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Bacteriophytochromes (BphPs) are light-regulated biliprotein photoreceptors widely occurring in
bacteria. BphPs exists in two spectral distinct states: the red-light absorbing state (Pr) and the far-red
light-absorbing state (Pfr). BphPs are composed of an N-terminal photosensory core module and a
light-controlled C-terminal histidine kinase module. The detailed mechanism on how photoconversion,
initiated by a light-triggered isomerization of the biliverdin chromophore, is conducted from the
N-terminal to the C-terminal domain and how the histidine kinase is modulated is still not clear. In this
work Agpl from Agrobacterium tumefaciens is used as a model phytochrome. The method of labeling
full-length Agp1 mutants with single accessible Cys residue using fluorescence probes is described.
Different absorption spectra showed that neither mutagenesis nor fluorescence labeling exerts
significant effects on the photoconversion behavior of various Agpl mutants. The histidine kinase
activity assay revealed that the labeled holoproteins exhibit wild-types like autophosphorylation activity
that depends on the Pr and the Pfr state. Fluorescence spectroscopic data suggested that fluorescence
resonance energy transfer occurs from the donor Atto495 to the acceptor Atto565 in double-labeled
Agpl-A362C, K514C, H554C, R603C, 1653C, and V674C mutants. Red light irradiation gave rise to small
changes on fluorescence emission intensity in some mutants but in some no remarkable inter-subunit
distance changes occurred during the photo-conversion from Pr to Pfr in full-length Agp1. In contrast to
double-labeled samples, significant changes in fluorescence intensity were observed in single-labeled
samples.

Key words: Bacteriophytochromes (BphPs), C-terminal domain, photosensory, phytochrome.

INTRODUCTION

Phytochromes (Phys) are homodimeric, red/far-red light composed of the N-terminal photosensory core module
sensing photoreceptors with a bilin chromophore found in and C-terminal output transducing domain. Phys have a
plants, fungi and bacteria. These photoreceptors are characteristic photoconversion between the red-light
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absorbing state (Pr) and far-red absorbing state (Pfr).The
chromophore, which is covalently bound via its ring A to a
conserved Cys residue of the apoprotein is responsible
for this photoconversion behavior. As of plant
phytochrome and cyanobacteria phytochrome that uses
phytochromobilin  (P¢B) and phycocyanobilin (PCB)
chromophore, respectively, bacterial phytochromes
(Bacteriophytochrome (BphP)) use biliverdin as their
chromophore, which is covalently attached to the
apoprotein via a thioether linkage to a conserved Cys
residue found at the N-terminus of the PAS domain (Bhoo
et al., 2001; Giraud and Verméglio, 2008; Davis et al.,
1999). BphPs are involved in the regulation of the
synthesis of photosynthetic apoprotein, pigmentation,
photo-movement and quorum-sensing network (Giraud et
al., 2002; Giraud and Verméglio, 2012; Fixen et al., 2014;
Barkovits et al., 2011). Structural analysis has revealed
that some BphPs are composed of a relatively conserved
N-terminal photosensory core module (PCM) and a
C-terminal divergent histidine kinase module (HKM). The
PCM module is relatively more conserved and is divided
into three domains: the PAS (domain denominated after
Per/Arnt/Sim), domain followed by the GAF domain
(domain denominated after cyclic di-GMP
phosphodiesterase/adenyl cyclase/Fhla) and the PHY
domain (ddomain-specific for phytochromes). As for the
latter this is less conserved than the HKM domain exhibit
light-modulated  aautophosphorylation  activity  or
reversible phosphotransferase activity in vitro (Yeh et al.,
1997; Karniol and Vierstra, 2003; Njimona and Lamparter,
2011).

The first step of photoconversion is a Z to E
isomerization of the ring C-D of chromophore (Heyne et
al., 2002; van Thor et al., 2007; Andel et al., 1996; Matysik
et al., 1995; Wagner et al., 2005; Yang et al., 2007; Essen
et al., 2008; Yang et al., 2008). There is also one report
that light-induced rotation of the A pyrrole ring but not that
of the D ring is the primary motion of the chromophore
during photoconversion (Takala et al., 2014).

Although the light-induced structural changes around
the chromophore of bacteriophytochromes have been
described in molecular detail, the structural basis for
signal transmission from the N-terminal to the C-terminal
His kinase is still unclear, because until now there were
only few reports concerning the structure of full-length
Phys In 2014 Vierstra lab reported on the photosensory
module of plant phytochrome (Burgie et al., 2014). Six
years later (2020) in the same Versrtra group, the
structure of both Pr and Pfr was described. This work
gave a better insight into photoconversion (Burgie et al.,
2020) and Kraskov et al. (2020) pointed out that
intramolecular proton transfer triggers phytochromes’
structural changes. In one paper (Li et al., 2010), the 13A
full-length structure of Pr state for DrBphP was obtained
using single-particle cryoelectron microscopy and
negative staining EM, where the N-terminal domain was
found to contribute to the dimerization (Li et al., 2010). In

another paper, Bellini and Papiz (2012) solved the Pr
structure of a bathy type bacterial phytochrome, RpBphP1,
from Rhodopseudomonas palustris.

Unlike canonical bacterial phytochromes, RpBphP1
does not transmit phosphorelay signals but forms a
complex with the transcriptional repressor RpPpsR2 on
photoconversion with far-red light (Bellini and Papiz,
2012). The lack of the full-length structure of Pfr state has
prevented the understanding of the precise mechanism of
how light signal is transmitted from the photosensory
module to the histidine kinase module. Apart from this, the
authors are also interested in knowing how the histidine
kinase activity is activated in BphPs. Marina et al. (2005)
first reported on the crystallographic structure of an entire
cytoplasmic region of a sensor HK from a thermophilic
Thermotoga maritima, where the arrangement of the
subunits was shown to the be in parallel orientations
(Marina et al., 2005). Later, Dago et al. (2012) explored
the inactive and signal-activated conformational states of
the two catalytic domains of Bacillus subtilis sensor
histidine kinase KinA, and they proposed that HK was
activated by causing localized strain and unwinding at the
end of the C-terminal helix of the HisKA domain (Dago et
al., 2012). Here it is not sure if similar structural changes
occurred in the C-terminal HK domain of Phys with the
presence of PCM.

Additionally, the situation became more complicated
because one of these phytochromes, Cphl was
crystallized in antiparallel (Essen et al., 2008) while the
other was in parallel orientation. More interesting, it has
been found that the modulation of histidine kinase in
BphPs varied from species to species. For instance, in
CpBphP and Agp1l, Pr exhibited higher
autophosphorylation activity than the Pfr state (Esteban et
al., 2005; Karniol and Vierstra, 2003). However, stronger
Pfr activity had been reported for Agp2 and P. syringae
phytochrome (Lamparter et al., 2002; Hubschmann et al.,
2001). In contrast, no remarkable difference between Pr
and Pfr activity was observed for PaBphP (Tasler et al.,
2005). Obviously, it is worth investigating the signal
transmission details in different BphPs.

In this work the full-length Agpl from the soil bacteria
Agrobacterium tumefaciens is used as a model bacterial
phytochrome. Agpl showed strong His kinase activities in
Pr and weak in the Pfr (Karniol and Vierstra, 2003;
Lamparter et al., 2002). It was postulated that the
structures of the dark-adapted Pr form and red light
irradiated Pfr state differed from each other (Noack et al.,
2007). In contrast, the authors PELDOR studies on Agpl
gave no major structural difference between Pr and Pfr
(Kacprzak et al., 2017).

Therefore, it is necessary to check if there exist some
structural differences using other methods. In the present
work, mutants were constructed by introducing single
accessible Cys at selected positions in the wildtype that is,
A362C, K514C, H554C, R603C, 1653C, and V674C
mutants.



Subsequently, they expressed, purified, and labeled the
Cys residue using Atto495 and Atto565 in each mutant,
and then detected the fluorescence changes during the
photoconversion. It was found that: (1) FRET occurs
between Atto495 and Atto565 labels in the subunit of the
homodimer labeled protein. This excludes the possibility
of antiparallel arrangement of two subunits in Agpl; (2)
there are changes in the protein environment as seen by
the Pr— Pfr changes of the monolabeled samples; and (3)
different from the major changes predicted from the
models, there are only minor changes seen in labeled
Agpl.

MATERIALS AND METHODS
Construction of mutants, protein expression, and purification

A series of mutants were constructed using the site-directed
mutagenesis method. Six full-length Agpl mutants A362C, K514C,
H554C, R603C, 1653C, and V674C are described in this paper.
These mutated proteins were expressed in Escherichia coli
XL1-Blue host cell at 18°C. 50 uM IPTG was added to the cell
culture to induce protein expression. The protein both wildtype and
the various mutants were purified using Ni?*-NTA affinity column as
described previously (Noack et al., 2007).

Protein labeling with fluorescence dye

Unlike the other case, where the protein can be directly labeled
using fluorescence dyes, in this work the apoprotein was first
assembled with biliverdin (BV) to form the holoprotein prior to the
fluorescence labeling. The procedure was described in detail
(Njimona, 2012).

The purified apoprotein was dissolved in 50 mM Tris-HCI buffer
(pH 7.4, containing 300 mM NaCl and 5 mM EDTA), and the final
concentration was ~10 yM (Kacprzak et al., 2017) used ~10:1 of
protein to TCEP ratio to reduce the disulphide bond for 30 min at
25°C. The reduced apoprotein was assembled with ~3 times molar
excess BV to form the holoprotein. Without removing BV, the
holoprotein mixture was incubated in darkness with a 2-fold molar
excess of dyes containing 1:1 equal mole of donor Atto495 and
acceptor Atto565 for 2 h at 25°C. This reaction was stopped by
adding 150-fold molar excess p-mercaptoethanol to react for 30 min.
ThTlabeledoteins were separated from free dyes by combining
precipitation of 50% ammonium sulfate with NAP-10 desalting
column purification process. The purification procedure was
repeated two times. As a control, the authors synthesized the
single-labeled Agpl mutants. All the labeled protein was loaded to
15% SDS-PAGE gel. Fluorescence imaging was detected using
Safe Imager (Invitrogen Company) prior to protein staining.

Detection of histidine kinase activity

Phosphorylation experiments were carried out under blue-green
safelight according to the procedure described in reference
(Esteban et al., 2005). The concentration of the wild-type Agpl or
fluorescence-labeled holoprotein was ~0.4 mg/mL based on the
absorbance at 703 nm. After 5 pL of each sample was irradiated
with 655 nm red light (forming Pfr state) or kept in darkness (forming
Pr state), 15 pL phosphorylation buffer containing 25 mM Tris-HCI,
5mM MgCl;, 4 mM mercaptoethanol, 50 mM KCI, 5% ethylene
glycerol and 45 pM (50 MBg/mL) [y-2P] ATP was immediately
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added to each sample. The mixtures were then incubated at RT for
30 min. The phosphorylation reaction was quenched by addition of
10 pL SDS loading buffer (30% glycerol, 6% SDS, 300 mM DTT,
0.01% bromophenol blue, 240 mM Tris-HCI, pH 6.7).

