
ABSTRACT

Identification of GCN4 homologues in maize using a bioinformatics approach

Taylor D. Scott

Director: Bryan Gibbon, Ph.D.

In yeast, GCN4 is a b-zip transcription factor responsible for controlling various
amino acid biosynthesis pathways. Under amino acid starvation, GCN4 is derepressed and
amino acid biosynthesis increases. This is known as general amino acid control. GCN4
regulation is influenced by the presence of small upstream open reading frames in the 5’ un-
translated region of the GCN4 mRNA transcript. Similar genes and regulation mechanisms
have been found in other organisms. Experiments in our lab suggest that in maize Opaque2
(a homolog of GCN4) is regulated in this manner; however it is not known whether other
genes are regulated similarly. Here, we use a bioinformatics approach to identify maize
genes which may be regulated similarly to GCN4. We reduce the set of all maize genes to
a set of 129 genes which have 5’ untranslated regions structurally similar to Opaque2 and
use functional analysis to identify several genes which may involved in stress response.
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CHAPTER ONE

Introduction

General amino acid control in Saccharomyces cerevisiae

In yeast (S. cerevisiae) a general increase in amino acid biosynthesis can be trig-

gered by a deficit of a single amino acid, such as arginine (Delforge et al. 1975) or tryp-

tophan (Schürch et al. 1974). In total, more than 30 amino acid biosynthetic enzymes

are produced in response to starvation of a single amino acid (Hinnebusch 1988). This

response is known as general amino acid control (GAAC). A similar response, known as

cross-pathway control (CPC), has been observed in Neurospora and Aspergillus (Hinneb-

usch 2005). Amino acid biosynthetic genes are not expressed under normal cellular con-

ditions and are said to be repressed; under amino acid starvation however these genes are

expressed and are therefore said to be derepressed (Wolfner et al. 1975). The mechanisms

and regulation of this derepression have been well studied in vitro and in vivo.

Regulation of GAAC

Cis-acting factors. The sequence 5’-TGACTC-3’ (known as the general control re-

sponse element) was first implicated as a cis-acting regulatory element in the HIS4 gene

which is an essential enzyme in histidine biosynthesis (Donahue et al. 1983). This sequence

has been found in multiple repeats in the upstream regions of many genes under GAAC,

including HIS3, ARG3, HIS1, and TRP5 (Hinnebusch and Fink 1983b). Deletion studies

have shown that this sequence is essential for derepression of these genes during GAAC

(Struhl 1982; Donahue et al. 1983). Furthermore, insertion of this sequence into the up-
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Figure 1 A summary of eukaryotic initiation and translation. Adapted from Kapp and Lorsch
2004.

stream region of CYC1 places this gene under GAAC regulation (Hinnebusch et al. 1985).

Trans-acting factors. There are 2 general types of trans-acting genes which regu-

late GAAC: general control derepressed (GCD) genes are negative regulators of GAAC and

general control nonderepressible (GCN) genes are positive regulators. Accordingly, yeast

cells with inactivated GCN genes fail to derepress amino acid biosynthetic pathways under

amino acid starvation and cannot biosynthesize amino acids. Contrastingly, cells with inac-

tivated GCD genes constitutively derepress these pathways and biosynthesize amino acids

under nonstarvation conditions (Lucchini et al. 1984). So GCN cells exhibit decreased

amino acid biosynthesis and GCD cells exhibit increased amino acid biosynthesis relative

to the wild type (wt). Consequently, GCN cells cannot grow in the presence of amino acid

biosynthetic enzyme inhibitors. GCD cells, however, are resistant to amino acid analogues

which are competitively incorporated into proteins. It is thought that increased amino acid
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Figure 2 The amino acid structure of GCN2 showing its domains. Uncharged tRNA binds to
the histidyl-tRNA synthetase (HisRS) domain and activates the protein kinase (PK) domain which
phosphorylates eIF2α (adapted from Garcia-Barrio et al. 2002).

synthesis in GCD mutants leads to a diluted pool of these analogues, thereby conferring

resistance to the cell (Hinnebusch 2005).

Eukaryotic translation

The mechanisms of GAAC regulation cannot be fully understood without under-

standing the process of initiation under the scanning model of eukaryotic translation (sum-

marized in Figure 1). Initiation begins when the eukaryotic initiation factor 2 (eIF2, a

heterotrimer) bound to GTP (eIF2-GTP) binds to Met-tRNAi to form the eIF2-GTP-Met-

tRNAi ternary complex (TC). The TC binds to the 40S ribosomal subunit to form the 43S

ribosomal subunit. The 43S subunit binds to the 5’-cap of the mRNA and begins scanning

in a 5’ to 3’ direction. Upon encountering an AUG start codon the 43S subunit stalls and

the eIF2-GTP is hydrolyzed to eIF2-GDP and released from the 43S subunit. The 60S sub-

unit then joins the resultant 40S subunit to form the 80S ribosome which continues with

translation. After termination the 40S subunit can reassociate with a TC and continue scan-

ning for an AUG start codon. The dissociated eIF2-GDP is recycled to eIF2-GTP by eIF2B

(Kapp and Lorsch 2004).
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Figure 3 GCN2 phosphorylates eIF2α during amino acid starvation. Uncharged tRNA accumu-
lates and binds to the HisRS domain of GCN2. This induces a conformational change which allows
the PK domain to phosphorylate eIF2α (adapted from Hinnebusch 2005).

Decreased translation during amino acid starvation

Efficient translation initiation requires sufficient levels of eIF2-GTP and conse-

quently efficient recycling of eIF2-GDP to eIF2-GTP. Phosphorylating the α subunit of

eIF2 yields p-eIF2α which impedes the recycling process by competitively binding to

eIF2B and preventing the recycling of eIF2-GDP (Pavitt et al. 1998). So phosphoryla-

tion of eIF2α decreases levels of eIF2-GTP and global levels of translation by slowing the

rate of translation initiation.

In yeast GCN2 encodes an eIF2 kinase which phosphorylates eIF2α under amino

acid starvation. The protein coding sequence of GCN2 (Figure 2) contains a domain similar

to a histidyl-tRNA synthetase (HisRS; Wek et al. 1989). This domain has been shown

to be required for phosphorylation of eIF2α in vivo and in vitro (Wek et al. 1989; Zhu

et al. 1996). Because cellular levels of GCN2 do not increase under amino acid starvation

it is thought that uncharged tRNAs bind to the HisRS-related domain of GCN2 which

activates the adjacent protein kinase domain (Figure 2; Wek et al. 1990). So, amino acid

starvation causes uncharged tRNAs accumulate, activating the kinase activity of GCN2 and
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Figure 4 A model describing the interactions among GCN genes, GCD genes, and GCN4. +,
Stimulatory effect; -, Inhibitory effect.

consequently increasing levels of p-eIF2α and decreasing overall levels of protein synthesis

(Hinnebusch 2005).

GCN4 as a positive regulator

GAAC is dependent on activation of GCN4 which encodes a protein that activates

genes under GAAC (Hinnebusch and Fink 1983a). GCN4 dimerizes and binds to the gen-

eral control response element which is found in multiple copies upstream of genes under

GAAC (Arndt and Fink 1986). Consistent with this, GCN4 protein levels are elevated in

yeast cells subject to amino acid starvation (Hinnebusch 1984) and yeast cells with an in-

activated GCN4 do not undergo GAAC derepression (Penn et al. 1983; Hinnebusch and

Fink 1983a). Furthermore, double mutant studies suggest that GCN4 is the most important

positive regulator in GAAC. Mutations which inactivate GCN4 and GCD genes result in

a Gcn- phenotype. Contrastingly, mutations which inactivate GCD and other GCN genes

result in a Gcd- phenotype (Wolfner et al. 1975; Hinnebusch and Fink 1983a). Using this

information a model was devised in which trans-acting genes function by regulating GCN4

5



Figure 5 Genetic map of the GCN4 mRNA transcript. * - upstream open reading frames (uORFs)
in the 5’-UTR; mORF - the open reading frame encoding the GCN4 protein.

(Figure 4). Under this model amino acid starvation stimulates GCN genes. These genes in-

hibit GCD genes which normally function to repress GCN4 production. Inhibition of GCD

genes, then, stimulates GCN4 production which derepresses GAAC (Hinnebusch 1985). In

support of this model, the negative regulator GCD1 represses GAAC by inhibiting GCN4

and the positive regulators GCN2 and GCN3 derepress GAAC by inhibiting GCD1 (Hin-

nebusch and Fink 1983a).

Structure of GCN4

The mRNA transcript of GCN4 is 1521 nt in length and contains no introns (Figure

5). The 5’-UTR of this transcript is 591 nt in length and contains four small upstream open

reading frames (Hinnebusch 1984; Thireos et al. 1984). These uORFs have been implicated

Figure 6 Diagram of the GCN4 homodimer binding to DNA. This is the coiled coil structure
characteristic of GCN4. Image from the RCSB PDB (www.rcsb.org) of PDB ID 2DGC (Keller
et al. 1995)
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Figure 7 Multiple sequence alignment of the conserved domain of several bZIP proteins. Highly
conserved amino acids are boxed. Sequences were aligned using Clustal Omega. This alignment
shows the conserved motif N---A---R--K.

in the translational regulation of GCN4 (Mueller and Hinnebusch 1986). After translation

GCN4 homodimerizes to form a coiled coil protein complex (O’Shea et al. 1991). This

complex binds to DNA to activate genes associated with GAAC (Figure 6) (Ellenberger

et al. 1992).

