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Abstract

Cytochrome P450 reductase (CPR) is a membrane anchored enzyme in the endo-
plasmic reticulum (ER) which shuttles electrons from NADPH to cytochrome
P450 (CYP) enzymes via FAD and FMN co-factors. CPRs constitute a small pro-
tein family that include one to four members (e.g., one in humans and mammals
and three in Sorghum bicolor). They partner with a large number of CYP pro-
teins involved in the biosynthesis of key plant metabolites, such as CYP71AV1
involved in artemisinin biosynthesis within Artemisia annua. To date, although
the functions of yeast, human, and mammal CPRs have been comprehensively
characterised, their functions among plant homologues remain more understud-
ied. The findings presented here are integrated with published data to provide an
updated overview of the plant CPR gene family, focusing on their evolution, pref-
erences in plant primary and secondary metabolism, the functional contributions
of their various domains, and the influence of the connecting domain and hinge
on conformational dynamics. Although CPR1 and CPR2 have been reported to
involve plant primary and secondary metabolism, the phylogenetic analyses pre-
sented here suggest that the current classification of some CPR members requires
re-evaluation to better resolve their evolutionary relationships and functional
divergence. The length and amino acid composition of the hinge and its contribu-
tions to conformational flexibility are also discussed. Available evidence indicates
that the structural properties of the CPR hinge is a critical determinant of CPR
conformational ability, thus influencing the efficiency of electron transfer to CYP



enzymes. In summary, this updated synthesis provides new insights into the evo-
lution, structure, and functional diversification of plant CPRs and establishes a
framework for elucidating their roles in plant metabolism.
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1 Introduction

Plants are rich sources of metabolites, many of which are fundamental to human health
(Cheng et al., 2023; McClune et al., 2025; Miller, Hollatz, & Schuler, 2021; Parage et
al., 2016; Tiedge, Roda, Smith, & Moghe, 2025; Xie, Ma, Judd, & Jones, 2016). These
specialised metabolites play vital roles in plant reproduction and adaptation (e.g.
attraction of pollinators, defense against predators, and resistance to abiotic stresses
such as high UV radiation and drought) (Hamberger & Bak, 2013; Tiedge et al., 2025).
Given their importance, metabolic engineering of these plant compounds has been
extensively explored in a number of native and heterologous hosts (Brown, Clastre,
Courdavault, & O’Connor, 2015; R. Chen et al., 2022; Jennewein et al., 2005; Pad-
don & Keasling, 2014; Ro et al., 2008; Spivak et al., 2009; Van Den Brink, Van Zeijl,
Brons, Van Den Hondel, & Van Gorcom, 1995; Walters Biggs et al., 2016). Conse-
quently, numerous enzyme families, including cytochrome P450 (CYP) monooxygenase
and cytochrome P450 reductase (CPR), have been identified to catalyse various steps
within plant biosynthetic pathways (Z. Chang et al., 2018; X. Chen et al., 2014; Choi et
al., 2023; Gu et al., 2019; Hansen et al., 2018; Karunanithi et al., 2019; Khanom, Jang,
& Lee, 2019; Knosp et al., 2024; Krishnamurthy, Vishal, Bhal, & Kumar, 2021; X. Lu et
al., 2013; Mao, Seebeck, Schrenker, & Yu, 2013; Neunzig et al., 2013; Pastorczyk et al.,
2020; Sagwan-Barkdoll & Anterola, 2018; Sintupachee, Promden, Ngamrojanavanich,
Sitthithaworn, & De-Eknamkul, 2015; Teoh, Polichuk, Reed, Nowak, & Covello, 2006;
Urban, Mignotte, Delorme, & Pompon, 1997).

CYP enzymes comprise a superfamily involved in the oxygenation of various
metabolites (Hamberger & Bak, 2013; Nelson & Werck-Reichhart, 2011; Werck-
Reichhart, Nelson, & Renault, 2024). The expansion and neofunctionalisation of this
family throughout plant evolution has played a key role in diversifying the struc-
tures of plant metabolites (Hamberger & Bak, 2013; Nelson & Werck-Reichhart,
2011). Another defining characteristic of many CYPs is their close interaction with
associated reductase enzymes. For example, Class II CYPs from eukaryotes are
membrane anchored in the ER and characterised to be primarily functional via two-
electron reduction by a redox partner such as cytochrome P450 reductase (CPR), and
cytochrome b5 (CYB5) (which also functions as a CPR electron acceptor) (Ershov et
al., 2019; Iyanagi, Xia, & Kim, 2012; Warman et al., 2005).

CPRs are a small enzyme family with essential roles in all organisms. CPRs bind
the flavin molecules flavin adenine dinucleotide (FAD) and flavin mononucleotide
(FMN) and are thus related to other flavin containing proteins present across all taxa



(K. Jensen & Mpgller, 2010; Porter & Kasper, 1985). The basic similarities and archi-
tectural differences among diflavin reductases have been well summarised (Aigrain,
Fatemi, Frances, Lescop, & Truan, 2012; Iyanagi et al., 2012; Murataliev, Feyereisen,
& Walker, 2004). Based on their sequence similarity, CPRs and other diflavin enzymes
are predicted to be the result of an ancestral fusion between an FMN containing bac-
terial flavodoxin and FAD containing ferredoxin-NADP™ reductase (FNR) (Iyanagi et
al., 2012; Porter & Kasper, 1985). To date, three types of microbial diflavin enzymes
have been identified, including sulphite reductase (SiR) (Tavolieri et al., 2019) (found
also in some plants) (Kim, Nakayama, Toyota, Kurisu, & Hase, 2016), flavocytochrome
P450 BM3 (Warman et al., 2005), and a recent diflavin nitrate reductase (NasN)
from Muycolicibacterium smegmatis (refer Fig. 1) (Tan et al., 2020). In higher level
organisms, diflavin enzymes include methionine synthase reductase (MSR) and novel
reductase 1 (NR1), as well as endothelial, neuronal, and inducible nitric oxide syn-
thases (eNOS, nNOS, iNOS) (refer Fig. 1) (Haque et al., 2014; K. Jensen & Mpgller,
2010; Nair & Crane, 2026).

Due to their shared ancestry, diflavins possess conserved aromatic residues, which
lie planar to the isoalloxazine rings of FAD and FMN that are involved in electron
flux (refer Fig. 2) (Meints, Simtchouk, & Wolthers, 2013; Porter & Kasper, 1985;
Whitelaw, Tonkin, Meints, & Wolthers, 2015). In particular, FAD is gated by a C-
terminal tryptophan that displaces NADPH and NADP™ (refer Fig. 2, refer Fig. 3)
(Whitelaw et al., 2015). This effectively divides the steps of electron transfer (ET)
from NADPH to FAD and then from FADH; to FMN (refer Fig. 3) (Musumeci, Botti,
Buschiazzo, & Ceccarelli, 2011; Whitelaw et al., 2015).

