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Abstract

NADPH-cytochrome P450 reductase (CPR) is a key enzyme transferring electrons to cytochrome P450. In tomatoes
(Solanum lycopersicum), two CPR genes, SICPRT and SICPR2, were identified. In all the tested tomato tissues, SICPR2
showed higher expression levels than SICPR1. SICPR2 expression increased significantly with jasmonic acid treat-
ment. No significant changes were observed with salicylic acid or drought stress treatment. The cDNA of SICPRs were
expressed in Escherichia coli without any amino acid modification. And the heterologously expressed SICPR enzymes
were reacted with several protein and chemical substrates. SICPR2 was more active than SICPR1. Both SICPR1

and SICPR2 exhibited strong activity across a pH range of 6.0 to 9.0, with peak activity at pH 8.0. The study opens pos-
sibilities for CPR control, biocatalyst development, and exploring oxidase enzyme functions.
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Introduction

NADPH-cytochrome P450 reductase (CPR) consists of
two domains—one with a binding site for flavin adenine
dinucleotide (FAD) and nicotinamide adenine dinucleo-
tide phosphate (NADPH) and another with a binding
site for flavin mononucleotide (FMN) [33]. To perform
its function, CPR requires the presence of NADPH and
the cofactors FAD and FMN. NADPH is the reduced
form of NADP +and acts as a cofactor for flavin proteins,
and FAD and FMN are flavin proteins that exist in vari-
ous redox forms and can control electron movement. The
electrons provided by NADPH are transferred to FAD
and FMN in order, and finally, the electrons required for
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the reduction reaction are transferred [24, 36]. CPR is
known to transfer electrons to diverse enzymes such as
oxygenase [9, 14] and fatty acid elongase [10]. It has also
been reported to react with various chemicals such as
cytochrome b [3], cytochrome c [35], 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) [17],
5-cyano-2,3-ditolyltetrazolium chloride (CTC) [15], and
ferricyanide [8].

Animals mostly possess a single CPR, which is cru-
cial for normal development and survival. Studies in
mice have shown that CPR can induce lethal traits if not
expressed properly during embryogenesis [32]. Further-
more, a reduction in CPR expression negatively impacts
growth and reproductive capacity [37]. Similarly, in
humans, insufficient CPR expression can lead to deterio-
ration in reproductive function. In more severe cases of
CPR deficiency, additional complications, such as intel-
lectual disability and abnormalities in skeletal develop-
ment, may arise [4].

Higher plants have been observed to possess two or
three CPRs. Several plant species, including arabidopsis
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(Arabidopsis thaliana) [34], hot pepper (Capsicum ann-
uum) [17], Indian ginseng (Withania somnifera) [29],
cotton (Gossypium hirsutum) [38], periwinkle (Catharan-
thus roseus) [26], and legumes (Medicago truncatula and
Lotus japonicus) [11] have two CPRs. Additionally, spe-
cies such as hybrid poplar [30] and rice (Oryza sativa)
[27] are known to have three CPRs. It has been hypothe-
sized that, unlike animals, plants have multiple CPRs due
to the presence of a greater diversity of oxygenases and
their involvement in various biological reactions [30, 35].

Plant CPRs can be classified into two classes: class I
and class II. Class I CPR exhibits similar expression pat-
terns in various plant tissues and is mostly involved in
primary metabolic processes [12, 34]. Class II CPR has a
long membrane anchor at the N-terminus and serves dif-
ferent functions related to plant adaptation and defense
responses. Class II CPR is typically induced and upregu-
lated under stress conditions such as pathogen attack and
abiotic stresses. Its expression is triggered as part of the
plant’s defense mechanisms to combat these stresses [21,
26].

Analysis of the tomato genome revealed the presence
of two CPRs. In this study, we investigated the expression
patterns of these two CPR genes in tomato tissues and
under stress conditions and examined the intercellular
localization of these CPRs. To gain a better understand-
ing of the CPR enzymes, we heterologously expressed the
enzymes in Escherichia coli and isolated. Enzyme charac-
teristics were investigated by confirming their reactivity
with various substrates and measuring the protein activ-
ity under various conditions.

