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Abstract: An entire open reading frame (ORF) encoding for a polypeptide of GTP
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cyclohydrolase I (GTPCHI) was isolated and cloned from Askari cultivar of grape (Vitis
vinifera L.) berries. The 1,338-nucleotide ORF yields a 445-residue amino acid sequence
with a calculated molecular mass of 48.65 kDa and a predicted isoelectric point of 6.43.

The Vogtpch I genomic sequence with a length of 4,964 bp contains two exons (169 and

Date 1,169 bp) and an intron (2,676 bp). The gtpch I sequence of grape displayed a strong
Received 25 February 2023 similarity with gtpch I sequence found in other plants, including peach (72%), cocoa
Accepted: 8 October 2023 (72%), strawberry (70%), and poplar (69%). Analysis of mRNA secondary structure
Published: 25 January 2024 revealed that the start codon of Vugtpch I is completely exposed, suggesting a robust

binding of the ribosome and efficient translation. Similar to gtpchs I from diverse
sources, molecular modeling uncovered that the monomer of VVGTPCH I adopts an a3

Correspondence structure, which includes 10 a-helices and 8 (3-sheets. Moreover, in silico analysis of the

Dr. Raheem Haddad Vogtpch 1 gene promoter identified potential cis-acting elements responsive to

rhaddad@engikiu.ac.ir environmental signals. This suggests that the Vugtpch I gene has the capacity to be
responsive to various environmental cues, such as heat, heavy metals, light, and plant
hormones.
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Introduction

GTP cyclohydrolase I (GTPCH I, EC 3.5.4.16) plays
a role in the conversion of GTP to dihydroneopterin
triphosphate and formic acid. This reaction
represents the initial and essential stage in the
biosynthesis of tetrahydrofolate (FH4) in plants and
certain microorganisms, as well as
tetrahydrobiopterin (BHs) in mammals (Blau and
van Spronsen, 2013) (Figure 1). Folates are part of a
wide-ranging family of polyglutamates derived
from pteroic acid and its related analogs. They play
a vital role as cofactors in the synthesis of purines,
pyrimidines, pantothenate, thymidylate, and in the
metabolism of various amino acids, such as
methionine, serine, and glycine (Blancquaert et al.,
2014). Folates are comprised of a p-aminobenzoate
(PABA) unit that is fused with a pterin ring derived
from GTP, along with a varying number of
glutamate moieties. PABA is synthesized from
chorismate in the plastid, whereas the pterin unit is
produced in the cytosol through the catalytic
activity of gtpch I (Basset et al., 2004). The last stages
of folate synthesis involve the conjugation of PABA
and pterin, as well as the incorporation of glutamate
moiety. These steps are catalyzed by a series of five
enzymes in the mitochondria (Basset et al., 2002).
Insufficient intake of folate in the diet can lead to a
decrease in the ability to produce DNA and sustain
normal cell division rates. As a direct consequence,
folate deficiency primarily leads to the development
of megaloblastic anemia, characterized by a
decrease in the production of cells in the bone
marrow due to impaired biosynthesis. Insufficient
levels of this nutrient have been linked to the
occurrence of neural tube defects in infants,
including conditions like spina bifida and
anencephaly (Shlobin et al., 2020). Additionally, it
has been found to elevate the risk of vascular
disease, certain types of cancer, and cerebral folate
deficiency syndromes during childhood (Shlobin et
al., 2020; Rossignol and Frye, 2021; Gofir et al., 2022).
Research studies with controlled conditions have
demonstrated that the addition of folic acid to grain
products has resulted in a notable decrease in the
occurrence of neural tube defects, specific
childhood cancers, and stroke (Gorelova et al., 2017;
Strobbe and Van Der Straeten, 2017). Therefore,
consuming folates in their natural form, which can
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be found in abundant quantities in various plant-
based foods such as grapes, is an effective strategy
to prevent folate deficiency.

