






























































































































































2.3.4 Structure modelling of SbHO1

The SbHOL1 sequence was used to search against the Swiss-Model template library and the
template with the highest quality was selected for model building using ProMod3 (Figure 2.5).
Conserved coordinates between the target and the template was used to model the tertiary
structure of SbHOL1. The search generated about 50 templates, however the templates with the
highest sequence identity used to build the model were the HO DI136E mutant from
Corynebacterium diphtheriae (HmuQO) (1wnx.1.A) (Figure 2.6) and rat heme oxygenase (HO-1)
in complex with heme binding to dithiothreitol (DTT) (3i9t.1.A) (Appendix I: Figure 1). HmuO
showed 25.29 % sequence identity to SbHO1, while rat HO-1 showed 22.54 % sequence identity
to SbHO1 (Appendix I: Figure 1). The models built are monomers with no ligands, with GMQE
(Global Model Quality Estimation) scores of 0.64 and 0.62, which indicates a higher reliability
of the search and a QMEAN (Qualitative Model Energy Analysis) score of -3.22 and -3.63
respectively, which indicates the degree of “nativeness” of the model globally (Appendix I:
Figure 1) suggesting that SbHO1 model that was generated was of high quality. A comparison
plot with a non-redundant set of PDB structures showed the QMEAN4 (Qualitative Model
Energy Analysis 4) Z score (Figure 2.6) of a combination of the c-beta atoms for residual level
implementation, solvation energy for burial status of residues, all-atom energy for capturing

model and torsion angle for local geometry (Appendix I: Figure 1).
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Figure 2.5: Structural model of SbHO1 generated by SWISS-Model using Corynebacterium diphtheria HmuO
as a template (https://swissmodel.expasy.org/interactive).
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Figure 2.6: QMEAN4 Z score estimation of absolute model quality from SWISS-MODEL work space for
SbHO1: using structural coordinate for Corynebacterium diphtheria HmuO
https://swissmodel.expasy.org/interactive .
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2.4 DISCUSSION

Heme oxygenases in plants are comprised of the HO1-like sub-family that includes the HO1,
HO3 and HO4 genes and the HO2 sub-family, based on their amino acid sequences (Shekhawat
& Vema, 2010). Heme oxygenase genes have been identified in Arabidopsis thaliana, barley,
tomatoe, potatoe, maize, soybean, wheat and rice, among other crops (Shekhawat & Verma,
2010). Heme oxygenase plays various roles in protecting plants from oxidative damages
(Shekhawat & Verma, 2010) but its functional role in Sorghum bicolor has not been
characterised. To understand the protective mechanism of SbHO1 and its role in stress defence,
SbHO1 was identified and characterised in comparison to 42 other heme oxygenase homologs
from 32 plant species. These homologs included 4 genes from Arabidopsis, 4 from Sorghum
bicolor, 3 from Brassica junea, 2 from Oryza sativa and Medicago sativa and 1 each from other
plant species (Table 2.1). The characteristic features of SboHO1 and other plant HOs such as the
gene structure (gene ID, protein family domain, exon count) and physical parameters (instability
index, aliphatic idex, extinction coefficient, protein length, and molecular weight) are detailed in
Table 2.1. The instability index of the heme oxygenase genes varied from 36.50 to 62.38,
aliphatic index ranged from 64.98 to 84.66, GRAVY ranged from -0.185 to -0.795 and the
extinction coefficient ranged from 32110/31860 to 46995/46870 (Table 2.1). The instability
index is a measure of the half life of a protein in vivo and a protein with an instability index of
more that 40 has a half-life of less than 5 hours, while a protein with an instability index of less
than 40 has a half life of more than 16 hours (Indicula-Thomas & Balaji, 2004). SbHOL1 is
composed of 180 amino acid residues with a molecular weight of 21.3 kDa, an instability index
of 55.76 (thus it is predicted to be unstable) and a pl of 5.59, which is acidic. SbHO1 has an

aliphatic index of 75.82, indicative that it is highly occupied by aliphatic chains with increased
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thermal stability. SbHO1 has a GRAVY of -0.597, which indicates that it is interactible with
water making it a soluble protein as confirmed by SOSUI and an extinction coefficient of

38055/37930 (Table 2.1).

Gene structure analysis gives an insight on how genes evolves. It determines a gene family’s
evolutionary history, providing insights into the evolution of gene families. The positions,
phases, or loss or gain of an intron aid in understanding evolution (Wu et al., 2017). As shown in
Figure 2.1, the exon-intron structure from the GSDS server confirmed the exon count from the
NCBI database (Table 2.1) of the HO homologs, which have 3 - 5 exons with a varied number of

introns. SbHO1 specifically contains 4 exons with 3 intron between the exons.

Motifs enables a clear understanding of a protein’s evolution and functionality and also plays a
significant role in transcriptional regulation. Protein networks are controlled by specific peptide
motifs, which is a linker to the importance of motif to a protein’s function and structure (Mittal et
al., 2018). To understand the diversity and similarity of gene motifs in different HO genes, five
conserved motifs were identified. In this study, two motifts were found namely; motif 1
(FICHFYNIYFAHTAGGRMIGKKVAEKILBKKELEFYKWDGDLSQLLQNVR) and motif 2
(PWYAEFRNTGLERSEKLAKDLEWFKEQGYAIPEPSSPGVTY), which encoded the heme
binding domain, and a characteristic of the heme oxygenase superfamily as it is present in almost
all HO homologs, while motifs 3 - 5 had no putative conserved domains (Figure 2). However,
BjHO2 lacked motifs 1 and 2 and AtHO3 lacked motif 1. These conserved motifs found in
relation with the HO family mean that the HO sequences are conserved at these positions
between species. Search results for conserved motifs can be used to identify signaling pathways,

assess gene expression patterns and develop gene resistant markers.
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Multiple sequence alignments indicated that SOHO1 showed high similarity to heme oxygenase-
1 (HO1) from other plant species (Figure 2.3). The HO1 signature sequence (QAFICHFYNI/V)
is conserved across the plant species while HO2 (PLFLSHFYSIYF) showed few sequence
differences from the HO signature sequence (Figure 2.3). The signature sequence for AtHO3 of
(QAFICHFYNI) showed similarity to AtHO1, whereas AtHO4 (PAFICHFYNI) had a single
amino acid sequence difference as compared to the HO1 signature sequence (highlighted in red).
The HO1-like signature sequence has a conserved histidine needed for heme-iron binding and
catalysis; this conserved histidine is not present in the HO2 sub-family. It was reported that the
amino acid spacer between 34 - 55 residues in HO2 replaces a conserved area found in the HO1
sequence and is the major difference between the HO1 and HO2 sub-families (Davis et al.,
2001). In Figure 2.3, it can be seen that the histidine residue (indicated by the open triangle)
involved in heme-iron binding and catalysis present in the HO1 subfamily is replaced by arginine

and tyrosine residues in the HO2 subfamily.

A phylogenetic tree using the neighbor-joining method showed that SboHO1, SbHO3 and SbHO4
are clustered under the HO1 sub-family while the SbHO2 is clustered with the HO2 sub-family
(Figure 2.4). The phylogenetic tree also shows that SbHO1 and SbHO4 are more closely related
to OsHO1 and BjHO1. SbHO?2 is closely related to OsHO2 (Figure 2.4) while SbHO3 is closely
related to ZmHOL. These results indicate that the HO1-like sub-family might have less similarity
to the HO2-like sub-family after species divergence and this is in agreement with previous

studies (Zhu et al., 2014; Xu et al., 2011).

The Swiss-Model server was used to predict the 3D structure of SOoHO1 using the D136E mutant
of heme oxygenase from Corynebacterium diphtheriae (HmuO) (1wnx.1. A) and rat heme

oxygenase (HO-1) in complex with heme binding dithiothreitol (DTT) (3i9t.1.A) as templates.

