Arabidopsis genome database (TAIR: http://arab
idopsis.org/). These sequences were retrieved in FASTA format and stored to be
used in all sampling and analysis as scale. Two genome databases were screened
for identification and characterization of any putative Physcomitrella patens amino
acid permeases (PpAAPs). Firstly, the AtAAP protein sequences were used as
BLAST-query in screening the NCBI database (https://www.ncbi.nlm.nih.gov/).
Second, a database called Phytozome v13 (https://phytozome-next.jgi.doe.gov/)
was screened using keywords such as “AAPs” and “Amino Acid Permeases” while
having P. patens selected as the plant of interest [2]. Sequences from both of
these screenings were downloaded, and their accession numbers were saved for

future reference.

3.1.2 Removal of Redundant Sequences

All of the potential PpAAP sequences obtained, were aligned to remove any repeti-
tive or redundant sequences [26]. This was achieved, firstly, by comparing accession
numbers saved through BLAST-query and secondly, by self-aligning all sequences
in the NCBI's BLAST tool (https://blast.ncbi.nlm.nih.gov/). The resultant sc-
quences were arranged in an order for the next phase of sampling. All poten-
tial PpAAP sequences, whether from NCBI or Phytozome were rearranged and
matched with their identical ones from the other database to ensure no sequence

is being repeated and samples are accurate and specific.
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3.1.3 Finalizing Sample Sequences

Once repetitive sequences had been removed, and the sequences had been matched
from both of the databases according to their accession numbers, they were final-

ized for the analysis phase.

All of the 16 selected sequences were assigned new lab IDs (PpAAP1-PpAAP2
and so on). The analysis results, for all PpAAPs, were maintained in an Excel

sheet along with their respective accession numbers for future reference.

3.2 Analysis Phase

The finalized sequences were then subjected to analysis, which included several
computational tools and softwares which were used to achieve genome-wide iden-

tification and analysis of Amino Acid Permeases in P. patens.

3.2.1 Domain Searching for Putative Physcomitrella pate-

ns Amino Acid Permeases (PpAAPs)

The scale sequences of Arabidopsis thaliana (AtAAPs) and the selected sample se-
quences of P. patens (PpAAPs) were uploaded for domain identification. This was
achieved by using an online database of NCBI called Conserved Domain Database

or CDD (https://www.ncbi.nlm.nih.gov/cdd).

The sequences were uploaded into Bulk CD-search, and the results described the
common domain between the sequences indicating that the sequences are from the
same family and allowed for the calculation of the quantitative position of gene,

chromosome number, and gene length.
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3.2.2 Physicochemical Properties & Localization of PpA-
APs

The sequences selected based on conserved domains of (PpAAPs) were further
analyzed for their physicochemical parameters such as Protein length (aa), Molec-
ular weight (MW), Theoretical isoelectric point (pI) and Grand Average of Hydro-
pathicity (GRAVY). This was achieved by an online tool called Protparam Expasy
(https://web.expasy.org/protparam). It is an extendable and integrative portal
that provides a catalog of over 160 software programs and database tools while
additionally promoting a variety of biological science and medical research areas.
Subcellular localization was predicted using another online tool called CELLO
(http://cello.life.nctu.edu.tw) [2]. Both of these analyses were performed for scale

sequences (AtAAPs) as well as sample sequences (PpAAPs), for comparison.

3.2.3 Motif Composition in PpAAP Gene Family

The presence of consensus motifs were determined using an online tool called
Multiple Expectation Maximizations for Motif Elicitation or MEME v5.5.4 (meme-
suite.org/meme/tools/meme). It is an online tool considered one of the most
accurate for motif elicitation. All parameter settings were kept at default settings
with the exception of the motif-finding threshold, which was kept at 20 to ensure

specificity and precision [2].

3.2.4 Phylogenetic Analysis of PpAAPs

PpAAP sequences of non-vascular P. patens were aligned along with the AAP
gene families of several other vascular plants. The selected organisms were Ara-
bidopsis thaliana or thale cress [27], Brassica napus or canola [28], Vicia faba
or broad bean [5], Brassica rapa or wild turnip [29], Zea mays or maize [30],
Glycine maz or soybean [31], Raphanus sativus or radish, Brassica oleracea or

wild cabbage, Cannabis sativa or marijuana, Fucalyptus grandis or rose gum and
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Cocus nucifera or coconut [32]. The AAP gene sequences for all plants were
retrieved through a specific literature review and by using specific keywords in
NCBI [33]. Multiple alignment was initially performed through the Clustal Omega
tool (https://www.ebi.ac.uk/Tools/msa/clustalo/). The guide/Newick tree gen-
erated from the Clustal Omega tool was used as a query for visualization of the
rooted phylogenetic tree in another online tool called Interactive Tree of Life v6

(https://itol.embl.de/) [2].

3.2.5 Protein-Protein Interactions in PpAAP Family

The cellular proteins in interaction with PpAAPs and AtAAPs were predicted
using an online tool called STRING (https://string-db.org/), and their figures
along with the description, were exported from the tool for comparative study
and future reference. The interacting proteins of PpAAPs were compared with

those of AtAAPs to identify any functional homology [34].