Materials and methods

Plant culture conditions and stress treatments

Tomato plants (Solanum lycopersicum cv. Micro-tom)
were grown in the soil of an incubation room maintained
at 22-26 °C and 16:8 h light:dark conditions. Tomato
roots, leaves, flowers, and fruits at various ripening
stages were sampled from more than five plants in one
repeat, and a total of three independent repeats were
performed. When the fourth true leaves of the tomatoes
developed, the plants were sprayed with 80 uM salicylic
acid (SA) or 80 uM jasmonic acid (JA) to induce stress
responses. As a control group for each experiment, the
same amount of water with 0.4% EtOH (SA) or water
(JA) was sprayed, and leaves were obtained 1, 3, and 6 h
after treatment. Similary, drought stress was treated by
stopping irrigation, which was performed three times a
week, and tomato plants with 4-5 leaves were used. Sub-
sequently, samples were obtained after 2, 4, and 10 days.
These experiments were repeated twice with a pooling
of three plants per repeat. Tobacco plants (Nicotiana
benthamiana) were grown under the same conditions as
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the tomato plants and were used for subcellular localiza-
tion of the CPRs 3—4 weeks after germination.

cDNA cloning and quantitative real-time PCR

Total RNA was isolated from tomato tissues using the
RNeasy Plant Mini Kit (Qiagen, USA) and ¢cDNA was
synthesized using QuantiTect Reverse Transcription Kit
(Qiagen, USA) according to the manufacturer’s direc-
tions. The cDNAs of SICPRs were amplified using specific
primer sets (SICPRI; BamHI_SICPR1_F: 5’—GGA TCC
ATG GAG TCG AGT TTG GAG—3’, SICPR1_Sacl_R:
5—GAG CTC TTA CCA CAC ATC CC—3’, SICPR2;
BamHI-SICPR2_F: 5'—GGA TCC ATG GAT TCT ACA
TCA GAA AAG C-3] SICPR2_Sacl_R: 5—GAG CTC
TTA CCA CAC ATC AC—3). The synthesized cDNA
was cloned into vectors for experiments.

To compare the expression levels of the SICPRs in
tomato tissues, real-time PCR was performed using
QuantiNova SYBR green kit (QIAGEN, Germany) or
AMPIGENE qPCR Green Mix Hi-ROX kit (ENZO, USA)
according to the manufacturer’s directions. The PCR con-
ditions were as follows: 95 °C for 7 min, followed by 40
cycles at 95 °C for 20 s, 56 °C for 20 s, and 72 °C for 30 s.
The tomato actin gene (ACTIN, Solyc04g011500) was
used as the reference gene. The samples were analyzed
in three technical repeats, three biological repeats for
various tissue expressions. For analysis of gene expres-
sion under stress conditions, Glucan endo-1,3-beta-glu-
cosidase B (SIGIuB) [39], oxophytodienoate reductase 3
(SIOPR3) [23], and ABA-response element binding factor
1 (SIAREBI) [5] were used as marker genes for SA, JA,
and drought stress treated, respectively. The samples
were analyzed in three technical repeats and two bio-
logical repeats for stress response. The mRNA expression
levels were normalized and calculated used the compara-
tive C; method using the housekeeping gene ACTIN as
an internal control. The primer sets used for this study
have similar PCR efficiency. Sequence information of the
primers were presented in Additional file 1: Data S2.

Protein tertiary structure prediction

The three-dimensional protein structure of SICPRs was
predicted using the amino acid sequences obtained by
translating the tomato cDNA sequence. Analysis of the
transmembrane helices was performed using TMHMM-
2.0 (Transmembrane prediction using Hidden Markov
Models, TMHMM;  https://services.healthtech.dtu.
dk/services/TMHMM-2.0/). And the SWISS-MODEL
(https://swissmodel.expasy.org/interactive) was used for
predicting the tertiary structure of the protein, and the
template used was one with high sequence identity and
coverage among CPRs of other species created by the
AlphaFold2 method.


https://services.healthtech.dtu.dk/services/TMHMM-2.0/
https://services.healthtech.dtu.dk/services/TMHMM-2.0/
https://swissmodel.expasy.org/interactive