Increasing folate biosynthesis through metabolic
engineering was the first proposed strategy to
biofortify plants (Agyenim-Boateng et al.,, 2023).
The sole introduction of gtpch I has led to an
enhancement of folate levels in lettuce, rice,
Mexican common bean, maize, and wheat (Nunes et
al., 2009; Dong et al., 2014; Ramirez Rivera et al,,
2016; Liang et al., 2019). The overexpression of gtpch
I increased folate levels in rice by 3.3 to 6.1-fold
(Dong et al., 2014) and enhanced lettuce folates by
2.1 to 8.5-fold (Nunes et al., 2009). It has been
reported that folates in stored rice grains are
unstable, which reduces the potential benefits of
folate biofortification. Blancquaert et al. (2015)
obtained folate concentrations that are up to 150-
fold higher than those of wild-type rice by
complexing folate to folate-binding proteins to
improve folate stability, thereby enabling long-term
storage of biofortified high-folate rice grains. The
Mexican common bean (Phaseolus vulgaris L.) was
metabolically engineered by overexpressing gtpch I,
which increased folate and pteridine levels in the
seeds by 3-fold and 150-fold, respectively (Ramirez
Rivera et al., 2016). Liang et al. (2019) cloned and co-
overexpressed two key soybean folate biosynthesis
genes, Gm8gGCHI (GTP cyclohydrolase I) and
GmADCS (aminodeoxychorismate synthase) in
maize and wheat. A 4.2-fold and 2.3-fold increase in
folate levels were observed in transgenic maize and
wheat grains, respectively.  Folates serve as
suppliers of methyl groups, playing a crucial role in
methylation reactions. These reactions are not only
vital for controlling gene expression but also play a
significant role in the synthesis of proteins, lipids,
chlorophyll, and lignin in the plant kingdom
(Gorelova et al., 2017; Strobbe and Van Der Straeten,
2017). To the best of our knowledge, there has been
limited research conducted on the characterization
of the gtpch gene in grapes (Vugtpch). Our objective
was to isolate and characterize a Vvgtpch I gene from
Askari cultivar of grape (Vitis vinifera) berries.
Through in silico analysis, we found that the
promoter region of Vvgtpch I gene is rich in potential
regulatory elements, suggesting its potential
response to various environmental signals.
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Figure 1. The FH4 biosynthetic pathway in plants. The enzymes involved in the synthesis of FHs-Glunare as follows: 1,
Aminodeoxychorismate synthase; 2, Aminodeoxychorismate lyase; 3, GTP cyclohydrolase I; 4, Nudixhydrolase; 5,
Dihydroneopterin aldolase; 6, Hydroxymethyl dihydropterin pyrophosphokinase (HPPK); 7, Dihydropteroate synthase
(DHPS); 8, dihydrofolate synthetase (DHFS); 9, dihydrofolate reductase (DHFR); and 10, folylpolyglutamate synthetase (FPGS)

(Sahr et al., 2005).

Materials and Methods

Plant materials and extraction of total RNA

Fresh berries from the cultivar Askari were obtained
from grape plants cultivated in the grape collection
of the Grape Research Station, Takistan-Qazvin,
Iran, in the 2018. Upon collection, all samples were
promptly frozen in liquid nitrogen and
subsequently stored at -80 °C. At the veraison stage,
seeds were carefully removed from the berries by
gently breaking them open in liquid nitrogen. Total
RNA was also isolated from fresh grape berries
using Cetyltrimethylamonium bromide (CTAB)
procedure suggested by Japelaghi et al. (2011).

RT-PCR and molecular cloning

For first strand cDNA synthesis, 5 ug of total RNA
treated with DNase I (Thermo Fisher Scientific) was
used as a template using Oligo (dT)is primer (1

ug/ul, Qiagen) for 5 min at 70 °C. The reaction
mixture was incubated with RevertAid™ M-MuLV
Reverse Transcriptase (200 u/pl, Thermo Fisher
Scientific) for 60 min at 42 °C. The mixture was
brought to a halt by subjecting it to heat at 70 °C for
10 min. The degenerate primers (Dgtpch IF: 5'-
ATGGGNGCNCTNGAYGARGGN-3'; Dgtpch IR:
5- NGANGTNGCNGTRTTNGGDAT-3') used in
this study were designed based on the available
expressed sequence tags (ESTs) from Prunus persica,
Theobroma cacao, and Populus trichocarpa, identified
with the BLASTn program
(http://www.ncbi.nlm.nih.gov) for the amplification
of the Vugtpch I gene by the reverse transcription-
PCR (RT-PCR). The RT-PCR reaction was carried
out in a thermal cycler (Techene, UK) programmed
for 35 cycles; conditions for each cycle being
denaturation at 94 °C for 30 s, annealing at 45 °C for
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min, and extension at 72 °C for 1 min. The final
extension was performed at 72 °C for 5 min. The
PCR products were purified using the AccuPrep Gel
Purification kit (Bioneer, South Korea), following
the manufacturer's instructions. Subsequently, the
purified products were subcloned into the pTG19-T
vector (Vivantis, Malaysia) as per the
manufacturer's guidelines. The dideoxynucleotide
sequencing (Bioneer, South Korea) was used to
determine the nucleotide sequence of the inserts in
both directions.

Sequence analysis

The estimated properties of the deduced amino acid
sequence were obtained using ProtParam program
(http://www.expasy.ch/tools/protparam.html),
while its subcellular localization prediction was
conducted by combining three different programs,
TargetP (http://www.cbs.dtu.dk/services/TargetP/),
iPSORT  (http://ipsort.hgcjp/) and  YLOC
(http://www-bs.informatik.uni-
tuebingen.de/Services/YLoc/). The prediction of
functional domains was carried out using the
MotifScan program (https://myhits.isb-sib.ch/cgi-
bin/motif_scan), while the identification of potential

sites for post-translation modifications (PTM) was
performed using the ScanProsite program
(https://prosite.expasy.org/scanprosite/). The
mRNA sequence was submitted to the RNAfold
RNAWebsuite)

WebServer (Vienna
(http://rna.tbi.univie.ac.at/cgi-

bp
3000
1500

1000
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bin/RNAWebSuite/RNAfold.cgi) to predict its
secondary structure and calculated the minimum
free energy (MFE) based on base-pair probabilities.
PSIpred (http://bioinf.cs.ucl.ac.uk/psipred/) was
used to predict the secondary structure of
VvGTPCH I, while the I-TASSER program
(http://zhang.bioinformatics.ku.edu/I-TASSER) was
employed to predict its three-dimensional (3D)
structure.