46



The predicted models had high sequence identity of 25.29 % and 22.54 % and 1.8 A and 2.1 A
angle resolutions respectively (Appendix I: Figure 1). The models have GMQE scores of 0.64
and 0.62, which indicates a higher reliability of the search and a QMEAN of -3.22 and -3.63
respectively, indicating a degree of nativeness of the model globally (Figure 2.6). Global Model
Quality Estimation (GMQE) score was between 0 and 1 and shows the accuracy of a model build
with that alignment and template and the coverage of the target. A higher number means the
model has a higher reliability. The QMEAN Z-score is indicative of the model compared to the
expected outcome from experimentally determined structures with similar size and scores of -4.0
and below indicates that the models are of a low quality (Benkert et al., 2011). QMEAN Z-score
for the models indicates that of high quality as expected from experimental structure of same
size. These findings suggest that SbHO1 and other HO1 in plants have a conserved role in plant

responses against stress and have similar structures.
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CHAPTER 3

Expression and Purification of Sorghum bicolor Heme Oxygenase-1 (SbHO1)

ABSTRACT: Heme oxygenase-1, the enzyme that oxidatively catalyses the formation of
biliverdin from heme has been identified and characterised in a few plant species as stress-
responsive when induced by abiotic stresses. However, the molecular and enzymatic
characterisation of heme oxygenase from Sorghum bicolor has not been performed. The aim of
this chapter was to express and purify SbHO1 protein and to perform enzymatic assays to
confirm that SbHO1 is a bona fide heme oxygenase. The SbHO1 gene was cloned into the
pTrcHis-TOPO vector (TA) and successfully over-expressed in E. coli BL21 cells under the
induction with isopropyl-1-thio-D-galactopyranoside. Purification was done under denaturing
conditions and the protein properly refolded as shown by an intact band at 25.1 kDa, which
corresponds to 21.3 kDa SbHOL1 protein size plus the 6xHis tag which has a molecular weight of
3.8 kDa. Enzyme activity assays were performed to determine the ability of SboHO1 to convert
heme to biliverdin, thus providing an insight into the molecular processes of SboHO1. The results
showed that SbHO1 is a true heme oxygenase that is able to convert heme to biliverdin as
observed by soret bands at 405 nm and 610 nm, which correspond to the heme-enzyme (HO)
complex and billiverdin respectively. In conclusion this study has identified and experimentally
characterised a Sorghum bicolor heme oxygenase-1 and showed that it degrades heme to form

billiverdin.

Keywords: Biliverdin, expression, heme, Sorghum bicolor, denaturing, purification.
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3.1 INTRODUCTION

Protein expression involves the use of molecular techniques to produce target proteins and to
determine its structural and functional properties. Recombinant protein expression can be
conducted using prokaryotic, eukaryotic or in vitro systems (Jia & Jeon, 2016). Expression
plasmids carrying suitable cDNA are transformed into a suitable expression host (Wingfield,
2016). E. coli is often used as an expression host for production of proteins of either plant or
animal origin, because it is time and cost effective, easy to genetically modify and also gives

high protein yields (Jia & Jeon, 2016).

An expression vector suitable for cloning of the target gene with features for overexpression of
the recombinant protein is important. The pTrcHis-TOPO® expression vector used in this study
contains a trc promoter, which has a -10 region from the lacUV5 promoter and a -35 region from
the trpB promoter and they both enable increased levels of expression in E. coli (Brosius et al.,
1985). This vector contains the lac operator sequence to which the lac repressor binds and
prevents transcription from occurring in the absence of IPTG, however, when IPTG is present, it
binds to the repressor, reducing its binding affinity for the operator and induces expression
(Jacob & Monod, 1961). The vector also contains a rrnB anti-termination sequence that
decreases early transcription termination (Li et al., 1984), a T7 gene enhancer sequence that
enhances effective translational initiation (Olins et al., 1988) and a mini-cistron for enhanced
translational efficiency in prokaryotes (Schoner et al., 1986). Additional features of the pTrcHis-
TOPO vector are a HisG epitope containing N-terminal peptide, Xpress™ epitope, a 6X His tag
for identification and purification of recombinant proteins and an N-terminal peptide remover as

well as an enterokinase recognition site.
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Subsequent to a successful expression of the desired protein into a suitable host cell, a
purification system is needed for the purification of the protein of interest. The Immobilized
Metal Affinity Chromatography (IMAC) is a purification system used to purify recombinant His-
tagged proteins on the basis of the interaction between the negatively charged His and transition
metals on a matrix (Young et al., 2012). Ni (Il) nitrilotriacetic acid (Ni** NTA) shows an
increased affinity for histidine residues and a matrix that can withstand reuse and allows the
dissociation of a bound recombinant protein by an imidazole gradient, metal chelating molecules

or pH changes (Hefti et al., 2001).

Following expression and purification of a recombinant protein, it is necessary to confirm that
the protein is active or not. Enzyme activity assays are performed following purification to
determine if the enzyme is active (Bisswanger, 2014). The heme oxygenase enzyme activity
assay is used to determine the ability of a putative heme oxygenase to bind to its substrate hemin
and subsequently produce the antioxidant biliverdin. The heme oxygenase assay relies on the
formation of biliverdin by monitoring spectrophotometrically the increase in absorbance at 650
nm that shows the successful degradation of heme (Jin et al., 2012). This chapter describes the
recombinant expression and purification of the recombinant SbHO1 protein under denaturing
conditions and the refolding of the denatured protein. The ability of SbHO1 to produce biliverdin

from heme is also demonstrated.
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3.2 MATERIALS AND METHODS

3.2.1 PCR amplification of SbHO1 gene

The expression construct, pTrcHis-TOPO-SbHO1, was provided by Dr. A. Faro (Department of
Biotechnology, University of the Western Cape, MSB laboratory). To verify the correct SbHO1
insert, PCR amplification was conducted. Primers for PCR amplification were manually
designed based on the SboHO1 mRNA sequence (Accession number, AF320026.1) obtained from
the NCBI database. The forward primer SbHO1-FW (5°-
GTACGGATCCATGCAGAGTTCCGGAACACT-3") and reverse primer SbHO1-RV (5’-
GTACCTCGAGTCAGGTGAATATATGGCGGAG-3’) were designed to contain the BamHI
and the Xhol restriction sites respectively. Primers were synthesised at Ingaba Biotechnical
Industries (PTY) LTD, South Africa. PCR amplification was carried out in a 25 ul reaction
containing 12.5 ul of 2X DreamTaq Green PCR mastermix (Thermo Scientific USA), 0.2 uM,
forward and reverse primers, 0.05 pg template DNA. The final volume of 25 ul was made up
with nuclease free water. PCR tubes were briefly centrifuged, transferred to a thermocycler and
amplification performed as shown in Table 3.1. The PCR product was analysed on a 1 % agarose

gel and viewed using an ENDURO™ GDS (Labnet International, UK) UV transilluminator.
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Table 3.1: Thermocycling conditions for PCR amplification of SbHO1 gene

Steps Temperature (°C) Time (min) Number of cycles
Initial denaturation 96 2 1

Denaturation 94 1

Primer annealing 50 1 30

Extending step 72 15

Final extension 72 10 1

Hold 4 Till use ~

3.2.2 Bacterial strains

E. coli strain XL GOLD competent cells were used to propagate plasmids, while E. coli BL21

Codon plus cells were used for expression of recombinant pTrcHisTOPO-SbHO1.

3.2.3 Transformation of pTrcHisTOPO-SbHO1construct into competent cells

Competent cells were thawed on ice for 5 minutes and 2 pl pTrcHisTOPO-SbHO1 was added to
50 ul of E. coli XL Gold competent cells in 1.5 ml Eppendorf tubes and incubated on ice for 30
minutes. Cells were heat shocked at 42 °C for 45 seconds and further incubated on ice for 2
minutes. After incubation, 450 pl of pre-warmed Luria Bertani (LB) media was added and the
tubes were incubated at 37 °C for 1 hour with shaking at 225 rpm. Following incubation, 100 pl
of the transformation mixture was plated on LB agar plates containing 100 pg/ml ampicillin and
incubated at 37 °C overnight. For controls, untransformed cells were plated on LB agar plates

with and without ampicillin.
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3.2.4 Plasmid DNA isolation of pTrcHis-TOPO-SbHO1 expression construct

From the plates containing E. coli strain XL GOLD cells transformed with pTrcHisTOPO-
SbHO1, a single colony was picked and inoculated into 10 ml LB media containing 100 pg/ml
ampicillin and then incubated at 37 °C with shaking overnight. The following day, 5 ml of
bacterial culture was centrifuged at 11,000 g for 1 minute to pellet cells and glycerol stocks were
made with the remaining 5 ml (1 ml stock each) and stored at -80 °C. The plasmid was isolated
based on the alkaline lysis method (Bimboim and Doly, 1979) using the FavorPrep™ plasmid
extraction kit (Favorgen, Taiwan) following the manufacturer’s protocol. The sample
concentration was determined using the NanoDrop spectrometer (Thermo Scientific, Waltham,

MA USA).

3.2.5 DNA sequencing

Plasmid DNA extracted in section 3.2.4 was sent for sequencing at the DNA sequencing facility
at the Stellenbosch University (Cape Town, South Africa). Gene specific primers designed in

section 3.2.1 were used for sequencing of the construct.

3.2.6 Expression and isolation of recombinant SbHO1

Single colonies from the E. coli BL21 Codon Plus plates transformed with pTrcHisTOPO-
SbHO1 were inoculated into 20 ml LB broth containing 100 pug/ml ampicillin and 1 % glucose.
The culture was incubated overnight at 37 °C with shaking at 225 rpm. The following morning,
the overnight culture was scaled up to 200 ml with LB broth media containingl00 mg/mi
ampicillin and was incubated at 37 °C with shaking until an ODgyonm between 0.4 - 0.6 was
reached. The culture was then induced with 1 mM isopropyl-1-thio-D-galactopyranoside (IPTG)

and incubated at 30 °C overnight. Bacterial cells were harvested after 2, 4, 5 hours and overnight
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induction by centrifugation at 4300 rpm for 10 minutes at 4 °C and the supernatant was
discarded. Following the test expression, the same expression conditions were chosen for large
scale protein expression. Large scale expression was performed in a final volume of 1.5 L and
the cultures were induced at 30 °C overnight. The cultures were centrifuged at 4300 rpm for 10

minutes and the pellet was lysed.