Choi et al. Applied Biological Chemistry (2023) 66:92

Subcellular localization

Agrobacterium tumefaciens strain GV3101 (GV3101) was
transformed with the pBIN recombinant plasmid con-
taining mCherry, showing endoplasmic reticulum (ER)-
specific expression, and the pBI121 recombinant plasmid
containing enhanced green fluorescent protein (EGFP),
SICPR1-EGFP, and SICPR2-EGFP (Additional file 1: Data
S3), and then cultivated. After primary culture in Yeast
Extract Peptone (YEP) media, the bacteria were sus-
pended in 10 mM MgCl, with 200 pM acetosyringone to
obtain a value of 0.7 at ODy, Mixtures of ER-targeting
mCherry strains with P19, the silencing suppressor [1],
mixed with 35S EGFP, SICPR1-EGEFP, and SICPR2-EGFP
strains, respectively, were used for transient expression
(agroinfiltration) through the abaxial side of tobacco
leaves using a 1 mL needless syringe.

Three days after tobacco transformation using GV3101,
tobacco leaves were cut to a size of approximately
1 cmXx1 cm and microscopic specimens were prepared.
The fluorescence expressed in cells was confirmed
using a spectral confocal laser scanning TCS-SPE (Leica
Microsystems, Germany) in a dark room. In the case
of EGFP, fluorescence was confirmed under excitation
and emission wavelengths of 488 nm and 500-550 nm,
respectively. In the case of mCherry, fluorescence was
confirmed under excitation and emission wavelengths of
561 nm and 605—-630 nm, respectively.

Induction and purification of CPR proteins

To produce SICPR proteins, the E. coli Rosetta (DE3)
pLysS strain was transformed individually with the pET
(+28a) vector containing each SICPR gene (Additional
file 1: Data S3) and incubated with isopropyl p-d-1-
thiogalactopyranoside (IPTG) at 32 °C for 24 h. Then, the
culture media were centrifuged at 3500 rpm for 30 min
at 4 °C to harvest cells. SICPR proteins were purified fol-
lowing the method presented in a previous study [17].
Proteins were extracted using a 2’5-ADP-sepharose col-
umn (GE Heathcare, USA) and a Biologic LP instrument
(Longer Precision Pump, China) and then concentrated
using an Amicon Ultra-15 Centrifugal Filter (Millipore,
USA). The size of the isolated proteins was confirmed
using 8% sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and the concentration of
active proteins was determined using cytochrome c [6].

Measurement of the reaction between the SICPR proteins
and substrates

To measure activity, CPR and substrates were reacted
in the presence of NADPH. The reactions of MTT [17],
CTC [15], and ferricyanide [8], the chemical substrates
of CPR, with cytochrome ¢ [35], a protein substrate,
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were observed using a spectrophotometer (Shimadzu-
UV-1601). A mix containing 10 nM SICPR protein and
substrates (MTT, CTC, or ferricyanide, 0-500 pM;
cytochrome ¢, 0-100 uM) in 100 mM potassium phos-
phate buffer (CTC, pH 7.4; others, pH 7.6) was measured
at the wavelength at which each substrate reacted (MTT,
610 nm; CTC, 450 nm; ferricyanide, 420 nm; cytochrome
¢, 550 nm). Then, the amount of reactants formed
according to the concentration of each substrate was cal-
culated using the extinction coefficient of each substrate.
Kinetic parameters (K, and K|,) were calculated through
nonlinear regression analysis and asymmetric sigmoidal
analysis using GraphPad Prism (https://www.graphpad.
com/).

pH activity and thermal stability of the SICPR proteins

To find out the optimal pH range for SICPR protein
activity, a potassium phosphate buffer ranging from pH
6.0 to 9.0 was prepared and the MTT assay was per-
formed. A mixture containing each buffer, 10 uyM MTT,
and 10 nM SICPR was placed in a cuvette, which was
zeroed at 610 nm using a spectrophotometer, and the
absorbance was continuously measured after adding
100 uM NADPH. The reduced MTT formed at each pH
was measured and calculated based on the change in
absorbance.

The thermal stability of the SICPR proteins was tested
as described previously [17], with slight modifications.
The SICPR proteins were heat-treated at temperatures
ranging from 26 °C to 70 °C for 10 min and then at 4 °C
for 5 min using PCR equipment before the MTT assay
was performed. The activity of the heat-treated proteins
was expressed in percentage, with the activity of the pro-
tein reacted at 26 °C being 100%.