Analysis of promoter region

The promoter region of the grape Vuvgtpch I gene
was sourced from the Phytozome website
(http://www.phytozome.net) and analyzed using
PlantCare software
(http://bioinformatics.psb.ugent.be/webtools/plantc
are/html/) to identify regulatory elements
associated with various types of plant stress
responses.

Phylogenetic analysis

Using the Vogtpch 1 sequence as a query, protein
sequences  from  different  organisms or
microorganisms were selected by retrieving data
from the GenBank via the BLASTp algorithm at the
National Center for Biotechnology Information
(NCBI). Sequences were aligned using the ClustalX
software and a phylogenetic tree was also
constructed with MEGA 4.0.2 software via
Neighbor Joining method (Tamura et al., 2007).

Figure 2. Confirmation of the recombinant pTG19-gtpch I plasmid by PCR, enzyme digestion and 1.2% agarose gel
electrophoresis. M) 100 bp DNA ladder, 1) PCR negative control without primers, 2) PCR negative control without template,
3) PCR negative control with bacterial DNA as a template, 4) the Vugtpch I gene amplified in PCR via screening of recombinant
clones, 5) the Vogtpch 1 gene amplified in PCR containing the recombinant pTG19-gtpch I plasmid as a template, 6) The
recombinant pTG19-gtpch I plasmid, 7) The recombinant pTG19-gtpch I plasmid digested with BamH 1.
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Figure 3. Phylogenetic analysis and structural characterization of Vogtpch 1. (a) Phylogenetic tree of Vogtpch I and gtpchs I from
different sources using MEGA 4.0.2 software. (b) Multiple sequence alignments of Vogtpch I and gtpch I sequences from plants.
The protein sequence deduced from the Vugtpch I gene was aligned with its homologs from different plants using ClustalX.
The Vogtpch 1 signature sequences are indicated in black boxes. (Continue in next page)
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The conserved active site residues, residues involvement in zinc binding, and the possible phosphorylation sites for protein
kinase C and casein kinase II are shown by black triangles, squares, and circulars, respectively. The NCBI and EMBL accession
numbers for the sequences described and mentioned in this study are as follows: Apis mellifera (Amgtpch 1, XP_624456.2), A.
thaliana (Atgtpch 1, NP_187383), Arcobacter butzleri (Abgtpch 1, YP_008331555), Blumeria graminis (Bggtpch 1, EPQ61888), Bombyx
mori (Bmgtpch 1, NP_001166803), Bos Taurus (Btgtpch 1, XP_002690995), Cellulophaga lytica (Clgtpch 1, YP_004263693),
Chlamydomonas reinhardtii (Crgtpch I, NW_001843677), Cyanobacterium spp. (WP_017322947), E. coli (Ecgtpch 1, EU747840),
Fragaria vesca (Fvgtpch I, XP_004290171), G. gallus (Gggtpch I, NP_990554), Homo sapiens (Hsgtpch I, AAN17459), Hordeum vulgare
(Hogtpch 1, BAJ95470), Neurospora crassa (Ncgtpch 1, XP_958695), O. sativa (Osgtpch 1, EAZ32303), Ovis aries (Oagtpch 1,
XP_004011081), Papilio xuthus (Pxgtpch 1, BAE66650), P. trichocarpa (Ptgtpch I, XP_002320619), P. persica (Ppgtpch 1, EM]J02205),
Richelia intracellularis (Rigtpch 1, WP_008234507), Saccharomyces cerevisiae (Scgtpch 1, CAA87397), Solanum lycopersicum (SIgtpch
I, NP_001234141), Sordaria macrospora (Smgtpch I, XP_003345165), Triticum aestivum (Tagtpch 1, ABM54074), T. cacao (Tcgtpch 1,
EOX93821), Ustilago hordei (Uhgtpch 1, CCF48468), Xenococcus sp. (WP_006509939). (c) The potential sites for PTMs and the
functional domains were predicted using ScanProsite and MotifScan. The secondary structure of Vugtpch I was predicted by
PSlpred program. The three-dimensional structure of gtpch I was retrieved from the PDB through the BLASTp algorithm at
NCBI using the amino acid sequence of Vugtpch I a query.
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Results

Cloning and sequence analysis of Vugtpch I gene
Using the degenerate primers, the Vugtpch 1 gene
was isolated and cloned into pTGI19-T plasmid
vector to generate the recombinant pTG19-gtpch 1
plasmid (Figure 2). The open reading frame (ORF)
of Vugtpch 1 (submitted at NCBI GenBank under
accession number KF891965) was 1,338 nucleotides
long and coding for a polypeptide of 445 amino acid
residues. The calculated molecular mass and the
predicated isoelectric point of the deduced
polypeptide sequence are 48.65 kDa and 6.43,
respectively. Using the ProtParam program, the
Aliphatic, the Hydropathicity, and the Instability
indexes were evaluated about 93.69, -0.016, and
38.32, repectively. The lack of an N-terminal
extension indicates that the Vugtpch I protein is
likely localized in the cytosol. This proposal is
further supported by the analysis conducted using
three programs: TargetP, iPSORT, and YLOC.