The catalytic activity of numerous diflavin enzymes are predominantly NADPH-
dependent, which is consistent with their FNR evolutionary origins. NADPH pref-
erence is largely attributed to binding of the 2’-phosphate of the adenosine moiety
(2’-P-AMP) due to interactions with conserved arginine residues found throughout
microsomal FNR-type enzymes (Deng et al., 1999; Monchietti, Rivero, Ceccarelli, &
Catalano-Dupuy, 2021). While human MSR varies in amino acid composition at the
NADPH binding site, its catalytic preference for NADPH remains (Wolthers, Lou,
Toogood, Leys, & Scrutton, 2007). Thus, incorporation of FNR-derived sequences
concomitantly conserves a binding and catalytic preference for NADPH. This bio-
chemical feature was further substantiated by a NasN (refer Fig. 1) identified from M.
smegmatis (Tan et al., 2020).

Whereas most nitrate reductases from related and phylogenetically distant species
utilise NADH and contain either ferredoxin or single-flavin domains, NasN, which har-
bours a diflavin architecture, exhibits a greater catalytic preference for NADPH than
NADH (Tan et al., 2020). Additionally, compared with non NasN bacterial species,
NasN-expressing M. smegmatis possessed a higher oxygen tolerance and a higher
growth rate under aerobic conditions. These advantages allowed M. smegmatis to sur-
vive better than other microbes in nitrate-limited conditions (Tan et al., 2020). Such
outcomes likely resulted from the increased ET efficiency of the diflavin architecture.
This is because swift ET is facilitated by the presence of a connecting domain and flex-
ible hinge that tether the respective FMN and FAD binding regions close to each other
(refer Fig. 1) (Aigrain, Pompon, Moréra, & Truan, 2009; Iyanagi et al., 2012; Lamb
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Fig. 1 Summary of representative diflavin enzymes. Enzymes are ordered based on species descent,
not enzyme relatedness. SiR, NasN, P450 BM3, and the first NOS are all bacterial derived examples,
while MSR, NOS, and CPR are mammalian based. The CPR basic architecture is shared in plants.
Non-diflavin architectural units are coloured in purple and diflavin units are coloured in teal. Black
lines denote hinges and are exaggerated to highlight length as a distinguishing feature among the
SiR and MSR enzymes. Abbreviations: FMN = flavin mononucleotide binding domain, FAD = flavin
adenine dinucleotide binding domain, NADPH = NADPH binding domain, MGD = molybdopterin
guanine dinucleotide, DR = disordered region, CBD = calmodulin binding domain, C-ext = C-
terminal extension.

et al., 2006; Waskell & Kim, 2015). This moves the protein domains (e.g., NADPH/-
FAD and FMN binding domains) in a controlled manner to facilitate inter-domain and
inter-protein ET via transitions from closed to open conformational states (Iyanagi et
al., 2012).

A typical hinge/flexible linker among the diflavins is 12-15 amino acids long, but
MSR, and more recently, a bacterial SiR protein have been found with hinges up to 80
and 30 amino acids long, respectively (refer Fig. 1) (Aigrain et al., 2009; Haque et al.,
2014; Tavolieri et al., 2019; Wolthers et al., 2007). It is possible that these longer hinges
are required to accommodate the large, unique complexes that MSR and SiR form
with their respective oligomeric subunits: methionine synthase and sulphite reductase
flavoprotein (Tavolieri et al., 2019). For instance, a recent multimeric model of E. coli
SiR has proposed that its longer hinge facilitates highly variable protein conformations,
allowing for ET between multiple SiR proteins (Tavolieri et al., 2019). Elucidation of
crystal contacts led to a model of ET from NADPH to the FAD of SiR1 and to the FMN
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Fig. 2 Surface structure of ATR2, A. thaliana (5GXU). Missing residues 1-103 (N-terminal anchor),
262-304 (hinge + connecting domain), and 380-397 (connecting domain) were predicted via Colab-
Fold and integrated to the 5GXU crystal structure in ChimeraX through homology modelling. Grey:
N-terminal anchor and missing hinge/connecting domain residues. Dark purple: FMN binding domain.
Light purple: connecting domain. Yellow: FAD binding domain. Teal: NADPH binding domain. (A)
Complete ATR2 structure with cofactor-bound side facing out. (B) Complete ATR2 structure with
hinge side facing out. Residues 262-304 (hinge + connecting domain) are pictured as grey loops. (C)
Binding mode for NADPH. (D) Binding mode for FAD. The interfacing and conserved C-terminal
tryptophan from the NADPH domain (711) is in teal. (E) Binding mode for FMN. The interfacing
and conserved tyrosine (209) is situated above the isoalloxazine ring. (F) A linear diagram showing
domain arrangement corresponds to the domain colours in the protein models. The numbers above
indicate approximate amino acid positions of each domain. While the connecting domain and FAD
domain are intertwined in linear sequence, each forms a discrete domain in the protein structure.

of SiR2 which reduces the associated terminal protein acceptor (Tavolieri et al., 2019).
Structural modelling and biochemical analysis of MSR has led to a similar, albeit
less defined, interaction mechanism for its longer hinge (Bassila et al., 2017; Haque et
al., 2014; Wolthers et al., 2007). Like E. coli SiR, MSR possesses an extended open
conformation (Haque et al., 2014; Tavolieri et al., 2019). Additionally, its propensity



to dimerise and participate in a tightly integrated multi-protein metabolon, suggests
that MSR may also pass electrons between the domains of more than one protein
(Bassila et al., 2017; Wolthers et al., 2007).

The connecting domain, which follows the hinge, is an important structure next
to the FAD-binding region. This domain arises as an insertion within the FNR-like
module. Its presence results in an interruption of the FAD binding domain sequence,
which is a feature conserved across diflavin reductases, with modest variation in length
among family members (refer Fig. 2) (Iyanagi et al., 2012; Niu et al., 2017; Tavolieri
et al., 2019; Wolthers et al., 2007). Despite this apparent discontinuity in sequence,
structural studies of CPR show that the connecting domain and FAD-binding domain
fold into distinct, well-defined units (refer Fig. 2). Functionally, the connecting domain
contributes to the spatial organisation of the FMN and FAD cofactors and plays an
important role in optimal alignment of the two domains and FMN’s conformational
changes (Aigrain et al., 2012; Laursen, Jensen, & Mgller, 2011; Porter & Kasper, 1985).
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Fig. 3 Electron transfer steps in CPR, adapted from (Whitelaw et al., 2015). TRP represents
TRP711. Step 1: NADPH binds to fully oxidised CPR. Step 2: TRP is displaced by NADPH. Step 3:
The first hydride transfer occurs and NADPH is oxidised to NADP* and FAD is reduced to FADH>.
Step 4: First single ET from FAD to FMN (formation of the FADH and FMN semiquinones). TRP
displaces NADP™. Step 5: Second single ET from FADH to FMN. Step 6: Another molecule of
NADPH is added for complete enzymatic reduction. This step includes steps 1-3 for formation of the
FADH32 hydroquinone.