Subsequently, 10 pL of the sample was loaded to 10%
SDS-PAGE gel. Following electrophoresis, the labeled protein was
transferred to PVDF membrane using a Trans-Blot semi-dry blot
apparatus (Bio-Rad). After the membrane was then exposed to a
phosphor-imager plate for about 1h, fluorescent imager analyzer
FLA 2000 (Fuji) was used for quantification analysis. In order to see
the Coomassie-staining protein bands, the membrane was firstly
washed using 100% methanol, and then transferred and kept in
water for a short time. Subsequently, the membrane was incubated
in Simply Blue safe stain (Invitrogen) followed by shaking in 50%
methanol until the protein band appeared. Phosphorylation
experiments were also conducted for the holoproteins of six Agpl
mutants under the same condition.

Absorption and fluorescence spectra

Absorption spectra were recorded using on Jasco V-550
spectrometer. For the photoconversion experiment, the sample was
irradiated for 2 min using a ~655 nm-emitting LED as described
before (Kacprzak et al., 2017). Fluorescence spectra were recorded
on Jasco FP-8300 spectrofluorometer. The excitation wavelength
was fixed at 470 nm, and the excitation and emission slit widths
were 2.5 nm for all the spectra. Because the fluorescence emission
spectra of the dyes had a heavy spectral overlapping with the Q
band absorption spectrum of biliverdin, when we measured the
fluorescence emission spectra, the authors diluted the concentration
of the labeled mutants to Azqs of ~ 0.1 to avoid the inner-filter effect.

RESULTS
Generation of surface cysteine variants

In wild type Agpl there exist three Cys residues, that is,
Cys20, Cys279, and Cys295, in which Cys20 residue is
essential for biliverdin binding and photoconversion. In the
authors’ previous work, they had constructed one
full-length Agp1-M8, which contained only Cys20, while
the other two Cys279 and Cys295 were mutated to Ala
and Ser, respectively. In this work, they created six
cysteine single variants of Agpl based on this mutant M8.
Their mutagenesis sites were located close to the
beginning of PHY domain (A362C), at the positions
between PHY domain and HisKA (K514C, H554C),
between HisKA and HATPase (R603C), and in the
HATPase domain (I1653C, V674C). SDS-PAGE analysis
revealed that these mutated proteins were expressed
mainly in the soluble form in E. coli XL1-Blue host cell,
and the resultant supernatant could be purified using
Ni**-NTA column.

Absorption spectra of labeled products

Figure 1A-D showed the UV-vis and NIR absorption
spectra of the single-labeled and double-labeled proteins.
As a comparison, the absorption spectra of all the
holoproteins were also measured. As seen from Figure
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Figure 1. Absorption spectra of holoprotein, single-labeled and double-labeled A326C(A), K517C(B), H554C(C) and R603C(D) in 50 mM
Tris-HCI buffer (pH 7.8) containing 300 mM NaCl and 5 mM EDTA after removing the free dyes using NAP-10 column twice, as well as
the absorption spectra of double-labeled R603C mutant with and without the treatment of 1% SDS (E).

Source: Author

1A-1D, under the darkness both the labeled samples and
the holoproteins exhibited the same strong absorption
peak at ~ 704 nm in Pfr state. These results indicated that
BV molecules had bcooperated with the apoproteins. As
for the Atto dyes it was found that the bound Atto565 in
the labeled sample had the maximum absorption peak
(Amax) @t 570 nm, while the free Atto565 exhibited Ay at
565 nm. Similar spectral red-shift phenomenon was
observed for the Atto495 molecule, where the absorption
peak shifted from 495 nm (free form) to 505 nm (bounded
form). These data suggested that Atto565 molecule and
Atto495 molecules had been bound to a more
hydrophobic environment. Next, to check if the covalent
bond had been formed between Atto dyes and the
holoprotein, the authors denatured the labeled holoprotein
using 1% SDS, and then used NAP-10 column to remove
the free dyes. As seen from Figure 1E, in the collected
eluting components the authors still observed the
characteristic absorption peaks coming from these two
dyes. This phenomenon suggested that there indeed
occurred covalent binding between the dyes and the

holoprotein.

As demonstrated in Table 2, although maximum
fluorescence emission peak Amax €xperienced no
remarkable changes when changing from one mutant to
another mutant, full width at half maxima (FWHM) varied
from 27 nm (in K517C and in H554C) to 35 nm (A362C)
and 41 nm (R603C). The widen spectrum probably
reflected the heterogeneous distribution of the donor
molecules especially in Agp1-R603C mutant. When the
authors further investigated the relative fluorescence
guantum yield, we found that the larger the FWHM, the
lower the ¢« (Table 2).

Although they got some useful information, here they
had to consider three possibilities for FRET: 1) FRET
occurred between these dyes combined to the mutated
Cys residue; 2) FRET occurred between the dyes
combined to Cys20; 3) FRET occurred between the dyes
combined to the mutated Cys and the dye combined to
Cys20 residue in one subunit.

For the first case, the authors can use the mutants
which did not contain Cys20, but the mutated Cys was still
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Table 1. Photophysical parameters of mono-labeled samples at Pr and Pfr state.

Absorption peak/nm

Fluorescence peak/nm

Sample FWHM/nm
Pr Pfr Pr Pfr
Atto495-A362C 503.9 503.5 527.5 525.3 35.3
Atto565-A362C 568.1 569.3 590.9 590.2 21.9
Atto495-K517C 505.8 505.4 527.3 526.5 27.0
Atto565- K517C 570.0 569.8 590.6 590 20.9
Atto495- K554C 504.4 504.4 528.4 529.0 26.9
Atto565- K554C 570.9 570.9 592.5 592.5 21.2
Atto495- R603C 502.7 502.7 527.0 527.0 44.1
Atto565- R603C 569.8 569.8 592.2 591.2 21.7
Atto495- 1654C 504.9 505.5 528.8 527.6 41.6
Atto565- 1654C 569.8 569.2 591.4 591.4 22.3
Atto495- V674C 504.3 503.9 530.7 530.0 39.7
Atto565- V674C 568.9 568.9 590.2 589.8 23.1

Source: Author

Table 2. Fluorescence labeling efficiency of various mono-labeled and hetero-labeled mutants.

Sample Labeling efficiency %
Atto495-A362C 34.2
Atto565-A362C 50.9

double- A362C 29.7+19.0
Atto495-K517C 29.3
Atto565-K517C 47.4

double- K517C 39.5+26.1
Atto495-K554C 43.6
Atto565- K554C 48.8

double- K554C 26.0+21.9

Sample Labeling efficiency%
Atto495-R603C 51.3
Atto495-R603C -

double- R603C 52.7+37.6
Atto495-1654C 22.9
Atto565- 1654C 36.2

double- 1654C 25.6+20.2
Atto495-V674C 48.5
Atto565- V674C 68.6

double- V674C 44.4+48.3

Source: Author

present to check the result. For the second case, they can
use M8 that only contain Cys20 to compare the results.
Both of these two FRET happened between the two
subunits. It is known that hydrophobic interaction played a
key role to stable the homodimer, so if the authors added
enough SDS, the energy transfer will be dramatically
diminished. This was what we observed for K517C mutant
(Figure 6C). For the third case, the spectral changes can
be checked after the protein has been fully denatured
using 8M urea or 6M GnHCI. In other words, if the
distance is available, they can still observe FRET under
high concentration of SDS. It seems that in A362C mutant
this intra-subunit energy transfer happened (Figure 10A,
B and C).

In addition, the covalent binding was also confirmed by
the fluorescence imaging results in Figure 2, where no
matter the single-labeled or the double-labeled proteins
could emit strong fluorescence after these proteins were
separated by SDS-PAGE (seen in lanes 6-8 of Figure 2).
Subsequently, the authors roughly calculated the labeling

efficiency. Next, the authors calculated the fluorescence
labeling efficiency based on the equation:

. €xgp( Protein) = A,

(Agsn— CFagp * Agay) "€y

From the data listed in Table 1, it was realized that the
double labeling efficiency of both R603C and V674C
reached beyond 85%. K517C mutant had double-labeling
efficiency of ~65%. In contrast, the double-labeling
efficiency was less than ~50% in the case of A362C,
K554C, and 1653C. Meanwhile, we observed that
although for all mono-labeled mutants, the acceptor
Atto565 exhibited higher reactivity than the donor Atto495
did, double-labeled samples contained more dodonors

Fluorescence-labeled protein activity assay

To test whether the fluorescence labeling exert some
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Free
dye

Figure 2. Fluorescence imaging (left) and protein staining result (right) of the
labeled holoprotein  Agpl-R603C-BV  directly quenched by p—
mercaptoethanol (lanel-4), purified using NAP-10 column for one time (lane
5-8), respectively. Lane 1 and 5 represent the holoprotein without the dyes.
Lanes 2 and 6 represent single-labeled Agp1-R603C using two times of
Atto-565. Lane 3 and 7 represent single-labeled Agpl-R603C using two
times of Atto-495. Lane 4 and 8 represent double-labeled Agp1-R603C using
1 time of Atto-565 and 1 time of Atto-495, respectively.

Source: Author

Figure 3. Comparison of difference absorption spectra between Pr and Pfr of double-labeled Agpl mutants (solid line) and

holoproteins (dashed line).
Source: Author

ratio between Pr and Pfr band of the difference spectra

experienced only slight changes when Agpl holoproteins
It indicated that the

holoprotein and labeled protein. As shown in Figure 3, no
significant changes were observed for the maximum
absorbance peak of Pr or Pfr. Meanwhile, the absorbance were combined with the dyes.
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photochemical activity of various Agpl mutants is not
influenced by the fluorescence dyes. The
autophosphorylation activity assay in Figure 4, shows a
similar pattern for both the wt Agpl and the mutants. This
demonstrated that the double-labeled Agpl mutants can
act as a light-regulated histidine kinase.

Fluorescence spectra of labeled proteins
Evidence for FRET in the double-labeled homodimer

As shown in Figure 5A, in Atto495-labeled K517C mutant
the authors detected one wide and asymmetrical
fluorescence emission peak extending from 500 nm to
700 nm following the 470 nm-excitation. Obviously, this
peak originated from the donor molecule Atto495. As far
as the acceptor molecule was concerned, in principle, it
was expected that the acceptor would not be excited

simultaneously when they excited the donor. However, in
this work, the authors found that the excitation at 470 nm
gave rise to one weak fluorescence emission peak at 591
nm (dashed line in Figure 5A), which was assigned to the
Atto565 molecule. When the Atto495-labeled was mixed
and the Atto565-labeled K517C mutant, the resultant
fluorescence emission spectrum is almost identical to
their linear combination, where one weak shoulder peak
was observed from the Atto565 molecule. In contrast, in
the double-labeled K517C mutant, the acceptor exhibits
higher fluorescence intensity than the donor. Similar
phenomena were observed for the other double-labeled
mutants Fluorescence excitation spectra provided another
evidence for FRET, where apart from the peak at 370 nm
and the 570 nm, the absorbance at 500 nm made some
contribution to the emission of the acceptor at 600 nm (the
arrow shown in Figure 5B), indicating that the excited
donor molecule could transfer the excitation energy to the
acceptor (dotted line in Figure 5B). It was not the case for
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the Atto565-labeled and the intermolecular system. In
addition, another piece of evidence to support FRET is the
effect of SDS on the fluorescence emission spectra. As
demonstrated in Figure 5C, the treatment of SDS gave
rise to the decrease in fluorescence intensity of the
acceptor, meanwhile, the fluorescence intensity of the
donor recovered gradually with increasing the
concentration of SDS. It suggested that the FRET
phenomenon disappeared in a double-labeled K517C
mutant with the presence of SDS. The fact that FRET
happened in the double-labeled full-length Agpl mutant
helped to exclude the possibility that two subunits in Agpl
were arranged in the antiparallel form.