Phylogenetic analysis

The Vugtpch 1 and gtpch 1 sequences from various
organisms or microorganisms were utilized to
construct a phylogenetic tree (Figure 3a). The tree
exhibits two prominent clusters. One cluster
contains plants and the other includes non-plants.
The first cluster consists of bacteria, fungi, insects,
and vertebrates, while the second cluster has two
main branches, including monocotyledons and

2023 | Volume 11 | Issue 1

dicotyledons. The grape gtpch 1 displays a strict
identity with gtpch I sequences from other plants,
such as peach (P. persica; Ppgtpch 1, 72%), Cocoa (T.
cacao; Tegtpch 1, 72%), Poplar. (P. tricocarpa; Ptgtpch
I, 69%), and strawberry (F. vesca; Fugtpch 1, 70%)
(Figure 3b). In contrast, the grape gfpch I shares
lower degree of identity to gtpch I from human, S.
cerevisiae, and Cyanobacterium with 40, 44, and 45%,
respectively. The position of conserved amino acids
in active site and other the conserved regions
between Vugtpch 1 and gtpchs 1 from other plants
have also been represented in Figure 3b. The
prediction of potential sites for PTM and the
functional domains were also carried out using
ScanProsite and MotifScan, respectively (Figure 3c).
Analysis of secondary structure by PSlpred
program revealed that the Vugtpch I contains of ten
a-helixes and eight (-sheets. By the amino acid
sequence of Vugtpch I as a query, the 3D structure of
the gtpch 1 from Rattus norvegicus (PDB ID code
1IS7_A) with the highest score (E-value = 9e-23) was
retrieved from the Protein DataBase (PDB) through
the BLASTp algorithm at the NCBI (Figure 3c).

Prediction of mRNA secondary structure

The RNA secondary structure was analyzed to
assess the mRNA stability of Vugtpch 1 gene and
determine situation of the start codon using
RNAfold WebServer (Figure 4).

Figure 4. Prediction of mRNA secondary structure of Vugtpch I gene based on the MFE. (a) The optimal secondary structure

and (b) the centroid secondary structure.
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GTP cyclohydro I domain 2
(F369'T378)

GTP cyclohydro I domain 1
(L89'E102)

Figure 5. Prediction of three-dimensional model of Vugtpch I and ds-symmetric homodecamer model of for gtpch I. (a) Ribbon
representation of the monomer structure of Vugtpch 1. The signature sequences and the conserved active site residues are
indicated by spheres and ball and sticks, respectively. (b) View along the molecular 5-fold symmetry axis. The core of the active
enzyme complex is formed by a 20-stranded antiparallel {-barrel surrounding five a-helices. (¢) Complex of GTP
cyclohydrolase I/GFRP, viewed along a molecular c2 axis. The phenylalanine residues are indicated as sphere models.

The mRNA secondary structures emerged to be
different in bi-dimensional models and displayed
various predicted levels of the MFE. The MFE of the
optimal secondary structure and the centroid
secondary structure for Vvgtpch I mRNA were -
405.50, and -344.95 kcal mol?, respectively. In
addition, the start codon was fully exposed in the
optimal secondary structure.

Molecular modeling analysis

A predicted 3D structure was determined for
Vugtpch 1 by applying I-TASSER simulation. Similar
to all gtpchs I from different sources, the monomer
of Vugtpch 1 folds into a af structure with 10 a-
helices and 8 (3-sheets (Figure 5a). In eubacteria and
animals, the GTP cyclohydrolases I are structurally
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similar and they oligomerize to a toroid-shaped, ds-
symmetric homodecamer (Figure 5b). Figure 5c
represents one homodecameric GTP cyclohydrolase
I'molecule in interaction with two GFRP molecules.

Regulatory elements in the promoter region of
Vougtpch 1 gene
In order to understand how oxidative stresses

2023 | Volume 11 | Issue 1

(GGTCCAT) involved in auxin responsiveness was
located at position +1045. A sequence similar to the
conserved core sequence of metal responsive
element (MRE) (TGCAGACQ) is found that locates at
position +1474. A potential TCA-element (-117) that
is believed to be associated with the response to SA
(Salicylic Acid) was also discovered. Lastly, in the

regulate the grape gtpch 1 gene, we retrieved its promoter region of grape gtpch I, TC-rich repeats

promoter region from the Phytozome website and were identified at position +480, implying their

potential involvement in stress response. The
sequence also includes a proposed TATA box at
+1460 relative to the transcriptional start site and a
potential CAAT box at +1297. Table 1 show cases
additional cis-acting elements in the Vuvgtpch 1

used the PlantCare software to identify relevant cis-
acting elements. Analyzing the grape gtpch 1
promoter region revealed the presence of several
potential cis-acting elements that are known to
respond to environmental signals (Figure 6). There
are three heat stress responsive elements (HSE) in
+223, +631, and -839. A putative basic motif

promoter region, which are responsive to
environmental signals.