Of all the diflavin enzymes investigated, CPR is the only one with an N-terminal
anchor (refer Fig. 1) (Aigrain et al., 2012). This structure hydrophobically embeds
CPR within the ER and ensures its interactions with the catalytic domain of CYPs
at the ER surface (Aigrain et al., 2012).

Despite all their shared features, previous research has reported that differences
in diflavin structure and molecular binding domains changes their biophysical and
biochemical activities. Haque et al. (2014) compared the rates of conformational
switching with the ET capacities of four human diflavin enzymes: CPR, MSR, neuronal
nitric oxide synthase (nNOS), and endothelial nitric oxide synthase (eNOS). In their
experiments, the enzymes were completely reduced with NADPH in a cytochrome ¢
saturated reaction to estimate ET flow kinetics (Haque et al., 2014). The results that
followed were used to characterise the proportion of open and closed conformations
for each reductase. This study showed that, in spite of slower ET from FAD to FMN
for CPR (e.g., steps 4-6, refer Fig. 3), its fast conformational switching compensated
for its overall electron flux rate (Haque et al., 2014). Conversely, MSR, nNOS, and
eNOS could not compensate for slower electron flux due to their slower conformational
switching (Haque et al., 2014). This study revealed that CPR possesses the quickest
ET flux rate of the investigated human diflavin enzymes (Haque et al., 2014).



Further mechanistic investigations have proposed that the efficient ET in CPR
likely results from increased hydrogen bonds and salt bridges, high surface area for
interfacing residues, and dynamic hinge motions (Campelo et al., 2017; Haque et al.,
2014; Niu et al., 2017; S. Xia & Hirao, 2025; B. Zhang et al., 2022).

2 Genomic and Stoichiometric Balancing of CPR in
Plant and Animal CYP Systems

Though the prevailing mechanism of CPR on CYP reduction is shared among ani-
mals, plants, and fungi due to the conservation of the NAD, FAD, and FMN binding
domains, ongoing research shows that CPR homologues differ genomically, transcrip-
tionally, and metabolically (Benveniste, Lesot, Hasenfratz, Kochs, & Durst, 1991),
(Lah et al., 2011; Lesot, Benveniste, Hasenfratz, & Durst, 1990; Ohta & Mizutani,
2004; Parage et al., 2016; Ro, Ehlting, & Douglas, 2002; Su et al., 2017; Whitelaw et
al., 2015). To date, CPR has been characterised to consist of a small family, with one
member in mammals and humans (Porter, Beck, & Kasper, 1990; Simmons, Lalley, &
Kasper, 1965) and 2 to 4 members in plants and some fungi (Benveniste et al., 1991;
Lah et al., 2011; Su et al., 2017; Urban et al., 1997; B. Zhang et al., 2022). Since the
discovery of multiple CPRs in plants and fungi, functional characterisation has placed
them into two subclasses—one involved in primary metabolism (CPR1) and the other
involved in secondary metabolism (CPR2) (Ohta & Mizutani, 2004; Ro et al., 2002;
Urban et al., 1997).

In an expanded CPR phylogeny of 98 sequences, CPR1 and CPR2 form the largest
clades (refer Fig. 4). Within this larger phylogeny, previously annotated CPR1 pro-
teins group into the CPR2 clade (e.g., Tripterygium wilfordii CPR1, Artemisia annua
CPRI1, and Aconitum vilmorinianum CPR1) (refer Fig. 4). Meanwhile, other anno-
tated proteins such as Petroselinum crispum CPR2a, Tripterygium wilfordii CPR3,
and Tripterygium wilfordii CPR4 group into the CPR1 clade (refer Fig. 4). This
demonstrates a greater need for characterisation of these closely related CPRs. Con-
sequently, these CPRs likely possess uncharacterised functions in plant primary or
secondary metabolism.
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Fig. 4 Predicted secondary structure of CPR N-terminal anchors across species. CPRs are arranged
according to phylogenetic relationships based on the CPR protein sequences rather than organismal
phylogeny. N-terminal anchor lengths were inferred from AlphaFold3 predictions, while the presence
and approximate boundaries of a-helical segments were independently predicted using AlphaFold3
and JPred. Only residues predicted to form a-helices are shown (blue helices), and the boundaries
between disordered and helical regions are indicated by residue numbers. Human CPR was included
as a benchmark because the N-terminal anchor has been experimentally observed by (Barnaba,
Martinez, Taylor, Barden, & Brozik, 2017); both AlphaFold3 and JPred predicted the experimentally
reported helix boundaries within approximately 42 residues. AlphaFold3 predicted high confidence
for most helical regions (pLDDT > 90), with lower confidence observed for S. cerevisiae (yeast) and
Tazus cuspidata (Japanese yew). Predicted helix presence and overall architecture are considered
more reliable than the precise boundaries of individual helices.

One proposed explanation for the duplication of CPR genes in plants is that the
expansion of the CYP family required more CPRs to meet ET needs (Choi et al.,
2023). For example, the human genome has 57 CYPs and 1 CPR, while the Arabidop-
sis thaliana genome includes 246 C'YPs and two CPRs (?7). Likewise, other plant



species have more CYPs than humans and mammals (?7). These differences likely
result from the lack of complicated mammalian metabolism compared to the expansive
secondary metabolisms in A. thaliana and other plants. These data form a fundamen-
tal hypothesis that the specific ratios between C'YPs and CPR in plants, animals, and
microbes might be associated with the degree of metabolic complexity found within
each organism. Interestingly, the genome of Physcomitrium patens, a moss species, is
estimated to have 98 potential C'YPs and four CPR paralogues (K. Jensen & Mgller,
2010) (Table 1). Though the number of CYPs is lower in this species, the presence
of four CPRs may help to expand the metabolism of P. patens in ways that have yet
to be explored. This hypothesis is based on CPR biased metabolism, a concept put
forward by Jensen et al. (2021) to describe how CPR paralogues can differentially
partner with CYPs to potentially favour or disfavour metabolic outcomes.

Table 1: Phylogenetic comparison of cytochrome P450 (CYP) and cytochrome P450
reductase (CPR) copy numbers across representative taxa. The genes reported here are
representative of copy number, but may not be reflective of gene expression, nor the
functional reality of the CYP counts. Furthermore, different publications use different
metrics for reporting—Ilisting CYPs at either the genome or transcript level can result
in different copy numbers.