Basic leucine zippers

GCN4 belongs to a family of proteins known as basic leucine zipper (bZIP) pro-

teins (Ellenberger et al. 1992). bZIP proteins are transcriptional activators which dimerize

to bind to the promoter region of their target genes (Hurst 1994). Several important bZIP

proteins are similar structurally and functionally to GCN4. These proteins include GCN4

in Candida albicans (Tripathi et al. 2002), SPA in wheat (Albani et al. 1997), BLZ2 in

barley (Onate et al. 1999), cpc-1 in Neurospora crassa (Paluh et al. 1988), cpcA in As-

pergillus nidulans (Hoffmann et al. 2001), ATF4 in mammals (Ameri and Harris 2008),

and Opaque2 in Zea mays (Schmidt et al. 1987). These proteins are discussed in detail

below. A multiple sequence alignment (using Clustal Omega) of these genes (Figure 7)

shows the conserved amino acid sequence motif N---A---R--K which is characteristic

of bZIP proteins (Hurst 1994).
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Figure 8 The mechanism by which the small upstream open reading frames (uORFs) regulate
GCN4 production. Under nonstarvation conditions after translation of the first uORF the ternary
complex (TC) is quickly reformed which allows reinitiation at the fourth uORF. After translating
this uORF there is insufficient time for the initiation complex to reassemble before the beginning of
the GCN4 encoding ORF. Under amino acid starvation the TC is slow to reassemble, causing 50%
of ribosomes to reassemble downstream of the fourth uORF but upstream of the GCN4 encoding
ORF, allowing GCN4 to be translated (adapted from Hinnebusch 2005).

GCN4 levels increase during amino acid synthesis

Translation of GCN4 increases under amino acid starvation despite generally de-

creased levels of translation (Hinnebusch 1984). This results from the manner in which

GCN4 is regulated. It has been shown that GCN4 is translationally regulated (Hinnebusch

1984; Thireos et al. 1984) and depends on small open reading frames (ORFs) in the 5’

untranslated region (5’-UTR) of the mRNA (Mueller and Hinnebusch 1986). The GCN4

transcript has 4 such upstream ORFs (uORFs) in its 5’ UTR (Hinnebusch 1984), however

further analysis has shown that only the first and fourth uORFs are required for GCN4

regulation; the second and third uORFs merely enhance the effects of the first and fourth

uORFs respectively (Mueller and Hinnebusch 1986). Translation is first initiated at the
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AUG start codon of the first uORF. After translating this uORF approximately 50% of the

40S subunits continue scanning. Under normal (repressed) conditions translation reiniti-

ates at the second, third, or fourth uORF in virtually all transcripts. However, under amino

acid starvation (derepressed condition) the scanning 40S subunit bypasses the remaining

uORFs and reinitates at the GCN4 ORF approximately 50% of the time (Grant et al. 1995).

This mechanism, summarized in Figure 8, results in higher cellular levels of GCN4 during

amino acid starvation than under normal cellular conditions despite a general decrease in

protein synthesis.

Intercistronic distance affects GCN4 production

It is thought that the rate of reinitiation downstream of the first uORF is dependent

on the distances between the first and fourth uORFs and between the fourth uORF and

GCN4. Lengthening the uORF1-uORF4 distance by 30–146 nt does not affect GCN4 pro-

tein levels under normal cellular conditions but severely hinders derepression under amino

acid starvation. This is likely due to the increased time available for reiniation after the

first uORF. Similarly, increasing the uORF4-GCN4 distance by 72 and 144 nt increases

GCN4 levels in both normal and amino acid starvation conditions. Finally, in the absence

of the first uORF (a GCN mutant) insertions 72–216 nt in length in the uORF4-GCN4 in-

tercistronic space marginally increase levels of GCN4 in all cellular conditions (Abastado

et al. 1991). These results suggest that intercistronic distance between the first and fourth

uORFs and between the fourth uORF and the GCN4 ORF play an important role in the

regulation of GCN4.
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Sequence features affecting GCN4 regulation

Intercistronic distances alone cannot completely regulate GCN4. Lengthening the

uORF4-GCN4 distance fails to cause derepression of GCN4 under normal cellular con-

ditions (Abastado et al. 1991). Furthermore, replacing uORF1 with a cassette containing

uORF4 and 25 nt downstream of uORF4 results in a GCN phenotype (Miller and Hinneb-

usch 1989). These results suggest that there are sequence features other than intercistronic

distances which influence GCN4 regulation. The exact features which regulate GCN4 are

poorly understood. There is evidence, however, that the sequence surrounding the stop

codon of uORF1 may be implicated in GCN4 regulation. In particular, replacing the 25 nt

sequence downstream of uORF1 with the 25 nt sequence downstream of uORF4 results

in reduced derepression under amino acid starvation (Miller and Hinnebusch 1989) and

some (though not all) mutations in the region downstream of uORF1 result in reduced

derepression of GCN4 (Grant and Hinnebusch 1994). Sequences upstream of uORF1 have

also been implicated in GCN4 regulation. Deletion studies have shown that adding a 73 nt

spacer immediately 5’ to the uORF1 AUG hinders derepression. This inhibitory effect is

absent if the entire sequence 5’ to the first uORF is duplicated (Grant et al. 1995).

GAAC-like mechanisms in other organisms

GCN4 in C. albicans. C. albicans is a fungal pathogen of humans which regulates

its morphology in response to environmental signals. One such signal is amino acid star-

vation which causes an increase in filamentous growth. It has been shown that GCN4 in C.

albicans (CaGCN4) regulates this response by binding to the general control response ele-

ment of genes which promote filamentous growth. Accordingly, CaGCN4 serves as a func-
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Figure 9 Diagram of GCN4 in S. cerevisiae and cpc-1 in N. crassa. Both genes contain a basic
leucine zipper (bZIP) DNA binding domain near the C terminal end.

tional hommolog of S. cerevisiae GCN4 (ScGCN4) when expressed with an appropriate

promoter. The cDNA of CaGCN4 was also found to contain 3 short uORFs in its 5’-UTR

which suggests a mechanism of regulation similar to ScGCN4 (Tripathi et al. 2002).

Cross-pathway control. A GAAC-like response pathway known as cross-pathway

control has been observed in N. crassa and A. nidulans. Like GAAC, this response is

elicited under conditions of amino acid starvation (Luo et al. 1995; Hoffmann et al. 2001).

The main regulatory gene in this response is cpc-1 which encodes a transcriptional acti-

vator which positively regulates several genes in the cross-pathway control response (Luo

et al. 1995). cpc-1 has been observed to be similar to GCN4 in several ways. First, the

protein encoded by cpc-1 contains a bZIP DNA binding domain similar to the bZIP do-

main in GCN4 (Figure 9) (Paluh et al. 1988). It has also been shown that cpc-1 binds to

the general control response element (Ebbole et al. 1991). Additionally, cpc-1 interacts

(directly or indirectly) with more than 400 genes and 32 of these genes are orthologous to

genes interacting with GCN4 in S. cerevisiae and GCN4 in C. albicans. The majority of

these genes are amino acid biosynthetic genes (Tian et al. 2007). Finally, the long 5’-UTR

of cpc-1 contains two small uORFs which, when removed, result in a lack of amino acid

biosynthesis under starvation conditions (Paluh et al. 1988). Cross-pathway control has
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also been observed in A. nidulans where it is under the control of cpcA (Hoffmann et al.

2001).

The GCN4-like motif in plants. The GCN4-like motif (GLM) is a motif found in the

promoter region of several genes involved in stress response in plants. For example, it has

been found in the promoter of the nitrogen response gene C-hordein in barley (Hordeum

vulgare) (Müller and Knudsen 1993) and in the promoter region of the gene encoding

the storage protein low molecular weight glutenin 1D1 (LWMG-1D1) in wheat (Triticum

aestivum) (Albani et al. 1997). This motif suggests that genes functionally similar to GCN4

exist in plants and several putative proteins have been identified. In wheat one such protein

is the bZIP transcription factor SPA. SPA has been shown to bind in vitro to the GLM in

the promoter of LWMG-1D1 to activate transcription (Albani et al. 1997). Similarly, the

barley protein BLZ2 is a bZIP transcription factor that has been shown to bind to the GLM

in the promoter of Hor-2 (a hordein gene) to activate transcription (Onate et al. 1999). The

mRNA transcripts of both SPA and BLZ2 have long 5’-UTRs with uORFs (Albani et al.

1997; Onate et al. 1999) further suggesting that they are similar to GCN4 in yeast.

ATF4 in mammals. In mammalian systems ATF4 encodes a transcriptional activator

which regulates several important functions including amino acid import and metabolism.

ATF4 is a bZIP protein which binds to the cAMP Response Element (CRE) in the promoter

region of target genes (Ameri and Harris 2008). Like GCN4, production of ATF4 increases

despite overall depressed levels of protein synthesis under stress conditions, possibly due

to the eIF2 kinases PERK and GCN2 (Harding et al. 2000). ATF4 has also been shown to
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be translationally regulated (Harding et al. 2000) and dependent on uORFs in its 5’-UTR

in a mechanism similar to the translational control of GCN4 (Vattem and Wek 2004).

GCN2 homologues in plants. GCN2 homologues capable of complementing yeast

GCN2 have been identified in some species of plants, including A. thaliana (AtGCN2) and

wheat (TaGCN2) (Zhang et al. 2003; Byrne et al. 2012). In wheat, plants overexpress-

ing TaGCN2 have severely reduced cellular levels of amino acid suggesting that TaGCN2

plays a role in amino acid synthesis regulation (Byrne et al. 2012). In Arabidopsis it has

been demonstrated that plants lacking AtGCN2 are more sensitive to glyphosate, an herbi-

cide which interferes with amino acid synthesis. Somewhat surprisingly, however, genes

homologous to GCN4 in yeast have not been identified or confirmed (Zhang et al. 2008).