Results

Isolation of CPR genes from tomato

Investigation of the tomato genome database (http://
solegenomice.net) confirmed that there are two different
CPRs—s0lyc04g076380 and solyc07g019460. The cDNAs
of the two genes were isolated from tomato (S. lycopersi-
cum cv. Micro-Tom) through RT-PCR.

CPR can be broadly categorized into two classes based
on the length of the N-terminal anchor. The group with
a 20-30 shorter amino acid anchor is classified as class
I, while the other belongs to class II. After translating the
amino acid sequence based on the cDNA information of
the solyc04g076380 and solyc07g019460 genes and per-
forming alignment analysis using CPR sequences of vari-
ous plant species, it was determined that solyc04g076380
belongs to class I, whereas solyc07g019460 belongs to
class II; therefore, they were named SICPRI and SICPR2,
respectively (Fig. 1).
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Fig. 1 Phylogenetic analysis of SICPRs and other reported plant CPRs.
The neighbor-joining phylogram was constructed using MEGA X
software [16]. The numbers next to each node are bootstrap values
from 1000 replicates, and values higher than 50 are indicated.

These two SICPRs exhibited high similarity to the
CPRs found in Solanaceae plants. Upon analyzing the
functional domains of CPR1 and CPR2, it was observed
that the sequences of the FMN, FAD, and NADPH
binding domains were highly conserved (Additional
file 1: Data S1). This finding indicates that these impor-
tant functional domains involved in electron transfer
are preserved in both SICPR1 and SICPR2, suggesting
their crucial roles in catalytic activity and interaction
with oxygenases.

The NCBI accession numbers of the CPRs
are as follows: AtCPR1 (NP_194183), AtCPR2
(NP_194750), CaCPR1 (NP 001311873.1), CaCPR2

(XP_016580172.1),  StCPRa  (XP_006338052.1),
GuCPR1 (AUGY98241.1), GuCPR2 (QCZ35624.1),
SICPR1 (XP_004238001.1), SICPR2 (XP_004242931.1),
LiCPR2 (BAG68945.1), MtCPR1 (XP_003602898.1),
MtCPR2 (XP_003610109.1), NtCPRa
(XP_016436428.1),  NtCPRb  (XP_016454942.1),
OsCPR1 (XP_015636692.1), OsCPR2
(XP_015650780.1),  OsCPR3  (XP_015651232.1),
ZmCPR1 (NP_001346444.1), and ZmCPRb
(XP_008653023.1).

At, Arabidopsis thaliana; Ca, Capsicum annuum; Gu,
Glycyrrhiza uralensis; SI, Solanum lycopersicum; St,
Solanum tuberosum; Lj, Lotus japonicus; Mt, Medicago
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Fig. 2 Relative mRNA expression levels of SICPRs in various tissues
and fruit ripening stages. Quantitative real-time PCR was performed
using tomato (S. lycopersicum cv. Micro-tom) root, leaf, flower,

and fruits. Transcript levels were normalized using the tomato
ACTIN gene as an internal control. Each bar represents the mean
and standard error. IM, Immature green stage, MG Mature green
stage, BK Breakers stage, PR Pink and Red stage, RR Ripening Red
stage
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truncatula; Nt, Nicotiana tabacum; Os, Oryza sativa;
Zm, Zea mays.

Expression levels of SICPRT and SICPR2 in tomato

The expression levels of SICPRI and SICPR2 were deter-
mined through mRNA expression analysis (Fig. 2). In all
tested tissues, the expression of SICPR2 was higher than
that of SICPRI. Both genes displayed higher expression in
leaf and flower tissues than in fruits. These results sug-
gest that the two SICPR genes display similar expression
patterns but with varying expression levels.

To examine the expression patterns of the two SICPR
genes under various conditions, tomato plants were
divided into three distinct groups: one group was treated
with the stress-related hormone SA, another with the
stress-related hormone JA, and a third group was sub-
jected to drought stress. The effectiveness of the differ-
ent stress treatments was verified using GluB, OPR3, and
AREBI as markers for SA, JA, and drought stress, respec-
tively (Fig. 3). SICPRI showed no significant change in
expression levels across these stress treatments. On the
other hand, SICPR2 showed a significant increase in gene
expression only under JA treatment, suggesting that JA
specifically induces the upregulation of SICPR2.