Fluorescence emission spectral changes during the
photoconversion

Figure 6A presented the fluorescence emission spectra of
double-labeled A362C in the darkness (solid line) and
after 2min-red light irradiation (dashed line) upon
excitation at 470 nm. Obviously, the photoconversion from
Pr to Pfr leads to an increase in the fluorescence intensity
of both the donor and the acceptor. As a control, the
authors also measured the spectral changes of the
single-labeled sample under the same condition. As seen

in Fig. 5B and 5C, no matter for the donor or the acceptor,
their fluorescence emission intensity was enhanced upon
illumination. Similar changes were observed for the
K517C mutant (Figure 6D-F). Different from A362C and
K517C mutant, however, no significant spectral changes
were detected for the double-labeled H554C (Figure 7A)
and double-labeled R603C (Figure 7D) upon red light
illumination. When the single-labeled sample was
detected, the authors observed similar results (Figure
7B-C and 7D-E). The same phenomenon was detected
from 1653C and V674C mutants, as described in Figure 8.

DISCUSSION

No full-length BphP structural information has been
available for both Pr and Pfr mainly because it was rather
difficult to get the high-quality 3D crystals of both Pr and
Pfr state simultaneously. Therefore, some indirect
spectroscopic methods are currently method of choice to
understand these structures. In the previous work, the
authors had to use MTSSL nitro oxide spin probe to label
single Cys residue in various Agpl mutants, and then
measured dipole-dipole coupling using double electron
electron resonance (DEER) technology. This method
helped to determine the distance within 5-80 A between
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two paramagnetic centers. The results showed that no
major structural changes happened during the
photoconversion of Agpl mutant (Noack et al., 2007).
Different from that case, in this paper we haveused
another spectroscopic method, that is, FRET to get some
structural information induced by light irradiation. FRET
method has been used to investigate dimerization and
inter-chromophore distance of Cphl phytochrome from
Synechocystis, where the BV analogue PEB and the
natural chromophore PCB were used as FRET donor and
acceptor, respectively. Both of them were combined to the
chromophore-binding site (Otto et al., 2003). Different
from their case, in this paper we aimed at employing
FRET method to explore the structural changes
happening in different domains of full-length Agp1 during
the photoconversion, including PAS, GAF, PHY and
histidine kinase domain.

Suitable FRET pairs were selected for these
measurements. Firstly, taking into consideration that the
maleimide function group had high reactivity with thiol
groups, site-directed mutagenesis method was used to
produce A362C, K514C, H554C, R603C, 1653C and
V674C mutants as described above. Secondly, because
BV itself exhibited one strong absorption peak in 600-750
nm and one weak peak in 350 - 450 nm, in order to avoid
the inner filter effect or the competition absorption from
BV, Atto495 maleimide and Atto565 maleimide dyes was
used as FRET pairs, whose absorption peaks were
located in the 400-600 nm range and did not heavily
overlap with the absorption peaks of BV.

Thirdly, it was known that the FRET energy transfer
efficiency is strongly dependent on the distance between
dye pair as well as the FOrster radius Ro, therefore we
roughly calculated the FOrster radius Ro = ~57.9 A
between Atto495 donor and Atto565 acceptor. According
to the reference (Kim et al., 2008), FRET method could
provide reliable distance results only when the
intermolecular distance between FRET pairs varied from
0.5 Ry - 1.5 Ry with the energy transfer efficiency of 8 -
98%. Therefore, it means that in our case, we could
investigate the inter-subunits  distance changes
happening within 29A — 87A. Take A362C as an example.
X-ray crystallographic data revealed that the inter-subunit
distance is nearly ~ 39.5 A and 45.9 A for Pr state for Pfr,
respectively. Within this range FRET is available to
provide the distance information.

This phenomenon suggested that BV molecules had
been incorporated with the apoprotein (solid line).
Subsequently, the absorbance at ~703 nm decreased
immediately following the addition of two times molar
excess of Atto495 (Figure 9B), Atto565 (Figure 9C), or
their 1:1 mixture (Figure 9D) to initiate the labeling
experiments, respectively. A similar phenomenon was
observed when we only added the same amount of
DMSO solvent that had been used to dissolve the dyes
(Figure 9B). It indicated that the decrease of Aoz might be
due to the fast micro-environmental changes of the

BV-binding pocket induced by solvent. During the
subsequent 2h labeling reactions, Ay nm €xperienced no
remarkable changes were seen in Figure 9A to D. It
inferred that the presence of 2-fold of the dyes would not
lead to the displacement of BV molecules by FRET pairs
away from the binding site. It seemed reasonable
because Cys20 was located in the hydrophobic
chromophore-binding pocket, and therefore it could not be
easily attacked by the FRET pairs.

The fluorescence labeling efficiency was also analyzed
as shown in Tablel, and found that FRET pairs exhibited
different reactivity against Cys residues located in
different domains. The protein sample contains a mixture
of unlabeled holoprotein (00) and labeled holoprotein (AA
or DD). In contrast, there coexisted AA, DD, AD, DA as
well as non-labeled samples in the double-labeled
mutants. In the latter work, although we paid more
attention to the double-labeled samples, as a control, we
also performed the same experiment on the single-labeled
samples.

Next, it was necessary to test if the fluorescence
labeling would affect the photoconversion behavior or
biological activity of Agpl mutants. As shown in Figure 3,
the light-induced difference absorption spectral data
revealed that the photochemical activity of various Agpl
holoproteins was not influenced by the external FRET
pairs. As for the biological activity, the authors detected
the histidine kinase activity by using y-32P ATP. It was
found from Figure 4 that in the labeled sample, Pr
displayed stronger autophosphorylation activity than Pfr
form. This result was almost identical to the wt Agp1.
Following the biological activity assay, the static
fluorescence spectroscopic method was used to check
the fluorescence emission of double-labeled mutants. By
comparing the intermolecular and intramolecular
fluorescence emission spectra, as well as the
fluorescence excitation spectra, we concluded that as we
had expected, the fluorescence resonance energy
transfer happened from the Atto495 to Atto565 in all
mutants this confirms parallel orientation of dimeric Agpl
subunits.

The authors tried to get some information from the
spectra of monolabeled samples. As demonstrated in
Table 1, Atto495-labeled R603C exhibited the maximum
FWHM of ~44 nm among all samples; meanwhile
Atto495-labeled A362C much displayed larger FWHM
than other mutants. It suggested that there might co-exist
heterogeneous distribution of Atto495 molecules in
Atto495-labeled R603C and A362C most probably
resulting from the larger flexibility in such domains.
However, it was surprising that no similar results were
observed for Atto565-labeled samples As shown in Figure
6B and 6E, the conversion from Pfr to Pr led to a
remarkable increase in fluorescence intensity at 572 nm
in both Atto495 labelled A326C mutant and Atto495
labelled H517C mutant. In contrast, no significant
changes were observed for Atto495 labelled H554C,
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Atto495 LABELED R603C as well as Atto495 labelled
1653C and V674Cc. There are changes in the protein
environment as seen by the Pr— Pfr changes of the
monolabeled samples. Different from the major changes
predicted from the models, there are no or minor changes.

In a summary the authors found that: (1) FRET
efficiency changed from one position to another position.
When they compared A362C, K517C, and H554C, they
observed that in K517C energy transfer efficiency was the
highest. According to the crystallographic data, the
distance at site 517 between two subunits was nearly 40
nm, and (2) in comparison with Pr, Pfr form displayed
higher energy transfer efficiency. It is inferred that the
distance would become shorter in the Pfr state. As for the
R603C mutant, this method could not be used because its
donor exhibited some unusual spectral behavior.

Conclusion

Although the labeling strategy is simpler for DEER

technology because only one kind of interacting labels is
needed while FRET pairs are required, the authors can
obtain some orientation information by measuring the
fluorescence polarization or anisotropy in FRET
measurement. As described in the introduction, PHY
domain experienced some variations during the
photoconversion, so they constructed one mutant
targeting PHY domain. Additionally, they suspected that
like the other histidine kinase, some changes happened in
His KA and ATPmase domain. We mainly focused on
PHY, helix, ATPmase domain and could identify some of
these changes.

ACKNOWLEDGEMENT

Special thanks to the laboratories of Prof. Tilman
Lamparter and Ann Ulrich in Karlsruhe Institute of Science
and Technology in which some of the experiments were
performed. We also thank center for international
migration (CIM) in GIZ for partial financial support.



20 Int. J. Biotechnol. Mol. Biol. Res.

Toon
1800 A M500-double  __ ops 335 B
1600 ,"'\ S 01% 6000 -

) o 05% 5 ——0SDS
= 1400 AR S 1% o 5000 - ----0.1%
= fi A - - 2% = 02
= >
> ! =
] 2 A0 -——03
s s - 04
E T e N 05
z g * 10
5 L A N 20
2 S 2000
o ]

o 3
= i
[T 1000 -

L T T T
700 350 400 450 51
‘Wavelength / nm
1200
;] €

1100 -|

1000
5 9
Gi 4
. 80D —
= ]
I 70
= ]
£ 600
S 5w
| =
= ]
e Aw
- ]
5 300
= J
[ 2080 -

100 -

[ e . ; . : . ; .
. 500 550) 600 650 700

Wavelength / nm

Figure 10. The effect of SDS on the fluorescence emission spectra of double-labeled M500 upon
excitation at 470 nm (A), the intrinsic fluorescence following the excitation at 290 nm (B) and the
fluorescence emission spectra of double-labeled A362C mutant (C).

Source: Author

CONFLICT OF INTERESTS

The authors have not declared any conflicts of interests.

REFERENCES

Andel F, Lagarias JC, Mathies RA (1996). Resonance raman analysis of
chromophore structure in the lumi-R photoproduct of phytochrome.
Biochemistry 35(50):15997-16008.

Barkovits K, Schubert B, Heine S, Scheer M, Frankenberg-Dinkel N
(2011). Function of the bacteriophytochrome BphP in the RpoS/Las
guorum-sensing network of Pseudomonas aeruginosa. Microbilogoy
157(6):1651-1664.

Bellini D, Papiz MZ (2012). Structure of a bacteriophytochrome and
light-stimulated protomer swapping with a gene repressor. Structure
20(8):1436-1446.

Bhoo SH, Davis SJ, Walker J, Karniol B, Vierstra RD (2001).
Bacteriophytochromes are photochromic histidine kinases using a
biliverdin chromophore. Nature 414(6865):776-779.