Opaque2 in maize

In maize (Z. mays) Opaque2 (O2) encodes a bZIP transcription factor which reg-

ulates several important genes in endosperms. For example, O2 has been implicated in

the transcriptional regulation of 22 kDa α-zein storage protein genes (Schmidt et al. 1990,

1992). O2 also transcriptionally regulates lysine levels in maize endosperm by reducing

levels of the bifunctional polypeptide lysine–ketoglutarate reductase/saccharopine dehy-

drogenase (LKR/SDH) which leads to an increases in endosperm lysine levels (Kemper

et al. 1999). Along with increased lysine levels, O2 mutants have substantially increased

levels of several other amino acids including tryptophan, arginine, aspartic acid, glycine,

and cysteine (Mertz et al. 1964). The increase in amino acid levels is thought to increase

the nutritional content of maize for rats (Mertz et al. 1965) and pigs (Cromwell et al. 1969).
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Figure 10 Diagram of the mRNA transcript of O2. * – small uORFs 1–3. mORF – the main
protein encoding ORF.

O2 is structurally and functionally similar to GCN4

O2 is similar to GCN4 both structurally and functionally. The mRNA transcript

produced by O2 (Figure 10) is 1751 nt in length and contains a long (289 nt) 5’-UTR with

3 small uORFs (Hartings et al. 1989). This is similar to the mRNA transcript of GCN4

(see Figure 5). The second and third uORFs in O2 overlap by 20 nt. This is unlike the

uORFs of GCN4 which do not overlap. Additionally, while the first uORF of O2 is similar

in size (9 nt) to the uORFs of GCN4, the second and third uORFs are much larger (63 nt

and 60 nt respectively) than the uORFs of GCN4. The protein encoded by O2 is 461 aa

in length (Hartings et al. 1989). Functionally, O2 contains a bZIP DNA binding domain

similar to the bZIP domain found in GCN4. This suggest that O2 homodimerizes to bind

as a complex to target DNA (Schmidt et al. 1990). In addition to homodimerizing, O2 can

heterodimerize with O2 heterodimerizing protein 1 (OHP1) to bind to target DNA (Pysh

et al. 1993). Finally, O2 has been shown to complement GCN4 in transformed yeast cells

(Mauri et al. 1993).
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Figure 11 (a) When grown with polyethylene glycol (PEG) Zmgcn2-1 plants show little signs
of stress while the B73 plants show stunted growth. (b) Zmgcn2-1 plants under express GCN2
and overexpress CIPK17 compared to B73 and wt maize. All values normalized to levels of
retinoblastoma-related protein 1 (RRBP1).

GCN2 homologues in maize affect stress tolerance

Our lab has recently obtained 6 transposon tagged mutant alleles of maize GCN2

(ZmGCN2). One allele, Zmgcn2-1 has been found to be less susceptible to treatment with

polyethylene glycol (PEG) which mimics drought conditions. Zmgcn2-1 mutants contin-

ued to grow in PEG treated soil while B73 maize showed signs of stress, including slowed

growth (Figure 11a; Jia and Gibbon, unpublished). Additionally, Zmgcn2-1 endosperms

were found to underexpress ZmGCN2 and overexpress CBL-interacting protein kinase 17

(CIPK17, a stress response protein) relative to wt and B73 maize (Figure 11b). This infor-

mation and the structural and functional similarity of O2 to GCN4 suggest that a GAAC-

like regulation mechanism may exist in plants. In support of this our lab has found that

cellular levels of p-eIF2α increase in response to treatment with amino acid biosynthesis

inhibitors. However this increase is not seen in the transposon tagged ZmGCN2 mutants

(Jia and Gibbon, unpublished). This suggests that O2 is regulated in a similar manner to

GCN4.

There is some evidence to suggest that a GAAC-like mechanism may exist in higher
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plants including maize, but no direct homolog of GCN4 has yet been identified. It has been

proposed that O2 in maize may be a homolog of GCN4 because of its upstream uORFs

and its ability to complement GCN4 in transformed yeast cells and our lab has provided

evidence for this. However, the B73 expression atlas (Sekhon et al. 2011) shows that O2

is expressed only in maize endosperm. So stress response must be regulated by a different

gene in seedlings and mature plants. Here we use sequence features of GCN4 and O2

to identify further genes which may behave similarly to GCN4. We have attempted to

algorithmically filter a maize cDNA library based on structural similarity to GCN4 and O2

in the 5’-UTR. We have identified 129 genes which may be regulated in a manner similar

to GCN4.
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CHAPTER TWO

Materials and Methods

EMBOSS programs

The European Molecular Biology Open Software Suite (EMBOSS) is a free and

open source collection of molecular biology related software (Rice et al. 2000). EMBOSS

provides numerous tools for working with nucleotide sequences and data sets. Addition-

ally, EMBOSS databases allow access to sequence information through uniform sequence

addresses (USAs). A USA is a string of the form “database:ID” where database is the name

of the EMBOSS database and ID is the unique ID of a sequence in that database. Option-

ally, “[start:stop]” can be appended to a USA to specify start and stop positions. The start

and stop positions do not refer to start and stop codons; rather, the start and stop positions

specify regions of a sequence to extract. EMBOSS databases are a powerful way to store

and manipulate sequences; however, currently there exist no Python modules which will

natively interface with an EMBOSS database. Using Python to make external calls to EM-

BOSS programs was found to be cumbersome and inefficient. To overcome this limitation

a Python module, pyEmboss, was written to natively access an EMBOSS database. In this

module, two EMBOSS programs (seqret and getorf) were rewritten in Python with partial

functionality. The complete source code of this module can be found in Appendices A–D.

EMBOSS database structure

Building an EMBOSS database from a single FASTA file creates two files necessary

for efficient sequence retrieval: division.lkp and entrynam.idx. The file division.lkp stores
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the location of the FASTA file and the file entrynam.idx contains a list of records, one

for each sequence in the FASTA file. This record stores the sequence ID and location of

the sequence in the FASTA file. Searching the entrynam.idx file is inherently faster than

searching the FASTA file because it is much smaller and so individual sequences can be

retrieved from an EMBOSS database much faster than they can be retrieved by searching a

FASTA file.

The Database submodule

The Database module contains the necessary functions to interface an EMBOSS

database with Python. In this module, the Db class stores information about a database

including its location and the contents of division.lkp and entrynam.idx. More accurately,

a Db object represents a directory where EMBOSS databases are stored. The methods

within Db process these databases and the FASTA file location and start position of each

entry within the FASTA file are stored in Python dictionaries. This improves speed when

the same database is accessed multiple times because reading a dictionary is faster than

reading a file. The complete source code of this submodule can be found in Appendix A.

The Usa class

The Usa class is designed to hold information about USAs including the database,

ID, start position, stop position, and sequence. Sequences are stored as Biopython Seq

objects. It is important to note that EMBOSS and Python treat start and stop positions (the

indices of a subsequence or substring) differently. In an EMBOSS database, indices begin

with 1. This means that the first nucleotide of a sequence is designated 1. In Python, indices

begin with 0. So the first character of a string is designated 0. In essence, the indices used
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Figure 12 The differences in index behavior in the EMBOSS format (top) and the Python format
(bottom). The DNA sequence is between the two formats. The desired subsequence is boxed.
Arrows indicate the appropriate start and stop indices for each format.

by EMBOSS are one greater than the indices used by Python. Sequences are stored as

strings in Python so this discrepancy must be addressed. In practice, the stop indices do

not need to be converted because a stop index is inclusive in EMBOSS but exclusive in

Python. However, because start indices are inclusive in both formats it is possible to accrue

off-by-one errors. The differences in index behavior are illustrated in Figure 12. The ideal

behavior is to accept and return the EMBOSS format because this ensures compatibility

with all EMBOSS programs. The Usa class therefore converts between the two formats as

necessary. The complete source code of this class can be found in Appendix B.

Sequence retrieval

The EMBOSS program seqret queries an EMBOSS database to retrieve the se-

quence of an entry. A limited version of this program was implemented in Python as the

Seqret submodule. This version of the program takes a USA and Database object as inputs

and returns the corresponding sequence as a Usa object. The retrieval algorithm is sum-

marized in Figure 13. The USA input is split into its component database, ID, and start

and stop positions. First, the function checks to see if the database has been processed

already. If so, the function proceeds to look up the sequence ID in the database. If not,

the appropriate division.lkp and entrynam.idx files are processed and the location of the

FASTA file and the information in the index are stored in memory for future retrievals.
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Then the database is queried for the sequence ID. If the start or stop positions are specified,

the program returns a slice of the sequence corresponding to the start and stop positions. If

unspecified, the program returns the complete sequence. The complete source code can be

found in appendix C.

Finding ORFs

getorf is an EMBOSS program which will identify the ORFs in a nucleotide se-

quence. The submodule Getorf implements a limited version of this program in Python.