Structure and subcellular localization of SICPRs

Analysis of the transmembrane helices of the two pro-
teins and prediction of their tertiary structures revealed
that there is a membrane anchor domain at the N-ter-
minus of the amino acid sequences of the SICPRs
(Additional file 1: Data S4, Fig. 4A). Thus, the subcellu-
lar localization of CPR was determined by fusing EGFP
to the C-terminal end of CPR. The experimental results
showed that the CPR-EGFP fusion protein was predomi-
nantly localized on the ER membrane, supporting the



Choi et al. Applied Biological Chemistry

>

SICPR1

(2023) 66:92

SICPR2

Relative mMRNA expression level

SA

Relative mRNA expression level

Relative mRNA expression level

1h 3h 6h 1h 3h 6h 1h 3h 6h 1h 3h 6h
mock treat mock treat
JA
T T
1Ih 3Ih 6lh 1h 3h 6h
mock mock treat
Drought
o il T
% |
1| A% %7
Nm:cke treat‘o- mock treat

Relative mRNA expression level w

Relative mRNA expression level

Relative mRNA expression level

Page 5 of 10
SIGIluB
T
ns
I 1 1 1 1 7
1h 3h 6h 1h 3h 6h
mock treat
SIOPR3
e il
W 1 1 1
1h 3h 6h 1h 3h 6h
mock treat
SIAREB
ns
l;s’-l1
| 1 1 1 1 1
T T T T T T
N ¥ O N ¥ S
mock treat

Fig. 3 Relative mRNA expression levels of SICPRs in tomato leaves under stress conditions. Expression patterns of SICPRs A, and each stress marker
gene B in stress-treated tomatoes. The transcript levels of the stress-treated samples were normalized using the tomato ACTIN gene as an internal
control. Each reaction was expressed as a relative value for 1 h of mock (SA or JA) or 2 days of mock (drought). Each bar represents the mean

and standard error. ANOVA was tested using the Bonferroni method and marked as follows: ns, p > 0.05; *, p < 0.05; **

L p<001;** p<0.001.
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Fig. 4 Tertiary structure prediction and subcellular localization in tobaccos of SICPRs. A, Diagrams presenting the predicted tertiary structures
of the two SICPRs. The protein structures were predicted using SWISS-MODEL, with a rainbow coloring gradient from the N-terminal (blue)

to the C-terminal (red). The predicted transmembrane sites are indicated using gray dots. B, Confocal microscopy images of N. benthamiana
epidermal cells. A 35S promoter was used for all vectors, and CPRs were linked to the N-terminus of EGFP and expressed (in green). The
endoplasmic reticulum was labeled in red. The EGFP and mCherry signals were individually captured through the green and red channels,
respectively. Yellow in the overlay images indicates co-localization. Scale bar: 20 um.

hypothesis that CPR exists primarily on the ER mem-
brane (Fig. 4B).

Enzymatic activities of SICPRs toward substrates

To examine the enzymatic activities, SICPR1 and SICPR2
were expressed in E. coli and, subsequently, isolated and
purified. The membrane fractions containing the SICPRs
were solubilized, and the SICPR proteins were purified
using affinity chromatography. Upon analysis using SDS-
PAGE, the purified SICPR1 protein displayed a band at
the expected molecular weight of 76 kDa and the SICPR2
protein showed a band at the expected molecular weight
of 79 kDa (Fig. 5).

To assess the catalytic activity of the SICPRs, the puri-
fied proteins were reacted with substrates such as MTT,
CTC, ferricyanide, and cytochrome c. The formation of
reaction products was measured at various substrate con-
centrations to calculate the kinetic parameters (Table 1,
Additional file 1: Data S5) K, (turnover number) and
K, (substrate concentration at half-maximal veloc-
ity). Both SICPR1 and SICPR2 exhibited high K, with
the substrates; K, was highest with ferricyanide, fol-
lowed by cytochrome ¢, MTT, and CTC for SICPR1, and
MTT, cytochrome ¢, and CTC for SICPR?2, in that order.
SICPR2 displayed a higher catalytic efficiency (K_,,/K,,)
than SICPR1 for all tested substrates. Particularly, when
reacted with MTT, SICPR2 exhibited approximately five

kba M S1 82

170
130

95

70
56

43

35

Fig. 5 SDS-PAGE of SICPR1 and SICPR2. Escherichia coli expressing
SICPR proteins were isolated and SDS-PAGE was performed. The
SDS-PAGE gel was stained with Coomassie Brilliant Blue R250. M,
protein marker; S1, isolated SICPR1 protein; S2, isolated SICPR2
protein.