3.2.7 Preparation of the soluble and insoluble clear lysate

The cell pellet was lysed under native conditions to collect the soluble fraction by resuspending
in 10 ml lysis buffer [1 X PBS pH 7.4, 1 mM B-mercaptoethanol, 5 mM imidazole, 1 mM PMSF,
0.1 % Triton X-100, 100 mg/ml lysozyme, and 2000 U/ml DNAse 1]. The resuspended cells
were incubated at room temperature for 30 minutes with shaking. Cells were sonicated for 4
minutes (30 seconds pulsing and 30 seconds chilling on ice) and were centrifuged at 4300 rpm
for 30 minutes. The supernatant (soluble fraction) was then collected and stored at -20 °C until

further use.

The remaining pellet from the native lysis was further lysed under denaturing conditions to
collect the insoluble fraction (inclusion bodies) by re-suspending in 10 ml of urea lysis buffer [1
X PBS pH 7.4, 1 mM B-mercaptoethanol, 5 mM imidazole, 1 mM PMSF, 0.1 % Triton X-100,
100 mg/ml lysozyme, 4 M urea and 2000 U/ml DNAse 1]. The resuspended cells were incubated
at room temperature for 30 minutes with shaking. The cells were sonicated for 4 minutes (30
seconds pulsing and 30 seconds chilling on ice) and centrifuged at 4300 rpm for 30 minutes. The

supernatant (insoluble fraction) was then collected and stored at -20 °C until use.
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3.2.8 Purification of SbHO1

Purification of SbHO1 was carried out on an immobilized metal affinity chromatography
column. The column was first washed with 10 column volume (CV) of distilled H,O and then
equilibrated with 3 CV of equilibration buffer [1X PBS pH 7.4, 1 mM B-mercaptoethanol, 10
mM imidazole]. The cell lysate was added to the column and the flow through was collected.
The column was then washed with 3 CV of wash buffer [1 X PBS pH 7.4, 1 mM B-
mercaptoethanol, 10 mM imidazole] and the flow through was collected. The protein was eluted
with 2 CV elution buffer [1X PBS pH 7.4, 1 mM B-mercaptoethanol, 250 mM imidazole] and the
elution fraction was collected. The column was finally washed with 3 CV of 1 M NaCl and 1 X
PBS and flow through was collected. The column was then stored at 4 °C in 20 % ethanol to
prevent microbial growth. To confirm that the protein was successfully expressed and purified,
the samples collected from the purification process were analysed on a 12 % SDS PAGE using

the protocol in Appendix II: Table 1.

3.2.9 Refolding of the purified SbHO1 protein

The purified denatured protein was dialysed before refolding it to eliminate the imidazole used
during the purification. The protein elute of 10 ml was poured into a Snakeskin Dialysis Tubing
tube (Thermo Fisher Scientific, USA, catalogue # 68700). The dialysis was performed in 2 L
dialysis buffer [1 X PBS, 1 mM B-mercaptoethanol, 5 % glycerol] while stirring at 180 rpm for
48 hours at 4 °C. Following dialysis, the immobilised metal affinity chromatography column was
washed with 5 CV distilled H,O, equilibrated with 3 CV equilibration buffer [1 X PBS, 1 mM B-
mercaptoethanol]. The dialysed denatured protein was added to the column and the flow-through

was collected. About 10 CV refolding buffer [200 mM NaCl, 50 mM Tris-Cl pH 8.0, 0.05 %
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(w/v) PEG, 500 mM glucose, 4 mM reduced glutathione, 0.4 mM oxidized glutathione and 0.5
mM phenylmethanesulfonylfluoride (PMSF)] was added to the column and flow-through was
collected. The refolded protein was then eluted with 3 CV elution buffer containing 1 X PBS,
250 mM imidazole and dialysed in 1 X PBS and 1 mM B-mercaptoethanol. The refolded,

dialysed protein was analysed on a 12 % SDS PAGE.

3.2.10 Protein concentration determination using the Bradford assay

A Bradford protein assay was performed to determine the concentration of the refolded SbHO1
protein. A protein standard curve ranging from 0 — 2 mg/ml bovine serum albumin (BSA) was
prepared using 1 X PBS buffer, the same buffer contained in the protein sample. To a microplate,
5 ul of the sample and 250 pl Bradford reagent was added in triplicate and incubated at room
temperature for 5 minutes. The absorbance was measured at 595 nm with a spectrophotometer
and the data obtained was averaged and was used to plot a standard curve. The protein sample
was not diluted as the concentration as determined using a NanoDrop spectrometer fell within
the standard curve range; 5 pl of the protein sample and 250 pl of the Bradford 1X dye reagent
was prepared in triplicate and incubated at room temperature for 5 minutes. The absorbance was
measured at 595 nm, averaged and the protein concentration was calculated using the equation

derived from the standard curve (Appendix HI: Figure 2).

3.2.11 Heme oxygenase activity assay

Heme oxygenase activity assays were performed to measure the conversion of heme to biliverdin
as previously described (Verma et al., 2015). The assay reaction, in a final volume of 250 pl,
contained 0.6 UM recombinant SbHO1, 10 mM potassium phosphate pH 7.4 and 200 nM hemin.

The reaction was started by adding NADPH to a final concentration of 800 nM and the
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absorbance was recorded using spectral wavelengths between 310 - 700 nm for 25 minutes at 25

°C.
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3.3 RESULTS

In order to study the role of SbHO1 at a molecular level, SoHO1 was cloned into pTrcHis-TOPO
TA vector system and was verified by re-amplification. The expression construct was used to
transform E. coli BL21 Codon Plus host cells and expressed under induction with 1 mM IPTG.
The SbHO1 protein accumulated in inclusion bodies and was extracted and purified under
denaturing conditions using a Ni-NTA chromatography column. The denatured SbHO1 protein
was refolded using the on-column method and was subsequently used to perform the heme

oxygenase enzyme activity assay for functional characterisation.

3.3.1 PCR re-amplification of SbHOL1 insert

In order to verify that the insert was present, PCR amplification of the SboHO1 coding sequence
was performed using the pTrcHisTOPO-SbHO1 construct. Forward and reverse primers for
SbHO1 were designed manually using the annotated Sorghum bicolor HO1 mRNA sequence
(accession number AF320026.1) obtained from NCBI. Primers were designed to contain BamHI
and Xhol restriction sites. The amplified insert was analysed on a 1 % agarose gel, which showed

a band at the expected size of 557 bp as shown in lane 2 Figure 3.1.
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Figure 3.1: A 1 % agarose gel electrophoresis analysis of pTrcHis-TOPO-SbHO1 PCR product. Lane M: 12 kb
DNA marker (High range DNA ladder), lane 1: negative control, lane 2: amplified PCR product of SbHO1.

3.3.2 DNA sequencing

The pTrcHisTOPO-SbHO1 expression construct was sent for sequencing at the DNA sequencing

facility Stellenbosch University (South Africa).

3.3.3 Recombinant expression and purification of SboHO1

To confirm that SbHO1 encoded a functional protein, the pTrcHis-TOPO-SbHO1 construct was
transformed into E. coli BL21 Codon Plus cells and expression induced at 30 °C on a small-
scale, time-course experiment. Cells were harvested at different time intervals until overnight

(Figure 3.2). Figure 3.2 shows the result of the small-scale time-course experiment indicating
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thick bands at 25.1 kDa in the induced lanes 2 - 5. The expression experiment was then upscaled
to obtain more of the recombinant SbHO1 protein under the same conditions. The induced 1.5 L
overnight culture was harvested and lysed under both native and denaturing conditions by
sonication. The soluble and insoluble cell lysate were purified using the Ni-NTA purification
system and analysed on a 12 % SDS-PAGE gel (Figure 3.3A & 3.3B respectively). The expected
size of the recombinantly expressed SbHO1 protein was 25.1 kDa, which includes the size of the
SbHOL1 protein of 21.3 kDa plus the 6xHis tag epitope and the Xpress™ epitope of ~ 3.8 kDa.
Figure 3.3A showed that the protein was present in the cell lysate and flow-through but not in the
eluted fraction. However, after purification of the insoluble fraction, it can be seen in figure 3.3B
that the protein was present in the eluted fraction, although in low quantity. The denatured
SbHOL1 protein was dialysed and concentrated prior and after refolding the protein using the on-
column method as described in Section 3.2.9. Figure 3.4 shows the SDS-PAGE of the

concentrated SbHO1 protein (lane 1) and the refolded purified protein (lane 5).

kDa

95

72
50

28 25.1kDaSbHO1

17

Figure 3.2: A 12 % SDS PAGE gel of a time-course expression analysis of SbHO1. Lane M: 250 kDa protein
marker (Thermo Scientific, USA), Lane 1: un-induced SbHO1, Lanes 2-5: 2 hours, 4 hours, 5 hours and overnight
induction of SbHOL1 at 30 °C respectively.
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Figure 3.3: A 12 % SDS-PAGE gel showing the native and denatured SbHO1 protein. (A) Purification of
native SbHO1: Lane M= 250 kDa protein marker (Thermo Scientifc, USA), Lane 1= cell lysate, Lane 2= flow-
through, Lane 3= wash 1, Lane 4= wash 2, Lane 5= elute. (B) Purification of denatured SbHOL1: Lane M= 250
kDa protein marker (Thermo Scientifc, USA), Lane 1= denatured cell lysate, Lane 2= flow-through, Lane 3= wash
1, Lane 4= wash 2, Lane 5= elute, Lane 6= NaCl wash, Lane 7= bead.