Organism Common Taxa CYP CPR CPRs
Name characterised
Homo sapiens human Mammalia 47 CPR
Rattus norvegicus rat Mammalia 89 CPR
Phanerochaete white rot Fungi 123 CPR
chrysosporium fungus
Botryococcus braunii  green algae Chlorophyta 36 CPR
Chlamydomonas green algae Chlorophyta 39 -
reinhardtii
Physcomitrium patens spreading Embryophyta 98 -
earth moss
Selaginella Moellendorf’s Tracheophyta 390 -
moellendorffii spikemoss
Tazus chinensis Chinese yew Gymnosperm 118 -
Tazxus cuspidata Japanese yew Gymnosperm 193 CPR
Oryza sativa rice Monocot 334 CPR1, CPR2,
CPR3
Sorghum bicolor sorghum Monocot 372 CPR2a, CPR2b,
CPR2c
Zea mays corn Monocot 318 -
Eschscholzia California Eudicot 189 CPR
californica var. poppy (basal)
Aurantiaca Orange
King
Vitis vinifera grapevine Eudicot 235 -
(rosid)



Table 1: (continued)

Organism Common Taxa CYP CPR CPRs
Name characterised
Arabidopsis thaliana thale cress Eudicot 273 2 CPR1, CPR2
(rosid)
Populus trichocharpa z black/eastern Eudicot 313 3 CPR1, CPR2,
Populus deltoides cottonwood  (rosid) CPR3
Ricinus communis castor bean  Eudicot 207 2 -
(rosid)
Gossypium hirsutum  upland cotton FEudicot 366 2 CPR1, CPR2
(rosid)
Clitrus z sinensis navel orange Eudicot 153 2 -
(rosid)
Morus alba mulberry Eudicot 174 2 CPR1, CPR2
(rosid)
Tripterygium wilfordis thunder god  Eudicot 1228 4 CPR1, CPR2,
vine (rosid) CPR3, CPR4
Lotus japonicus Japanese Eudicot 172 2 CPR1, CPR2
lotus (rosid)
Solanum lycopersicum  tomato Eudicot 222 2 CPR1, CPR2
(asterid)
Catharanthus roseus Madagascar  Eudicot 191 2 CPR1, CPR2,
periwinkle (asterid) (CPR3)
Camptotheca happy tree Eudicot 416 2 CPR1, CPR2
acuminata (asterid)

Though the functional purposes for the genomic ratio of CYPs to CPRs in plants
remain to be characterised, progress has been made in describing the stoichiometry
of these two enzyme families. In general, the stoichiometry of the CPR and CYP in
a catalytic system needs one NADPH (two electrons), one substrate, and one Oz to
form one molecule of oxidised substrate and one HyO (Grinkova, Denisov, McLean, &
Sligar, 2012). Although the stoichiometric relevance between CPR, and CYPs in the
same cells remain open for detailed investigations, mammalian experimentation has
revealed ratios between CPR and CYP as 1:15 (Shephard, Phillips, Bayney, Pike, &
Rabin, 1983) and, in some cases, as 1:100 (Guengerich, 2002). These ratios suggest
that CPR likely plays a central role in regulating ET to multiple CYPs in the same
cell. Although the stoichiometry of 2-3 CPRs to CYPs has not yet been characterised
in plants, based on these data, it is possible that similar stoichiometries of CPRs
and CYPs might occur in plants. CPRs must therefore organise efficiently to steadily
supply electrons to the large number of CYPs that compete for an interaction (Esteves
et al., 2020; K. Jensen & Mgller, 2010; Ralston & Yu, 2006; Shephard et al., 1983).

To date, a metabolon model has been proposed to address these observations,
wherein CPRs and CYPs organise into an associated protein complex on the cytoso-
lic surface of the ER membrane (Laursen, Mgller, & Bassard, 2015; Ralston & Yu,
2006). The dhurrin metabolon was first offered as supportive evidence for this model
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when all of the essential enzymes involved in dhurrin biosynthesis were co-purified
from the microsomes of etiolated sorghum seedlings (Laursen et al., 2016). In addi-
tion to known pathway enzymes like CYP79A1, CYP71E1l, UDP-glucosyltransferase
(UGT85B1), and dhurrinase, the three CPR paralogues (SbCPR2a-c) and other reduc-
tases, cytochrome bs (CYB5) and CYB5 reductase (CBR) were also found enriched
in the microsomal membranes (Laursen et al., 2016). Forster resonance energy trans-
fer (FRET) analysis validated the close proximity of CYP79A1, CYP71E1l, UGT85B1
and CPR2b at the ER in-planta, demonstrating that a complex of the two CYPs
actively recruits UGT85B1 for dhurrin biosynthesis (Laursen et al., 2016).

Affinity purification, yeast-2-hybrid assays, and docking studies have also shown
the involvement of potential CYP metabolons in rice, bean and snapdragon flavonoid
metabolism (Nakayama, Takahashi, & Waki, 2019; Ruan et al., 2024; Y. Zhang &
Fernie, 2021). Furthermore, yeast-2-hybrid and split luciferase assays were reported
to identify a cytochrome bs isoform (CsCBb5c) in a flavonoid metabolon model in tea
plants, in which CsCBb5c interacts with CYPs (Ruan et al., 2024). Although there
is a lack of conclusive evidence regarding the differentiating roles of 2-4 CPRs in
CYP associated redox reactions, these findings provide unique insight into the stoi-
chiometric imbalances proposed for plant CPRs and CYPs (Guengerich, 2002; Manoj,
Gade, & Mathew, 2010; Walters Biggs et al., 2016; H. Zhang, Im, & Waskell, 2007).
Consequently, resolving the spatial and functional organisation of multiple CPRs
within metabolons would substantially improve understanding for their cooperation,
competition, and functional specialisation within plants.