Burgie ES, Bussell AN, Walker JM, Dubiel K, Vierstra RD (2014). Crystal
structure of the photosensing module from a red/far-red
light-absorbing plant  phytochrome. Proceedings of the National

Academy of Sciences 111(28):10179-10184

Burgie ES, Clinger JA, Miller MD, Brewster AS, Aller P, Butryn A, Fuller
FD, Gul S, Young ID, Pham CC, Kim IS (2020). Photoreversible
interconversion of a phytochrome photosensory module in the
crystalline state. Proceedings of the National Academy of Sciences
117(1):300-307.

Dago AE, Schug A, Procaccini A, Hoch JA, Weigt M, Szurmant H (2012).
Structural basis of histidine kinase autophosphorylation deduced by
integrating genomics, molecular dynamics, and mutagenesis.
Proceedings of the National Academy of Sciences
109(26):E1733-1742

Davis SJ, Veneer AV, Vierstra RD (1999). Bacteriophytochromes:
Phytochrome-like photoreceptors from nonphotosynthetic eubacteria.
Science 286:2517-2520.

Essen LO, Mailliet J, Hughes J (2008). The structure of a complete
phytochrome sensory module in the Pr ground state. Proceedings of
the National Academy of Sciences 105(38):14709-14714.

Esteban B, Carrascal M, Abian J, Lamparter T (2005). Light-induced
conformational changes of cyanobacterial phytochrome Cphl probed
by limited proteolysis and autophosphorylation. Biochemistry
44(2):450-461.

Fixen KR, Baker AW, Stojkovic EA, Beatty JT, Harwood CS (2014).
Apo-bacteriophytochromes modulate bacterial photosynthesis in
response to low light. Proceedings of the National Academy of


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lagarias%20JC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mathies%20RA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed/8973170##
http://www.ncbi.nlm.nih.gov/pubmed?term=Bellini%20D%5BAuthor%5D&cauthor=true&cauthor_uid=22795083
http://www.ncbi.nlm.nih.gov/pubmed?term=Papiz%20MZ%5BAuthor%5D&cauthor=true&cauthor_uid=22795083
http://www.ncbi.nlm.nih.gov/pubmed/22795083##
http://www.ncbi.nlm.nih.gov/pubmed?term=Baker%20AW%5BAuthor%5D&cauthor=true&cauthor_uid=24379368
http://www.ncbi.nlm.nih.gov/pubmed?term=Stojkovic%20EA%5BAuthor%5D&cauthor=true&cauthor_uid=24379368
http://www.ncbi.nlm.nih.gov/pubmed?term=Beatty%20JT%5BAuthor%5D&cauthor=true&cauthor_uid=24379368
http://www.ncbi.nlm.nih.gov/pubmed?term=Harwood%20CS%5BAuthor%5D&cauthor=true&cauthor_uid=24379368

Sciences 111(2):237-244

Giraud E, Fardoux J, Fourrier N, Hannibal L, Genty B, Bouyer P, Dreyfus
B, Verméglio A (2002). Bacteriophytochrome controls photosystem
synthesis in anoxygenic bacteria. Nature 417(6885):202-205.

Giraud E, Verméglio A (2008). Bacteriophytochromes in anoxygenic
photosynthetic bacteria. Photosynthesis Research 97(2):141-153.

Giraud E, Verméglio A (2012). Isolation and Light-Stimulated Expression
of Canthaxanthin and Spirilloxanthin Biosynthesis Genes from the
Photosynthetic Bacterium Bradyrhizobium sp. Strain ORS278.
InMicrobial Carotenoids from Bacteria and Microalgae 2012 (pp.
173-183). Humana Press, Totowa, NJ.

Heyne K, Herbst J, Stehlik D, Esteban B, Lamparter T, Hughes J, Diller
R (2002). Ultrafast dynamics of phytochrome from the
cyanobacterium synechocystis, reconstituted with phycocyanobilin
and phycoerythrobilin. Biophysical Journal 82(2):1004-1016.

Hubschmann T, Jorissen HJ, Bo'rner T, Gartner W, Tandeau de Marsac
N (2001). Phosphorylation of proteins in the light-dependent signalling
pathway of a filamentous cyanobacterium. European Journal of
Biochemistry 268:3383-3389.

Kacprzak S, Njimona I, Renz A, Feng J, Reijerse E, Lubitz W, Krauss N,
Scheerer P, Nagano S, Lamparter T, Weber S. Intersubunit distances
in full-length, dimeric, bacterial phytochrome Agpl, as measured by
pulsed electron-electron double resonance (PELDOR) between
different spin label positions, remain unchanged upon
photoconversion. Journal of Biological Chemistry 292(18):7598-7606.

Karniol B, Vierstra RD (2003). The pair of bacteriophytochrome from
Agrobacterium tumefaciens are histidine kinases with opposing
photobiological properties. Proceedings of the National Academy of
Sciences 100:2807-2812

Kim Y, Ho SO, Gassman NR, Korlann Y, Landorf EV, Collart FR, Weiss
S. Efficient site-specific labeling of proteins via cysteines.
Bioconjugate Chemistry 19(3):786-791.

Kraskov A, Nguyen AD, Goerling J, Buhrke D, Velazquez Escobar F,
Fernandez Lopez M, Michael N, Sauthof L, Schmidt A, Piwowarski P,
Yang Y, Stensitzki T, Adam S, Bartl F, Schapiro |, Heyne K, Siebert F,
Scheerer P, Mroginski MA, Hildebrandt P (2020). Intramolecular
proton transfer controls protein structural changes in phytochrome.
Biochemistry 59(9):1023-1037.

Lamparter T, Michael N, Mittmann F, Esteban B (2002). Phytochrome
from Agrobacterium tumefaciens has unusual spectral properties and
reveals an N-terminal chromophore attachment site. Proceedings of
the National Academy of Sciences 99(18):11628-11633.

Li H, Zhang J, Vierstra RD, Li H (2010). Quaternary organization of a
phytochrome dimer as revealed by cryoelectron microscopy.
Proceedings of the National Academy of Sciences
107(24):10872-10877.

Marina A, Waldburger CD, Hendrickson WA (2005). Structure of the
entire cytoplasmic portion of a sensor histidine-kinase protein. EMBO
Journal 24(24):4247-4259.

Matysik J, Hildebrandt P, Schlamann W, Braslavsky SE, Schaffner K
(1995). Fourier-transform resonance Raman spectroscopy of
intermediates of the phytochrome photocycle. Biochemistry
34(33):10497-10507.

Njimona | (2012). Molecular Studies on Light-induced Protein
Conformational Changes on  Agrobacterium  Tumefaciens
Phytochrome, Agpl. Mensch und Buch.

Njimona |, Lamparter T (2011). Temperature effects on Agrobacterium
phytochrome Agpl. Plos ONE 6(10):e25977

Noack S, Michael N, Rosen R, Lamparter T (2007). Protein
conformational changes of Agrobacterium phytochrome Agpl during
chromophore assembly and photoconversion.  Biochemistry
46(13):4146-4176.

Njimona et al. 21

Otto H, Lamparter T, Borucki B, Hughes J, Heyn MP (2003).
Dimerization and inter-chromophore distance of Cphl phytochrome
from Synechocystis, as monitored by fluorescence homo and hetero
energy transfer. Biochemistry 42(19):5885-5895

Takala H, Bjorling A, Berntsson O, Lehtivuori H, Niebling S, Hoernke M,
Kosheleva I, Henning R, Menzel A, Ihalainen JA, Westenhoff S (2014).
Signal amplification and transduction in phytochrome photosensors.
Nature 509(7499):245-248.

Tasler R, Moises T, Frankenberg-Dinkel N (2005). Biochemical and
spectroscopic characterization of the bacterial phytochrome of
Pseudomonas aeruginosa. FEBS Journal 272(8):1927-1936.

van Thor JJ, Ronayne KL, Towrie M (2007). Formation of the early
photoproduct lumi-R of cyanobacterial phytochrome cphl observed
by ultrafast mid-infrared spectroscopy. Journal of the American
Chemical Society 129(1):126-132.

Wagner JR, Brunzelle JS, Forest KT, Vierstra RD (2005). A light-sensing
knot revealed by the structure of the chromophore-binding domain of
phytochrome. Nature 438(7066):325-331.

Yang X, Kuk J, Moffat K (2008). Crystal structure of Pseudomonas
aeruginosa bacteriophytochrome: photoconversion and signal
transduction. Proceedings of the National Academy of Sciences
105(38):14715-14720.

Yang X, Stojkovi¢ EA, Kuk J, Moffat K (2007). Crystal structure of the
chromophore binding domain of an unusual bacteriophytochrome,
RpBphP3, reveals residues that modulate photoconversion.
Proceedings of the National Academy of Sciences
104(30):12571-12576.

Yeh KC, Wu SH, Murphy JT, Lagarias JC (1997). A cyanobacterial
phytochrome two-component light sensory system. Science
277(5331):1505-1508.


http://www.ncbi.nlm.nih.gov/pubmed?term=Giraud%20E%5BAuthor%5D&cauthor=true&cauthor_uid=12000965
http://www.ncbi.nlm.nih.gov/pubmed?term=Fardoux%20J%5BAuthor%5D&cauthor=true&cauthor_uid=12000965
http://www.ncbi.nlm.nih.gov/pubmed?term=Fourrier%20N%5BAuthor%5D&cauthor=true&cauthor_uid=12000965
http://www.ncbi.nlm.nih.gov/pubmed?term=Hannibal%20L%5BAuthor%5D&cauthor=true&cauthor_uid=12000965
http://www.ncbi.nlm.nih.gov/pubmed?term=Genty%20B%5BAuthor%5D&cauthor=true&cauthor_uid=12000965
http://www.ncbi.nlm.nih.gov/pubmed?term=Bouyer%20P%5BAuthor%5D&cauthor=true&cauthor_uid=12000965
http://www.ncbi.nlm.nih.gov/pubmed?term=Dreyfus%20B%5BAuthor%5D&cauthor=true&cauthor_uid=12000965
http://www.ncbi.nlm.nih.gov/pubmed?term=Dreyfus%20B%5BAuthor%5D&cauthor=true&cauthor_uid=12000965
http://www.ncbi.nlm.nih.gov/pubmed?term=Verm%C3%A9glio%20A%5BAuthor%5D&cauthor=true&cauthor_uid=12000965
http://www.ncbi.nlm.nih.gov/pubmed/12000965##
http://www.ncbi.nlm.nih.gov/pubmed?term=Giraud%20E%5BAuthor%5D&cauthor=true&cauthor_uid=18612842
http://link.springer.com/search?facet-author=%22Andr%C3%A9+Verm%C3%A9glio%22
http://www.ncbi.nlm.nih.gov/pubmed/7654704##
http://www.ncbi.nlm.nih.gov/pubmed?term=%22van%20Thor%20JJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ronayne%20KL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Towrie%20M%22%5BAuthor%5D

Vol. 12(2) pp. 22-30, July-December 2022
DOI: 10.5897/1JBMBR2022.0330

Article Number:1AC?9CB69664

ISSN 2141-2154

Copyright © 2022

Author(s) retain the copyright of this arficle
http:// www.academicjournals.org/IJBMBR

Full Length Research Paper

ACADEMIC
JOURNALS
expand your knowledge

International Journal of Biotechnology and

Molecular Biology Research

Root and hypocotyl growth of Arabidopsis seedlings
grown under different light conditions and influence of
TOR kinase inhibitor AZD

Xingyu Yan', Felipe Yamashita', Njimona Ibrahim

23+ and Balugka Frantigek’

"Institute of Cellular and Molecular Botanics (IZMB), University of Bonn, Bonn, Germany.
%Institute of Medical Research and Medicinal Plants Studies (IMPM), Ministry of Scientific Research and Innovation,
Yaoundé, Cameroon.
*Bamenda University of Science and Technology (BUST), Bamenda, Cameroon.