12,289,201 ———» 89,300
ACCAARGCTT ACAGAGCACA AGAACAAAGA AACGGCATCG TTTTGGCTCC TGAGATTTTG CTTCTGCTTT TCACTGGGCA AAGGAGTCCT TAATTTTTAT
TGGTTTCGAA TGTCTCGTGT TCTTGTTTCT TTGCCGTAGC AAAACCGAGG ACTCTAARAC GAAGACGAAA AGTGACCCGT TTCCTCAGGA ATTAAAAATA
89,400
TTATTTTTTA TTTTTTTCTT TTCTGTTCCA TGCTTTTAGC CCAAACTGTG CCCATTTAAT AAGGTTACTT TTAAAAGTAA TTTGAAAATA ATTAAARART
- AATAARAAAT GGT ACGARRATCG GGTTTGACAC GGGTAAATTA TTCCAATGAA AATTTTCATT REBGEEETAT TAATTTTTTA
89,500
TGRAGGACAT TTGCATATAT AN TTTCAAGT TCARATATAA AATGAATTAG ATTTACAAAT TTTTATAACT CACGRATGGA ATGATGGACT
ACTTCCTGTA AACGTATATA TTTTTTTAAT GGAAAGTTCA AGTTTATATT TTACTTAATC TAAATGTTTA AAAATATTGA GTGCTTACCT TACTACCTGA
89,600
AACTATATTT CTGATCTARAA AAAATAGGAA AGTCCATATA CACARACATA ATATAACCTC ACTTATGTGT AAGCAAGTAT TTTCATCGGG ATGTGGGATC
TTGATATARA GACTAGATTT TTTTATCCTT TCAGGTATAT GTGTTTGTAT TATATTGGAGITFGANTACACA TTCGTTCATA AAAGTAGCCC TACACCCTAG
89,700
CACTAGACAT GTTTTATACT TTGTTTTATC ATATTTATAA ATTTAATATT TTGTCCCCTA AACTTGTTAA AGAGTAAANTNINIABGEATG ATTATAAATA
GTGATCTGTA CAAAATATGA AACARAATAG TATAAATATT TAAATTATAA AACAGGGGAT TTGRAACAATT TCTCATTTTA AAATAGGTAC TAATATTTAT
89,800
ATTTATATAT CGATTCGTAC TTGTGTGGAA CAAATTTTTA ATTAATAACC TTAAAATGGA ATTACTCAAA TACCTCTAAA ATATGACAAC AATTGCTTTT
TAAATATATA GCTAAGCATG AACACACCTT GTTTAAAAAT TAATTATTGG AATTTTACCT TAATGAGTTT ATGGAGATTT TATACTGTTG TTAACGAARA
89,900
ATTTTAAAGA GATGTTCATA TAGTTGTTCG TAATTTTTTC ATATAACTAT TGAGTGATAA TTTCGRACAC GAAAACAAGT TCACATTTTA GTCTTATCCT
— TAARATTTCT CTACRAGTAT ATCAACAAGHNSNEEEN: TATATTGATA ACTCACTATT AAAGCTTGTG CTTTTGTTCA AGTGTARAAT C