25.140a SbHOL

Figure 3.4: A 12 % SDS-PAGE gel showing the refolded purified SbHO1 protein. Lane M= 200 kDa molecular
marker (unstained protein ladder, New England Biolabs), lane 1= concentrated SbHO1 protein, lane 2= flow-
through, lane 3= wash 1, lane 4= wash 2, lane 5= refolded SbHO1 protein.
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3.3.4 Protein concentration determination using the Bradford assay

The purified refolded SbHO1 protein was concentrated to a final volume of 1.3 ml using a
Macrosep® Advance Centrifugal device concentrate (PALL Life Sciences, USA). The
concentration of SbHO1 protein was determined using the Bradford assay as described in Section
3.2.10. A protein standard curve using a stock solution of BSA (Bovine serum albumin) at a
concentration of 2 mg/ml was prepared as shown in Appendix Il: Table 3.1. The reaction mix
was transferred to a 96 well microplate and the reaction was incubated at room temperature for 5
minutes. The absorbance was measured at 595 nm and the Bradford standard protein absorbance
values were used to draw a standard curve (Appendix HI: Figure 2). The concentration of the
protein was calculated using the equation in Appendix Ill: Figure 2 to determine the

concentration of the SbHO1 protein, which was 0.078 mg/ml.

3.3.5 Heme oxygenase enzyme activity

The activity of the refolded SbHO1 protein was measured spectrophotometrically by observing
absorbance changes associated with the conversion of hemin to biliverdin (BV) induced by
SbHOL1 as described in Section 3.2.11. As shown in Figure 3.5B, in the presence of both the
SbHOL1 protein and the substrate hemin, the formation of the heme-SbHO1 complex at 405 nm
and BV formation at 610 nm was observed. In contrast, Figure 3.5A shows that in the absence of
hemin, no heme-enzyme (SbHO1) complex or BV formation was observed. This result clearly

indicates that the recombinant protein was able to degrade heme to produce the antioxidant BV.
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Figure 3.5: Biochemical characterisation of purified recombinant SbHO1 protein. A: Absorption spectra of
heme oxygenase activity in the presence of SbHO1 only (Control) B: Absorption spectra following the conversion
of heme to BV by recombinant SoHO1 between 310 nm and 700 nm at 0, 5, 10, 15, 20 and 25 minutes after the
addition of NADPH. Arrows indicate the complex formed at 405 nm and biliverdin formed at 610 nm over the
course of the measurements.
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3.4 DISCUSSION

The aim of this chapter was to express and purify SbHO1 protein and to perform enzymatic
assays to confirm that SbHOL is a bona fide heme oxygenase. The pTrcHis-TOPO-SbhHO1
construct was verified by PCR re-amplification, which yielded an amplicon of 557 bp (Figure

3.1).

Time-dependent expression analysis showed the successful overexpression of SbHO1 in E. coli
BL21 Codon Plus cells using the pTrcHis-TOPO vector. SDS PAGE gel analysis confirmed the
presence of an overexpressed 25.1 kDa protein, the expected size of recombinant SbHO1 (Figure
3.2). Large scale expression of SbHO1 protein was performed and SbHO1 was expressed as an
insoluble protein and purified using the Ni-NTA affinity chromatography system under
denaturing conditions (Figure 3.3B). The purified, denatured protein was dialysed, concentrated
and successfully refolded as described previously (Cabrita & Bottomley, 2004; Santos et al.,
2012; Ruzvidzo et al., 2013). Purifying a refolded protein has its constraints as the protein yield
is always less after refolding (Graslund et al., 2008). The purified refolded protein had a
relatively low yield (Figure 3.4). Nonetheless, sufficient recombinant SbHO1 was obtained for

subsequent enzyme assays.

The refolded purified recombinant SbHO1 protein was used to test for heme ring cleavage
activity by measuring the conversion of heme to biliverdin (BV) spectrophotometrically. The
heme cleavage mechanism is conserved among members of the HO1 subfamily (HO1, HOS3, and
HO4) from A. thaliana, bacteria and mammals (Gisk et al., 2010). In this study, hemin was used
as a substrate for heme oxygenase enzymatic activity. Figure 3.5A, which shows the control
reaction lacking the substrate hemin, showed no complex formation or BV production. The

enzyme SbHOL1 first forms a complex with the substrate, heme, which results in a maximum
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absorbance of the heme-SbHO1 complex at 405 nm (Figure 3.5B). Over a 30 minutes time-
course, a decrease in the peak from 405 nm was observed as a result of the conversion of heme to
free biliverdin, as seen by the formation of a peak at 610 nm. SbHO1 showed similarity in the
catalytic activity of heme cleavage as previously characterised for recombinant HY1 from
Arabidopsis (Muramoto et al., 2002), TaHO1 in wheat (Xu et al., 2011), OsHOL1 in rice (Wang
et al., 2014), and BrHOL1 in Chinese cabbage (Jin et al., 2012). The results in this study are in
agreement with other studies which showed the formation of the heme-HO1 complex at 405 nm
and the production of biliverdin between 600 to 660 nm (Fu et al., 2011; Jin et al., 2012; Wang
et al., 2014). This result indicated that the purified and refolded SbHO1 protein was active and
able to degrade heme. This also confirms that SbHOL1 is a true heme oxygenase and is a member

of the HO1 subfamily.
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CHAPTER 4

Functional Analysis of Sorghum Bicolor Heme Oxygenase 1

ABSTRACT: Biotic and abiotic stresses affect plant growth and productivity, which leads to

increased production of reactive oxygen species (ROS). Heme oxygenase is a novel antioxidant
enzyme that plays a role in cell protection through scavenging/detoxifying ROS to facilitate
osmotic adjustment. Heme oxygenase genes are transcriptionally active and among them HOL1 is
the most expressed transcript, followed by HO2 while HO3 and HO4 are expressed at relatively
low levels. HOs can be induced by heme, UV radiation, salinity, heavy metals and osmotic
stress. The aim of this chapter was to study the expression profiles of SbHO1 following the
exposure of plants to stress, using quantitative real time polymerase chain reaction (QRT-PCR).
Before the expression of SbHO1 gene could be studied, the expression profiles of other SbHO
(SbHO2, SbHO3, and SbHO4) genes were determined. Gene expression profiles indicated that
SbHO1, ShHO2, SbHO3 and SbHO4 were expressed at different levels in the leaves, stems and
roots under non-stress conditions, but more significantly, their transcript levels were induced by
osmotic stress. Since the SbHO1 expression level was higher than the other SbHO genes under
osmotic stress in the leaves, its expression was further investigated under heme, oxidative
(H203), heavy metal (CuCl;) and nitric oxide (Sodium nitroprusside) stress. The expression level
of SbHOL1 in leaves was up-regulated by its substrate hemin, H,O,, CuCl, and no significant up-
regulation by nitric oxide was observed. The results obtained suggest a possible functional role

for SbHO genes in stress tolerance mechanisms in plants.

Keywords: Expression profile, transcript, tolerance, ROS, osmotic stress, quantitative real-time

PCR.
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4.1 INTRODUCTION

Pathogen attack, salinity, drought, and temperature are factors that affect plant growth and
development and hence lead to low crop production (Pandey et al., 2015). These factors cause
osmotic stress to plants leading to high concentrations of reactive oxygen species (ROS) that
results in enzyme inactivation, DNA-protein cross-links, increase in membrane fluidity and
permeability and nutrient imbalance, which are lethal to plants and are not easily reparable (Das
& Roychoudhury, 2014). Plants have adapted defence mechanisms to respond to osmotic stress,
which include stomatal regulation, osmotic adjustment and ROS detoxification through

antioxidant mechanisms.