Received 1 July, 2022; Accepted August 18, 2022

We set up six light conditions to investigate the changes in the development of Arabidopsis thaliana
hypocotyls and roots. Seedlings grown for 96 h under darkness were scored with shorter roots and
longer hypocotyls. In shoot-shaded conditions, seedlings were unable to carry out photosynthesis,
resulting in insufficient stored nutrients for root development. In the three groups of different light
intensities applied to the roots, total light caused stress in the entire seedlings and the length of roots
and hypocotyls were shorter than in conditions when roots were growing within light-dark gradients.
Importantly, root lengths were higher within light-dark gradients than in total light. Different light
treatments did significantly affect root growth and hypocotyl growth. The addition of ATP-competitive
MTOR kinase inhibitor (AZD), drastically reduced root, however, this did not occur with hypocotyl

length.

Key words: Total light, total dark, gradient light, shoot dark with light blocker, light blocker, shoot dark.

INTRODUCTION

To adapt to a changing environment, all living organisms
have to respond appropriately to circumstances. Unlike
animals, plants are unable to move away from extremes
in their surrounding environment or move towards a
nutrition source. However, plants have a flexible pattern
of development that allows them to adjust their organ
number and size (architecture) to the changing
environment. The fundamental body plan of the mature

*Corresponding author. E-mail: njimona@yahoo.com.

plant is generated during the early stages of
embryogenesis (Jirgens et al.,, 1991). This process
involves the production of shoot and root meristem,
cotyledons, radicle and hypocotyls.

In animals, most organs are already present by the
time the embryo is fully formed. On the contrary, most
organs in plants are formed after embryogenesis is
finished. Once dormancy is broken, the seeds begin to
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germinate with the formation of primary plant organs:
roots, shoots, and leaves (Kadereit et al., 2014). Roots
emerge from root meristems located at the tip of the root,
while the aboveground shoot system generates from
shoot meristems (Brand et al., 2001). Roots are the
underground part of the plant body that is required for
anchorage in the substrate, uptake of water and ion, and
synthesis of phytohormones (Kadereit et al., 2014). The
root apex also has an oscillatory zone (Baluska and
Mancuso, 2013). The root apex is subdivided into four
zones: Meristematic (Kadereit et al., 2014), transition
(Verbelen et al., 2006, BaluSka et al., 2010), elongation,
and differentiation zones. The root cap is the structure
that detects the pull of gravity and thus controls the
downward growth of roots (Petricka et al., 2012).
Statocytes are specialized root-cap cells that contain
amyloplasts, which will precipitate if the root is reoriented
(Kadereit et al., 2014). Cells in the elongation zone
elongate and allow root growth (Crang et al., 2018). Root
growth is regulated and fine-tuned by several
phytohormones. The first phytohormone to be discovered
was auxin, which is crucial for cell elongation and lateral
root growth (Petricka et al., 2012).

Light is one of the most important environmental factors
for plant development. Light cues of varied intensity and
quality cause plants to change their morphological traits
(Yadav et al., 2020). Besides that, light and temperature
also modulate phytochrome growth via phytochrome
(Ibrahim and FrantiSek, 2022). Light perceived by
photosensory systems in above-ground tissues can affect
the roots via long-distance signal transduction pathways
(Qu et al., 2017). Sunlight, on the other hand, can reach
root tissues that are several centimeters underground
(Qu et al., 2017). Plants use dedicated photoreceptors to
receive light signals of various wavelengths. Activated
photoreceptors trigger a signal transduction cascade,
which results in a wide range of gene expression
modifications that affect physiological and developmental
responses (Su et al., 2017). Most known plant
photoreceptors, including phytochromes, cryptochromes,
phototropins, and ultraviolet receptors (UVR), are
expressed in the root tissues (Qu et al., 2017).
Phytochromes are a class of red (R)/far-red (FR) light
photoreceptors in plants that mediate the expression of
various genes and are involved in root development and
structure (Briggs et al., 2001).

When seedlings receive light, the elongation of the
hypocotyls is carefully regulated to match the intensity
and quality of light around them, and the phenomenon of
de-etiolation occur, in which the development of leaves
and chloroplasts inhibits stem elongation and promotes
root growth and lateral root development, a process
known as photomorphogenesis. The initial response of
plants to light is photomorphogenesis, in which the shoot
and root meristems are activated, and a series of
changes, such as cell division and expansion, lead to
changes in the differentiation structure and function of
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plant cells, and eventually the formation of tissues and
organs (McNellis and Deng, 1995).

Light, as we have seen, has a rapid and dramatic
impact on root development and physiology. Light is
shown to have a great impact on adventitious roots and
hypocotyles (Zeng et al., 2022). That aspect should be
taken into account while doing experiments with plants,
particularly those focusing on roots. Seeds are usually
planted in transparent agar medium in hyaline Petri dish
plates in laboratory settings, exposing roots and shoots to
light in a similar way. Sucrose is also added to the growth
medium of the classic agar plate culture technique (TPG,
traditional plant-growing). However, because this is not a
natural environment for roots, certain artifacts may occur
(Xu et al., 2013). Improved approaches are available to
make root experiments more efficient. An improved agar-
plate method (IPG, improved plant-growing) is one
example, in which shoots are lighted while roots are
grown in a media without sucrose under dark
circumstances. When comparing IPG to TPG, the root
and lateral root lengths are both shorter, and the root hair
density is lower. The primary root, on the other hand, was
much longer. As a result, IPG provides a better and more
natural environment for investigating A. thaliana root
development and responses (Xu et al., 2013).

The target of rapamycin (TOR) is a large and highly
conserved protein belonging to the family of
phosphatidylinositol 3-kinase-related kinases (PIKKs). In
response to environmental changes such as nutrients,
energy status, and growth factors, TOR serves as a key
sensor of cell growth and metabolism. Recent research
has discovered that the conserved TOR pathway is vital
in coordinating plant development at the whole plant level
(Barrada et al., 2015). Furthermore, the Arabidopsis
genome seems to have a single critical TOR gene, which
down-regulation results in reduced plant growth, stress
resistance (Menand et al., 2002), and increased life span
(Ren et al., 2013). Moreover, Arabidopsis plants silenced
for TOR expression display significantly reduced
polysome abundance (Deprost et al., 2007), indicating
that TOR plays a function in plant translational regulation.
TOR inhibitors restrict the meristematic cell proliferation
capability by reducing the number of cells in the MZ,
mostly via encouraging differentiation (Montané and
Menand, 2013). One of the most effective TOR inhibitors
is AZD. As a second-generation mTOR inhibitor (known
as ATP-competitve mTOR kinase inhibitor), it is
developed not only to suppress mammalian TOR for
cancer therapy but also to inhibit TOR in plants. AZD can
bind to the TOR kinase domain within the ATP-binding
pocket and inactivates the TOR complex (Montané and
Menand, 2013). The aim of this study was to show the
effect of AZD on Arabidopsis seedlings grown for 96 h
under different light conditions. We could show that when
Arabidopsis is treated with AZD and grown for 96 h under
different light conditions, the root and hypocotyl are
significantly modulated.
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Plate 1. Experimental setup performed in this study:
Different light conditions for A. thaliana seedlings
growth. First line from left to right: total light (TL),
gradient light (GL), light blocker (LB). Second line
from left to right: total dark (TD), shoot dark (SD),
shoot dark with blocker (SDB).

Source: Authors

MATERIALS AND METHODS

Arabidopsis thaliana seedlings grown under different light
conditions

Growth media preparation

The growth medium was prepared by mixing the MS medium salt
(with vitamins), saccharose and dH.O. After adding each to a 1 L
container, the pH was adjusted to 5.8 using KOH or HCI. After that,
4 g of phytagel was added to 1 L. The medium was mixed and
autoclaved at 120°C. The medium was placed in Petri dishes of
different sizes and prepared under a sterile bench, for further
usage. For the stupor experiment with A. thaliana seedlings,
medium was added on round Petri dishes with AZD at 5 yM
concentration.

Seeds preparation

A. thaliana seeds were sterilized in a plastic tube for 3 min with 1
mL of 70% ethanol. This was followed by a 5 min treatment with 1
mL sodium hypochlorite solution. The plastic tube was inverted
many times in each phase. The seeds were washed five times in
distilled water. Sterilized seeds were sown on square Petri dishes
with 2 MS medium under the sterile bench. The square Petri dishes
with sterilized seeds were stored in the fridge for stratification for 48
h at 4°C and transferred to the growth chamber for 96 h for seed
germination.

Experimental preparation with AZD

To investigate the influence of AZD on A. thaliana root and
hypocotyl growth, A. thaliana seedlings were transferred to round
Petri dishes with phyto agar and AZD (5 uM). The 48 h stratified
seedlings were placed side by side with straightened roots in a

horizontal position. Control plates were treated in the same way
but, only containing phyto agar. After placing the seedlings, all
dishes were sealed with parafilm and then transferred to different
light conditions (Plate 1). Each treatment was repeated in triplicate.
The six light conditions used are as follows: (1) Total light (TL):
Round Petri dishes with A. thaliana seedlings were placed under
the light of the growth chamber with the intensity of 100 pmol s m’
2. (2) Total dark (TD): Plants were kept in total darkness (covered
with aluminum foil) for 96 h. Moreover, shaded seedling roots
create two forms of light; gradient light and light blocker. Shoot dark
and shoot dark with a light blocker were two types of light
conditions created by shading seedling shoots. (3) Gradient light
(GL): Plants in the Petri dish were introduced in a black box, where
the roots were inside the box and the hypocot1yl outside, resulting in
a slight gradient with a value of 39.74 pmol s m2. (4) Light blocker
(LB): A light blocker strip was placed inside the medium,
perpendicular to the Petri dish, preventing light from reaching below
the blocker. Subsequently, they were introduced into a black box,
resulting in light intensity of 7.27 pmol s™ m™. (5) Shoot dark (SD):
The hypocotyls of A. thaliana were covered resulting in light
intensity of 7.91 umol s' m?. (6) Shoot dark with light blocker
(SDB): The light blocker strip (same as LB) was placed on medium
in a round Petri dish and then the hypocotyls of the seedlings were
covered, resulting in light intensity of 2.03 ymol s™ m™.

Root and hypocotyl lengths measurements

After 24, 48, 72 and 96 h the round Petri dishes were scanned.
Based on the digital images, the root length and hypocotyl length
were measured via Fiji software.

Skototropism experimental preparation

To investigate the influence of distance to darkness on A. thaliana
roots for the skototropism experiment, A. thaliana seedlings were
transferred to round Petri dishes with phyto agar. The seedlings
were placed in a vertical position, one below the other with
straightened roots. After placing the seedlings, all dishes were
sealed with parafilm and then placed in construction that held one-
half of the Petri dish in darkness. Dishes were aligned in the
construction and set with different distance patterns (0, 10 and 20
mm) from the A. thaliana seedlings to the darkness and then placed
under artificial light (100 pmol s' m?) for 96 h in the growth
chamber.