+ L+ L+ o+ + 0+

+

90,000
TTAATTTAAT ATATTATTCA TEAATTTTTT AATAAACTTA TGAGGTABAG CCATACTATT TAATAAATTT GAATATAARA TATCGAGTTT TGGATTCGAA
- BATTAAATTA TATAATAAGT AATTAARAAA TTATTTGAAT ACTCCATTTC GGTATGATAA ATTATTTAAA CTTATATTTT ATAGCTCAAA ACCTAAGCTT
90,100
+ GGATGAARAG CTAAGGGGGT TGCCAATAGC CCTTGGCHNMNNSMME AT GTGAGTATGT CTAGTGGCCA ACATARAGTG AGGCGACTGC CCATCCCATC
- CCTACTTTTC GATTCCCCCA ACGGTTATCG GGAACCCTTT TCTAAAGGTA CACTCATACA GATCACCGGT TGTATTTCAC TCCGCTGACG GGTAGGGTAG
90,200
+ GAATGATGTG GTCCTAGTAG CATTAGGCAC AATTCAATTT GACTGGATCA TCCTAGTTTC CCTAGTCTTC CAAATCATCA CTCACCTTAG TTGAATAGGG
- CTTACTACAC CAGGATCATC GTBATCCGTG TTAAGTTAAA CTGACCTAGT AGGATCAAAG GGATCAGAAG GTTTAGTAGT GAGTGGAATC AACTTATCCC
90,300
+ RAGRATTGTGT TTTGGGCCCA GCTAGGCCCA AAAATTAACA AATINNNEEEN CTATGTAACA AAATTAATAG ARAAGGCTATG AGATTTTGAG TGACCTATAT
- TCTTAACACA ABACCCGGGT CGATCCGGGT TTTTAATTGT TTACCAGGTA GATACATTGT TTTAATTATC TTTCCGATAC TCTAAARACTC ACTGGATATA
90,400
+ ACCCTTCTAA TTTCCAAGTC AGATTGCTGT AAATTARAAG GGAGAATTGT GTTAAATTTA ABRATGCCATG TCACCTTCCC TTCTGTCAGT ACTCTCGATG
- TGGGAAGATT ABAGGTTCAG TCTAACGACA TTTAATTTTC CCTCTTAACA CAATTTAAAT TTTACGGTAC AGTGGAAGGG AAGACAGTCA TGAGAGCTAC
90,500
+ RAACCTCTGA ACTGAGCGGA GCTTATCAAT GGCGTCCCAA ATGGCGATCC TCTCCAGAGC CCGTAARACC CTCCTCAARA CCCTARACCA CCACAACAAT
- TTTGGAGACT TGACTCGCCT CGBATAGTTA CCGCAGGGTT TACCGCTAGG AGAGGTCTCG GGCATTTTGG GAGGAGTTTT GGGAJNMNEEN GGTGTTGTTA
90,600
CCCTTTAAAG CTTCCATTTC CACCTTCACA TTCCTCTCCC TGGAAGCCCA ACTCGCCGAG CCCAGCCTTC CCCCGCCATC TCCCACTCCA CTTCCTCCCA
GGGAAATTTC GAAGGTARAG GTGGAAGTGT AAGGAGAGGG ACCTTCGGGT TGAGCGGCTC GGGTCGGRAG GGGGCGGTAG AGGGTGAGGT GAAGGAGGGT
12290700
+ ACCEEEEEEC AGGGAGCCCG CTCTACAAGT ATTTTTTATG GATGGATCTT TACTTTATTT ATATCAGGAT GCTGCAGACA GGRAAAGAAT CTATGGCT
- TGGGGCGGAG TCCCTCGGGC GAGATGTTCA TARAAAATAC CTACCTAGAA ATGAAATAAA TATAGTCCTA CGACGTCTGT CCTTTTCTTA GATACCGA

+

I+

Figure 6. The nucleotide sequence of promoter region of Vugtpch I gene. The potential cis-acting regulatory elements identified
using PlantCare software are shown by color boxes. The putative TATA box at +1460 and the putative CAAT box at +1297 are
also underlined.
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Table 1. The potential cis-acting regulatory elements identified in the promoter region of Vugtpch 1 gene using PlantCare
software.

Cis-acting elements Function Sequence Numbers Positions
ARE I Anaerobic induction TGGTTT 1 -1286
AuxRR-Core I Auxin GGTCCAT 1 +1045
Box 4 Light ATTAAT 3 +542, +721, +1064
Box 1 I Light TTTCAAA 1 -182
Box II Light GTGAGGTAATAT 1 -352
GATA-motif Light AAGGATAAGG 1 -693
HSE Heat stress AAAAAATTTC 3 +223, +631, -839
MNF1 Light GTGCCC(A/T) 1 +149
MRE Heavy metals TGCAGAC 1 +1474
SP1 Light CC(G/A)CCC 1 +1395
TC-rich repeats Defense and stress ATTTTCTCCA 1 +480
TCA-element Salicylic acid CAGAAAAGGA 1 -117

Table 2. Characteristics of nucleotide and amino acid sequences of Vugtpch I and gtpchs I from different sources.

RefSeq Chromosomal Length (bp) Molecular  Exon: Intron
Organism Gene Strand

accession no. position Gene mRNA ORF Protein (aa) weight (Da) no.
S. cerevisiae Scgtpch 1 NC_001139 VII - 1,143 1,143 732 243 27,769 1:0
C. reinhardtii Crgtpch 1 NW_001843677 Unknown + 2,428 630 630 209 22,928 4:3
D. melanogaster ~ Dmgtpch I NT_033778 57C7-57C8 - 7,294 5,596 975 324 35,541 5:4
H. sapiens Hsgtpch 1 NC_000014 14q22.2 - 60,822 2,928 753 250 27,903 6:5
G. gallus Gggtpch I NC_006092 5 + 16,809 894 711 236 26,115 6:5
M. musculus Mmgtpch 1 NC_000080 14C1 - 35,519 2,775 726 241 27,014 6:5
A. thaliana Atgtpch 1 NC_003074 3 + 3,367 2,725 1,401 466 51,380 2:1
S. lycopersicum Slgtpch 1 NC_015443 6 - 3,273 1,985 1,371 456 49,951 2:1
P. trichocarpa Ptgtpch 1 XP_002320619 2 + 3,092 2,274 1,398 465 50,923 2:1
T. cacao Tegtpch 1 CMO001879 1 - 2,895 2,106 1,410 469 51,503 2:1
V. vinifera Vogtpch 1 XM_002269229 1 + 4,964 2,288 1,338 445 48,651 2:1

at the conserved position. The size of Arabidopsis
gtpch 1 intron is far shorter than that of cacao (789
bp), populus (818 bp), tomato (1,288 bp), and grape
(2,676 bp) (Figure 7a). Similar to other plant gtpch I
genes, the Vogtpch I contains an intron at the same
position (50Gly) and the splicing site is between 1-2
nucleotides [1 (g/gt)] (Figure 7b). In plant gtpch 1
genes, the Gly residues place at different positions,
nevertheless, their splicing sites are similar with