times higher catalytic efficiency than SICPRI. These
findings highlight the differential catalytic efficiencies of
SICPR1 and SICPR?2, suggesting variations in their ability
to efficiently transfer electrons to different substrates.
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Table 1 Kinetic parameters of MTT, ferricyanide, CTC, and cytochrome ¢ reduction by the SICPRs

SICPR1 SICPR2

Kcat (s™") Km (uM) Kcat/Km Kcat(s™") Km (uM) Kcat/Km
MTT 494+2.1 263+4.1 1.88 147£25 13.7£092 10.7
CTC 253+0.64 206+2.1 1.23 30.7+0.95 22.7+29 1.35
Ferricyanide 228+65 117+9.1 1.95 282+56 21.2+1.7 133
Cytochrome ¢ 519+2.1 24.2+1.0% 214 91.8+0.81 24.6+0.23* 373

Kinetic parameters were studied through the reaction of the two SICPRs with different concentrations of substrates (MTT, CTC, and ferricyanide, 0-500 uM;
cytochrome ¢, 0-100 pM). The values for MTT, CTC, and ferricyanide were calculated through non-linear regression analysis of Michaelis—Menten plots and those for
cytochrome ¢ were calculated through asymmetric sigmoidal analysis, using the respective substrate coefficients. The values are presented as mean and standard

errors of three repeats. *Shows K; , instead of K|
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Fig. 6 Effect of pH and temperature on the reactivity of SICPR1 and SICPR2 with MTT. A, The reactivity of SICPR1 and SICPR2 in the pH range
of 6.0 to 9.0. B, Thermal stability of SICPR1 and SICPR2. Proteins were incubated at temperatures ranging from 26 to 70 °C using a PCR device. The
activity of the enzymes was presented as 100% when the proteins were reacted at 26 °C. Each bar and dot represents the mean and standard error,

respectively.

Optimal pH and thermal stability of the SICPRs

The reactivity of the SICPRs with MTT was investigated
across a pH range of 6.0 to 9.0 to determine the opti-
mal pH condition for the activity of the two SICPRs.
Both SICPR1 and SICPR2 exhibited high activity within
this pH range, and their activities gradually increased as
the pH increased. The highest activity was observed at
around pH 8.0. Importantly, even at pH 9.0, the activity
of SICPR1 was maintained at approximately 83%, and the
activity of SICPR2 was maintained at approximately 97%,
compared to that at pH 8.0. These findings demonstrate
that both SICPR1 and SICPR2 are capable of function-
ing effectively and maintaining high activity over a wide
pH range, indicating their stability and adaptability under
different pH conditions (Fig. 6A).

The thermal stability of SICPR1 was assessed by deter-
mining its Ts, value, which represents the temperature
at which the enzyme retains 50% of its activity. The Ty,
values of SICPR1 and SICPR2 were determined to be
48+0.7 °C and 44+1.0 °C, respectively. Both SICPRs
exhibited a gradual decrease in activity beyond 30 °C and

became completely inactive at 60°C. The thermal stability
of the two enzymes was similar (Fig. 6B).

Discussion
The gene expression patterns of SICPRI and SICPR2
in different tomato tissues and fruit ripening stages
revealed that the two genes displayed similar expres-
sion patterns but with varying expression levels. Specifi-
cally, the expression of SICPR2 was higher than that of
SICPRI (Fig. 2). These results differ from those obtained
from analyzing CPR expression in closely related species
such as hot pepper. In hot pepper, the expression of class
I CPR (CaCPRI) was higher than that of class II CPR
(CaCPR2) in all tested tissues [17]. Furthermore, heterol-
ogous expression of the CaCPR2 did not exhibit activity,
unlike SICPR2 (data not shown). Given that plants have
evolved diverse adaptation mechanisms in response to
their environment, it is speculated that the characteris-
tics of CPR may differ among closely related species.