3 Divergent Features of Plant CPR Paralogues

To date, past research has provided informative insight into the functional diver-
gence of plant CPR homologues. Based on transcriptional and CYP co-expression data
reported previously, there are two types of plant CPRs: constitutive and inducible/s-
patial CPRs (Lesot et al., 1990; Nicotra et al., 2010; Urban et al., 1997; X. Zhao,
Zhao, Gou, & Liu, 2023). Although further investigations are necessary to comprehen-
sively understand their functions, CPR1 is characterised to be a constitutive enzymatic
CYP partner involved in plant primary metabolism, while CPR2 is considered to
be inducible and spatially distinct based on its associations with plant secondary
metabolism (S.B. Jensen et al., 2021; Parage et al., 2016; Ro et al., 2002; X. Zhao et
al., 2023). Beyond the distinction of CPR1 and CPR2, little is known among plants
possessing three or more paralogues. Two characterisation studies of a third CPR
enzyme were completed in A. thaliana and Catharanthus roseus (Parage et al., 2016;
Varadarajan et al., 2010). Neither ATR3 (CPR3) from A. thaliana nor CPR3 from C.
roseus were able to interact with CYPs (Parage et al., 2016; Varadarajan et al., 2010).
Furthermore, phylogenetic analysis places both of these enzymes into their own clade
(refer Fig. 4), suggesting that these enzymes come from a distinct phylogenetic lineage
that precedes the emergence of CPRs. Though both of the CPR3s had NADPH, FAD
and FMN binding domains, neither possessed an N-terminal anchor and were inca-
pable of localising to the ER; instead, they demonstrated cytosolic and nucleocytosolic
localisation patterns (Parage et al., 2016; Varadarajan et al., 2010). Varadarajan et
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al. (2010), deduced that ATR3 was involved in essential cellular functions such as
embryogenesis. Altogether, these data support the designation of these proteins as
novel reductase 1 (NR1) proteins (refer Fig. 1) (Parage et al., 2016; Varadarajan et al.,
2010). Thus, these enzymes have henceforth been classed as ‘false CPRs’ (Varadara-
jan et al., 2010). Therefore, more data must follow to further characterise CPR3s to
understand their function in plant metabolism and development.

Past functional analysis has observed that plant CPRs demonstrate selectivity
in partnering with CYPs. While characterisation studies of plant CYPs have often
relied on endogenous CPRs present in heterologous expression systems (e.g., yeast and
tobacco) for their activity (Lamb et al., 2006; Laursen et al., 2016; Neunzig et al.,
2013), many studies have reported that combining heterologous CYPs with yeast or
tobacco CPR significantly diminishes reaction rates (Jennewein et al., 2005; Ponnam-
peruma & Croteau, 1996; Rana et al., 2013; Ro et al., 2002; Rosco, Pauli, Priesner,
& Kutchan, 1997; Waheed Bhat et al., 2014; Zhou, Zhou, & Li, 2021). For instance,
when rat and mung bean CPRs were used to couple with mint (Mentha piperita)
CYP genes, which encode limonene hydroxylases, limonene could not be reliably con-
verted to trans-carveol or trans-isopiperitenol (Ponnamperuma & Croteau, 1996). By
contrast, CPR from spearmint (M. spicata), a close relative of M. piperita, was capa-
ble of catalysing the hydroxylation of limonene in association with M. piperita CYPs
(Ponnamperuma & Croteau, 1996).

Plant CPRs are also highly favoured for production of plant natural products
within E. coli and yeast for synthetic biology (M.C.Y. Chang, Eachus, Trieu, Ro, &
Keasling, 2007; Ro et al., 2008; Waheed Bhat et al., 2014; Walters Biggs et al., 2016).
For example, when A. annua CPR1 was used to replace a yeast CPR to pair with
its native redox partner, amorpha-4,11-diene oxygenase (CYP71AV1) in S. cerevisiae,
the production of artemisinin precursors was increased 12-fold (M.C.Y. Chang et al.,
2007).

CPR paralogues from the same plant species have also exhibited preferential CYP
catalysis (Park, Kim, Rupasinghe, Schuler, & Back, 2013; Su et al., 2017). For example,
three CPR genes from rice (Oryza sativa), namely OsCPR1, OsCPR2, and OsCPRS3,
which categorise into the CPR2 clade (refer Fig. 4), were cloned and expressed in
E. coli (Park et al., 2013). When each of them was co-induced with a tryptamine 5-
hydroxylase (T5H), encoded by CYP71P1, the pairing of OsCPR2 and T5H increased
the production of serotonin 12-fold and 4-fold higher than OsCPR3 and T5H and
OsCPR1 and T5H (Park et al., 2013). Their divergent activity was also observed in the
co-expression of CYP73A1 encoding cinnamate 4-hydroxylase (C4H), which catalyses
an entry step of the phenylpropanoid pathway. OsCPR2 and C4H were more effective
at hydroxylating cinnamic acid to p-coumaric acid than both OsCPR1 and C4H and
OsCPR3 and C4H (Park et al., 2013). Likewise, similar results were observed for four
CPR paralogues from Tripterygium wilfordii (TwCPR1-TwCPRA4), all of which sup-
ported ent-kaurenoic acid production, a gibberellin intermediate, when paired with
CYP701A (Su et al., 2017). Of the four pairs, TwCPR3 and CYP701A produced the
most ent-kaurenoic acid followed by TwCPR4 and CYP701A (Su et al., 2017). The
contributions of TwCPR1 and TwCPR2 with CYP701A to gibberellin biosynthesis
were lower than CPR3 and 4 (Su et al., 2017). Since TwCPR3 groups into the CPR1
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clade (refer Fig. 4), its elevated involvement in 7. wilfordii primary metabolism (gib-
berellin biosynthesis) is consistent with previous reports on CPR1 activity (Parage et
al., 2016; Ro et al., 2002; Urban et al., 1997). Nevertheless, its capacity to outcompete
TwCPR4, another CPR1 paralogue, in the CYP701A interaction demonstrates that
CYP preferences also exist among CPR1 paralogues.

While CPRs are demonstrably important for efficient CYP catalysis, one report
also showed that CPR identity affected the stereochemical outcome of CYP reac-
tion products (Kraus & Kutchan, 1995). Within an insect cell model (Spodoptera
frugiperda), berbamunine synthase (CYP80A1) from Berberis stolonifera, was
paired with the native insect CPR (SfCPR) and B. stolonifera CPR (BsCPR)
(Kraus & Kutchan, 1995). Depending on the CPR used, CYP80A1 catalysed the
oxidative dimerisation of enantiomer reactants (R)-N-methylcoclaurine and (S)-N-
methylcoclaurine into varying ratios of (R, R) and (R, S) stereodimers (Kraus &
Kutchan, 1995). Under equimolar amounts of reactants, in the presence of SfCPR,
the ratio of (R, R) to (R, S) was 85:15. In the presence of BsCPR, the ratio of (R,
R) to (R, S) was 62:38 (Kraus & Kutchan, 1995). These data indicate that although
CPRs use a similar mechanism for ET and reduction of CYPs, different CPR. origins
exhibit divergent roles not only in catalytic efficiency but also in the stereo configura-
tion of catalytic products. This is especially pertinent in plants given their extensive
stereochemical diversity, as reflected by, C-ring oriented strigolactones (diastereomers)
(Homma et al., 2024), neolignans (enantiomers) (Hu, Diao, & Liang, 2026; Y. Lu et al.,
2015), and key chiral intermediates for tropane alkaloid biosynthesis (e.g., tropinone,
cocaine) (Bedewitz, Jones, D’Auria, & Barry, 2018), and terpenoids. Since numerous
CYPs are involved in the synthesis of these molecules (Bedewitz et al., 2018; Homma
et al., 2024; Hu et al., 2026; Kraus & Kutchan, 1995; Y. Lu et al., 2015), one hypothe-
sis is that CPR paralogues from one plant, or homologues from different plant species,
might play fundamental roles in stereo configurations of plant secondary metabolites.