Position of introns in Vugtpch I and other gtpchs I
The genomic sequence of Vugtpch I spans a length of
4,964 bp. Within this sequence, there are two exons,
measuring 169 and 1,169 nucleotides in length,
respectively. Additionally, there is an intron
present, spanning a length of 2,676 bp. The exon-
intron junctions follow the GT-AG rule, similar to
how it occurs in higher plants. Additionally, in line
with plant genes, the intron in this grape gene

contains a relatively higher AT content when each other. The size and position of introns were

compared to the coding regions (Gallie, 1993). The
characteristics of nucleotide and amino acid
sequences of gtpch I genes from different sources
have been demonstrated in Table 2. The plant gtpch
I genes contain a single intron with the diverse size

also investigated in yeast, chlamydomonas, fruit fly,
and vertebrates gtpch I genes. In yeast, the Scgtpch 1
do not harbor any introns, whereas the gtpch I genes
from chlamydomonas, fruit flies, and humans contain
three, four, and five introns, respectively (Figure
7a).
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Figure 7. The position and size of introns in the Vugtpch I and gtpch I genes from different sources. (a) Structure of Vugtpch 1
gene and genes encoding gfpch I from different organisms or micro-organisms. The UTRs, coding regions and non-coding
regions are indicated in gray boxes, red boxes and black lines, respectively. (b) The position of introns in Vogtpch I and other
gtpchs 1 from different organisms or micro-organisms. The deduced amino acid sequences of gtpchs 1 were aligned using
ClustalW2 and the position of the introns are represented by an arrow. The Chlamydomonas Crgtpch 1is revealed for numeration
and the starting residue of introns is distinguished by a circular and triangles for plants and other organisms or micro-
organisms, respectively. Accession numbers are given in the Materials and methods section.
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In Crgtpch 1, the second intron [57S (2 ag/c)] is
according to the second intron [57D (1 g/at)] and
first intron [57D (1 g/at)] of D. melanogaster and
human, respectively. Interestingly, the second, third
[118R (2 cg/c)], and fourth [166V (2 gt/c)] introns of
D. melanogaster gtpch 1 gene are located at the same
positions as the first [57D (1 g/at)], third [118R (2
ag/g)], and fifth [166T (2 ac/a)] introns of Hsgtpch I,
respectively (Figure 7b).

Discussion

The sequence analysis of Vugtpch 1 gene indicated
that it is a thermostable and hydrophilic protein
with long half-life (Claverie and Notredame, 2011).
Moreover, the phylogenetic analysis of the Vugtpch
I revealed that it is clustered with other plant
homologs, and thus represents the Vugtpch 1
orthologs in grape. It has been reported that the
gtpch 1 sequences harbor the conserved amino acid
signatures which describe essential residues in the
two gtpch I catalytic regions (Sigrist et al., 2002). The
two gtpch 1 signature sequences identified as the
GTP cyclohydro I domains are: signature (1),
[DENGQST]-[LIVMPF]-[LIVM]-x(1,2)-
[KRNQELD]-[DENKGS]-[LIVM]-x(3)-[STG]-x-C-
[EP]-H(2) and signature (2), [SA]-x-[RK]-x-Q-
[LIVMT]-Q-E-[RNAK]-[LIM]-[TSNV] and consist of
preserved residues that are crucial for both GTP
binding and the formation of the GTP binding
pocket (Nar et al., 1995).

The Vvgtpch 1 signature sequences identified using
of the multiple sequence alignments are signature
(1) LsVIVRDLDLESYCEw2 and signature (2)
FseoKLQVQERITs7. The grape gtpch 1 protein
contains the possible phosphorylation sites by
protein kinase C and casein kinase II, which are
necessary for the correct enzyme activity and the
protein folding (Maier et al., 1995). The grape gtpch
I, like to other plant gtpchs I, has retained the amino
acids essential for zinc binding including Cioi, Cio4,
Hi7s, Cs31, Hss4, and Caos. In E. coli, the replacement of
Cysi, Cysisi, Hisnz or Hisus by serine affords
catalytically inactive mutant proteins with reduced
capacity to bind zinc (Rebelo et al, 2003).
Furthermore, it seems likely the grape GTPCH I has
misplaced the EF-hand-like motif necessary for
calcium interaction. The residues recognized as
participants in coordinating Ca?* within the
conserved EF-hand-like motif are conserved in
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animals and E. coli, but they are not found in plants
(Steinmetz et al., 1998). This suggests that calcium
binding is not required for activity, although no
data exists on its effects on catalytic action.