The expression patterns of CPRs in tomatoes under
various stress conditions revealed that the expression
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of SICPRI remained largely unchanged, whereas that of
SICPR2 was induced specifically by JA treatment (Fig. 3).
This finding aligns with the characteristics of SICPR2,
which is a class II CPR, in contrast to SICPR1, which is a
class I CPR. Class II CPR is known to play a role in plant
adaptation and defense responses [25, 26]. Similar obser-
vations have been made in other plant species as well. For
instance, in arabidopsis, only the expression of AtCPR2
increased upon wounding and treatment with herbicides
[21, 34]. Similarly, in cotton, the expression of GECPR2
was elevated in response to wounding [38]. In Indian gin-
seng, the expression of WsCPR2 was strongly induced
by methyl JA but only weakly induced by SA [29]. These
reports suggest that the expression of class II CPRs can
be induced by various stresses, but the stress to which it
responds sensitively may vary depending on the species.

Both SICPR1 and SICPR2 exhibited high levels of activ-
ity across a broad range of pH conditions (Fig. 6). These
findings are consistent with those of a previous study
that investigated the pH stability of rat CPR and CaCPR1
[17]. The pH stability of CaCPR1 was found to be higher
than that of rat CPR. Since pH stability may be related
to the structure of the protein, the protein structure of
rat CPR was predicted with Alphafold2, and tomato and
pepper CPR were predicted with SWISS-MODEL. The
structures of the functional domain of electron transfer
in the these CPRs are similar to those of SICPRs shown in
Fig. 4. The region that differed significantly was the mem-
brane anchor region preceding the FMN binding domain.
The helical structure of the membrane anchor domain of
rat CPRs was found to be shorter than that of CaCPRs
and SICPRs. However, changes in protein stability due
to structural differences in this region have not yet been
clearly studied, so it will be need to investigate the rela-
tionship through other studies in the future.

Additionally, the ability of plant CPRs to maintain sta-
bility over a wider pH range than animal CPRs may be
attributed to the unique characteristics of plant cells.
Plant cells contain multiple organelles with varying pH
values [2, 7]. pH variations have been observed during
specific plant processes, such as root hair growth and
pollen tube elongation, stomatal closure in guard cells,
and plant—pathogen interactions [28]. The study of pH
changes induced by intracellular signals or stress has
been conducted in a cell- or tissue-specific manner across
various plant species, highlighting the significance of
maintaining protein activity under wide pH conditions.
The ability of CPR enzymes to maintain stability over a
wide pH range holds promise for their industrial applica-
tions, especially considering the involvement of partner
enzymes in the synthesis of various valuable metabolites.

Moreover, this research opens up possibilities for inves-
tigating the functions of numerous oxygenase enzymes,
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including cytochrome P450s and heme oxygenases.
These oxygenases are involved in various biological pro-
cesses in organisms. In plants, they play an important
role in primary and secondary metabolisms, biosynthesis
and mechanism of hormones and signal transducers, and
defense mechanisms [13, 18-20, 22, 31]. Therefore, the
control and manipulation of CPRs acting on oxygenases
could be used as a technique to modify various aspects
of plant physiology, allowing for the potential editing of
plant properties and the development of biocatalysts.
These studies can help in the exploration of natural plant
compounds with potential applications in medicine, anti-
biotic alternatives, dietary supplements, and cosmetics.
Furthermore, research on the widely utilized crops in the
agricultural and livestock industries will contribute to the
development of resilient crops capable of withstanding
diverse biotic and abiotic stresses, increasing production,
or possessing enhanced utility value.

In summary, two CPR genes were identified through
the sequencing of the tomato genome, and they exhib-
ited conserved FMN, FAD and NADPH binding domain
sequences. The expression of SICPR2 was induced by
JA treatment. Subcellular localization indicated that the
SICPRs were predominantly expressed in the ER of plant
cells. The SICPRs were expressed in E. coli, isolated, puri-
fied, and reacted with various substrates such as MTT,
CTC, ferricyanide, and cytochrome c¢. Both SICPRs
exhibited high activity with the tested substrates, and
SICPR2 showed greater reactivity than SICPR1. Further-
more, both SICPRs exhibited high enzymatic activity
over a wide range of pH conditions.
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