3.2.6 Gene Structure Determination in PpA AP Family

The full-length and coding sequences of PpAAPs and AtAAPs were retrieved and
used to examine the structural components of these sequences using an online
server called Gene Structure Display Server (GSDS) (http://gsds.gao-lab.org/).
This tool assisted in determining exons, introns and untranslated regions (UTRs)
present in the sequences [2]. The tool also helped in comparing gene lengths

between the two families.
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Results

4.1 Genome Screening and Finalizing Samples

In the current study, two genome databases (NCBI: https://www.ncbinlm.nih.gov/
and Phytozome v.13: https://phytozome-next.jgi.doe.gov/.) were screened to
identify putative AAPs in P. patens genome (Taxonomic ID: 3218) using the AAP
protein sequences of A. thaliana retrieved from TAIR: https://www.arabidopsis.org/.
The screening was done by using AAPs of A. thaliana as query sequences while
selecting P. patens as the organism of interest. A total of 24 sequences were ob-
tained from NCBI. The results were stored in an Fxcel sheet, along with their
accession numbers and percentage similarities for future use. Next, the genome
database Phytozome was screened using specific keywords “AAPs”, and “Amino
Acid Permeases” and through the accession numbers isolated from NCBI. A total
of 23 sequences were extracted and stored alongside the previous sequences along
with their accession numbers and percentage similarities. A total of 47 sequences,
both from NCBI and Phytozome were stored in the first phase. The redundant, in-
complete, or splice variant sequences were removed from the list and the accession
numbers of sequences from both genome databases were matched to form a final
list. The sequences were compared with each other and with A. thaliana AAP
scale sequences to remove identical or highly similar sequences with the similarity
threshold kept at 80% to ensure uniqueness. As a result, a final list of 16 putative

31



Results

32

TABLE 4.1: List of finalized samples of PpAAPs

Name Phytozome NCBI Full Name

PpAAP1 Pp3c24_6070V3.1  XP_024363601.1 amino acid permease  3-like
[Physcomitrium patens]

PpAAP2 Pp3c13.3320V3.1  XP_024392330.1 amino acid permease 3-like isoform
X1 [Physcomitrium patens]

PpAAPS  Pp3cl4.9480V3.1  XP_024395019.1 lysine histidine transporter 1-like
[Physcomitrium patens]

PpAAP) Pp3c13.12390V3.1 XP_024393185.1 lysine histidine transporter-like 2
[Physcomitrium patens]

PpAAP5  Pp3c3.11320V3.1  XP_024372214.1 GABA transporter 1-like isoform X2
[Physcomitrium patens]

PpAAPG6  Pp3cl1.19940V3.1 XP_024388170.1 GABA transporter 1-like
[Physcomitrium patens]

PpAAP7  Pp3c23.12700V3.1 XP_024361745.1 GABA transporter 1-like isoform X1
[Physcomitrium patens]

PpAAPS Pp3c8.19000V3.1 XP_024381744.1 GABA transporter 1-like
[Physcomitrium patens]

PpAAPY9  Pp3c6-21750V3.1  XP_024379398.1 amino acid transporter AVT3B-like
[Physcomitrium patens]

PpAAP10 Pp3cl2.5490V3.1 XP_024390273.1 auxin transporter protein 1-like
[Physcomitrium patens]

PpAAP11  Pp3c9-4450V3.1 XP_024384797.1 proline transporter 2-like
[Physcomitrium patens]

PpAAP12 Pp3c6-1540V3.1 XP_024377316.1 lysine histidine transporter-like 8
[Physcomitrium patens]

PpAAP13 Pp3c21.14080V3.1 XP_024358675.1 LOW  QUALITY PROTEIN:
proline transporter 3-like
[Physcomitrium patens]

PpAAP14 Pp3c9-20170V3.1  XP_024384627.1 amino acid transporter AVT1B-like
[Physcomitrium patens]

PpAAP15 Pp3cl0-6930V3.1  XP_024386910.1 amino acid transporter AVT1B-like
[Physcomitrium patens]

PpAAP16 Pp3cl5.890V3.1 XP_024396912.1 amino acid transporter ANT1-like

[Physcomitrium patens]

PpAAPs was generated which are shown in Table 4.1 showing their accession num-

bers as present in Phytozome and NCBI respectively. The percentage similarity

between PpAAPs is given in Table 4.2 while an overall percentage similarity index

between PpAAPs and AtAAPs sequences is presented in Table 4.3(a).
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4.2 Conserved Domain Identification

The common domain between the scale organism A. thaliana (Taxonomy ID: 3702)
and the study organism P. patens (Taxonomy ID: 3218) for this particular gene
family was found to be “Aa_trans” (PF01490) and “SLC5-6-like_sbd superfamily”
(CL00456) [24].

The CDD tool of NCBI (https://www.ncbi.nlm.nih.gov/cdd) was used for this
purpose, where the AAP protein sequences of A. thaliana in FASTA format were
combined with the AAP protein sequences of P. patens and uploaded in bulk

search.

The results show two common domains as shown in Table 4.4 confirming that
the common domain of amino acid permeases as present in A. thaliana protein

sequences, is present in P. patens sequences.