4 Structural Variations Associated with Functional
Divergence of Plant CPRs

While research is beginning to show functional divergence among CPR paralogues
in plants, the mechanisms behind these differences are not well understood. To date
only two plant CPRs, ATR2 from Arabidopsis (Niu et al., 2017) and SbCPR2b from
sorghum (B. Zhang et al., 2022), have been crystallised. Consequently, most of the
work on CPR conformations, docking simulations, and their variants has involved
rat and human CPR, for which multiple crystal structures exist (Deeni et al., 2001;
Djordjevic et al., 1995; Q. Zhao et al., 1996). Mammalian CPRs therefore serve as an
appropriate benchmark for determining the biochemical, structural, and biophysical
components that drive CPR functional diversity in plants.

The domains and residues responsible for the diverse properties of CPRs are
quite varied according to the literature. CPR has been modified and altered across
each of its major domains and binding regions: the anchor/transmembrane domain,
the FMN-binding domain, the FAD-binding domain, the NADPH-binding domain,
and the connecting domain/inter-domain regions (Aigrain, Pompon, & Truan, 2011;
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S.B. Jensen et al., 2021; Laursen et al., 2011; Miyamoto et al., 2015; Strohmaier et
al., 2019; Ullrich, 1979).

4.1 The N-terminal Anchor

The N-terminal anchor of CPR is a hydrophobic transmembrane domain whose role is
to localise and tether the enzyme to the cytosolic side of the ER membrane (Barnaba,
Martinez, et al., 2017; Barnaba, Taylor, & Brozik, 2017). Its anchoring capacity and
localisation are fundamental to ET and the spatial organisation and catalytic function
of CYPs (Laursen et al., 2021). Due to its hydrophobicity, it is commonly removed
for induction in E. coli as a truncated protein to increase its solubility (Cheng et al.,
2023; Ebrecht et al., 2019; Lamb et al., 2006; Miyamoto et al., 2015; Murataliev et
al., 2004; Park et al., 2013; Walters Biggs et al., 2016; B. Zhang et al., 2022; Zhou
et al., 2021). When CPRs are truncated to remove the N-terminal anchoring domain
for expression and purification from F. coli, two phenomena are observed. The first is
that CPR interactions with cytochrome ¢ are maintained and, in some cases, improved
(Hamdane et al., 2009), and the second is that interactions with some CYPs and
their substrates are either hindered or abolished (Campelo et al., 2017; Miyamoto
et al., 2015; Ullrich, 1979; B. Zhang et al., 2022). It is thought that the release of
CPR from the ER membrane after removal of the N-terminal anchor increases soluble
cytochrome c¢’s access to its FMN domain since cytochrome c¢ is no longer restricted
by the ER membrane (Campelo et al., 2017). Consequently, this is considered a major
determinant in the improved efficiency of ET between the two proteins (Miyamoto
et al., 2015). These in-vitro data indicate that the anchor domain is important for
subcellular metabolic activities.

Though the effects of the membrane anchor on CYP associations is less clear, one
hypothesis is that the anchoring domain may help to orient and bind CPR to CYP
for effective ET at the ER (Esteves et al., 2020; K. Jensen & Mgller, 2010; Mukher-
jee, Nandekar, & Wade, 2021). One report, for instance, stated that human CPR
in its truncated form changed its preferential binding to CYP2C19—a xenobiotic-
metabolising CYP—depending on what drugs were present (Miyamoto et al., 2015).
The binding of CYP2C19 to truncated CPR was increased when amitriptyline and
imipramine (tricyclic antidepressants) were present but decreased in the presence
of omeprazole and lansoprazole (proton pump inhibitors) (Miyamoto et al., 2015).
Notably, the metabolic activity of truncated CPR was effectively lost in the pres-
ence of omeprazole and lansoprazole (Miyamoto et al., 2015). This loss of activity
was attributed to the diversion of electrons to oxidative shunt pathways (i.e., which
produce O3, HyO2, and HyO) (Miyamoto et al., 2015). The basal level of H,O4 pro-
duction for truncated and non-truncated CPR with CYP2C19 in the absence of drugs
was approximately 40uM. When amitriptyline and imipramine were included in the
reaction with truncated CPR, H2 O3 levels dropped to 20puM, and with the addition of
omeprazole and lansoprazole, HoOs levels increased to 40pM and 45pM, respectively
(Miyamoto et al., 2015). Conversely, non-truncated CPR effectively maintained lower
H504 levels at all drug conditions (Miyamoto et al., 2015). Thus, it was proposed that
the membrane anchor assumes a more integral biochemical role by suppressing the
loss of electrons to oxidative shunt pathways (Miyamoto et al., 2015).
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Fig. 5 Comparison of CPR hinge variations between (A) A. thaliana ATR1 (orange) and ATR2
(teal) and (B) Artemisia annua AaCPR1 (grey) and AaCPR2 (teal). The hinges are more opaque
than the rest of the enzyme, are lightly outlined in black, and form loops. Tables on the right depict
the residue order from the FMN domain facing side of the hinge to the connecting domain facing
side. Residue differences are highlighted in teal. ATR1 (primary metabolism) and ATR2 (secondary
metabolism) are phylogenetically divergent and have greater variability at the hinge with eight residue
differences. Conversely, AaCPR1 and AaCPR2 only have two residue differences.
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Despite the lack of conservation among residues at the N-terminal anchor, it is
evident that residue identity within this region does modulate CYP and substrate
interactions. This feature has been indirectly validated by truncation experiments.
One previous study has shown that different truncations of CPR paralogues caused
them to vary in their substrate turnover abilities (Park et al., 2013). For instance, rice
OsCPR2 exhibited a 22% and 50% reduction in serotonin production with CYP71P
when the first 25 and 105 amino acids were deleted, while OsCPR1 exhibited a 50%
reduction in serotonin production when only 79 amino acids were deleted (Park et al.,
2013). The different activities resulting from the two truncations were likely due to
changes to the electrostatic potential and hydrophobic properties of CPR after removal
of certain residues (Campelo et al., 2018; K. Jensen & Mpgller, 2010; Park et al., 2013;
X. Zhao et al., 2023). Furthermore, the two types of truncation may have contributed
to alterations of the anchor’s flexibility (Lepesheva, Hargrove, & Ren, 2026; Wang et
al., 1997). Although the potential roles of anchor flexibility remain uncharacterised,
the flexibility of other unstructured regions (e.g., hinge) within CPR proteins have
been implicated in CYP preferential partnerships (Campelo et al., 2018, 2017; Esteves
et al., 2020).