The submodule accepts a Usa object with a sequence as input and returns a list of Usa

objects with sequences, each representing one of the ORFs in the input USA. The submod-

ule finds ORFs in the 3 reading frames in the forward direction. It does not search in the

reverse direction for ORFs. The search algorithm is summarized in Figure 14. Each frame

is searched individually. When a start codon is encountered a new ORF begins. Successive

codons are added to that ORF until a stop codon is encountered. This process repeats until

all ORFs in all frames have been identified. An ORF may be discarded if it is larger or

smaller than the limits set by the user. The output produced by this procedure mimics the

output produced by getorf with parameters “-find 3 -noreverse”. The source code for the

submodule can be found in Appendix D.
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Figure 14 Flow chart describing the Getorf algorithm. The module searches each frame separately
before returning the list of ORFs.
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Filtering of maize transcripts

Maize transcript sequences and database assembly

A database of maize transcript UTRs and genes was assembled using the maize B73

5b filtered gene set (ftp://ftp.gramene.org), a set of 63,540 transcripts. The original down-

loaded data consisted of the cDNA sequence for each transcript. An EMBOSS database

was created using the program dbifasta with the parameter “-idformat simple”. The ID

used for this database is the ID given to the transcript in the original dataset. Creating an

EMBOSS database of this data allows the set of sequences to be stored and accessed as

USAs rather than as FASTA files. A USA is considerably smaller than a FASTA file so the

time spent reading and writing to file is greatly reduced, leading to improved performance.

Selection of candidate transcripts

Identification of candidate transcripts took place in three steps. First, the transcripts

were filtered based on the presence of a 5’-UTR. All transcripts without a 5’-UTR were

discarded. Second, the remaining transcripts were checked for the presence of at least two

non-overlapping uORFs. Again, all transcripts failing to meet this criterion were discarded.

Third, all remaining transcripts were assigned a score based on similarity to O2. The

transcripts were then ranked by score and the transcripts representing the lower 5% of

scores were taken as candidate transcripts.

Identification of 5’-UTRs. The original dataset consisted of cDNA sequences. A

cDNA sequence contains the 5’-UTR and the coding sequence (CDS), however the two

are not distinguishable in the original dataset. To identify the 5’-UTR of each sequence, a

second dataset containing the CDS of the filtered gene set was obtained. This dataset was
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cross-referenced against the cDNA dataset to identify the boundaries of the CDS. Then the

5’-UTR (if present) is obtained by taking the region prior to the CDS. Only transcripts with

a 5’-UTR were considered in the remaining steps of the filtering process.

Identification of uORFs. The transcripts were then checked for the presence of

uORFs in the 5’-UTR. For each remaining transcript, the pyEmboss module was used to

retrieve the sequence of the 5’-UTR and identify uORFs. Transcripts with at least two non-

overlapping uORFs were kept and the rest discarded. The transcripts were then checked for

the presence of a uORF 3 codons in length. This has been shown to be essential for GCN4

regulation in yeast (Miller and Hinnebusch 1989). Transcripts without a uORF downstream

of a 3 codon uORF were discarded.

Scoring the transcripts. Transcripts were scored based on similarity to the 5’-UTR

of O2 in a multi-step process. For a uORF in a transcript, define its index to be the distance

from its start codon to the mORF. The score for each transcript is based on the indices of

two or three of its uORFs. For each transcript take the all possible ordered lists of three

unique uORFs and discard those in which the first uORF is not 3 codons in length or in

which the second uORF overlaps the first. The third position in the list may be empty.

Then, each of these lists is a mapping from the uORFs of the transcript to the uORFs of

O2. A mapping M can then be represented as a tuple of the indices of the uORFs; i.e.,

(m1,m2,m3) if a third uORF exists in the mapping or (m1,m2) if a third uORF does not

exist in the mapping. All possible mappings were found for each remaining transcript.

Then the score of each mapping s was calculated according to the formula
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s =
1

|M |
∑
all i

|mi − oi|

where |M | is the number of uORFs in the mapping, mi is an index in the mapping, and oi

is the corresponding index of O2. This score represents the mean difference in indices of a

mapping and O2. In other words, it represents on average how the uORFs of a mapping are

positioned relative to the uORFs of O2. All scores are nonnegative and the minimum score

is 0 (when the positions of uORFs in the mapping are identical to the positions of uORFs

in O2). For each transcript, the mapping with the lowest score was taken as the correct

mapping and the rest were discarded. The transcripts were sorted based on the score for

the correct mapping.

Transcript score analysis

The transcript scores were analyzed to determine the transcripts most similar to O2.

Normality was assessed using a normal quantile plot. The scores were transformed with

a Box-Cox transformation to achieve normality. The Box-Cox transformation is a rank-

preserving transformation which can help data achieve normality (Box and Cox 1964).

The transformation is given by

y
(λ)
i =


yλi − 1

λ
, λ 6= 0

log (yi) , λ = 0

where y(λ)i is the transformed value of yi and λ is a parameter to be estimated. After

transformation, the Z score for each transcript was calculated according to the formula
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z = (x − µ)/σ . Here, z is the standardized version of the transformed value x, µ is the

mean of the transformed population, and σ is the standard deviation of the transformed

population. Transcripts with a Z score below -1.645 were selected as candidate transcripts.

These transcripts represent the lower 5% of transformed transcript scores.

Gene ontology and enrichment analysis

A gene ontology (GO) is a representation of a gene in terms of biological, cellu-

lar, or molecular function (Ashburner et al. 2000). Enrichment analysis was performed

using Blast2GO (Conesa et al. 2005) to identify overexpressed or underexpressed GOs rel-

ative to the group of transcripts remaining after the second filtering step. These transcripts

were searched against the NCBI non-redundant protein (nr) database using blastx and the

default parameters. The BLAST search was performed in the iPlant Collaborative Atmo-

sphere cloud computing environment (Goff et al. 2011). The results of the BLAST search

were imported into Blast2GO and mapped to GOs. Fisher’s exact test was used to identify

overexpressed or underexpessed GOs in the candidate transcripts relative to the transcripts

remaining after the second filtering step.

GOSlimViewer (McCarthy et al. 2006) was used to map the GOs from the candidate

transcripts to GO Slims. GO Slims are GOs which are broader in scope which give a

useful summary of ontologies for a set of sequences (Gene Ontology Consortium 2004).

GoSlimViewer accepts a list of GOs and divides them into appropriate GO Slims. The

Plant GoSlim set was used for this analysis.
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CHAPTER THREE

Results

The original dataset contained 63,540 maize transcripts belonging to 39,656 unique

loci. These genes consist of evidence-based genes and genes predicted ab inito by Fgenesh.

Of these transcripts, 51,712 (81%) were found to have a 5’-UTR. A total of 2,511 (4%)

transcripts had at least 2 non-overlapping uORFs and a uORF 3 codons in length in the 5’-

UTR. This has been shown to be required for effective regulation of GCN4 in yeast (Miller

and Hinnebusch 1989). 129 (0.2%) transcripts belonging to 107 loci were found to be very

similar to O2 based on the spacing of the uORFs. A transcript was deemed to be very

similar to O2 based on a scoring algorithm which compared the distances between the start

codons of a uORF and the main ORF (referred to here as indices) of a transcript and O2.

This information is summarized in Table 1. Appendix E contains a table showing the ID,

5’-UTR length, score, transformed score, and Z score of each candidate transcript.

Normality of transcript scores

The normal quantile plot of the transcript scores is not roughly linear (Figure 15a)

so the scores of the 2,511 transcripts are not normally distributed. A histogram (Figure

Table 1 The number of transcripts remaining after each filtering step

Filtering step Remaining Transcripts Percentage (%)
Original dataset 63,540 100.00
5’-UTR 51,712 81.38
2 uORFs, 3 codon uORF 2,511 3.95
Transcript score analysis 129 0.20

27



Figure 15 Normal probability plots for (a) untransformed and (c) transformed scores. The normal
probability plot of the transformed scores is roughly linear so the transformed scores have an ap-
proximately normal distribution. Histograms for (b) untransformed and (d) transformed scores. The
untransformed scores are very right skewed while the transformed scores are roughly symmetric.

15b) shows that the distribution of the scores is very right skewed. It is therefore inappro-

priate to calculate Z scores from the untransformed scores. A Box-Cox transformation was

applied to try to achieve normality. The parameter λ was estimated to be 0.13. The normal

quantile plot (Figure 15c) of the transformed scores was found to be roughly linear, so the

distribution of the transformed scores is roughly normal with µ = 6.09 and σ = 1.68.

Additionally, the histogram (Figure 15d) shows that a symmetric distribution. So it is ap-

propriate to calculate Z scores for the transformed transcript scores. A Z score of -1.645

corresponds to a score of 15.8. This means that the very similar transcripts had indices

which were, on average, within 15.8 nt of the indices of O2. The Box-Cox transformed

score and Z score for each of the very similar transcripts can be found in Appendix E.
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GO Analysis

The GOs for the 107 candidate loci were assembled using Gramene gene ontology

data (ftp.gramene.org). GOs were found for 64 of the 107 candidate loci. There were

302 non-unique GOs identified for these 64 loci. A Fisher’s exact test using BLAST2GO

failed to identify any overexpressed GOs among the loci. GOSlimViewer placed the 302

GOs into 66 GO Slims. The Slims can be divided into the categories “biological func-

tion”, “molecular function”, and “cellular component”. The following analysis considered

only Slims in the biological function and molecular function categories. Genes regulated

in a GCN4-like manner are predicted to be transcription factors and/or involved in stress

response. Accordingly, transcripts with the GO Slims “response to stress”, “response to bi-

otic stimulus”, “response to abiotic stimulus”, “nucleic acid binding”, and “DNA binding”

were examined in greater detail.