TABLE 4.4: Identification of Conserved Domain

Organism Query Hit type PSSM-ID From To E-Value Bitscore Accession Short name
AtAAPI specific 279788 37 472 T.70E-132 387.432 pfam01490  Aa_trans
AtAAP2  specific 279788 46 481 5.78E-127 375.491 pfam01490  Aa_trans
AtAAP3  specific 279788 30 450 3.86E-119 354.69 pfam01490  Aa_trans
Arabidopsis thaliana (TAIR) AtAAP}  specific 279788 19 454 4.47E-120 357.001 pfam01490  Aa_trans
AtAAP5  specific 279788 28 468 1.28E-128 379.343 pfam01490  Aa_trans
AtAAPG  specific 279788 33 470 2.25E-130 383.58 pfam01490  Aa_trans
AtAAP7  superfamily 382020 26 462 L11E-77  247.99 cl00456 SLC5-6-like_sbd superfamily
AtAAPS  specific 279788 28 462 9.97E-121 358.927 pfam01490  Aa_trans
PpAAPI  specific 279788 42 481 1.08E-113 341.593 pfam01490  Aa_trans
PpAAP2  specific 279788 55 464 T7.98E-98  300.762 pfamn01490  Aa_trans
PpAAP3  specific 279788 51 479 3.03E-90  281.117 pfam01490  Aa_trans
PpAAP,  specific 279788 35 437 1.63E-91  283.043 pfam01490  Aa_trans
PpAAP5  superfamily 382020 45 450 4.28E-61  204.462 cl00456 SLC5-6-like_sbd superfamily

PpAAP6  superfamily 382020 39 437 2.05E-66  218.329 100456 SLC5-6-like_sbd superfamily
PpAAP7  superfamily 382020 41 450 1.02E-64  214.092 100456 SLC5-6-like_sbd superfamily

Physcomitrella patens (Phytozome) PpAAP8  superfamily 382020 41 451 3.92E-57  194.062 100456 SLC5-6-like_sbd superfamily
PpAAPY  superfamily 382020 35 442 8.20E-70  226.804  cl00456 SLC5-6-like_sbd superfamily
PpAAP10  superfamily 382020 1 467 0 697.63 cl00456 SLC5-6-like_sbd superfamily
PpAAPI11  superfamily 382020 57 457 1.31E-51  179.809 cl00456 SLC5-6-like_sbd superfamily
PpAAPI12  superfamily 382020 144 558 T7.05E-50  177.498 cl00456 SLC5-6-like_sbd superfamily
PpAAP13  superfamily 382020 5 318 8.57E-29 115.481 cl00456 SLC5-6-like_sbd superfamily
PpAAP14 superfamily 382020 151 536 1.60E-58  200.225 cl00456 SLC5-6-like_sbd superfamily
PpAAP15  superfamily 382020 154 535 2.31E-54  189.054 cl00456 SLC5-6-like_sbd superfamily

PpAAP16  superfamily 382020 22 412 1.90E-72 232967  cl00456 SLC5-6-like_sbd superfamily

4.3 Determination of Physicochemical Proper-

ties and Localization

Physicochemical properties and localization of AtAAPs and PpAAPs can be ob-
served in Table 4.5(a) while the chromosomal distribution of PpAAPs is presented
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in Table 4.6. The physicochemical properties of PpAAPs were determined using
Protparam Expasy and were compared to that of AtAAPs. The average gene
lengths of PpAAPs were found to be significantly higher than those of AtAAPs
while the average protein lengths of the two were almost similar with the average

of PpAAPs slighter higher than the latter.

Similar was the instance for GRAVY (Grand Average of Hydropathicity) values
where PpAAPs were higher as compared to AtAAPs. However, the average molec-
ular weight (MW) and Theoretical Iso-electric point (pl) of AtAAPs were found
higher than those of PpAAPs. The average gene lengths of AtAAPs and PpAAPs
were found 3157 and 4118.25 bp, respectively. A slight difference in the average
protein length placed AtAAPs and PpAAPs at 477.875 and 475.6875, respectively.
Likewise, the average molecular weight of AtAAPs and PpAAPs were found to
be 52450.2375 and 52038.40063 Kilo Daltons (kDa), respectively. Similar was the
instance for GRAVY (Grand Average of Hydropathicity) values where PpAAPs
were higher as compared to AtAAPs. However, the average molecular weight
(MW) and Theoretical Iso-electric point (pI) of AtAAPs were found higher than
those of PpAAPs. The average gene lengths of AtAAPs and PpAAPs were found
3157 and 4118.25 bp, respectively. A slight difference in the average protein length
placed AtAAPs and PpAAPs at 477.875 and 475.6875, respectively. Likewise, the
average molecular weight of AtAAPs and PpAAPs were found to be 52450.2375
and 52038.40063 Kilo Daltons (kDa), respectively.

All of the AtAAPs and PpAAPs (except PpAAP3, PpAAP1j, PpAAP15 and
PpAAP16) had pl values above 7 indicating them basic proteins with an average
of AtAAPs and PpAAPs 8.91625 and 7.965625, respectively. The exception of
proteins PpAAP3, PpAAP14, PpAAP15 and PpAAP16 were recorded to be 6.89,
5.54, 5.18, and 6.28, respectively, suggesting them as acidic proteins.