One in-vivo study demonstrated that the N-terminal a-helical motif (residues
25-45) of human CPR limits its lateral diffusion within the ER membrane (Barnaba,
Martinez, et al., 2017). This is likely because of the motif’s hydrophobic amino acid
composition. While plant CPRs also demonstrate membrane-spanning, hydrophobic
o-helices (refer Fig. 5), their effects on CPR diffusion through the ER membrane have
not yet been characterised. Plants have longer N-terminal anchors than mammalian
CPRs (e.g., rat and human), which can sometimes reach lengths of 100 residues or
more (refer Fig. 5) (Parage et al., 2016; Ro et al., 2002). Additionally, though mam-
malian CPRs possess compact ~20-residue N-terminal transmembrane anchors, plant
CPRs are predicted to contain slightly extended hydrophobic regions and additional
flanking residues, suggesting greater sequence and structural diversity in ER mem-
brane anchoring (refer Fig. 5). Plant CPR1 and CPR2 anchors, for example, are also
known to differ on the basis of CPR2’s longer length and serine and threonine enriched
residues (Parage et al., 2016; Ro et al., 2002; B. Zhang et al., 2022). This type of
residue variation might also contribute to the differentiating roles of CPR1 and CPR2
in plant primary and secondary metabolism. Altogether, differences in hydrophobicity,
electrostatic potential, and flexibility provide a useful starting point for uncovering
the unique qualities of plant CPR N-termini.

4.2 Features of the FMN Binding Domain, Hinge, and
Connecting Domain and Their Roles in CPR Flexibility
and Enzyme Partnering

The NADPH binding site is contained within the same structural unit as the FAD
binding domain (e.g., FNR module or FAD/NADPH binding domain) (Grunau, Ger-
aki, Grossmann, & Gutierrez, 2007). Thus, alterations within this region can impact
FAD and NADPH co-factor binding and subsequent CPR activity (Strohmaier et al.,
2019; C. Xia et al., 2011, 2018). Such alterations can cause either negative or positive
effects on CPR activity.
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In human CPR, two naturally occurring missense mutations cause amino acid
substitutions, V492E and R457H (C. Xia et al., 2011). Though structurally similar to
the wild-type, these variants demonstrate disruptions in H bonding and salt bridging
that weaken the capacity for FAD binding and lead to enzyme destabilisation and loss
of catalysis (C. Xia et al., 2011). Moreover, the differential unfolding properties of the
two variants are reflected in their variable stability. The variant V492E, though less
stable, has been shown to unfold locally, whereas the more stable R457H variant has
been shown to unfold globally (C. Xia et al., 2011). These two variants reveal how
single amino acid variations can affect the binding and stabilising properties of CPRs.
Fortunately, the negative effects associated with these variations can be compensated
for by the addition of more FAD (C. Xia et al., 2011). This reinforces the essentialness
of co-factor binding for ensuring CPR stability.

Not all FAD/NADPH binding domain variations have negative effects. In com-
parison with natural human CPR variants, three derived CPR variants, R597M,
K602D, and W676A, showed four-fold increases in catalytic efficiency toward CYP2A6
and CYP2C9 (Strohmaier et al., 2019). Contrary to the earlier understanding that
improvements in CYP catalysis must be based close to the predicted interaction site
(e.g., the FMN domain), this study contributed to the understanding that CPR-CYP
catalysis can be influenced by variations across other domains.

The binding and release of NADPH has now been attributed to CPR conforma-
tional changes based on its redox state (Strohmaier et al., 2019; C. Xia et al., 2018;
S. Xia & Hirao, 2024; B. Zhang et al., 2022). In particular, the human CPR Asp632
loop (G631-N635) in the NADPH binding region has been implicated in domain move-
ment (C. Xia et al., 2018). Apart from NRI, this residue is conserved among other
investigated diflavin reductase members (C. Xia et al., 2018). A residue substitution
of D632A/F in hCPR altered the conformational movements of the Asp loop, posi-
tioning of the NADPH nicotinamide ring, H-bonding with the conserved W677 residue
(refer Fig. 2-3), and the distance between the FAD and FMN co-factors (C. Xia et al.,
2018). These data reveal that D632 plays an essential role in NADPH mediated CPR
movements and efficient catalysis with CYP.

While similar studies are limited among plant CPRs, the positioning of NADP+
in SbCPR2b (sorghum CPR2b) crystals was found to be much more defined than
what has been observed in oxidised human and rat CPR, crystals, which have shown
only disordered NADP' (C. Xia et al., 2018; B. Zhang et al., 2022). Only when
reduced, did hCPR reveal a clear placement of NADPT (C. Xia et al., 2018). This
suggests that NADPH binding modes differ among mammalian and plant CPRs, which
may confer downstream differences in FMN domain motions. Furthermore, based on
NADP™ bound and free structures, Zhang et al. (2022) proposed that the Asp-loop
conformational change does not occur in plants. Therefore, it is possible that plants
possess another mechanism for NADP binding and release. Whether such a mechanism
varies among plant CPR paralogues requires further study.

17



4.3 The Structure of the Hinge Facilitates CPR Flexibility
and Enzyme Partnering

The FMN binding domain and its position are a key determinant of CPR function
(Esteves et al., 2023; Hamdane et al., 2009; Hubbard, Shen, Paschke, Kasper, & Kim,
2001; Strohmaier et al., 2019; Udhane, Parween, Kagawa, & Pandey, 2017; B. Zhang
et al., 2022). Various crystal structures have been solved which illustrate the highly
mobile nature of this domain. The assembly of those structures reveals a spectrum
of CPR conformational states from open to closed (Hamdane et al., 2009; Haque
et al., 2014; Wang et al., 1997). These assemblies are dictated by the CPR redox
state as it shuttles electrons from FMN to FAD (closed conformation) and then to
a terminal electron acceptor (open conformation) (Haque et al., 2014; Huang, Ellis,
Moody, Raven, & Roberts, 2013; Lepesheva et al., 2026).