Antioxidant mechanisms, both enzymatic and non-enzymatic, play a significant role in
scavenging ROS formed during oxidative stress in plants. Heme oxygenase is another enzyme
that degrades heme into carbon monoxide, free iron and biliverdin. Biliverdin is further reduced
to bilirubin by biliverdin reductase and both compounds have antioxidative properties. Heme
oxygenase genes are transcriptionally active with significantly overlapping levels of expression;
HO1 being the most expressed followed by HO2, whereas HO3 and HO4 are expressed at low
levels (Xu et al., 2011). HOL1 is induced by heavy metals (Noriega et al., 2004), UV radiation
(Yannarelli et al., 2006), salinity (Zill et al., 2008), glutathione depletion (Cui et al., 2011),
heme, paraquat (Jin et al., 2012) and nitric oxide (NO) (Santa-Cruz et al., 2010). HO2 is induced
by hemin, salinity (Gisk et al., 2010), paraquat (Wang et al., 2014) and NO (Fu et al., 2011). The
induction of the HO genes in plants under different stress conditions suggests the role they play

in mediating cytoprotection against oxidative damage.

For a better insight of an enzyme’s biological roles, expression patterns of genes involved in

signaling and metabolic pathways are required (Maroufi, 2016). To detect the expression level of
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HO genes, real time polymerase chain reaction (PCR) is one of the suitable tools. Quantitative
real-time PCR (qRT-PCR) is a technique that detects and quantifies DNA or RNA and the gene
expression profile of specific genes by measuring at each cycle the amplified product in a PCR
reaction (Gachon et al., 2004). Quantitative RT-PCR involves the incorporation of fluorescent
reagents in a PCR reaction; florescence is emitted as the amplification of double stranded
product is produced. The quantity of florescence emitted is quantified in real time by assessing

the increased concentration of the amplicon after each cycle (Fitzgerald & McQualter, 2013).

Quantitative RT-PCR s highly sensitive, accurate and has a high specificity making it a reliable
technique for detecting foreign DNA or RNA and gene expression analysis (Qu et al., 2019).
Though it is a tool for quantifying gene expression profiles, qRT-PCR performance and
productivity are affected by the quality and integrity of the RNA used, efficiency of cDNA
synthesis and variation in the amount of the RNA used (Andrade et al., 2017). These factors are
avoided by normalization of genes expressed to correct variability in experimental procedures by
using reference genes. Housekeeping genes such as phosphoenolpyruvate carboxylase (PEPC),
elongation factor 1 alpha (EF-Ia), glyceraldehydes-3-phosphate (GAPDH), actin (ACT) and
ubiquitin (UBQ) that are involved in cellular processes are considered as stably expressed genes
(Li et al., 2017). These reference genes are used to obtain biologically meaningful expression
values; however, if the reference genes are unstable, there is bias and expression data can be

misinterpreted (Zhang et al., 2017).

In this study, the expression profiles of HO genes from sorghum tissues including leaves, stems
and roots, under osmotic stress treatment were determined. Also, the expression level of SbHO1
using leaves under hemin (its substrate), H,O, (hydrogen peroxide), CuCl, (copper (I1) chloride)
and SNP (sodium nitroprusside, a nitric oxide donor) stresses was measured. Knowledge of the
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functional gene expression profile will enable better insight into the role of HO genes in the

metabolic and regulatory mechanism during oxidative stress.

69



4.2 MATERIALS AND METHODS

4.2.1 Plant growth and treatment

Sorghum bicolor seeds (Red sorghum) purchased from Agricol, Brackenfell, South Africa, were
surface sterilized with 70 % ethanol for 1 minute followed by 20 % sodium hypochlorite solution
for 20 minutes and rinsed extensively with autoclaved distilled water. The seeds were germinated
in plant tissue culture vessels containing half strength Murashige Skoog (MS) media composed
of 2.2 g/l MS, 1 % (w/v) sucrose, 5 mM MES and 0.4 % (w/v) plant agar, pH 5.8. The plant
culture vessels were incubated at 25 °C under a 16 hours light/8 hours dark photoperiod for 14
days. After growing for 14 days, sorghum seedlings were transferred to half strength MS media
supplemented with 250 mM mannitol (to induce osmotic stress), 10 UM hemin, 10 uM H,0,,
200 uM CuCl; or 100 uM SNP (sodium nitroprusside) as stressors and these were incubated for
0 (untreated seedling as control), 3, 6, 12 and 24 hours for expression pattern analysis. For tissue-
specific analysis, roots, leaves and stems of treated seedlings were harvested and immediately
frozen in liquid nitrogen and stored at -80 °C until further analysis. Three independent

experiments were performed in triplicate.

4.2.2 Total RNA extraction and reverse transcriptions

Total RNA was extracted from 0.1 g of 2-week-old roots, leaves and stems of sorghum seedlings
using the Favorgen plant mini RNA extraction kit (Favorgen Biotech Corp., Ping-Tung, Taiwan)
according to the manufacturer’s instructions. To remove genomic DNA, the extracted RNA was
treated with RNase-free DNase set (New England Biolabs, Massachusetts) and was analysed on
a 1 % agarose gel. Concentration and purity of the genomic DNA free extract was checked using

a NanoDrop spectrophotometer (Thermo Scientifc, USA). About 1 g of the total extracted RNA
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was used for synthesis of first-strand cDNA using the SuperScript™ III First-Strand synthesis kit

(Invitrogen, Carlsbad, California, USA) according to the manufacturer’s instructions.

4.2.3 Quantitative real-time PCR

Quantitative real-time PCR was used to analyse the expression profiles of HO genes in leaves,
stem, and root of Sorghum bicolor. The experiment was performed on a Light cycler®480
instrument, the reaction mix contained 1 puL template cDNA, 5 uL 2X SYBR Green | Master
mix (Roche Applied Science, Germany), varying concentrations of each primer and distilled H,O
added to a final volume of 10 pL. The reactions were subjected to 95 °C for 10 minutes, 45
cycles at 95 °C for 10 seconds, 55 °C for 10 seconds, and 72 °C for 20 seconds. A melting curve
analysis was also performed using default parameters on the LightCycler® 480 instrument.
Primer data of SbHO target genes and the reference genes ubiquitin (UBQ) and
phosphoenolpyruvate carboxylase (PEPC) used for real-time PCR are shown in Table 4.1.
Expression levels of the SbHO genes were normalised to the reference genes and analysed using
the LightCycler® 480 SW (version 1.5) data analysis software. A standard curve was used to
quantify the expression level of serially diluted cDNA templates by relative quantification
methods (Pfaffl, 2001). Each reaction was performed in triplicate, inclusive of 3 non-template

controls.
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Table 4.1: Gene names and their accession numbers used to design primers for the

guantitative real-time PCR analysis.

GENE FORWARD PRIMER

NAME

REVERSE PRIMER

ACCESSION

NUMBER

SbHO1 5-TTCCAGACGCTCGAAGACAT-3’
SbHO2 5’-GGAAAAGTGGTTTGGAGCGT-3’
SbHO3 5S’TTCCAGACGCTCGAAGACAT-3’
SbHO4 5-TTCCTCGTCGATAGCAAGCT-3’
UBQ 5’-GCCAAGATTCAGGATAAG-3’

PEPC  5’-GAAGAATATCGGCATCAA-3’

5’CCTGGGGATCCTTCTCAGAC-3’

5’-AACTCCAGCTCCCTTCCTTC-3’

5’-CCTGGGGATCCTTCTCAGAC-3’

5’-TTCCCAGACAGCTCTTCCAG-3’

5-TTGTAATCAGCCAATGTG-3’

5’CTATGTAATACTTGGTAACTTT-

3’

AF320026.1
AF320027.1
XM_002438597.2
XM_021449115.1
XM_002452660

XM_002438476
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4.3 RESULT

4.3.1 Expression pattern analysis of SbHO genes

In order to understand the role of sorghum HO genes (SbHO1, SbHO2, SbHO3 and SbHO4),
their expression profile was investigated using different tissues including leaves, stems and roots
(Figure 4.1) using qRT-PCR. SbHO transcripts were detected in all the tissues analysed (Figure
4.2A), with different levels of expression under non-stressed conditions (Figure 4.1). In untreated
plants, the pattern of expression was consistent in all the SbHO transcripts and showed higher
expression in the stem, followed by the leaves and the roots, which had low levels (Figure 4.1).
The result also showed that the expression level was high in the stem, leaves and the roots for

SbHOL1 respectively (Figure 4.1).
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Figure 4.1: Quantitative RT-PCR analysis of the expression profiles of Sorghum bicolor HO gene
superfamily in various tissues under normal conditions. Gene names are shown on the x-axis and the

expression levels on the y-axis. Different tissues of sorghum are shown in different colours.
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4.3.2 Expression analysis of SbHO genes in response to osmotic stress

Heme oxygenase (HO) genes are involved in cytoprotective responses to various stresses (He &
He, 2014). Therefore, 250 mM mannitol treatment was used to induce osmotic stress and hence
oxidative stress. The transcript levels of HO genes in response to the mannitol treatment were
investigated by performing gRT-PCR on plant derived cDNA from time points of 0, 3, 12 and 24
hours (Figure 4.2 B-D), where time point zero represent the untreated control plants. As shown
in Figure 4.1, SbHO transcripts were differentially expressed in the leaves, stems and roots.
Upon stress treatment, the transcript level of SbHO1 in leaves was significantly (P < 0.01)
increased at 3 hours compared to the control (Figure 4.2B), while no significant increase was
observed in the stem (Figure 4.2C). A slight increase was observed in the roots (4.2D) at 3 and
12 hours compared to the control. After 3 and 12 hours of stress treatment, SOHO2 was increased
in the leaves compared to the control (Figure 4.2B) whereas, no significant increase was
observed in the stems. SbHO2 transcript levels, however, showed a significant (P < 0.01)
increase in the roots (Figure 4.2D) at 12 hours with a 5-fold increase compared to the control.
The SbHO3 transcript was down-regulated in the leaves and the stem and showed a significant (P
<0.01) 12-fold increase in the roots at 12 hours of stress treatment compared to the control. The
SbHO4 transcript was slightly induced in the leaves at 24 hours and showed a 3-fold increase in

the stem at 3 hours, while a slight increase in the root at 12 and 24 hours was observed.