Biological function. 27 Slims falling under biological function were identified (Fig-

ure 16). The most common Slims were broad: biological process (34 loci), cellular process

(25 loci), and metabolic process (22 loci). The remaining Slims were more specific with

fewer loci. Of these Slims, transport and response to stress (8 loci each) were the most

common.

Molecular function. 18 Slims under molecular function were identified (Figure 17).

The most common was binding with 18 loci, followed by nucleotide binding (14 loci),

protein binding (12 loci), transferases (11 loci), hydrolases (10 loci), and catalytic activity

(9 loci).
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Response to stress and biotic and abiotic stimuli. Transcripts with GOs falling un-

der response to stress, biotic factors, and abiotic factors were assembled (Table 2). There

were 15 loci with GOs falling under these 3 Slims. Conserved domains for each loci were

identified using a BLAST conserved domain search. These domains are listed in Table 2.

Nucleic acid and DNA binding. Transcripts with GOs under Slims which bind to

DNA or other nucleic acids were assembled (Table 3). There were 7 loci identified under

these GO slims. Conserved domains were identified using a BLAST conserved domain

search. These results are located in Table 3.
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CHAPTER FOUR

Discussion

pyEmboss module

Python is popular tool for bioinformatics. It has been used to solve the structure of

macromolecules (Adams et al. 2010), generate phylogenetic trees (Sukumaran and Holder

2010) and genomic visualization (Pritchard et al. 2006) among other uses. However, most

Python bioinformatics software is standalone, with little sharing of formats, objects, or

data types. Biopython attempts to solve this problem by providing a wide variety of tools

and functions. However, Biopython fails to effectively incorporate the EMBOSS program.

Biopython support for EMBOSS programs consists of wrappers which call to external EM-

BOSS programs (Cock et al. 2009). Unfortunately this creates unnecessary overhead and

decreases program efficiency, particularly when it involves a large number of operations.

pyEmboss is an attempt to implement EMBOSS programs natively in Python and

integrate these programs into existing Biopython modules. Two such modules, Seqret and

Getorf, are presented here. Although they are incomplete, they demonstrate that Python

can imitate EMBOSS programs smoothly and with relatively little difficulty. Work must

be done to add features to these modules and increase their level of functionality to that

of the EMBOSS programs. Another future area of work is to investigate the speed and

efficiency of these Python modules, especially in comparison to the EMBOSS programs.

Finally, additional programs may be implemented in Python using the Database module to

interface with EMBOSS databases.
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Transcript filtering

Candidate transcripts may be involved in drought response

Functional analysis of candidate genes was conducted using GOs and GO Slims. Of

particular interest were genes involved in stress response because genes regulated by GCN2

are known to be involved in stress response in mammals (Harding et al. 2000), Arabidopsis

(Lageix et al. 2008), and rice (Sahi et al. 2006) among others. Recent work in our lab has

shown that ZmGCN2 deficient mutants show increased tolerance to drought conditions. We

therefore predict that a gene which suppresses drought resistance is regulated by GCN2 in

a manner similar to GCN4.

A locus (GRMZM2G115701, accession NP 001141728) with a low score (3.5) was

identified which encodes a protein with a F-box domain and a Tub domain. This locus is

expressed at all stages of maize development (Sekhon et al. 2011). A BLAST search was

performed which identified AtTLP2 in Arabidopsis as an orthologous gene. AtTLP2 has

been shown to be downregulated in response to various stress conditions including elevated

CO2 and cold temperatures. Cellular levels of AtTLP2 have also been shown to decrease

in abscisic acid insentive 1 mutant plants. However, the precise role of AtTLP2 in drought

response is currently unknown (Lai et al. 2004). The role of this maize locus should be

examined in future studies, particularly in response to cellular levels of GCN2

Also identified as a candidate locus was GRMZM2G155242 (accession Q9FPK7)

which encodes an Inositol-3-phosphate synthetase (MIPS). This locus had a low score

(6.67). This locus has been found to be expressed moderately throughout maize devel-

opment and highly in leaf tips and seeds (Sekhon et al. 2011). MIPS has been shown to

accumulate in the leaves of drought resistant maize plants when subjected to drought con-
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ditions (Jiang et al. 2012). Future studies should investigate levels of MIPS in response to

activation or deactivation of GCN2 to clarify its role as a GCN2 regulated gene.

The locus GRMZM2G158562 (Genbank accession NP 001140519) encodes a pro-

tein with a farnesyltransferase (FTase) subunit beta domain. In Arabadopsis, drought resis-

tance has been shown to increase in response to downregulation of an FTase beta subunit by

increasing sensitivity to abscisic acid drought response pathway (Pei et al. 1998). The GR-

MZM2G158562 locus was given a low score (4) by the scoring algorithm and is expressed

throughout maize development (Sekhon et al. 2011). The protein encoded and the low

score, as well as our previous experimental work suggest that this locus may encode a gene

regulated by GCN2 in a manner similar to GCN4. Future work should use experimental

methods to verify this.

Candidate transcripts as transcription factors

We expected to see bZIP transcription factors among the candidate genes because

all genes known to be regulated similarly to GCN4 are of this type. However, GO analysis

failed to identify bZIP transcription factors other than O2 among the candidate transcripts.

Several transcripts were identified as putative DNA binding genes with various DNA bind-

ing domains. However, none of the identified domains are known to be associated with

GCN4 in any organism. Future studies should explore the role of non-bZIP transcription

factors in GCN2-mediated regulation.

Conclusions

In maize O2 is a known homolog of GCN4 (Hartings et al. 1989). However, O2

expression is restricted to developing endosperms (Sekhon et al. 2011) and it is currently
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unknown whether other homologs of GCN4 exist in maize. Identifying these homologs is

difficult in part because of the large size of the maize genome. The maize genome is over

2.3 gigabases in length and contains more than 30,000 genes (Schnable et al. 2009). The

traditional approach to identifying GCN4 homologs, transcriptional profiling, is infeasible

with a genome this large and complex. We have shown that a bioinformatics approach may

be used to reduced the number of transcripts to a more manageable number. With this ap-

proach we have reduce the original set of 63,540 transcripts to a set of 129 transcripts which

we suggest are highly similar to O2 based on the structure of the 5’-UTR. Furthermore, we

have used functional GO analysis to identify several genes which may be involved in stress

response, particularly drought induced stress.

The problem with this approach, though, is the difficulty in assessing the relative

importance of sequence features. For example, the present study focuses on the spacing of

the uORFs in a 5’-UTR; however, it has been shown that intercistronic distance does not

explain the regulation of GCN4 in its entirety (Miller and Hinnebusch 1989; Abastado et al.

1991). Any filtering approach must therefore balance the known factors affecting GCN4

regulation to produce meaningful results. Future work should investigate other factors

affecting GCN4 regulation including, but not limited to, factors affecting reinitiation in

yeast and maize. Identifying these factors could help identify genes regulated similarly to

GCN4 (such as bZIP transcription factors) which were incorrectly eliminated from the final

set of transcripts in this study. It could also help eliminate false positives at all levels of

filtering.

The other disadvantage of this approach is that it cannot confirm that a transcript

follows a GCN4-like method of regulation. At this time, this can only be done through tra-
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ditional molecular biological techniques. Other studies have used quantitiative polymerase

chain reaction (qPCR) to identify GCN4 targets in vivo (Yeo et al. 2009; Joo et al. 2011).

Similarly, polysome loading has been used to study transcription levels in vivo (Branco-

Price 2005). These methods provide a way to monitor transcription levels of a candidate

gene in vivo in response to stresses. Doing so could help confirm that a transcript is reg-

ulated similarly to GCN4. The bioinformatics approach complements these methods by

identifying genes with a high likelihood of being GCN4 homologs. Future efforts should

incorporate both traditional and computational methods to investigate the regulation of a

gene.
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APPENDIX A

Source code of Database submodule

from Bio.Seq import Seq
import os
import binascii

class Db(object):
'''
Allows the user to interface with an EMBOSS database. Includes tools to
read idx, lkp, and FASTA files. Each instance represents a database
directory. Processed idx and lkp files are stored in memory.

Parameters
----------
db_dir : an EMBOSS database directory

Methods
-------
process_index : read an idx file
get_fasta_file : read a lkp file
read_fasta : read the specified entry from a FASTA file
'''
def __init__(self, db_dir):

self.db_dir = db_dir
self.index_dict = {}
self.fasta_dict = {}

def __str__(self):
return self.db_dir

def process_index(self, db_name, index_file):
'''
Reads an idx file to get the start locations of each sequence
in the FASTA file.

Parameters
----------
db_name : the name of the database
index_file : Path of the idx file

Returns
-------
A dictionary of entries

key : entry id
value : start position in FASTA file

'''
entries = {}
with open(index_file, "rb") as f:

#Size of the idx file. Bytes belonging numbers are written in
#reverse to this file
f_size = int(binascii.hexlify(f.read(4)[::-1]), 16)
f.seek(4, 1)
#Each record is the same length
rec_length = int(binascii.hexlify(f.read(2)[::-1]), 16)
#The file has a 300 byte header
f.seek(300)
#Read each record
for n in range((f_size-300)/rec_length):

#The entry id
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entry_id = f.read(rec_length-10)
#Start position in the FASTA file
offset = int(binascii.hexlify(f.read(4)[::-1]), 16)
entries[entry_id] = offset
f.seek(6, 1)

#Save processed file information to memory for future use
self.index_dict[db_name] = entries
return entries

def get_fasta_file(self, db_name, lkp_file):
'''
Read a lkp file to get the name of the FASTA file.