All AAPs from both plants showed positive GRAVY values, indicating them as
hydrophobic proteins. In addition, the study of sub-cellular localization using
CELLO and UniProt of both AtAAPs and PpAAPs showed them located in the

plasma membrane.
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TABLE 4.6: Chromosomal distribution of PpAAPs

Gene Locus Chromosome Position Gene Description
Pp3c24_6070V3.1 24 4129527 - Amino Acid Permease 1 (PpAAPI)
4135911
Pp3c13.3320V3.1 13 1907780 - Amino Acid Permease 2 (PpAAP2)
1912743
Pp3c14.9480V3.1 14 6102358 - Amino Acid Permease 3 (PpAAPS3)
6105692
Pp3c13.12390V3.1 13 9192066 - Amino Acid Permease 4 (PpAAP/)
9195223
Pp3c3-11320V3.1 3 8012546 - Amino Acid Permease 5 (PpAAPS5)
8016894
Pp3c11.19940V3.1 11 13163762 - Amino Acid Permease 6 (PpAAPG)
13166889
Pp3c23.12700V3.1 23 8553314 - Amino Acid Permease 7 (PpAAP7)
8557143
Pp3c¢8-19000V3.1 8 12576936 - Amino Acid Permease 8 (PpAAPS)
12580541
Pp3c¢6-21750V3.1 6 13894096 - Amino Acid Permease 9 (PpAAP9)
13897481
Pp3c12.5490V3.1 12 3858122 - Amino Acid Permease 10 (PpAAP10)
3861149
Pp3c9-4450V3.1 9 2562076 - Amino Acid Permease 11 (PpAAPI11)
2566190
Pp3c6-1540V3.1 6 808186 - Amino Acid Permease 12 (PpAAP12)
812946
Pp3c21_14080V3.1 21 8981031 - Amino Acid Permease 13 (PpAAP13)
8982702
Pp3c¢9.20170V3.1 9 13642115 - Amino Acid Permease 14 (PpAAP1/)
13650232
Pp3c10-6930V3.1 10 4814746 - Amino Acid Permease 15 (PpAAP15)
4819990
Pp3c15.890V3.1 15 500557 - Amino Acid Permease 16 (PpAAP16)
503368

4.4 ldentification of Consensus Motifs

Composition of motif regions was achieved using MEME v5.5.4, by uploading the
protein sequences PpAAPs in a FASTA file. A total of 20 consensus motifs were
figured out in PpAAP proteins in self-comparison, since as the literature suggests,
the higher similarity between motif regions points to functional homology itself
[35]. Figure 4.1 shows the presence of conserved motif regions with 8 motifs (or

40%) present in all PpAAPs. 8 motifs (or 40%) were present in the majority of
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PpAAPs and 4 (or 20%) were rare motifs, present in only some PpAAPs. The least
number of motifs was observed in PpAAP10, which was 6, followed by PpAAP9
and PpAAP16, which were recorded to have 8 motif regions each. PpAAP11 and
PpAAP13 had 9 motif regions each. No protein had all 20 motifs present in them,
indicating their uniqueness and specificity while the presence of the majority of
motifs in all PpAAPs indicates that they indeed belong to the same family and
are clued to be similar in function. Table 4.7(a) onwards shows all of the 20 motifs

and their sequences, present in the PpAAPs, as identified by the MEME tool.

Name p-value Motif Locations

PpAAP1T 580e116 — NN H H T OB e 2
PpAAP2 152120 — NN B B B0 TN e
PoAAP3 503174 — I[N B H 2 EE[ BN D
PoAAP4 897e17¢ — NN I I H ETET BN DN

PpAAP5 146e-180 — NN B0 B EENENET BN BN

PpAAPE 221e13s — Il N I HEENETET BN N 2

PpAAP7 102185 — Il [ B HENETEIT BN BN

PpAAPS 163e-162 — Nl [ I HENENTET N BN

PpAAP9  368c-85 — M ENENN = | .

PPAAP10 828e40 T [ | | |1 I

PpAAP11 25289 I m NH'EET BN -

PpAAP12 2.38e-122 Hl " E B EEN
PpAAP13 185e-g1 I B m [THET N BN

PpAAP14 726e240 — 1NN NN NN W [ [ B BT
PpAAP15 635233 — L |HEE NN (NN W [T [T BN N
PPAAP16  3.08e-87 N NN = N .

(2]

Motif Symbol Motif Consensus
RLVLRSLYVAVTTFIAALLPFFGDFLGLIGAFGFTPLTFVLP
YFPVAIVGYWAFGNQVAGNIL
EEEEGKRLLRYRDLGQAALGP
VGAGVLTLPYAMKQLGWVAGV

GHGILPEIQATLKSP
LANAFVVVQLIGSYQVYAQPVYEFLESKL
LAQLPSFHSLRYLS

GSPSDKTFGVFNALGTIAFAY

TPERKGNWKHAAFHLVTAIL
WPQSYKQSMDMYSSLQSPRISLFSPGLHRRFSSSFLGSSYQKFPSDR
AGRIIIDIIJYTEQYGCCVEYLIFEGDNLSSLFPGAH
CCLGYSLSVVGGCIYAGHNPDAPPKDY
FQPSRQTPKFWLHWTIVIVFSVVGLLGC
CIMWLRIYRPNKWSFSWVLNW