74



B Leaves
120
Leaf = 100 %
=
£ 80
£
£ 60
St z
cm B
g a0
2]
& 20
Root P T [N SR - S
0HR 3HR 12HR 24HR
= SbHO1 mSbHO2 mSbHO3 mSbHO4
C Stems D Roots
1.4 1.2
12
= B
= 1 z
. % 0.8
e s
g 2N e Z 0.6
. 'g 0.4
= i
= 04 =
o~ — * K =4 0.2
02 I * I
x
0 P P 0
0HR 3HR 12HR 24HR GHE: SHR: RHR- 4HR
mShHO1 mShbHO2 =ShHO3 mSbHO4 ESbHO1 mShbHO2 mSbHO3 mSbHO4

Figure 4.2: Quantitative real-time polymerase chain reaction (QRT-PCR) analysis of expression profiles of
SbHO gene superfamily in various tissue of sorghum under osmotic stress at different time points of 0, 3, 12,
24 hours. Different HO genes of sorghum are shown in different colours. Error bars represents the SD calculated
from three biological replicates and significant differences between control and treated plants were determined using
t-test shown as **P < 0.01 and *P < 0.05.

4.3.3 Expression analysis of the SbHO1 gene in response to different stresses

From the result in Figure 4.2B, it can be seen that SbHO1 had the highest level of expression in

the leaves. Therefore the expression profile of the SbHO1 gene was further studied using gRT-
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PCR in the leaves treated with different concentrations of exogenous chemicals including hemin,
H,0,, CuCl, and SNP (a nitric oxide donor) (Figure 4.3). Time course expression analysis
showed that the SbHO1 transcript was differentially induced by hemin, H,O,, CuCl, and SNP
(Figure 4.3). The SbHOL1 transcript was upregulated at 3 and 6 hours by hemin (Figure 4.3A), at
3 and 12 hours by H,0, (Figure 4.3B) and at 3 and 12 hours by CuCl, (Figure 4.3C). The SNP

did not elicit any significant increase in the transcript levels of SbHO1 (Figure 4.3D).
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Figure 4.3: Quantitative RT-PCR analysis of the expression profiles of SoHO1 gene in the leaves of sorghum
in response to 10 uM hemin (A), 10 uM H,0O; (B), 200 uM CuCl, (C) at 0, 3, 6 and 12 hours, and 100 pM SNP
(D) at 0, 0.5, 1 and 1.5 hours. The expression levels were presented as values relative to the control at O hour
respectively. Error bars represents the SD calculated from three biological replicates and significant differences

between control and treated plants were determined using t-test shown as ***P <0.001, **P <0.01 and *P < 0.05.

76



A comparison of the stressors used in this study, showed that compared to the control, H,O, had

the greatest effect on SbHOL transcript levels, followed by hemin and CuCl, (Figure 4.4).
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Figure 4.4: Comparative analysis of the expression profiles of SbHO1 gene in leaves in response to hemin,
H,O, and CuCl, stress treatments. After various treatments, sorghum seedling leaves were harvested at time
intervals of 0, 3, 6 and 12 hours. The expression levels were presented as values relative to the control at 0 hour
respectively. Error bars represents the SD calculated from three biological replicates and significant differences

between control and treated plants were determined using t-test shown as ***P < 0.001, **P <0.01 and *P < 0.05.
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4.4 DISCUSSION

Biotic and abiotic stresses cause oxidative damage but there are antioxidant enzymes that induce
stress tolerance against oxidative stress (Parihar et al., 2015). Heme oxygenase is a novel
enzyme identified from Sorghum bicolor and characterised in this study to determine its possible
role in stress responses. The biological roles of HO genes in plants are believed to be linked to an
adaptive and defensive mechanism against osmotic stress (Xu et al., 2011), heavy metal (Noriega
et al., 2004) and UV radiation (Yannarelli et al., 2006). In the present study, the expression
profiles of the SbHO genes in leaves, stems and roots of sorghum subjected to osmotic stress
were analysed by qRT-PCR. In the untreated plants (Figure 4.1), SbHO transcripts (SbHO1,
SbHO2, SbHO3 and SbHO4) were expressed in all tissues but at different levels. The expression
level of SbHO1 was the highest in the stem, followed by the leaves and root, while the
expression level of SbHO2 was highest in the stem, followed by the leaves and the root (Figure
4.1). The expression level of SOHO3 was highest in the stem, followed by the leaves and lowest
in the root. SbHO4 transcript level was highest in the leaves compared to SbHO1 and SbHO3
genes, then in the stem and in the root (Figure 4.1). In summary, the expression level of SbHO
transcripts was observed to be highest in the stem and leaves with lower levels in the roots,
suggesting it to be required under normal conditions for plant growth and development. These
results correlate with previous studies as demonstrated in Brassica napus (cotyledon, hypocotyls,
leaf, stem and root) which revealed that BhnHO1, BnHO2 and BnHO3 are differentially expressed
in all tissues analysed under normal conditions (Shen et al., 2011). Additionally, gene expression
profiles of HOs in Oryza sativa (OsHO1 and OsHO?2) (Wang et al., 2014) and Medicago sativa
L. HO1 (Fu et al., 2011a), MsHO2 (Fu et al., 2011b) (leaves, stems, roots and germinating seeds)

revealed differential expression profiles under normal conditions.
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The expression of HO genes in different tissues under osmotic stress conditions was analysed.
Time-course analysis of the HO gene expression in sorghum treated with 250 mM mannitol
showed that SbHO genes could be differentially induced in all tissues tested by oxidative stress
(Figure 4.2). A significant increase in the expression level was observed in the leaves for SbHO1
at 3 hours with a 100-fold increase, followed by a slight increase of SbHO2 at 3 and 24 hours,
SbHO4 at 24 hours while SbHO3 was down-regulated (Figure 4.2B). In the root, SbHO2 was the
most expressed at 12 hours with a 2-fold increase compared to the control followed by SbHO3 at
12 hours with a 12-fold increase, SbHO1 slightly increased at 12 hours while SbHO4 transcript
was low at 12 hours of stress treatment (Figure 4.2D). In the stem, no significant increase was
observed for SbHO1, SbHO2 and SbHO3 transcripts as compared to the control (Figure 4.2C).
There was a 3-fold increase for SoHO4 transcript in the stem at 3 hours compared to the control.
These results show consistency with the HO genes from the model plant Arabidopsis thaliana,
which are transcriptionally active with different levels of expression and confer cell protection
upon induction by oxidative stress (Xie et al., 2011). The expression profiles of HO genes has
also been studied in Brassica napus (HO1, HO2, HO3) (Shen et al., 2011), and in Oryza sativa

(HO1 & HO2) (Wang et al., 2014) and showed increase in response to abiotic stresses.

Expression levels of SboHO1 in sorghum seedling leaves treated with different concentrations of
exogenous chemicals and hemin was also analysed (Figure 4.3). Time course gene expression
analysis showed that SboHO1 was upregulated by its substrate (hemin), oxidative stress (H,O,)
and heavy metal (CuCl,) (Figure 4.3). Hemin plays a role in physiological functions in animals,
and is also a potent inducer of root formation (Xuan et al., 2012; Lin et al., 2012). Treatment of

sorghum leaves with 10 uM hemin, showed an upregulation in the gene expression level of
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SbHOL1 at 3 and 6 hours (Figure 4.3A) as compared to the control exhibiting a protective role

against hemin induced oxidative damage.

Hydrogen perioxide is a metabolic product from cellular processes, which can be toxic to plants
in excess; however, an appropriate concentration improves antioxidant activity (Hasanuzzaman
et al., 2017), enhances drought tolerance (Ashraf et al., 2014) and cold resistance (Iseri et al.,
2013; Larkindale & Huang, 2004). Treatment with H,O, (Figure 4.3B) and CuCl, (Figure 4.3C)
showed an upregulation of SbHO1 transcript at 3 hours and 12 hours for both treatments. These

results support previous analysis indicating the role of HO1 as an antioxidant.