Measurements and evaluation

After 96 h, the round Petri dishes were scanned. Based on the
digital images, the root bending angle was measured. Values for
root bending were sorted into 3 groups: (1) Positive values,
showing a bending towards darkness; (2) Negative values,
indicating a bending away from darkness; (3) A group zero,
exhibiting no visible behavior towards or away from light. Collected
data for the experiment were evaluated with Fiji ImageJ software.
The length standard for these measurements was set with the help
of a ruler which was calibrated with the respective samples.
Statistical analysis was performed using Graphpad Prism (version
9.1.1)

RESULTS

Treatment with AZD (5 pM) under shaded light
conditions

We found that the growth of the AZD treatment groups
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Figure 1. The root length of A. thaliana seedlings was measured for 24, 48, 72 and 96 h. The x-axis
shows the seedlings were grown for Control as well as AZD [5uM] treatments under different light
conditions. The y-axis represents the average root length in cm. Bars in different colors represent

different light conditions.
Source: Authors

was substantially slower than the control groups, but no
significant difference was seen in the total dark condition
(TD). For control groups, the root length in the total dark
condition was always the shortest compared with that in
other lighting conditions, and in the gradient light (GL)
and light blocker (LB) settings. Importantly, root lengths
were longer in the gradient light (GL) and light blocker
(LB) conditions than in the total light condition (TL). This
shows that root growth speeds up if it grows within light-
dark gradients and also there is a clear inhibitory role of
AZD in root growth. Figure 1 shows a clear difference
after four days of growth.

Root growth under different light conditions
When comparing the hypocotyl length in different

illumination conditions under the same treatment, it was
noted that the length of hypocotyls under total dark

conditions (TD) was much larger than that under other
illumination conditions and that the length of hypocotyls
under complete illumination was always the shortest.
Furthermore, there was no significant difference in
hypocotyl development between the control and AZD
treatment groups (Figure 2). This result shows that AZD
has no significant influence on hypocotyl growth under
our studied condition.

Hypocotyl growth under different light conditions
Shoot-shaded light conditions

Seedling root and hypocotyl growth of the control group
and AZD treatment group was compared under shoot-
shaded light conditions (Figures 3 and 4). The root
growth of the AZD treatment group was significantly
slower than that of the control group. Moreover, root
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Figure 2. Hypocotyl length of A. thaliana seedlings was measured for 24, 48, 72 and 96 h. The x-axis
shows the seedlings were grown for Control as well as AZD (5 pM) treatments under different light
conditions. The y-axis represents the average root length in cm. Bars in different colors represent different

light conditions.
Source: Authors

development of shoot dark (SD) condition was faster than
shoot dark with light blocker (SDB) condition. Importantly,
after 96 h of development, the root growth length in the
AZD treatment group was less than 0.2 cm under
different light conditions, far less than the control group
(Figure 3).

Root growth under different light conditions

In total light conditions (TL), hypocotyl development was
slower than in the other two light conditions (SD, SDB).
For the control treatment, the hypocotyl length increased
more as the hypocotyl light intensity declined, as
determined by comparing hypocotyl development under
shoot dark (SD) and shoot dark with light blocker (SDB)
conditions. For AZD treatments, it is worth mentioning
that hypocotyl growth in the SD condition is faster than
that in the SDB condition (Figure 4).

DISCUSSION

Arabidopsis was selected as a model plant about
decades ago because of the unique traits that made it
ideal for laboratory research. Arabidopsis has been
cultivated on Petri dishes since then, and the vast
majority of root biology research has been done with the
root system exposed to light. Light appears to have a
direct influence on root development and responses,
according to recent research (Yokawa et al., 2014; Meng,
2015). Our results have revealed a role for light in both
root growth and hypocotyl growth. Six different light
conditions (total light, gradient light, light blocker, total
dark, shoot dark, shoot dark with blocker) were set up
since the influence of light on seedling growth and
differentiation can be divided into direct and indirect
aspects. The light conditions (shoot dark and shoot dark
with blocker) are the indirect ways to explore the
influence of light on root growth via changing the light
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Figure 3. The root length of A. thaliana seedlings was measured for 24, 48, 72 and 96 h. The x-axis
shows the seedlings were grown for Control as well as AZD (5 uM) treatments under different light
conditions. The y-axis represents the average root length in cm. Bars in different colors represent

different light conditions.
Source: Authors

intensity on the shoot. The investigations have found that
the total root length under shoot dark (light intensity 7.91
pmol s'm ) and shoot dark with blocker (light intensity
2.03 ymol s m’ ) circumstances was substantially less
than under total light conditions. Within 24 and 48 h,
there was no significant difference in root length across
the three lighting conditions (SD, SDB and TL), but from

72 to 96 h, the total light condition had a considerably
longer root length than the other two illumination
conditions. This situation can be explained by the fact
that photosynthesis mainly occurs in plant shoots, and
plants are unable to produce enough organic matter
(sucrose) to fulfill their growth requirements after a period
of limited light. Yokawa et al. (2011) reported on the root-
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Figure 4. Hypocotyl length of A. thaliana seedlings was measured for 24, 48, 72 and 96 h. The x-
axis shows the seedlings were grown for Control as well as AZD (5 uM) treatments under different
light conditions. The y-axis represents the average hypocotyl length in cm. Bars in different colors

represent different light conditions.
Source: Authors

shoot ratio of Arabidopsis seedlings growing in the soil
(whose roots are almost completely dark) is 1:1. The
exposure of roots to light causes stress in the entire
plant, and roots normally respond by increasing their
growth. This indicates that illumination of the roots
disturbs the balance of the root-shoot ratio, which is
approximately 1:1 in a normal physiological situation. The

analysis of our experimental data also supported this
conclusion. The gradient light condition had a higher light
intensity than the simulated natural condition (light
blocker), and the gradient light condition had a longer
root length than the light blocker condition. Meanwhile, in
the gradient light condition, the hypocotyl length was less
than in the light blocker condition. Most Arabidopsis



studies are conducted out in transparent Petri dishes,
ignoring the extra effects that the additional light may
have on the roots. Results reported the root length under
total light conditions was significantly shorter than that
under gradient light and simulated natural conditions
(light blocker), confirming the shortcomings of the
traditional plant-growing (TPG) technique. Silva-Navas et
al. (2015) demonstrated root illumination shortens root
length and increases the early development of lateral
roots, promoting root system expansion. Hypocotyl is a
highly plastic organ whose length is controlled by a
network of interacting elements including light and plant
hormones (Vandenbussche et al., 2005). In continuous
darkness, the process of hypocotyl elongation differs
significantly from that in uniform light. TOR is critical for
plant translational control (Méndez-Gomez et al., 2022).
Translation re-initiation at upstream ORFs (UORFs) in
genes that play crucial roles in stem cell control and
organogenesis in plants is significantly reliant on TOR
(Schepetilnikov et al., 2017). Many important proteins are
encoded by uORF-mRNAs, including transcription
factors, protein kinases, cytokines, and growth factors.
The results from the study indicated that seedlings of A.
thaliana treated with AZD (an ATP-competitive inhibitor of
TOR) efficiently inhibited root and hypocotyl growth when
compared to plants grown under control conditions. Our
findings are consistent with previous research, which
indicated that at the whole plant level, AZD treatment of
A. thaliana delayed cotyledon and leaf development while
also shortening root length (Montané and Menand, 2013).
The situation is assumed to occur because AZD limits
meristem activity in plants and may diminish the size of
differentiated cells. Meanwhile, AZD may induce AtTOR
haplo-insufficiency which results in reduced plant growth
and stress resistance (Montané and Menand, 2013).

The control of root-to-shoot is a complex physiological
process in plant. ROS-regulating factor was shown to
play a key role in Arabidopsis (Jin et al., 2022). TOR
signaling activity, which promotes growth and cell
division, may be suppressed in QC. The presence of
TOR in both the apical and basal meristems of the root
shows that TOR is involved in both root proliferation and
cell expansion (Montané and Menand, 2013).
Furthermore, Barrada et al. (2015) stated that the TOR
kinase is emerging as a key regulator of plant
environmental and hormonal responses. TOR increases
BR signaling, most likely via a signaling relay mediated
by BIN2 substrates (Wu et al., 2019). Interestingly, by
comparing the experimental data, it was discovered that
hypocotyl length in the control group under shoot dark
with blocker condition was larger than that under shoot
dark condition; however, it was the opposite after AZD
therapy. The outcome can be explained by the following
reason: The use of AZD suppresses the activity of TOR,
which indirectly affects the BR signaling, leading to a
significant influence on the hypocotyl being almost
completely dark condition (shoot dark with blocker
condition).
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Conclusions

A number of conclusions were drawn from this study: (1)
That root growth speeds up if it grows within light-dark
gradients and AZD shows a clear inhibitory role in root
growth. (2) The length of hypocotyls under total dark
conditions was much larger than that under other
illumination conditions and that the length of hypocotyls
under complete illumination was always the shortest.
AZD has no significant influence on hypocotyl growth
under the studied condition. (3) Root development of
shoot dark (SD) condition was faster than shoot dark with
light blocker (SDB) condition. Also, after 96 h of
development, the root growth length in the AZD treatment
group was less than 0.2 cm under different light
conditions, far less than the control group (4). For AZD
treatments, the hypocotyl growth in the SD condition is
faster than that in the SDB condition. This study shows
that AZD, a TOR inhibitor, drastically reduced root and
hypocotyl length. The findings are consistent with
previous research, which indicated that at the whole plant
level, AZD treatments of A. thaliana delayed cotyledon
and leaf development while also shortening root length
(Montané and Menand, 2013).
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Cymbopogon citratus has been reported to have hypoglycaemic and antidiabetic activities. This study
evaluates the insulinotropic properties of C. citratus via gene expression. C. citratus was administered
to normal rats as pulverized leaves (2, 10 and 30%) mixed with animal feed for one week; as aqueous
and ethanol extracts at a dosage of 30 and 100 mg/kg body weight for 30 days; and as isolated
saponins, flavonoids and tannins at 30 pug/kg for 7 days. Animals were sacrificed after the treatment
protocol and organs of interest removed for analysis. Gene expression analysis of C. citratus was based
on polymerase chain reaction (PCR) for glucagon like peptide-1 (GLP-1), insulin, glucose transporter 4
(GLUT4) and potassium ion gated channel (KCNJ5), using isolated mRNA. Results showed that the
extracts and phytochemicals fractions (particularly flavonoids) of C. citratus increased insulin gene
expression, whereas only the whole plant feeding of normal rats increased GLP-1 gene expression in a
dose-dependent manner. Administration of plant extracts increased GLUT-4 expression while
phytochemical fractions of C. citratus did not alter the expression of KCNJ5 gene. It can be concluded
that the pharmacology of C. citratus, especially the whole plant and the agueous and ethanol extracts,
favours the up-regulation of some insulinotropic genes.

Key word: Insulinotropic properties, Cymbopogon citratus, gene expression, insulin, saponins, flavonoids,
tannins.