STLKMWKGLKLAYTV

IGYIITGGSSMKLIYKILC
TQPLGIPFLQDKEKKEEHGLPYSDPVWKLEDQFVKSESVY
TYYCSLLLADCYR

19. WVITLYTLWQMVEMH

20. [ CACFLAIFGKKJPAIQIFFCVMVILIGFICLVLGSYSSJSGIVASYSRPD

AAAAAAA
DOV LN OO OO IR
Dllllllllﬂll'lmllﬂl

FIGURE 4.1: Identification of Conserved Motifs in PpAAPs.
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TABLE 4.7(A): List of Consensus Motifs along with their sequences and logos in PpAAPs

Logo

Sequence

Motif

RLVLRSLYVAVTTFIAALLPFFGDFLGLIGAFGFTPLTFVLP

Motif 1

YFPVAIVGYWAFGNQVAGNIL

Motif 2

EEEEGKRLLRYRDLGQAALGP

Motif 3

VGAGVLTLPYAMKQLGWVAGV

Motif 4

Kl
0 Yo
Mo

=i
{']t]u

e

GHGILPEIQATLKSP

Motif 5

LANAFVVVQLIGSYQVYAQPVYEFLESKL

Motif 6

pITHY
Ll,j.‘l
I@u

LAQLPSFHSLRYLS

Motif 7

GSPSDKTFGVFNALGTIAFAY

Motif 8

TPERKGNWKHAAFHLVTAI

Motif 9

Motif 10 WPQSYKQSMDMYSSLQSPRISLFSPGLHRRFSSSFLGSSYQKFPSDR MQH SMDMSELQSE|S\-FSS\-RRSSSF\-ASSQH’ DR
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TABLE 4.7(B): List of Consensus Motifs along with their sequences and logos in PpAAPs (II)

Logo

Sequence

Motif

AGRIIIDIIJYTEQYGCCVEYLIFEGDNLSSLFPGAH

Motif 11

CCLGYSLSVVGGCIYAGHNPDAPPKDY

Motif 12

\\\\\\

FQPSRQTPKFWLHWTIVIVFSVVGLLGC

Motif 13

CIMWLRIYRPNKWSFSWVLNW

Motif 14

-,
b
lJu
LD

i

STLKMWKGLKLAYTV

Motif 15

IGYIITGGSSMKLIYKILC

Motif 16

)

[ 1 [am 13
=D«

bl

=
| W

[2
=0c:

L

ERQEE
DRKDD,

T

TQPLGIPFLQDKEKKEEHGLPYSDPVWKLEDQFVKSESVY

Motif 17

(1 i}
s

[ & T
4l
O
—

)
N
=0

i

LI R
uy

TYYCSLLLADCYR

Motif 18

WVITLYTLWQMVEMH

Motif 19

bl

Iy

2T E

Motif 20 CACFLAIFGKKJPAIQIFFCVMVILIGFICLVLGSYSSJSGIVASYSRPD
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4.5 Sequence Alignment and Phylogenetic Anal-

ysis

The PpAAPs and the AtAAPs were compared against each other, prior to analysis,
to confirm the appropriate selection and singularity of every PpAAP gene for its
uniqueness. For this reason, the similarity threshold was kept at 80% and ensured
that all PpAAPs and AtAAPs shared less than 80% of similarity in their protein
sequences. A similar process was also done across PpAA Ps through self-alignment
and removal of redundant, repeat, or splice variants. This allowed for evolutionary

diversity to be identified among all involved members of the PpAAP gene family.

The resultant PpAAP gene family of this alignment used for analysis in this study,
was compared with the AAP gene families of Arabidopsis thaliana (AtAAPs),
Brassica napus (BnAAPs), Vicia faba (VfAAPs), Brassica rapa (BrAAPs), Zea
mays (ZmAAPs), Glycine max (GmAAPs), Raphanus sativus (RsAAPs), Bras-
sica oleracea (BoAAPs), Cannabis sativa (CsAAPs), Eucalyptus grandis (EgA-
APs) and Cocos nucifera (CnAAPs). These AAP gene families, along with
PpAAPs, were used as query to perform multiple alignment using the Clustal
Omega tool. The guide tree generated from the Clustal Omega tool was then
used as a query for visualization of rooted phylogenetic tree in another online
tool called Interactive Tree of Life v6. Figure 4.2 shows the phylogenetic re-
lationship between P. patens and these plants. The phylogenetic tree shows
the evolutionary relationship between these plants in 6 clades with several fur-
ther divisions. The AAP gene family of non-vascular P. patens show evolu-
tionary divergence from the other 11 vascular plants. Variation also exists be-
tween PpAAPs as PpAAP1 and PpAAP2 reside far away from the other mem-
bers. This variation may also point to structural and functional diversity. Fur-
thermore, it was observed that the majority of PpAAP members shared simi-
larity and were conserved with each other, with the exception of PpAAPI and
PpAAP2, and may also share structural and functional similarity. Closest neigh-
bors of PpAAP1 and PpAAP2 were observed to be CnAAP2, CnAAPS, VfAAPI,
VIAAPS, GmAAP2, GmAAP, EgAAP/ and ZmAAPS8 while, in the clade where
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FIGURE 4.2: Phylogenetic Analysis of PpAAPs with different economically
important plant species