NO plays a role in intracellular and extracellular signaling such as stomatal closure, germination,
growth and apoptosis (Noriega et al., 2007). The cytoprotective or cytotoxic effect of NO on
plants depends on the concentration of NO, which is affected by the rate of production and
efficiency of ROS detoxification. Exogenous application of 100 uM SNP, a NO donor, slightly
decreased the SbHO1 transcript as compared to the control (Figure 4.3D). Contrary to these
results, 100 UM SNP protected the leaf tissues from oxidative stress by upregulating HO1
transcript level in soyabean leaves (Noriega et al., 2007). The downregulation of the expression
level of SbHO1 by NO might be as a result of the concentration of SNP used in this current study
may not have been sufficient to activate ROS scavenging machinery and upregulate the
expression of SbHO1 gene. The effect of NO depends on its concentration (Shi et al., 2005)

hence, at 100 uM SNP, the antioxidant defence mechanism of HO1 was inhibited.

The result also showed that SbHO1 transcript was more induced by H,O,, followed by hemin
and CuCl, (Figure 4.4). Previous reports showed that HO1 genes, AtHO1 (Xie et al., 2011),

MsHOL1 (Fu et al., 2011a), TaHO1 (Xu et al., 2011), BrHO1 (Jin et al., 2012) and OsHO1 (Wang
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et al., 2014), transcript levels were differentially induced under different stress conditions such
as PEG 6000 (simulates drought), NaCl, salinity, hemin, H,O,, gibberellic acid (GA), abscisic
(ABA) and SNP. Heme oxygenase-1 in soyabean (GmHO1) was found to be induced by salinity
stress (Zilli et al., 2008) and UV-B irradiation (Yannarelli et al., 2006). These results suggest
that SbHO genes might have protective roles in sorghum and that SoHO1 expression is induced
by various oxidative stresses. However, the mechanism by which SbHO1 confers a
cytoprotective on plant cells was not a subject of the current study and still needs to be

elucidated.
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CHAPTER 5

Conclusion and Future Prospects

Biotic and abiotic factors affect crop quality and agricultural productivity which in turn
threatens food security around the aspects of food availability, sustainability, utilization and
affordability (Wang et al., 2016). The world’s population is increasing rapidly and is
expected to reach 10 billion by the year 2050. This means that food production needs to be
increased by at least 70 % to meet the growing demand for quality, nutritious and
sustainable food (UN, 2015). Therefore, it is imperative to develop stress-tolerant crops with
increased yield and improved tolerance against biotic and abiotic stresses. The identification
and characterisation of genes that encode proteins that respond to stresses will pave the way
towards a better understanding of the functional role of stress tolerance in plants. The role of
heme oxygenase genes have been investigated in a few plant species such as Arabidopsis
thaliana (Gisk et al., 2010), Zea mays (Han et al., 2012), Triticum aestivum (Xu et al.,
2011), Medicago sativa L (Fu et al., 2011a), Brassica napa (Jin et al., 2012) and Sorghum
bicolor (Mulaudzi-Masuku et al., 2019). These have shown that heme oxygenases respond

to various stresses and confer protection against oxidative damage and tissue injuries.

In the current study, in silico analyses, enzymatic assays and gene expression analysis were
used to elucidate the functional role of SbHO1 in response to different stresses. In silico
characterisation (Chapter 2), of the SoHO1 gene indicated the presence of a heme-oxygenase

conserved domain, similar to the highly conserved domain, referred to as the heme
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oxygenase signature motif, present in other HO1-like subfamily. The physicochemical
properties, sequence similarities, conserved motifs and gene structure provided a clear
understanding of the SbHO1’s diversity and similarity compared to other plant HO1’s. To
elucidate the functional role of SbHOL1, as described in chapter 3, SboHO1 was recombinantly
overexpressed in E. coli and purified. Partial denaturing and refolding revealed a possibility
that a denatured protein can be refolded, however, only low amounts were recovered as
previously described (Ruzvidzo et al., 2013). The enzyme activity assay revealed that the
refolded recombinant SbHOL protein was active and formed a heme-SbHO1 complex that

produced biliverdin as was observed by a soret band at a wavelength of 610 nm.

Towards understanding the biological role of SbHO1, gene expression analysis in response
to various stresses was conducted as described in Chapter 4. The results indicated that the
SbHOL1 transcript was expressed in all tissues, but higher levels were observed in the leaves.
Additionally, other HO’s genes were also expressed in all tissues, but their levels were low
as compared to SbHOL. A similar pattern was observed for HY1 in Arabidopsis thaliana
which was highly expressed more that all HOs (Emborg et al., 2006). The results showed
that the SbHO1 transcript was induced by osmotic (mannitol), oxidative (hemin, H,0,) and
heavy metal (CuCl,) but not by nitric oxide (SNP) stress. These results correlated with
previous studies in other plant species (Noriega et al., 2008; Chen et al., 2009; Xu et al.,

2011), suggesting a role of SbHO1 in conferring stress tolerance.

In conclusion, besides Arabidopsis thaliana, Sorghum bicolor is the only plant species

where all four HO’s (HO1, HO2, HO3 and HO4) have been identified and their expression
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analysed. SbHO1 was confirmed to be a bona fide heme oxygenase and a member of the
HO1 subfamily based on the presence of the conserved HO signature sequence
(QAFICHFYNI/V), and phylogenetic similarities with other plant HO1’s. This was
confirmed experimentally by determining its ability to degrade heme and produce
billiverdin. Since the SbHO1 transcript was increased in response to abiotic stress, results
suggest a protective role in plants, but further analyses are required to confirm these
findings. It is recommended in the future that the expression of SbHOL1 in response to biotic
stress be investigated, since due to time it was not done in this thesis. To study the possible
biological protective role of SbHO1, it is recommended that transgenic knockout and
overexpressing lines be generated in order to understanding the role of SbHO1. With the
knowledge that will be obtained from this ongoing project, development of high yield, stress
tolerant crops is possible. This may contribute to sustainable agriculture to secure food

production and meet the increase in demand for staple diets.
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APPENDICES

Appendix I:

A. Table 2.1: Predicted parameters of heme oxygenase genes

Specie name Protein accession MRNA accession
number number
Sorghum bicolor HO1 AAK®63010.1 AF320026.1

Sorghum bicolor HO4
Sorghum bicolor HO3
Sorghum bicolor HO2
Arabidopsis thaliana HO1
Arabidopsis thaliana HO2
Arabidopsis thaliana HO3
Arabidopsis thaliana HO4
Zea mays HO1

Glycine max HO1

Glycine max HO3

Oryza sativa Japonica Group HO1

Oryza sativa HO2

Brassica napus HO1

Brachypodium distachyon HO1

Solanum lycopersicum HO1
Solanum tuberosum HO1
Setaria italica HO1

Hevea brasiliensis HO1
Spinacia oleracea HO1
Aegilops tauschii HO1
Elaeis guineensis HO1
Asparagus officinalis HO1
Dendrobium catenatum HO1
Ziziphus jujuba HO1
Nicotiana tabacum HO1
Gossypium hirsutum HO1
Sesamum indicum HO1

Jatropha curcas HO1

XP_021304790.1
XP_002438642.1
AAK63011.1
BAA77759.1
NP_001189610.1
NP_001117574.1
NP_176126.1
NP_001132297.2
NP_001304379.2
NP_001241990.2
XP_015643881
XP_015628243.1
NP_001302925.1
XP_003563666.1
NP_001308017.1
XP_006345230.1
XP_004965948.1
XP_021658847.1
XP_021836810.1
XP_020189607.1
XP_010914863.1
XP_020240824.1
XP_020688838.1
XP_015901789.1
NP_001312953.1
XP_016754560.1
XP_011078320.1
XP_012078785.1

XM_021449115.1
XM_002438597.2
AF320027.1
AB021858
NM_001202681
NM_001124102
NM_104610.2
NM_001138825.2
NM_001317450.2
NM_001255061.2
XM_015788395
XM_015772757
NM_001315996
XM_003563618
NM_001321088
XM_006345168
XM_004965891.2
XM_021803155.1
XM_021981118.1
XM_020334018
XM_010916561.2
XM_020385235.1
XM_020833179.1
XM_016046303.2
NM_001326024.1
XM_016899071
XM_011080018.2
XM_012223395.2
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Manihot esculenta HO1
Cucurbita maxima HO1
Amborella trichopoda HO1
Chenopodium quinoa HO1
Phalaenopsis equestris HO1
Cucurbita moschata HO1
Cucumis sativus HO1
Medicago sativa HO1
Medicago sativa HO2
Brassica junea HO1
Brassica junea HO2
Brassica junea HO3
Triticum aestivum HO1

Hordeum vulgare HO1

XP_021591896.1
XP_023007741.1
XP_006842077.1
XP_021760807.1
XP_020576956.1
XP_022933640.1
XP_004150862.1
ADK12637.1
ADV15621.1
AET97566.1
AET97567.1
AET97568.1
ADG56719.1
AEI69729.1

XM_021736204.1
XM_023151973.1
XM_006842014.3
XM_021905115.1
XM_020721297.1
XM_023077872
004150814.2
HM212768
HQ652868
JN202587.1
JN202588.1
JN202589.1
HM14348.1
JF913455.1
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FIGURE 1: Comparison plot of SbHO1 with non-redundant set of PDB structures. A combination of the c-beta atoms,
solvation energy, all-atom energy and torison angle.
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Appendix I1: Stock solutions, gel preparations, bacterial strains and buffers

A. Stock solutions, media and buffer preparations

All reagents were supplied by ThermoFisher Scientific, Gene Direx, Thermo Scientific and New

England Biolabs unless otherwise stated.