In an mRNA molecule, the secondary structure is
made through the formation of hydrogen bonds
between complementary pairs of nucleotides. The
mRNA secondary structure is able to affect gene
expression via adjustment of transcription, splicing
RNA, transcript degradation, and translation. Thus,
study of the mRNA secondary structure is crucial to
recognize functional activity of a transcript (Proctor
and Meyer, 2013). According to reports, the
accessibility of the ribosome binding site and the
start codon of the mRNA are crucial factors that
significantly impact efficient translation (Morowvat
et al, 2014). Furthermore, there have been
demonstrations showing a direct dependence
between the translation levels and the MFE of the
ribosome binding site and the start codon. A
reduction of MFE by 1.4 kcal mol! would decrease
the gene expression by 10-fold (de Smit and van
Duin, 1990). Furthermore, the manipulation of
mRNA secondary structure via codon optimization
increased the MFE level and improved translation
efficiency (Prabhu et al, 2016). In prediction of
mRNA secondary structure, the start codon was
fully exposed in the optimal secondary structure,
showing an efficient binding of the ribosome and
active translation.

The determination of 3D structure of the GTP
cyclohydrolase I without recognition of the metal
requirement of the enzyme was first reported in E.
coli (Nar et al., 1995). However, crystallographic
study of the human GTP cyclohydrolase I
illustrated the existence of crucial zinc ions at the
active sites (Auerbach et al., 2000). The structure of
ds-symmetric homodecamer consists of a (-barrel
that is formed by 20 strands arranged in an
antiparallel manner, surrounding a core consisting
of five a-helical segments (Steinmetz et al., 1998)
and its molecular symmetry signifies one 5-fold and
five 2-fold symmetry axes that are perpendicular to
the molecular 5-fold axis (Grawert et al., 2013). In
contrast to eubacteria, the GTP cyclohydrolase of
animals contains an extended N-terminal region
that plays a critical role in the interaction of this
enzyme with the GTP cyclohydrolase feedback
regulatory protein (GFRP). The GFRP is a cs-
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symmetric, ring-shaped homopentamer and the
entire enzyme/inhibitor complex follows ds
symmetry (Grawert et al., 2013). Phenylalanine has
been revealed to bind at the enzyme/GFRP
junctions with a total of 10 topologically equivalent
binding sites (Maita et al., 2004).

It has been exhibited that the grape gtpch I promoter
region harbors the several potential cis-acting
elements responding to environmental signals
including HSE, MRE, TCA-element, and TC-rich
repeats (Amin et al., 1988; Sakai et al., 1996; Stuart et
al., 1985; Goldsbrough et al., 1993; Diaz-de-Leon et
al., 1993). It has been reported that a functional HSE
consists of at least three basic repeats organized in
alternating orientations (Amin et al., 1988). Thus,
the HSE motif in the Vugtpch I promoter appears to
be functional. In addition, the Vvgtpch 1 gene is
probably able to response to heavy metals because
MRE plays a role in the induction of metallothionein
gene expression in animals in response to heavy
metal exposure (Stuart et al., 1985). Moreover, in the
promoter region of grape gtpch I, a potential TCA-
element and TC-rich repeats were identified,
implying its potential involvement in response to
SA and stress (Goldsbrough et al, 1993). The
presence of these potential regulatory elements
indicates that the promoter region of grape gtpch 1
has the capability to respond to multiple
environmental cues such as heat, heavy metals,
light, and plant growth regulators (PGR).

Analysis of size and position of introns in Vogtpch 1
and other gtpchs 1 suggested that the size of the
introns is related to the species (Sahrawy et al,
1996). Also, it confirms that although plant gtpch 1
genes have diverged in their amino acid sequences,
they may share a common ancestor with having a
single intron at position 50 (Meyer et al.,, 2002).
Furthermore, in contrast to plant gtpchs I, the gtpch 1
genes from chlamydomonas, fruit flies, and humans
contain three, four, and five introns, respectively,
indicating a concordant reduction or extension of
the various introns of a sequence during evolution
(Sahrawy et al, 1996). However, no
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accommodations observed between the position of
these introns and intron position of Vugtpch 1 or
higher plants gtpch I genes.

Conclusion

The Vugtpch 1 gene, also known as grape gtpch I, was
extracted from the grape berry organ of a specific
Iranian cultivar named Askari. By constructing a
phylogenetic tree, it was determined that the grape
gtpch 1 gene grouped together with similar genes
found in other plants, indicating a significant degree
of similarity and shared identity with gtpch I genes
from various plant species. The in silico analysis
demonstrated that the promoter region of Vugtpch 1
gene contains a number of potential cis-acting
elements responding to environmental signals. The
presence or absence of a cis-acting element in a gene
promoter could suggest a specific mode of gene
regulation. Collectively, possible strategies to target
sensitive transcription factors of gtpch I gene or its
cofactors are suggested based on the updated view
of GTP-dependent gene regulation in grape.
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