majority of PpAAPs (PpAAP3-PpAAP16) lie, the closest members were observed
to be CnAAP1, CnAAP5, CnAAP7, EgAAPI, EqAAPS5, EgAAP7, GmAAPS,
GmAAPT, GmAAPY, ZmAAPS5, ZmAAPT, CsAAP2, CsAAP7, AtAAP7, RsAAP7,
BrAAP7, BoAAP7 and BnAAP7. It was also noted that PpAAP1 and PpAAP2
could prove to be quite economically important since these proteins may share
structural and functional attributes with economically important plants such as
Glycine max and Zea mays. This distribution of the AAP gene family repre-
sented the presence of an imperative evolutionary relationship between the AAP
family across species and established significant evolutionary divergence between

non-vascular bryophytes and vascular tracheophytes.
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4.6 Gene Structure Determination

The gene and coding sequences of AtAAPs and PpAAPs were used to analyze
their structural features which included the identification of exons, introns, and
untranslated regions (UTRs). This was done using an online server called GSDS
or Gene Structure Display Server (http://gsds.gao-lab.org/). Figure 4.3 displays

the result of gene structure determination.

It was observed that the lowest number of exons present was in PpAAPY9, which
was 1, followed by the presence of 2 exons in PpAAP16. The number of exons for
the rest of the PpAAPs range from 5 to 11 with PpAAP12 and PpAAP13 con-
taining 5 exons each, PpAAP4, PpAAPS5 and PpAAP6 having 6 exons, PpAAP1,
PpAAPS, PpAAP7T, PpAAPS and PpAAPI11 had 7 exons each, while 8 exons were
observed in PpAAP2 and PpAAPI10. The highest number of exons was observed
in PpAAP1/ and PpAAP15, which were 10 and 11, respectively.

The range of exons in AtAAPs was observed to be 5-7, with AtAAPS5 having 5
exons, while AtAAP1, AtAAP2, AtAAPJ, AtAAPG and AtAAPS8 were observed

to have 6 exons each. The highest number of exons were present in AtAAP3 and

AtAAP7 which was 7.

4.7 Protein-Protein Interactions

Tables 4.8(a) onward show the interacting proteins of PpAAPs along with their
nodes and annotations. Protein-protein interactions were studied using STRING
(https://string-db.org/) and the AAP interacting protein network was predicted

using it.

The majority of PpAAPs were interacting with proteins having Aa_trans domain
which meant that they were involved in amino acid transportation and other re-
lated roles since interacting proteins are predicted to be involved in similar func-

tions [36].
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FI1CURE 4.3: Gene Structure Determination of PpAAPs and AtAAPs

The majority of PpAAPs were interacting with proteins having Aa_trans domain
which meant that they were involved in amino acid transportation and other re-
lated roles since interacting proteins are predicted to be involved in similar func-

tions [36].

These interactions demonstrate and confirm the role of PpAAPs in amino acids
and other biomolecule transportation in and out of the cell since both PpAAPs
and their interacting proteins contain the conserved domain however, significant

variation was observed between the interacting proteins of PpAAPs in totality.

Many interacting proteins were predicted or uncharacterized proteins present in
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many PpAAPs. Apart from Aa_trans-domain containing proteins, PpAAP1 also
showed interactions with chk3, CRE2, CRE1 which were CHASE domain-containing
proteins and cytokinin receptor protein, respectively. PpAAP2, PpAAPS3, PpAAP/,
PpAAP7, PpAAP10 and PpAAPI11 contained several Aa_trans-domain containing

proteins and predicted or uncharacterized proteins.

Interacting proteins of PpAAPS5 were observed to be PlsC' domain-containing pro-
teins, various uncharacterized proteins, ATPase proteins and glutamate 5-kinase
P5CS proteins. PpAAP6 had two interacting proteins, both of which were PlsC
domain-containing proteins. Similar to PpAAPS5, PpAAPS interacting proteins
showed variation, with the addition of /GPS domain-containing and aminotrans-
ferase proteins. PpAAP9 showed interactions with PRK domain-containing pro-
tein, ATPase alpha/beta chains family proteins, PCRF domain-containing pro-
tein, and RF_PROK_I domain-containing protein.

PpAAPY showed interactions with PRK domain-containing protein, ATPase al-
pha/beta chains family proteins, PCRF domain-containing protein, and RF_PROK_I

domain-containing protein.

Most variation was observed in PpAAP12, PpAAP1/ and PpAAP15 with inter-
acting proteins such as Amine oxidase, F-box domain-containing proteins, ZnMc
domain-containing protein, glycosyltransferase family proteins, L-aspartate oxi-
dase, V-type proton ATPase subunit, 2-Hacid_dh domain-containing protein, For-

mate dehydrogenase and Vacuolar proton pump subunit B.

The lowest interactions were observed in PpAAP7 and PpAAP16 with just one in-
teracting protein, followed by PpAAP6 having two interacting proteins. PpAA Ps
having higher interactions were observed at lower stringency settings, therefore
many interacting proteins were observed to be quite functionally different and di-
verse. Still, the majority of PpAAP interactions were found to be quite relevant

and parallel with earlier analysis results.