INTRODUCTION

Insulin dysfunction has been described as one of the
major contributors to ill health and premature mortality
worldwide (WHO, 2019, 2021). This can lead to
aberration in glucose metabolism as a result of insulin
secretion and action defects (IDF, 2020). Diabetes
mellitus is a globally known chronic disease (Al-Lawati,
2017), that occurs either when the pancreas does not

produce enough insulin or when the body cannot
effectively use the insulin it produces (WHO, 2020).
Studies have shown the existence of a complex
interaction between inflammation, endoplasmic reticulum
stress, oxidative stress, mitochondrial dysfunction and
autophagy dysregulation and diabetes mellitus which play
important roles in insulin resistance (Cho et al., 2018).
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Insulin controls both the metabolism of carbohydrates
and fats by facilitating the absorption of glucose from the
blood to skeletal muscles and fat tissue and by promoting
fat storage than its usage (Zheng et al., 2018).

It is well known that insulin resistance plays an
important role in the onset of diabetes mellitus and that
failure of pancreatic B-cells to produce and release insulin
is instrumental to the development of hyperglycaemic
condition (Einarson et al., 2018). The major role of islets
of Langerhans of the pancreatic B-cells is to secrete
insulin to control blood glucose homeostasis. Insulin
secretion is subject to control by nutrients and hormonal,
neural, and pharmacological factors (Di Meo et al., 2016).
The alteration of these factors contributes to the
pathogenesis of type 1 and type 2 diabetes (Di Meo et
al., 2018).

The major gut insulinotropic hormones or incretins is
glucagon-like peptide-1 (GLP-1) (Zhang et al., 2017).
GLP-1 is produced mainly by the enteroendocrine L cells
of the distal intestine in response to nutrient ingestion
(Baggio et al., 2018). The mechanism of action of GLP-1
involves its binding to its receptor, which in turn affects
blood glucose levels by stimulating insulin secretion, thus
inhibiting glucagon secretion, inhibiting gastric emptying
and reducing food intake (Burmeister et al., 2017). Its
physiological functions range from hypoglycaemic effect,
anti-inflammatory, antioxidative, neurogenerative, as well
as vascular protective effects in various cells and tissues
including the kidney, lung, heart, hypothalamus,
endothelial cells, neurons, astrocytes, microglia, and
pancreatic beta cells (Drucker et al., 2017; Hou et al.,
2016).

Report by Klip et al. (2019) showed that the level of
glucose transporter 4 (GLUT-4) expression determines
the maximal effect of insulin on glucose transport. Thus,
diabetes leads to suppression at a pre-translational step
resulting in a marked decrease in GLUT-4 expression in
skeletal muscle and adipose tissue (Lauritano and
lanora, 2016). Potassium Voltage-Gated Channel
Subfamily J Member 5 (KCNJ5) is an example of ATP-
sensitive K" gated channels, which plays an important
role in electrogenic events within the cell (Wang et al.,
2021). KCNJ5 is sensitive to metabolic changes in the
pancreatic B-cell, coupling cellular metabolism to
electrical activity and to insulin secretion (Wang et al.,
2021). Invariably, when K* channels channels are
opened, [-cell repolarise and insulin secretion is
suppressed, leading to diabetic state, and when it is
closed, B-cell depolarise and insulin secretion is activated
(Wu et al., 2019).

Cymbopogon citratus is a well-known medicinal herb in
tropical and subtropical countries, used as a medicine
because of its wide-ranging therapeutic properties
(Coelho et al., 2016; Lawal et al.,, 2017). Studies have
shown that C. citratus has antibacterial, antifungal, anti-
inflammatory, antimalarial, anti-protozoan, and ascaricidal
effects (Bello et al., 2019). This medicinal plant has also

been reported to have hypocholesterolaemic,
hypoglycaemic,  hypolipidaemic,  anticancer, anti-
hypertensive, free radical scavenging and antioxidant
properties (Ajayi et al., 2016; Coelho et al., 2016). C.
citratus have been reported to reduce the fasting and
postprandial blood sugar levels, bringing them towards
normal and healthy state (Ajayi et al., 2016). The plant
have been said to have hypoglycaemic property via
insulin synthesis and secretion or increased peripheral
glucose utilization (Lawal et al., 2017).

Certain plants phytochemicals such as saponins,
tannins, flavonoids, and others, have been shown to
possess medicinal properties for instance, certain
bioactive compounds of C. citratus displayed over 60%
inhibition of reactive oxidative species (ROS) generation
with increased glucose metabolism and utilization (Ajayi
et al., 2016; Coelho et al., 2016). To better understand
the effect of C. citratus on glucose metabolism, especially
in relation to stimulation of insulin production, this study
assessed its effect on some genes with insulinotropic
effects.

MATERIALS AND METHODS
Plant collection and preparation

C. citratus was harvested from a farm in Akure and authenticated in
the Department of Plant Science and Biotechnology, University of
Benin. A herbarium specimen with voucher number UBH-C451,
was deposited in the University of Benin herbarium. C. citratus
leaves were washed in clean water three times, sliced and spread
on a clean surface at room temperature for two weeks. The dried
leaves were milled and sieved into a powdered sample.

Extraction of C. citratus

A slight modification of Onoagbe and Esekheigbe (1999) method
was used to prepare the extract. The powdered leaves of the plant
were used. Two different weights of 1 kg each were soaked in
distilled water (aqueous extract) and absolute ethanol (ethanol
extract) with continuous stirring for 72 h in a glass container and
covered with cheesecloth. At the end of the third day, they were
filtered through two layers of cheesecloth and later with a filter
paper to completely remove residues. The filtrate was concentrated
by a rotary evaporator, and then evaporated to dryness in a freeze
dryer. The dried extract was weighed and stored in an air-tight
container and kept in the freezer until use.

Isolation of phytochemicals

Solvent extraction of dried powder (500 g) of C. citratus was done
each for flavonoids by the method described by Subramanian and
Nagarjan (1969); saponins by Woo et al. (1980); and tannins by
Wall et al. (1996).

Animal ethical clearance

Treatment of the animals was in accordance with the Principle of
Laboratory Animal Care. The Local ethical approval was received


https://www.ncbi.nlm.nih.gov/pubmed/?term=Holmegard%20HN%5BAuthor%5D&cauthor=true&cauthor_uid=20110696

from the Ethics Committee, Faculty of Pharmacy, University of
Benin, Benin City, Nigeria, with reference  number
EC/FC/FP/020/020.

Experimental design
Effect of C. citratus leaves on normal rats

Sixteen Wistar rats in four groups of four rats each were given C.
citratus leaves mixed with their feed for one week using the
experimental design: Normal control received 100% normal rat
chow, other groups received 2, 10 and 30% C. citratus in rat chows.

Effect of aqueous and ethanol extracts of C. citratus on normal
rats

Twenty Wistar rats in five groups of four rats each were given C.
citratus extracts administered for thirty days using the experimental
design: Normal control received 100% normal rat chow, other
groups received 30 mg/kg body weight (bw) and 100 mg/kg bw of
aqueous extracts of C. citratus and 30 and 100 mg/kg bw ethanol
extracts of C. citratus

Effect of saponins, flavonoids and tannins extracted from C.
citratus on normal rats

Sixteen Wistar rats in four groups of four rats each were given C.
citratus isolated photochemical for one week using the experimental
design: Normal control received 100% normal rat chow, 30 pg/kg
bw saponins, 30 pg/kg bw flavonoids, and 30 pg/kg bw tannins
isolated from C. citratus

Gene expression

After the final treatment, the animals were sacrificed and mRNA
was isolated from the rat liver, ileum, kidney and pancreas, with
TRIzol Reagent (Thermo Fisher Scientific) converted to cDNA using
Proto Script First Strand cDNA Synthesis Kit (NEB). PCR
amplification was done using OneTag® 2X Master Mix (NEB) using

the following primer set: GLP-1 (Forward 5'-3'-
ACCGTTTACATCGTGGCTGG; Reverse 5'-3'"-
CCCTGTGAATGGCGTTTGTC); Insulin (Forward 5'-3-
GAGGCTCTGTACCTGGTGTG; Reverse 5'-3'"-
ACCTCCAGTGCCAAGGTTT); GLUT4 (Forward 5-3"-
TCTCCGGTTCCTTGGGTTGT; Reverse 5-3"-
TTCCCCATCTTCAGAGCCGAT); B-actin (Forward 5-3"-
ACACTTTCTACAATGAGCTGCG; Reverse 5'-3'-
CCAGAGGCATACAGGACAAC); KCNJ5 (Forward 5-3"-
CGACCAAGAGTGGATTCCTT; Reverse 5'-3'"-

AGGGTCTCCGCTCTCTTCTT).

Gene expression study data analysis
The intensities of the bands from agarose gel electrophoresis were

quantified densitometrically using ImageJ software. Pymol was
used to visualize the mRNA.

RESULTS

The inclusion of C. citratus powder in rat's diet,
administration of its aqueous and ethanol extracts as well
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as saponins, flavonoids and tannins fractions caused
significant alteration in insulinotropic gene expression of
normal rats. Thus, the potential of C. citratus to activate
the release of GLP-1 and other target genes to enhance
insulin release as observed in this study implies the
ability of this plant to produce insulinotropic effects. The
release of insulin from the pancreatic 3 cells through
GLP-1 gene modulation by C. citratus powder was seen
to be dose dependent (Figure 1). Most of the extracts
administered did not alter the GLP-1 gene expression
(with the exception of aqueous extract at 100 mg/kg body
weight) (Figure 2), whereas saponins, flavonoids, and
tannins fractions administration caused repression of
GLP-1 gene expression in rat ileum (Figure 3). This
report is complemented by the activation of insulin gene
expression by the agueous and ethanol extracts (Figures
4 and 5) as well as the flavonoids of C. citratus.

From this study, ethanol extract of C. citratus caused
up-regulation in GLUT-4 expression in the liver cells after
4 weeks of administration (Figure 6). From this present
study, administration of saponins, flavonoids, and tannins
fractions from C. citratus did not alter the expression of
KCNJ5 gene (Figure 7) implying that up-regulation of
KCNJ5 gene may not be a major pathway for the isolated
phytochemicls of C. citratus to exert its insulinotropic
effect.

Feeding normal rats at different concentrations of C.
citratus infused feed caused a dose dependent increase
in GLP-1 gene expression in the ileum of the rats. The
30% feed formulation caused a nearly three-fold increase
(1.2+0.01) compared to control (0.39+0.05).

Aqueous extract at 30 mg/kg bw (0.69+0.02) and
ethanol extract at 30 mg/kg bw (0.77+0.03) and 100 mg
(0.68+£0.02) treated rats showed GLP-1 levels that were
mostly comparable with control (0.65+0.05). Meanwhile,
aqueous extract at 100 mg/kg bw (0.21+0.01), showed a
significant reduction in GLP-1 gene expression in the
ileum of rats when compared with control.

Saponins (0.29+0.05), flavonoids (0.43+0.03) and
tannins (0.035+0.001) fractions of C. citratus at 30 pg/kg
bw repressed GLP-1 gene with tannin having most
repression and flavonoids the least, when compared with
control (0.58 + 0.04).