Paramters
---------
db_name : database name
lkp_file : path to the lkp file

Returns
-------
The path to the FASTA file
'''
with open(lkp_file, "rb") as f:

#FASTA path information is in the last 24 bytes of the file
f.seek(-24, 2)
fasta = f.read(24).strip('\0')
#Save in memory for future retrievals
self.fasta_dict[db_name] = fasta

return fasta

def read_fasta(self, fasta_file, index, entry):
'''
Retrieve the sequence of an entry from a FASTA file

Paramters
---------
fasta_file : path of the FASTA file
index : index dictionary (returned from process index)
entry : ID of the sequence to retrieve

Returns
-------
Sequence of the requested entry as a string
'''
with open(fasta_file, "r") as f:

if not entry in index:
raise LookupError("Cannot find entry: " + entry)

#Start location
loc = index[entry]
f.seek(loc)
first_line = f.readline()
#FASTA files begin with >
if first_line[0] != ">":

print ("Error processing file."
"FASTA entry does not start with '>'")

exit()
sequence = ""
end_of_entry = False
#Add to the sequence line by line. The end of the entry is found
#when the next line begins with >
while not end_of_entry:

line = f.readline()
if line and line[0] != ">":

sequence += line.strip()
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else:
end_of_entry = True

return sequence
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APPENDIX B

Source code of Usa class

import re

class Usa(object):

'''
A container for an EMBOSS uniform sequence address (USA). Supports USAs of
the form database:id[start:stop]. The components of the USA are stored as
separate variable within the object. An additional variable, the sequence
is stored as a Biopython Seq object.

WARNING : EMBOSS subsequences are indexed differently than Python strings.
EMBOSS indices begin at 1 are are inclusive. Python indices begin at 0 and
the start index is inclusive while the stop index is exclusive. Always pass
start and stop indices as expected by EMBOSS (i.e. add 1 to the indices).

Parameters
----------
db : The database
seq_id : The ID of the sequence (in the database)
start : The start position of the desired subsequence in EMBOSS form
stop : The stop position of the desired subsequence
utr_length : The sequence/subsequence

Methods
-------
None

Notes
-----
Pass start and stop indices as expected by EMBOSS. See the warning above
for more information.
'''

def __init__(self, db, seq_id, start, stop, sequence=None):
self.db = db
self.id = seq_id
self.start = start
self.stop = stop
self.sequence = sequence
#Store the start index internally as a python index to ensure accurate
#subsequence slicing
if self.start > 0:

self.start -= 1

def __str__(self):
if not self.stop and not self.start:

return "{}:{}\n{}".format(
self.db,
self.id,
self.sequence.__repr__()

)
else:

#Display the start index as an EMBOSS index to ensure compatibility
#with other EMBOSS programs
adj_start = self.start
if adj_start is not None:

adj_start += 1
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return "{}:{}[{}:{}]\n{seq}".format(
self.db,
self.id,
*["" if n is None else n for n in (adj_start, self.stop)],
seq=self.sequence.__repr__()

)

def __len__(self):
#More accurate in case the sequence changes
if self.sequence:

return len(self.sequence)
#If the nucleotide sequence is not provided
else:

return self.stop - self.start

def parse_usa(usa_str):
'''
Create a Usa object from a USA string. The string is indexed with EMBOSS
indices (see warning in Usa() docstring) to ensure combatibility with
other EMBOSS programs.

Parameters
----------
usa_str : An EMBOSS format USA string

Returns
-------
A Usa object
''' usa_pattern = re.compile(

"([A-Za-z_0-9]+):([A-Za-z0-9_]+)(?:\[(\d+)?:(\d+)?])?"
)
valid_usa = usa_pattern.search(usa_str)
if valid_usa:

usa_parts = list(valid_usa.groups())
usa_parts[-2:] = [None if n is None else int(n)

for n in usa_parts[-2:]]
usa = Usa(*usa_parts)
return usa

else:
print "ERROR: {} is not a valid USA".format(usa_str)
raise ValueError
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APPENDIX C

Source code of the Seqret submodule

#!/usr/env/python
from Bio.PyEMBOSS import Usa
from Bio.Seq import Seq
import os

def seqret(usa_str, database):
'''
Retrieve a sequence from an EMBOSS database. A valid USA is of
the form database:ID([start:stop]) where parentheses denote an
optional component.

Paramters
---------
usa_str : An EMBOSS format USA string
database : An instance of PyEmboss.Database.Db()

Returns
-------
A Usa object with the sequence from the EMBOSS database
'''

#Create empty USA from the input string
usa = Usa.parse_usa(usa_str)
initial_dir = os.getcwd()
os.chdir(database.db_dir)
#EMBOSS databases are in folders of the same name
if not usa.db in os.listdir("."):

raise LookupError("Could not locate database: %s" % usa.db)
os.chdir(usa.db)

#Has this database been processed previously?
if usa.db in database.index_dict:

#Use previous entries and records from entryname.idx
index_fasta = database.index_dict[usa.db]

else:
#Get name of idx file
idx_file = os.path.join(

os.getcwd(),
[f for f in os.listdir(".") if ".idx" in f][0]

)
#Read idx file to get record information
index_fasta = database.process_index(usa.db, idx_file)

#Has this database been processed prevously?
if usa.db in database.fasta_dict:

#Use prevous FASTA file location
fasta = database.fasta_dict[usa.db]

else:
#Get name of lkp file
lkp_file = os.path.join(

os.getcwd(),
[f for f in os.listdir(".") if ".lkp" in f][0]

)
#Read lkp file to get FASTA location
fasta = database.get_fasta_file(usa.db, lkp_file)

#Read the sequence from the FASTA file
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sequence = database.read_fasta(
os.path.join(os.getcwd(), fasta),
index_fasta, usa.id

)

#Slice the sequence if specified
if usa.start or usa.stop:

sequence = sequence[usa.start:usa.stop]

#Return to original directory
os.chdir(initial_dir)

#Biopython Seq object of sequence
usa.sequence = Seq(sequence)

return usa
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APPENDIX D

Source code for Getorf submodule

from Bio.Seq import Seq
from Bio.PyEMBOSS.Usa import Usa

def getorf(utr, min=None, max=None):
'''
Find all ORFs of the appropriate size in a Usa object sequence. Only finds
ORFs on the sense strand. This mimics the output of

getorf utr outfile -minsize min -maxsize max -find 3 -noreverse
Does NOT include the stop codon

Paramters
---------
utr : A Usa object with a valid sequence
min : minimum ORF size (nt)
max : maximum ORF size (nt)

Returns
-------
A list of ORFs as Usa objects with sequence information.

Notes
-----
min and max sizes do not include a stop codon
'''
#3 reading frames
frames = (0, 1, 2)
START = "ATG"
STOP = ("TGA", "TAA", "TAG")
orf_list = []
sequence = str(utr.sequence)
#Iterate through each frame sequentially and find all ORFs
for frame in frames:

i = 0
#Change frames
nuc_seq = sequence[frame:]
orf_codons = []
start_pos = None
stop_pos = None
#Consider every codon in the frame
while i < len(nuc_seq)/3 + 1:

codon = nuc_seq[i*3:i*3+3]
if not orf_codons and codon == START:

orf_codons.append(codon)
#Add 1 because EMBOSS indices start at 1 not 0
start_pos = 1 + i*3 + frame

elif orf_codons and not codon in STOP:
orf_codons.append(codon)

elif orf_codons and codon in STOP:
orf = "".join(orf_codons)
#Correct size?
if (len(orf) >= min or min is None) and\

(len(orf) <= max or max is None):
#Do not add 1 because EMBOSS stop indices are inclusive
stop_pos = i*3 + frame
#Create Usa object
#Add integer to the end of the ID to distinguish ORFs
orf_usa = Usa(
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utr.db,
"{}_{}".format(utr.id, len(orf_list)+1),
start_pos, stop_pos

)
#A Bipython Seq object
seq = Seq(orf)
#Add sequence to Usa
orf_usa.sequence = seq
orf_list.append(orf_usa)
orf_codons = []

else:
orf_codons = []

i += 1
#End of sequence, no stop codon --> Add rest of sequence as ORF
#This is the same behavior as getorf
if orf_codons:

orf = "".join(orf_codons)
#Right size?
if (len(orf) >= min or min is None) and\

(len(orf) <= max or max is None):
stop_pos = len(sequence)
#Create Usa object
#Add integer to the end of ID to distinguish ORFs
orf_usa = Usa(

utr.db,
"{}_{}".format(utr.id, len(orf_list)+1),
start_pos,
stop_pos

)
A Biopython Seq object
seq = Seq(orf)
#Add sequence to Usa
orf_usa.sequence = seq
orf_list.append(orf_usa)
orf_codons = []

return orf_list
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APPENDIX E

Scource code of filter-orfs.py

from Bio.pyEmboss import Database
from Bio.pyEmboss import Getorf
from Bio.pyEmboss import Seqret

def filter_orfs(orfs):
'''
Filters UTRs based on two criteria:

1. The presence of at least two uORFs
2. The presence of at least one uORF (which is not the last uORF) that

is exactly 3 codons in length

Parameters
----------
orfs : A list of orfs returned from Getorf.getorf

Returns
-------
The original list of uORFs if the UTR passes the criteria listed above

else: None
'''
three_codon_orfs = []
#GAAC requires at least 2 orfs (doi:10.1016/0092-8674(86)90384-3
if len(orfs) < 2:

return None
#Find ORFs with 3 codons
for orf in orfs:

if len(orf)/3. == 3:
three_codon_orfs.append(orf)