Still, the majority of PpAAP interactions were found to be quite relevant and

parallel with earlier analysis results.
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Chapter 5

Discussion

Amino acid Permeases (AAPs) are specialized proteins that play an integral role in
a cell’s membrane, acting as gatekeepers of the cell, allowing some biomolecules to
pass while restricting others [21]. Present in the lipid bilayer, they are also some-
times referred to as the “integral membrane proteins” and are one of the members
of a larger family of transporter proteins called amino acid transporters. Within
the amino acid transporter family, they lie under the class of Amino Acid/Auxin
Permease Family (AAAPs) [3]. In this study, genome-wide identification and
analysis of the amino acid permease family was conducted over a non-vascular
bryophyte moss called Physcomitrella patens. Former studies have revealed much
about the presence and role of various amino acid transporters in vascular plants
but there have been few studies conducted on the identification and analysis of
permeases in non-vascular plants. Our study presents the identification of PpAAPs
along with their physicochemical properties, phylogenetic relationships as well as
structural description, with comparison to AtAAPs. Former studies also suggest
functional homology between similar identified gene families across species such as
in the case of [37], in which various homologous were identified in an attempt to
study the chloroplast transport components between a non-vascular and a vascular
plant model. A similar conclusion has been drawn in [2], where the NLP gene fam-
ily was comparatively studied between a vascular and non-vascular plant model,
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where the function of NLP gene family was found conserved. Similar findings were

observed in the present study.

The whole genome sequencing of P. patens was done in 2008 by [8] that pro-
vided foundational ground for this study to be conducted and the PpAAP genes
to be studied both structurally and functionally. While it is true that genome-
wide study pipelines cannot possibly confirm with accuracy, the existing molecular
mechanisms or structures present inside the cell, nevertheless, such studies pro-
vide a foundational background for future, more detailed in-vitro studies and can
perhaps, provide insight of important structural and functional attributes of a par-
ticular gene family. These studies are also helpful in the identification and analysis
of a particular gene family with low economic cost, while quite precisely predicting
the associations of gene families with certain concepts that might prove vital for
academic research of the future, and industrial and commercial applications. For
instance, in a former study conducted in 2015, which was a genome-wide associ-
ation study of flowering time, maturity date, and plant height in Glycine max, it
was concluded that the chromosomal regions and loci identified during the study
may serve as promising targets for future studies in molecular mechanisms [38].
In the case of Physcomitrella, the preliminary information about AAPs may prove
significant for various genetic engineering tools and techniques that may be im-
plemented for the improvement of crop yield and production, identification of var-
ious amino acid synthesis pathways and improvement in Nitrogen-Use-Efficiency
(NUE) which can bring about promising results for both, our environment and

the agriculture sector.

In the present study, 16 AAPs were identified through P. patens genome database
using various genome-wide computational tools. These PpAAPs were compared
for their attributes with the AAP gene family of Arabidopsis thaliana. Since in-
silico studies are based on comparison algorithms, therefore, the similarities found
as a result of this comparison can be used to predict the function of a gene. It has
been established through former studies that the conserved domain for AAP gene

family is “Aa_trans” (PF01490) and “SLC5-6-like_sbd superfamily” (CL00456)
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[24] and the endorsement of presence of these domains points out towards the

evolutionary relationship that exists between AtAAPs and PpAAPs.

While comparing the physicochemical properties of PpAAPs and AtAAPs, it was
found that the gene lengths of PpAAPs were significantly higher than those of
AtAAPs while the protein lengths, molecular weights (MW) and pl (theoretical
iso-clectric point) values were found quite similar and in close proximity. This
similarity indicates potential functional homology that might be present in the
two plants. A similar study was conducted on the 14-3-8 gene family of Mangifera
indica (mango) and the physicochemical properties of the study organism was
compared to that of apple’s 14-3-3 gene family. It was found that since the proteins
of both mango and apple were acidic proteins, along with other consistently similar
physicochemical parameters, they were stable proteins and the gene family shared
functional homology as a result [39]. The sub-cellular localization was also found
similar for both P. patens and A. thaliana i.e. plasma membrane, indicating a
putative resemblance in function since they are both located in the same region,
thus suggesting a similar role in the transportation of biomolecules and amino
acids. The GRAVY (Grand Average of Hydropathicity) values show PpAAPs to
be basic proteins while AtAAPs as acidic proteins, however since they both lie in
the plasma membrane, it is likely that their rudimentary roles as transporters are

more alike than different, if not the same.

In addition to this, phylogenetic analysis was done to study the evolutionary di-
vergence and variation present within the PpAAPs and between the AAPs of
Physcomitrella patens and other vascular plants. Firstly, it was confirmed that
both the non-vascular Physcomitrella and the vascular plants chosen for obser-
vation, did indeed arise from a common ancestor. Former studies support this
argument, for instance, a similar conclusion was drawn by [24], while studying
the importance of evolution in amino acid permeases in 17 plants, revealing the
existence of common ancestry among bryophytes and vascular plants. Morecover,
former studies also support using the neighbor-joining method to study the evolu-