A recent investigation of oxidised rat CPR with cryogenic electron microscopy
(cryo-EM) revealed that its crystals, when in their oxidised state, formed a minimum
of five distinct closed conformations, in which the N5-to-N5 distances between the FAD
and FMN co-factors, were 15 A (~42% of particles), 16 A (~29%), 17 A (~15%), 18
A (~9%), and 22 A (~5%) (Lepesheva et al., 2026). Likewise, analysis of fully reduced
SbCPR2b (sorghum) with small molecule Fluorescence Resonance Energy Transfer
(smFRET) and homology modelling revealed that it formed five different conforma-
tional states (S1-S5) at equilibrium: S1 (occupying 17% of the conformations present),
S2 (25%), S3 (16%), S4 (27%) and S5 (14%) (S.B. Jensen et al., 2021). Although
the mechanisms behind the formation of these many conformations remain open for
characterisation, it has been proposed that this phenomenon is both homologue- (Lep-
esheva et al., 2026; Niu et al., 2017; B. Zhang et al., 2022), redox state- (Haque et al.,
2014; Huang et al., 2013), and substrate-dependent (S.B. Jensen et al., 2021).
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A major component of CPRs that facilitates opening and closing between the
NADPH/FAD and FMN domains is the flexible hinge. The amino acid composition of
the CPR hinge is vital for the formation of dynamic shapes for CPR to perform redox
reactions (Campelo et al., 2018, 2017). Although all CPRs have hinge regions, differ-
ences exist across different homologues. Additionally, one report predicted that plant
CPRs contain more flexible hinges than mammalian CPRs (B. Zhang et al., 2022).
Despite the lack of data to support this hypothesis, past structural analysis of pro-
teins provides valuable preliminary evidence. For instance, among the two solved plant
crystal structures—ATR2 (Arabidopsis) (Niu et al., 2017) and SbCPR2b (sorghum)
(B. Zhang et al., 2022)—neither were able to resolve a long disordered region that
encompassed the CPR hinge and part of the connecting domain. In mammalian CPRs
this region has approximately 10 residues, whereas in ATR2 (AtCPR2) it is 43 residues
(B. Zhang et al., 2022).

X-ray crystallography and cryo-EM often fail to resolve these segments because of
their high conformational flexibility, resulting in weak or absent electron density in
crystallographic maps or poorly resolved density in cryo-EM reconstructions (Lepe-
sheva et al., 2026). The hinge and connecting domain therefore contribute to differences
in flexibility between mammalian and plant CPRs. The catalytic importance of the
CPR hinge was first proposed by (Hamdane et al., 2009) and has since been recapitu-
lated by other groups (Aigrain et al., 2011; Campelo et al., 2017; Esteves et al., 2020;
S.B. Jensen et al., 2021; B. Zhang et al., 2022). A four amino acid deletion in the
rCPR hinge resulted in a permanent open conformation. This has led to the under-
standing that the hinge acts as a flexible point of contact between the FMN, FAD, and
NADPH binding domains (Laursen et al., 2011). This flexibility /conformational mod-
ulation has been reported to influence CPR interactions with CYP partners (Campelo
et al., 2018, 2017; Laursen et al., 2011). When Campelo et al. (2017) tested several
human CPR (hCPR) FMN-FAD hinge variants with common CYPs, they found that
rather than abolishing CYP interactions, the CPRs demonstrated selectivity for one
CYP over another. For example, the 1245F variant increased catalysis of two CYPs
but decreased catalysis of two others (Campelo et al., 2018).

A comparison of this region between ATR1 (CPR1) and ATR2 (CPR2) of Ara-
bidopsis revealed an 8 amino acid difference at the hinge (refer Fig. 6). Conversely,
the two CPR2 paralogues of A. annua differed by two amino acids at the hinge (refer
Fig. 6). These hinge differences reflect not only the degree of relatedness for CPR par-
alogues but may also support the diversification of these enzymes into different aspects
of plant metabolism. ATR1 (AtCPR1) and ATR2 (AtCPR2) diverge into primary and
secondary metabolism, respectively, and thus, their hinge differences are greater than
AaCPR1 and AaCPR2. However, as demonstrated in the hCPR hinge variants, the
two residue substitutions between AaCPR1 and AaCPR2 could still sufficiently alter
hinge flexibility enough that they exhibit different CYP preferences.

5 Conclusion

Recapitulating the functional divergence of plant CPRs is challenging. Their domains
do not function in isolation. As Strohmaier et al. (2019) discovered, residue changes far
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from the catalytic site can still have effects on CPR-CYP dynamics. Current research
supports the idea that any changes to CPR enzymes which alter their conformational
capacity will have an effect on ET, CYP preference, and catalytic potential (Campelo
et al., 2017; Haque et al., 2014; Huang et al., 2013; S.B. Jensen et al., 2021; Strohmaier
et al., 2019; X. Zhao et al., 2023). Altogether, these studies reveal that CPR-CYP
dynamics are far more complicated than previously proposed and that the different
domains of CPR must work together and modulate co-factor and CYP binding in
a substrate-, and CYP-dependent manner. The finding that CPR co-exists in equi-
librium with conformational variants of itself in-vitro (Haque et al., 2014; Huang et
al., 2013; S.B. Jensen et al., 2021; Lepesheva et al., 2026), sheds light on a poten-
tial mechanism for CPR-CYP selectivity and catalysis. A substitution of two amino
acids in hCPR increased the proportion of its open conformation (in-vitro) (Huang et
al., 2013) and substrate binding is known to shift conformational states in SbCPR2b
(in-vivo) (S.B. Jensen et al., 2021). This suggests that CPR functional divergence
may be dependent on the abundance of its respective conformational states, which
change based on electrostatic and redox potential and substrate/co-factor binding.
The CYP and substrate dependent activities of CPR were described by Jensen et al.
(2021) as biased metabolism. While the smFRET data on SbCPR2b and its confor-
mational states attempted to mimic a lipid environment by integrating the enzyme
into nanodiscs, there are no known studies that show multiple CPR conformational
states in-vivo. Studies of this nature will be necessary to fully reconcile CPR behaviour
and divergence among plant CPR paralogues within a biological context. Moreover,
research into CPR domain functions and mechanisms have come mainly from human
or rat CPRs—with the exception of sorghum CPR. This presents a knowledge gap
concerning the untapped potential in plant CPRs to account for CYP dependencies
and the ways that this can differentially modulate plant metabolism.

Despite belonging to a small protein family, CPRs are essential to ET for CYP-
mediated metabolic processes in all organisms. Given their indispensable roles in
CYP catalysis, as described above, human CPR and other known CPRs have been
extensively studied in molecular biology, genomics, genetics, and biochemistry. In
comparison, the biophysical properties of CPRs and their roles in the formation of
transient conformational shapes, largely remain open for characterisation. In partic-
ular, although active domains have been functionally determined, the role of hinges
and connecting domain loops in different homologues and among paralogues in the
same species needs to be further elucidated in the future. Additionally, the stoichiom-
etry of CPR and CYPs in the same cells and different cells of an organism need to be
determined. The resulting data will be fundamental not only for understanding the
redox efficiency of CPR and CYPs but also for innovating CPR and CYP variants for
metabolic engineering.
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