2 X SDS sample buffer: 10 % SDS, 1 M Tris-HCI pH 6.8, 0.5 % bromophenol blue, 200 mM -

mercaptoethanol and 20 % glycerol stored at -20 °C.

APS (Ammonium persulphate): 10 % APS was prepared by dissolving 100 mg in 1 ml distilled

water and stored at -20 °C.
Bacterial strains: BL21 CODON Plus competent cells

Coomassie staining solution: 250 mg Coomassie Blue R-250, 45 % methanol and 10 % acetic

acid made up to a final volume of 1000 ml with distilled water.

De-staining solution: for de-staining 30 % methanol, 10 % acetic acid in distilled water.

Electrophoresis buffer (SDS): 10 X stock solution was prepared by dissolving 30 g Tris-HClI,

144 g glycine, 10 g SDS and made up to a final volume of 1000 ml with distilled water.

Electrophoresis buffer (TBE): 10 x stock solution prepared by dissolving 108 g Tris, 55 g boric

acid and 9.3 g EDTA made up to 1000 ml with distilled water.

Elution buffer: 1 X PBS containing 286.3 mM NaCl pH 7.4 and 250 mM Imidazole.
Equilibration buffer: 1 X PBS containing 286.3 mM NaCl pH 7.4, 10 mM Imadazole,

Glucose 20 %: 4 g of glucose in 20 ml distilled water.
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Kanamycin: 50 mg/ml stock solution prepared in distilled water; 1 g of kanamycin in 10 ml of

distilled water.

IPTG (Isopropyl-1-thio D-galactoside): 1 M stock solution prepared by dissolving 1.19 g IPTG
in 50 ml distilled water. The prepared stock was filter-sterilized, aliquoted in 2 ml eppendorf

tubes and was store at — 20 °C.

Luria Broth (LB): weighed 10 g tryptone, 5 g yeast extract, 10 g NaCl and dissolved in 1 L
distilled water. The media was autoclaved at 121 °C for 20 minutes.

Lysis buffer: 1 X PBS pH 7.4, 286.3 mM NaCl,0.1.% Triton-X100, 0.1 mM B-mercaptoethanol,
5 mM imidazole,100 pg/ml of lysozyme, 1 mM PMSF (phenylmethylsulfonyl fluoride).
Nutrient agar: LB medium containing 15 g/l Bacteriological Agar.

Phenylmethylsulfonyl fluoride (PMSF): 1 mM PMSF in distilled water.

Primers: 100 uM stock solutions stored at -20 °C.

SDS: 10 % stock solution was prepared by adding 100mg of SDS dissolved in 1000 ml water

and was stored at room temperature.

Separating gel (12 %): 1.5 M Tris pH 8.8, 30 % acrylamide. 10 % SDS, 10 % APS, 8 ul

TEMED, 2.6 ml water.

Stacking gel (6 %): 0.5 M Tris pH 6.8, 30 % acrylamide. 10 % SDS, 10 % APS, 5 ul TEMED,
2.6 ml water.

Tris-Cl: 1.5 M stock solution prepared by dissolving 72.68 g in 200 ml distilled water, pH
adjusted with HCI and make up to a final volume of 400ml with distilled water.

Tris-Cl: 0.5 M stock solution prepared by dissolving 12.1 g in 100 ml distilled water, pH

adjusted with HCI and make up to a final volume of 200ml with distilled water.
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Urea lysis buffer: 1 X PBS pH 7.4, 286.3 mM NaCL5 mM B-mercaptoethanol, 4 M urea, 10
mM imidazole, 1 mM PMSF, 0.1% Triton X-100, 100 ug/ml lysozyme.

Wash buffer 1: 1 X PBS containing 286.3 mM NaCl pH 7.4, 0 mM imidazole.

Wash buffer 2: 1 X PBS containing 286.3 mM NaCl pH 7.4, 5 mM Imidazole.

Wash buffer 3:, 1 X PBS containing 286.3 mM NaCl pH 7.4, 10 mM Imadazole.

B: Preparation of 1 % agarose gel and DNA samples

One gram of agarose (Lab Unlimited, UK) was dissolved in 100 ml of 1 X TBE and microwaved
for 1 minute to dissolve the agarose. It was allowed to cool after which it was poured into a
casting tray with a comb. The comb was removed upon solidification. For molecular weight lane,
2 ul of loading dye and 4 ul DNA ladder (Clontech Laboratories and GeneDireX respectively)
was aliquoted. Also, 2 pl of loading dye and 10 pl of the sample were mixed and loaded. The gel
was electrophoresed at 80 V for 1 hour and the gel was viewed using ENDURO™ GDS (Labnet

International, UK).

C: Preparation of a 12 % SDS-PAGE

SDS PAGE was prepared using the protocol in Table 1; the separating gel was 12 % and the
stacking was 6 %. The separating gel was prepared first, poured between the spacer plates and
enough space was left for the stacking gel. Isopropanol was dispensed on top the separating gel
and the gel was left to set for 20 minutes at room temperature. Once solidified, the isopropanol
was poured off on paper towel and the stacking gel was prepared and loaded on top of the
separating gel. This was followed by immediately placing 1 mm well combs between the spacer

plates to form wells.
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Table 1: preparation of SDS PAGE for analysis of expressed SbHO1 protein

Gel type Stacking gel (6 %0) Separating gel (12 %)
dH,0 2.6 mi 2.6 ml

Acrylamide 30 % 1ml 3.2mil

0.5M Tris-HCI pH 6.8 1.25ml 0mil

1.5 M Tris-HCI pH 8.8 oml 2ml

10 % SDS 0.05 ml 0.08 ml

10 % APS 0.05 mi 0.08 ml

TEMED 0.005 ml 0.008 ml

D: Protein sample preparation

The protein lysate of recombinant SbHO1 were mixed with 2 X SDS-loading dye (10 % SDS,

0.2 M Tris, p H 6.8, 20 % glycerol, 0.5 % Bromophenol Blue, 200 mM beta-mercaptoethanol)

followed by incubation at 95 °C for 5 minutes. The samples were then loaded on a 12 % 1D

SDS-PAGE gel and ran at 100 V in 1X SDS running buffer from a 10x stock solution containing

30 g Tris-HCI, 144 g glycine, 10 g SDS. Following electrophoresis, the gels were stained with

Coomassie Brilliant Blue staining buffer (2 g Coomassie blue R-250, 45 % methanol and 10 %

glacial acetic acid made up to a final volume of 1000 ml with distilled water) for 20 minutes and

then destained with a destaining solution (30 % methanol, 10 % glacial acetic acid made up to a

final volume of 1000 ml with distilled water).

108



Appendix I11: Determination of protein concentration using Bradford assay

Table 2: Bradford assay standards

Tube number

Standard volume (ul)

Source of standard Diluent

Final protein

(BSA) (uh) concentration
(mg/ml)
1 200 2 mg/ml 0 2
2 300 2 mg/ml 100 1.5
3 200 2 mg/ml 200 1
4 200 tube 2 200 0.75
5 200 tube 3 200 0.5
200 tube 5 200 0.25
7 200 tube 6 200 0.125
8 (blank) - — 200 0

Table 3: protein standard and Bradford reagent volumes added to a 96 well microplate

Assay

Volume of standard and sample

1 X bradford reagent

Microplate

5ul
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Final protein Absorbance @ 595 nm

concentration (mg/mil)

2 0.73
1.5 0.68
1 0.43
0.75 0.34
0.5 0.21
0.25 0.10
0.125 0.06
0 0
ShHO1 0.0515

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

y = 0.3903x + 0.0207
R?=0.9771

Absorbance @595 nm

Determination of HO1 protein concentration using standard curve

0

protein concentration (mg/ml)

0 0.5 1 15 2 2.5

Figure 2: Standard curve of the BSA for the Bradford assay to determine the protein

concentration of the recombinant SbHO1 protein.
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Using the equation above the protein concentration of SbHO1 was calculated as shown below:

Y=0.3903x + 0.0207

0.0515=0.3903x + 0.0207

0.3903x= 0.0515-0.0207

X=0.078 mg/ml
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