tionary relationship between plants. For instance, in a former study of comparison
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between rice and Arabidopsis done by [40], this method was used to draw an under-
standing of the phylogenetic relationship of the Stress Associated Protein (SAP)
gene family. Moreover, it was observed that variation existed between PpAA Ps,
where it is evident that PpAAP1 and PpAAP2 lie in close proximity with one
other but are diverse when compared to the rest of PpAAPs, thus portraying
structural and functional diversity that exists between PpAAPs. It was also ob-
served that PpAAP3-PpAAP16 were present in close vicinity and would likely
be conserved and similar. The presence of such similarity is also observable from
comparative analysis such as in the case of PpAAP9 and PpAAP16, which are the
closest neighbors to one other, as shown by the phylogenctic tree, share similar
consensus motifs and have a similar gene structure. Similar analogies were no-
ticed in between PpAAPS5 and PpAAP7, PpAAP3 and PpAAPj, PpAAP11 and
PpAAP13, and PpAAP1j and PpAAP15. PpAAPs that lie in closer proximity
to each other were more likely to have identical motif regions and gene structure
and were more likely to be functionally homologous. In addition, the presence of
similar conserved domains between PpAAPs and AtAAPs further elucidates the

evolutionary relationship between non-vascular and vascular plants.

The study of consensus motifs between PpAAPs presents considerable similarity
and thus, sufficiently predicts that all genes under study, indeed belong to the
AAP gene family of Physcomitrella patens. Gene structure study predicts diversity
between PpAAPs and AtAAPs. Apart from the quantitative difference of exons
between PpAAPs and AtAAPs, it was also observed that members of AtAAPs
had 5-6 introns while for PpAAPs, it varied between 4-9 introns.

Protein-Protein interactions of PpAAPs when compared to AtAAPs also had
promising results as the interacting proteins for both PpAAPs and AtAAPs, had
an ample quantity of interacting proteins with Aa_trans domain, indicating their
role as transporters. Former studies have shown that proteins interact with each
other to perform a particular function [36] hence, knowing a particular function
of a group of interacting entities of a protein may help us predict the function

of that particular protein. In a related study by [41], the TOPLESS gene family
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of tomato was focused, specifically the SITPL proteins in their interactive rela-
tionship to 17 different SITAA proteins. It was concluded that SITPL1, SITPL?2,
SITPL/, and SITPL5 interacted with most SIIAAs proteins however SITPLS and
SITPL6 showed limited growth when co-expressed with Aux/TAA-AD fusion pro-
teins, thus describing a slight difference in their functional nature and the role of
interacting proteins in describing it. In the case of PpAAPs, the majority of the
interacting proteins are involved in the transportation of biomolecules and amino
acids, hence, it is safe to predict that the PpAAPs are also involved in the trans-
port of biomolecules. Most notable were PpAAPI, PpAAP2, PpAAP3, PpAAP/,
PpAAP7, PpAAP10, PpAAP11 and PpAAP12 which had interacting proteins
having Aa_trans domain containing interacting proteins indicating to their role as

transporters.



Chapter 6

Conclusion and Future Work

Amino acid permeases (AAPs) play a central role in cellular metabolism and are,
therefore, important proteins in many ways. Our understanding of their composi-
tion, their role, and their interactions may shape or pave a new way for academic
discoveries, improvement in industrial and commercial projects, and genetic engi-
neering processes. This study aimed to identify and analyze, both structurally and
functionally, the amino acid permease gene family in a non-vascular bryophyte in
comparison to a vascular plant. For this reason, Physcomitrella patens, which is a
non-vascular bryophyte moss was chosen for this study. To begin, the sequences of
AAP genes of Arabidopsis thaliana were retrieved from the database, followed by
protein-BLAST using NCBI and Physcomitrella patens selected as the organism
of choice. The resultant sequences, after thorough screenings and removals, were
narrowed down to finalized samples, which were then subjected to various compu-
tational tools for genome-wide analysis of AAP gene family of P. patens. Various
analyses were performed including conserved domain identification, physicochem-
ical characterization and localization, motif composition, phylogenetic analysis,
protein-protein interaction and gene structure determination to structurally and
functionally analyze the AAP gene family of P. patens. Following the successful
identification of the AAP gene family in P. patens, the physicochemical character-
ization and localization, along with the observation of motifs and the interacting
proteins, the amino acid permeases of P. patens were found quite similar to those
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of A. thaliana. The phylogenetic analysis showed evolutionary divergence and
variation present between the AAP gene family of P. patens when compared to
other vascular plants. The method used was, therefore, effective and successful in
providing in-depth information about the selected gene family. These genes have
theoretically been proven to be a part of the AAP gene family in P. patens and
predicts their structural and functional conservation in P. patens compared to the

model plant A. thaliana.

The method used in this study was found successful and quite effective in achieving
the aim of this study therefore, this method is proposed to be used in the study
of other plants in the future. Other gene families may be identified using the
method, having industrial or commercial benefits, with low economic cost and
less time consumption. The information revealed from this study provides a solid
theoretical background on the subject, however, the study can be proceeded in wet-
lab for affirmation of the AAP gene family of P. patens using molecular laboratory

techniques such as the Polymerase Chain Reaction (PCR).

This study paves the way for other gene families to be identified and industrial
techniques to be improved which can, in turn, enhance crop production, yield, and
efficient use of nitrogen in the soil. Moreover, genetic engineering techniques can be
improved which can greatly influence the agriculture sector. These enhancements
may hold promising results for our environment while refining various industrial

processes at the same time.
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