#First uORF must be 3 codons in length (doi:10.1101/gad.3.8.1217)
if not three_codon_orfs or three_codon_orfs[0] == orfs[-1]:

return None
return orfs

def make_orf_list(db, list_file, filtered_utr_out, filtered_orf_out):
'''
Create and write to file a list of ORFs and a list of UTRs which pass
the criteria given in the docstring of filter_orfs

Parameters
----------
db : A pyEmboss DB object
list_file : A list of UTRs to check. Each line of the file contains a USA
filtered_utr_out : Path of file to write filtered UTRs
filtered_orf_out : Path of file to write filtered ORFs

Returns
-------
The total number of UTRs written to file
'''
total_utrs = 0
with open(list_file, "r") as usa_file,\

open(filtered_utr_out, "w") as utr_file,\
open(filtered_orf_out, "w") as orf_file:

#Iterate through the USAs
for usa in usa_file.readlines():

usa = usa.rstrip()
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#Retrieve sequence of the USA
utr = Seqret.seqret(usa, db)
#Find orfs
orfs = Getorf.getorf(utr, min=6)
#Sort orfs by start position
orfs = sorted(orfs, key=lambda orf: orf.start)

#Filter the USAs based on the ORFs
filtered_orfs = filter_orfs(orfs)
#Discard if the criteria are not met
#Described in filter_orfs docstring
if not filtered_orfs:

continue
#Write ORFs to file
for orf in orfs:

orf_file.write("{}\n".format(orf))
#Write UTR to file
utr_file.write("{}\n".format(usa))
#Track total number of UTRs written to file
total_utrs += 1

return total_utrs

if __name__ == "__main__":
db = Database.Db("../data/emboss/")
print make_orf_list(

db,
"../data/zm_5utr_list.txt",
"../data/zm_5utr_filtered_list_1.txt",
"../data/zm_5utr_filtered_orf_list_1.txt"

)
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APPENDIX F

Source code of find distances.py

from Bio.pyEmboss.Usa import parse_usa
import numpy as np
import pandas as pd
import itertools
import scipy.stats as stats

class Mapping(object):

'''
Calculate the score of a mapping from the uORFs of a putative transcript's
UTR to the uORFs of o2. A mapping consists of an ordered list of uORFs
beginning at the 5' end of the transcript. Also stored in the mapping is
the ID of the transcript and the length of the transcript's UTR.

Parameters
----------
first : First (most 5') uORF of the mapping
second : Second uORF of the mapping
third : Third (most 3') uORF of the mapping
trans_id : ID of the transcript mapped to o2
utr_length : UTR length of the transcript

Methods
-------
get_distances
calc_score

Notes
-----
uORFs should be passed in the form of a USA parsed by pyEmboss. For more
information see pyEmboss.Usa.parse_usa
'''

def __init__(self, first, second, third, trans_id, utr_length):
self.id = trans_id
self.length = utr_length
self.first = first
self.second = second
self.third = third
#Set by self.calc_score
self.score = None
#Populated by self.get_distances
self.distances = {}

def __float__(self):
return self.score

def __str__(self):
return "First: {}\tSecond: {}\tThird: {}\nScore: {}".format(

self.first,
self.second,
self.third,
self.score

)

def get_distances(self):
'''
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Calculate and store the distance between the start codon of a uORF
and start codon of the CDS.

Returns
-------
self

Notes
-----
self.distances is a dictionary by the class.

key : a uORF (a parsed USA; see pyEmboss.Usa.parse_usa)
value : integer distance

'''

self.distances[self.first] = self.length - self.first.start
self.distances[self.second] = self.length - self.second.start
if self.third:

self.distances[self.third] = self.length - self.third.start
else:

self.distances[self.third] = None
return self

def calc_score(self, standard):
'''
Calculate a score for the mapping based on self.distances and a
standard. The score is the mean of the absolute differences between
the standard distances and the self distances.

Parameters
----------
standard : A Mapping object containing uORF information for o2
'''
#Return sorted list of self distances from 5' to 3' (the 5'-most uORF
# will have the greatest distance from start codon to CDS).
indices = sorted(self.distances.values(), reverse=True)
#Repeat for the standard distances
std_indices = sorted(standard.distances.values(), reverse=True)
#Some mappings do not have a third uORF.
if indices[2] is None:

#Delete third entry of indices and std_indices
indices = indices[:2]
std_indices = std_indices[:2]

#Calculate the absoulte value of the difference between each index
# and the standard index. diff is of type np.array
diff = np.abs(np.array(indices) - np.array(std_indices))
#Calculate the mean of diff and set as self.score
self.score = np.mean(diff)
return self.score

def create_orf_mappings(utr_file, orf_file):
'''
Read a file containing a list of uORFs (in USA format) and, for each
transcript, create every possible valid mapping of the uORFs. A valid
mapping is one in which the first uORF is 12 nt in length, every uORF
is unique, and has no uORFs overlapping the stop codon of the first uORF.

Parameters
----------
utr_file : A list of transcript UTRs (in USA format)
orf_file : A list of uORFs (in USA format)

Return
------
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A dictionary of all mappings : mapping
transcript ID : List of Mapping objects

Notes
-----
utr_file and orf_file were created by the script filter-orfs.py
'''
orf_dict = {}
utr_lengths = {}
mappings = {}
for line in open(utr_file).readlines():

#Remove trailing \n from each USA and pass to pyEmboss.Usa.parse_usa
usa = parse_usa(line.rstrip())
#Add the UTR length to a dictionary utr_lengths
utr_lengths[usa.id] = usa.stop

for orf in open(orf_file).readlines():
#Remove trailing \n from each USA and pass to pyEmboss.Usa.parse_usa
orf = parse_usa(orf.rstrip())
#Add each ORF to a dictionary orf_dict
if orf.id in orf_dict:

orf_dict[orf.id].append(orf)
else:

orf_dict[orf.id] = [orf]
for transcript, orfs in orf_dict.iteritems():

#The transcript has at least 3 uORFs
if len(orfs) > 2:

valid = set([])
#Iterate through the cartesian product (orf, orf, orf) of the
#transcript's uORFs. This includes every possible perumtation of
#uORFs belonging to the transcript
for prod in itertools.product(orfs, orfs, orfs):

#Convert tuple to list
prod = list(prod)
#Do the first and second uORFs overlap and is the first uORF
#9 nt in length?
if prod[0].start < prod[1].start\

and prod[1].start > prod[0].stop\
and len(prod[0]) == 9:

#Second and third uORFs out of order or non-unique
if prod[1].start > prod[2].start or prod[1] == prod[2]:

#Remove the third uORF
prod[2] = None

#Add the list (ordered) to the set containing all valid
#permutations of uORFs. A set contains only unique items
valid.add(tuple(prod))

for p in valid:
#Create mapping from the permutation of uORFs
m = Mapping(

*p,
trans_id=transcript,
utr_length=utr_lengths[transcript]

)
#Calculate distances
m.get_distances()
#Add mapping to dictionary of mappings
if transcript in mappings:

mappings[transcript].append(m)
else:

mappings[transcript] = [m]
#Transcript has only two uORFs
else:

if orfs[1].start > orfs[0].stop:
#Create mapping from the uORFs
m = Mapping(
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orfs[0],
orfs[1],
None,
transcript,
utr_lengths[transcript]

)
#Calcualte distances
m.get_distances()
#Add mapping to dictionary of mappings
mappings[transcript] = [m]

print len(mappings)
return mappings

def filter_mappings(mappings, standard):
'''
Find the lower 5% of mappings. A Box-Cox transformation is necessary
because the scores are not normally distributed

Parameters
----------
mappings : A dictionary of mappings

key : transcript ID
value : list of mappings

standard : A transcript to use as a standard for comparison

Returns
-------
A pandas dataframe of the transcripts and scores
'''
min_score = {}
#Iterate through the transcripts
for transcript, products in mappings.iteritems():

#Calculate the score of each mapping
for product in products:

product.calc_score(standard)
#Find the mapping with the lowest score
lowest = min(products, key=lambda x: x.score)
#Save in min_score dictionary
min_score[transcript] = {

"score": lowest.score,
"First": str(lowest.first),
"Second": str(lowest.second),
"Third": str(lowest.third),
"Length": lowest.length

}
#Create pandas dataframe from min_score
data_frame = pd.DataFrame(min_score).T
data_frame = data_frame.sort(["score"])
#Change type of score column to float
#Remove the standard from the data frame (interferes with transformation)
score = data_frame[data_frame["score"] != 0]["score"].astype(float)
cutoff = stats.scoreatpercentile(score, 5)

#Transform scores using a boxcox transformation
#Lambda is estimated and saved as l
transformed_score, l = stats.boxcox(score)
#Print l
print l
#Calculate Z score from the transformed scores
zscore = stats.mstats.zscore(transformed_score)
#Add transformed scores and Z scores to dataframe
data_frame["boxcox_score"] = transformed_score
data_frame["zscore"] = zscore

55



#Find the lowest 5% of transformed scores
sig = data_frame[data_frame["zscore"] <= -1.645][["score", "zscore"]]
#Print mean and standard deviation of transformed scores
print np.mean(transformed_score), np.std(transformed_score)
#Write score, transformed score, Z score to file
data_frame[["score", "boxcox_score", "zscore"]].to_csv("scores.csv")

return data_frame

if __name__ == "__main__":
orf_mappings = create_orf_mappings(

"../data/zm_5utr_filtered_list.txt",
"../data/zm_5utr_filtered_orf_list.txt"