All doses of aqueous 30 mg/kg (1.13+£0.03) and 100
mg/kg bw (1.14+0.05) and ethanol extracts- 30 mg/kg bw
(1.05£0.03) and 100 mg/kg bw (1.18+0.03) of C. citratus
significantly (p<0.05) increased the expression of the
insulin gene in the pancreas of normal rats compared to
control (0.68+0.04).

Flavonoids (1.80+0.05) fraction of C. citratus at 30
png/kg caused a significant increase in insulin gene
expression when compared with control; meanwhile,
saponins (1.21+0.05) and tannins (1.00+0.02) fractions at
30 pg/kg bw showed no significant differences in insulin
gene expression when compared with control
(1.29+0.03).

The ethanol extract of C. citratus at 100 mg/kg
bw(0.594+0.08) caused a significant increase in GLUT4
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Figure 1. Qualitative-PCR analysis of GLP-1 expression in the ileum of rats fed
leaves of C. citratus (n= 4) for 7 days at different concentrations. Snapshot
representation of RT-PCR and chain reaction-agarose gel electrophoresis was carried
on GLP-1 gene followed by densitometric analysis. Values carrying different levels are
significantly different at p<0.05.

Source: Kendall and Michael (2010).
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Figure 2. Qualitative-PCR analysis of GLP-1 expression in ileum of rats
given aqueous and ethanol extracts of C. citratus (n = 4) for 30 days.
Snapshot representation of RT-PCR and chain reaction-agarose gel
electrophoresis was carried on GLP-1 gene followed by densitometric
analysis. Values carrying different levels are significantly different at p<0.05.
C= Control; AE= Aqueous extract; EE= Ethanol extract.

Source: Kendall and Michael (2010).
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Figure 3. Qualitative-PCR analysis of GLP-1 expression in ileum of rats given
saponins, flavonoids and tannins fractions of C. citratus (n= 4) for 7 days. Snapshot
representation of RT-PCR and chain reaction-agarose gel electrophoresis was
carried on GLP-1 gene followed by densitometric analysis. Values carrying different
levels are significantly different at p<0.05. C= Control; S= Saponins; F= Flavonoids;
T = Tannins.

Source: Kendall and Michael (2010).
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Figure 4. Qualitative-PCR analysis of insulin expression in the pancreas of
rats given aqueous and ethanol extracts of C. citratus (n= 4) for 30 days.
Snapshot representation of RT-PCR and chain reaction-agarose gel
electrophoresis was carried on insulin gene followed by densitometric
analysis. Values carrying different levels are significantly different at p<0.05.
C= Control; AE= Aqueous extract; EE= Ethanol extract.

Source: Kendall and Michael (2010).
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Figure 5. Qualitative-PCR analysis of insulin expression in pancreas of rats
given saponins, flavonoids and tannins fractions of C. citratus (n= 4) for 7
days. Snapshot representation of RT-PCR and chain reaction-agarose gel
electrophoresis was carried on insulin gene followed by densitometric
analysis. Values carrying different levels are significantly different at
p<0.05. C = Control; S = Saponins; F = Flavonoids; T = Tannins.

Source: Kendall and Michael, 2010.
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Figure 6. Qualitative-PCR analysis of GLUT4 expression in liver of rats
given aqueous and ethanol extracts of C. citratus (n= 4) for 30 days.
Snapshot representation of RT-PCR and chain reaction-agarose gel
electrophoresis was carried on GLUT4 gene followed by densitometric
analysis. Values carrying different levels are significantly different at
p<0.05. C = Control; AE = Aqueous extract; EE= Ethanol extract.
Source: Kendall and Michael (2010).
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Figure 7. Qualitative-PCR analysis of KCIN5 expression in pancreas of rats given
saponins, flavonoids and tannins fractions of C. citratus (n= 4) for 7 days. Snapshot
representation of RT-PCR and chain reaction-agarose gel electrophoresis was carried
on KCJIN5 gene followed by densitometric analysis. Values carrying different levels are
significantly different at p<0.05. C = Control; S = Saponins; F = Flavonoids; T = Tannins.

Source: Kendall and Michael, 2010.

gene expression when compared with control;
meanwhile, the aqueous extract at 30 mg/kg
(0.525+0.05) caused a slight repression in GLUT4 gene
expression in the liver of rats, whereas aqueous extract
at 100 mg/kg (0.545+0.05) as well as the ethanol extract
at 30 mg/kg bw (0.545+0.05) showed no significant
difference when compared with control (0.55+0.02).

Saponins (0.95+0.05), flavonoids (0.75+0.03), and
tannins (0.81+0.02) fractions of C. citratus at 30 pg/kg bw
levels did not significantly alter KCIN5 gene expression
as the levels observed were statistically similar to control
(0.97+0.05).

DISCUSSION

Insulin affects fuel metabolism by the stimulation of
glycolysis, glycogenesis, and lipogenesis as well as
inhibition of gluconeogenesis, glycogenolysis, and
lipolysis (Zhao et al., 2017). The mechanism of insulin
action on carbohydrate metabolism occurs when glucose

concentration is higher, such as after eating (Najjar and
Perdomo, 2019). Insulin secreted by B-cells into the blood
stream promotes glycolysis to lower elevated glucose
levels by removal of glucose from blood stream to most
body cells causing its storage, and used by almost all
tissues of the body directly (Giugliano et al., 2019).
Alteration or reduction in the activities of insulin termed
insulin resistance often results to type 2 diabetes
(Demircik et al., 2019), and has been linked with both
genetic and environmental factors (Giugliano et al.,
2019). This may lead to blockage in the biochemical
pathways, by which glucose uptake and metabolism by
the cells occurs (Kuzulugil et al.,, 2019; Athyros et al.,
2020).

The relationship between insulin and glucagon like-
peptide-1 (GLP-1) has been established and explained
through scientific research-based evidences. GLP-1, as
an incretin, functions by potentiating the secretion of
insulin after meal ingestion in a glucose-dependent
manner, exerting its insulinotropic actions through distinct
G-protein-coupled receptors that is highly expressed on
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islet B-cells (Nauck and Meier, 2019). The increase in
GLP-1 gene expression by C. citratus powder
administered rat complied with the reports of Steinert et
al. (2017) and Reimann and Gribble (2016), who
explained the secretory controls and physiological roles
of GLP-1 in eating and glycemia in health, obesity.

The mechanism of action of GLP-1, a product of the
pre-proglucagon gene, is often based on its released
from L cells in the intestine upon food intake and potently
activate the release of insulin from pancreatic 3-cells in a
glucose-dependent manner in both normal and type 2
diabetic subjects (Modvig et al., 2019). Type 2 diabetes
mellitus is usually as a result of defect in insulin secretion
and peripheral insulin resistance, thus, therapies based
on the incretin, glucagon-like peptide 1 (GLP-1) may be
important treatment options for type 2 diabetes (Psichas
et al., 2017). This is because they act through a variety of
complementary mechanisms, through an increase in the
amount of insulin released from beta cells in the
pancreas following ingestion of food. Interestingly, a
number of additional effects of GLP-1 on the pancreas
have been observed to include stimulation of insulin
biosynthesis and growth of 3-cell mass (Psichas et al.,
2017). Thus, GLP-1 may play a vital role in both
glycaemic treatment of type 2 diabetes and potentially
prevent or delay the progression of diseases.

The current understanding is that GLP-1 stimulates
insulin exocytosis. Christiansen et al. (2019) reported that
GLP-1 resulted in the increase in immunoreactive insulin
content, by lowering postprandial hyperglycemia via three
independent mechanisms, which include increased
insulin secretion, inhibition of glucagon release, and
inhibition of gastrointestinal motility. GLP-1 treatment
corrects several of the fundamental defects in diabetic -
cell function through its insulinotropic activities (Holst et
al., 2019). It can be said that the activation of GLP-1
genes by C. citratus powder and ethanol extracts may
produce hypoglycaemic/antidiabetic effects by causing
significant improvements in glycemic control through the
release of insulin.

The progressive effect of the whole plant, solvent
extracts, and phytochemical fractions of C. citratus on
GLP-1 gene expression implies a progressive decline in
the gene activation and activities. In fact, it can be
deduced that the bioactive components that promote
GLP-1 release reside outside the saponins, flavonoids,
and tannins fractions. Several studies have corroborated
the finding that specific biological activities of plant
extracts are reduced when such extracts are fractionated
further (Alema et al., 2020; Meresa et al., 2017; Taye et
al., 2020). It can therefore be concluded that the whole
plant of C. citratus potentiates GLP-1 gene up-regulation
better than its extracts or individual phytochemical
fractions. The significant increase in the expression of
insulin gene occasioned by the administration of aqueous
and ethanol extracts of C. citratus attested to the
insulinotrophic effect of this plant. The flavonoid enriched

fractions of this plant also caused significant increase in
insulin gene expression; while saponins and tannins did
not alter the expression of this gene. This clearly implies
that C. citratus may initiate and potentiate hypoglycaemia
by improving insulin secretion, an effect that is still
retained in the flavonoid fractions (Reyes et al., 2017;
Leonidas et al., 2017). It is not farfetched to suggest that
the antioxidant properties of flavonoids may confer
protective effects on pancreatic beta cells and thus
optimize its ability to produce enough insulin needed by
the body (Abotaleb et al., 2018; Kawser et al., 2016;
Tanveer et al., 2017).

This study, also investigated the effect of C. citratus on
GLUT-4 gene expression in liver cells in order to
elucidate the molecular basis of its anti-diabetic potential.
The transportation of glucose down its concentration
gradient is mediated by members of the facilitative
glucose transporter (GLUT) families, which are often
expressed on the plasma membrane of all cells (Vargas
et al., 2021). Insulin increases glucose uptake rate
majorly by stimulating the translocation of the GLUT-4
isoforms from intercellular pools to the surface of cell
membrane by increasing rate of glucose transport
(Rashmi and Manonmani, 2020). So, it can be said that
the effect(s) of C. citratus (especially the 100 mg/kg bw
ethanol extract) to up regulate GLUT-4 may be useful for
treatment of insulin insufficiency or insulin resistance.
This up-regulation of the GLUT-4 gene by C. citratus
ethanol extract leads to increased expression of GLUT-4
gene in treated animals, which provides strong
indications that this extract will not only boost insulin level
but will provide the channel for efficient tissue
assimilation and usage of glucose.

These findings are in agreement with the results of
Sleman et al. (2018) and Rashmi and Manonmani (2020),
who reported that Teucrium polium extracts stimulate
GLUT4 translocation to the plasma membrane in rats.
Any disorder in KCNJ5 expression results to glucose
intolerance or overt diabetes mellitus (Vargas et al.,
2021), since the product of this gene increases insulin
secretion.

Conclusion

The administration of C. citratus potentiated several
insulinotrophic pathways. The ability of this plant to up-
regulate the expression of insulin, GLP-1, and GLUT-4
genes indicates several therapeutic interventions for
hyperglycaemia. General comparism of the results
obtained from the different administered samples
suggests a decline in insulinotrphic effects from whole
plants to whole solvent extracts to isolated
phytochemical. It could therefore be concluded, at least
for GLP-1 gene expression, that the entire array of
phytochemicals present in the whole plant may produce
better insulonotrophic effect.
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