)
standard = [x for x in orf_mappings["GRMZM2G015534_T02"]

if x.third is not None][0]
filter_mappings(orf_mappings, standard)
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APPENDIX G

Table of candidate transcripts

Transcript Length Score Transformed Z score

GRMZM2G177438 T01 172 2 0.724781 -3.18404

GRMZM2G179715 T03 963 2 0.724781 -3.18404

GRMZM2G179715 T05 201 2 0.724781 -3.18404

GRMZM2G032293 T01 1265 2.5 0.972107 -3.03719

GRMZM2G702316 T01 150 2.5 0.972107 -3.03719

GRMZM2G019450 T01 831 3 1.179491 -2.91407

GRMZM2G019450 T02 831 3 1.179491 -2.91407

GRMZM2G019450 T03 831 3 1.179491 -2.91407

GRMZM2G174204 T02 173 3 1.179491 -2.91407

GRMZM2G115701 T01 772 3.5 1.358641 -2.8077

GRMZM2G115701 T02 772 3.5 1.358641 -2.8077

GRMZM2G176340 T01 499 3.5 1.358641 -2.8077

GRMZM2G176340 T02 499 3.5 1.358641 -2.8077

GRMZM2G057567 T05 621 4 1.516707 -2.71385

GRMZM2G158562 T03 650 4 1.516707 -2.71385

GRMZM2G179720 T01 352 4 1.516707 -2.71385

GRMZM2G174246 T03 648 4.33 1.612758 -2.65683

GRMZM2G091320 T02 578 4.5 1.658389 -2.62973

GRMZM2G046431 T01 335 5.5 1.904743 -2.48347
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GRMZM5G886109 T01 413 5.5 1.904743 -2.48347

GRMZM2G103357 T02 235 6 2.013543 -2.41887

GRMZM2G096695 T01 213 6.5 2.114703 -2.35881

GRMZM2G180982 T02 906 6.5 2.114703 -2.35881

GRMZM2G155242 T02 177 6.67 2.146917 -2.33968

GRMZM2G011743 T01 169 7 2.20929 -2.30265

GRMZM2G163476 T01 1662 7 2.20929 -2.30265

GRMZM2G318849 T02 342 7 2.20929 -2.30265

GRMZM2G318849 T03 342 7 2.20929 -2.30265

GRMZM2G318849 T05 342 7 2.20929 -2.30265

GRMZM2G151734 T02 206 7.33 2.269125 -2.26713

GRMZM2G052471 T05 327 7.5 2.298158 -2.24989

GRMZM2G375307 T01 903 7.5 2.298158 -2.24989

GRMZM2G375307 T02 213 7.5 2.298158 -2.24989

GRMZM2G701767 T01 194 7.5 2.298158 -2.24989

GRMZM2G137944 T02 210 8 2.382 -2.20011

GRMZM2G150058 T02 604 8 2.382 -2.20011

GRMZM2G180815 T02 139 8 2.382 -2.20011

GRMZM2G332918 T01 658 8 2.382 -2.20011

GRMZM2G583462 T01 604 8 2.382 -2.20011

GRMZM2G702170 T01 341 8 2.382 -2.20011

GRMZM2G068479 T02 767 8.5 2.461391 -2.15297

GRMZM2G334162 T01 377 8.5 2.461391 -2.15297
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GRMZM2G347605 T01 303 8.5 2.461391 -2.15297

GRMZM2G169261 T01 246 8.67 2.48695 -2.1378

GRMZM2G039362 T01 175 9 2.536807 -2.1082

GRMZM2G073371 T01 141 9 2.536807 -2.1082

GRMZM2G125193 T02 647 9 2.536807 -2.1082

GRMZM2G138686 T01 419 9 2.536807 -2.1082

GRMZM2G150187 T01 199 9 2.536807 -2.1082

GRMZM2G497347 T01 279 9 2.536807 -2.1082

GRMZM2G582892 T01 200 9 2.536807 -2.1082

GRMZM2G353147 T02 612 9.5 2.608654 -2.06554

GRMZM5G848205 T01 516 9.5 2.608654 -2.06554

GRMZM2G301294 T01 681 9.67 2.631871 -2.05176

GRMZM2G012127 T01 216 10 2.677276 -2.0248

GRMZM2G562569 T01 475 10.33 2.721379 -1.99861

GRMZM2G575346 T01 474 10.33 2.721379 -1.99861

GRMZM2G580456 T01 475 10.33 2.721379 -1.99861

GRMZM2G017365 T01 1785 10.5 2.742967 -1.9858

GRMZM2G017365 T02 1782 10.5 2.742967 -1.9858

GRMZM2G017365 T06 1375 10.5 2.742967 -1.9858

GRMZM2G123097 T01 243 10.5 2.742967 -1.9858

GRMZM2G134020 T01 306 10.5 2.742967 -1.9858

GRMZM2G153552 T01 472 10.5 2.742967 -1.9858

GRMZM2G065800 T01 591 10.67 2.764259 -1.97316
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GRMZM2G139372 T01 209 10.67 2.764259 -1.97316

GRMZM5G823750 T05 1276 10.67 2.764259 -1.97316

GRMZM2G064374 T03 1748 11 2.805985 -1.94838

GRMZM2G479423 T01 282 11 2.805985 -1.94838

GRMZM2G479423 T02 282 11 2.805985 -1.94838

GRMZM2G479423 T03 282 11 2.805985 -1.94838

GRMZM2G479423 T04 282 11 2.805985 -1.94838

GRMZM2G479423 T05 282 11 2.805985 -1.94838

GRMZM2G512616 T01 249 11 2.805985 -1.94838

GRMZM2G027451 T04 1054 11.33 2.846623 -1.92425

GRMZM2G143210 T02 170 11.33 2.846623 -1.92425

GRMZM2G143210 T03 170 11.33 2.846623 -1.92425

GRMZM2G006791 T03 678 11.5 2.866552 -1.91242

GRMZM2G017145 T01 4285 11.5 2.866552 -1.91242

GRMZM2G039683 T01 1464 11.5 2.866552 -1.91242

GRMZM2G039683 T02 1194 11.5 2.866552 -1.91242

GRMZM2G039683 T03 1194 11.5 2.866552 -1.91242

GRMZM2G044736 T01 849 11.5 2.866552 -1.91242

GRMZM2G097568 T05 273 11.5 2.866552 -1.91242

GRMZM2G161625 T01 152 11.5 2.866552 -1.91242

GRMZM2G497131 T01 170 11.5 2.866552 -1.91242

GRMZM2G701420 T01 274 11.5 2.866552 -1.91242

GRMZM5G826666 T01 269 11.5 2.866552 -1.91242
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GRMZM5G826666 T02 269 11.5 2.866552 -1.91242

GRMZM2G071735 T01 332 11.67 2.886231 -1.90074

GRMZM2G156910 T03 1955 11.67 2.886231 -1.90074

GRMZM2G020034 T03 287 12 2.924864 -1.8778

GRMZM2G508530 T01 414 12 2.924864 -1.8778

GRMZM2G019945 T01 150 12.33 2.962573 -1.85541

GRMZM2G097750 T01 444 12.5 2.981095 -1.84441

GRMZM2G105192 T01 141 12.5 2.981095 -1.84441

GRMZM2G160013 T02 831 12.5 2.981095 -1.84441

GRMZM2G042006 T01 256 13 3.035396 -1.81217

GRMZM2G092674 T01 187 13 3.035396 -1.81217

GRMZM2G118515 T03 194 13 3.035396 -1.81217

GRMZM2G179421 T01 240 13 3.035396 -1.81217

GRMZM2G179421 T02 240 13 3.035396 -1.81217

GRMZM2G366935 T06 616 13 3.035396 -1.81217

GRMZM2G366935 T08 525 13 3.035396 -1.81217

GRMZM2G366935 T09 517 13 3.035396 -1.81217

GRMZM2G344300 T01 935 13.33 3.070594 -1.79128

GRMZM2G066448 T02 273 13.5 3.087906 -1.781

GRMZM2G162884 T01 570 13.5 3.087906 -1.781

GRMZM2G017532 T02 410 13.67 3.105033 -1.77083

GRMZM2G110832 T01 472 13.67 3.105033 -1.77083

GRMZM2G035305 T01 629 14 3.138746 -1.75081
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GRMZM2G124883 T01 266 14 3.138746 -1.75081

GRMZM2G158676 T02 169 14 3.138746 -1.75081

GRMZM2G474534 T01 2672 14 3.138746 -1.75081

GRMZM5G878970 T01 723 14 3.138746 -1.75081

GRMZM5G878970 T02 769 14 3.138746 -1.75081

GRMZM2G001696 T01 179 14.5 3.188027 -1.72155

GRMZM2G053261 T03 582 14.5 3.188027 -1.72155

GRMZM2G157990 T01 724 14.5 3.188027 -1.72155

GRMZM2G157990 T02 724 14.5 3.188027 -1.72155

GRMZM2G166507 T01 366 14.5 3.188027 -1.72155

GRMZM2G355679 T03 2165 14.5 3.188027 -1.72155

GRMZM2G075956 T02 359 15 3.235847 -1.69316

GRMZM2G171060 T01 1136 15 3.235847 -1.69316

GRMZM2G067124 T01 810 15.33 3.26696 -1.67469

GRMZM2G045781 T03 304 15.5 3.282296 -1.66559

GRMZM2G126946 T07 342 15.5 3.282296 -1.66559

GRMZM2G413290 T02 2257 15.5 3.282296 -1.66559

GRMZM2G450863 T02 2958 15.5 3.282296 -1.66559
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