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Plant NADPH-dependent cytochrome P450 reductase (CPR)
is a multidomain enzyme that donates electrons for hydroxyl-
ation reactions catalyzed by class II cytochrome P450 mono-
oxygenases involved in the synthesis of many primary and
secondary metabolites. These P450 enzymes include trans-cin-
namate-4-hydroxylase, p-coumarate-30-hydroxylase, and fer-
ulate-5-hydroxylase involved in monolignol biosynthesis.
Because of its role in monolignol biosynthesis, alterations in
CPR activity could change the composition and overall output of
lignin. Therefore, to understand the structure and function of
three CPR subunits from sorghum, recombinant subunits
SbCPR2a, SbCPR2b, and SbCPR2c were subjected to X-ray
crystallography and kinetic assays. Steady-state kinetic analyses
demonstrated that all three CPR subunits supported the
oxidation reactions catalyzed by SbC4H1 (CYP73A33) and
SbC30H (CYP98A1). Furthermore, comparing the SbCPR2b
structure with the well-investigated CPRs from mammals
enabled us to identify critical residues of functional importance
and suggested that the plant flavin mononucleotide–binding
domain might be more flexible than mammalian homologs. In
addition, the elucidated structure of SbCPR2b included the first
observation of NADP+ in a native CPR. Overall, we conclude
that the connecting domain of SbCPR2, especially its hinge re-
gion, could serve as a target to alter biomass composition in
bioenergy and forage sorghums through protein engineering.

Cytochrome P450 reductase (CPR), also known as NADPH-
dependent cytochrome P450 oxidoreductase (Enzyme Com-
mission [EC] number: 1.6.2.4), is a membrane-bound oxido-
reductase embedded in the cytosolic side of the endoplasmic
reticulum (1). CPR was first identified as cytochrome c
reductase (2) and later found to be able to reduce cytochrome
P450 and cytochrome b5 (3, 4).

CPR belongs to the diflavin oxidoreductase family, whose
members are reduced by the obligatory two-electron donor

NADPH. Thus, CPR has been hypothesized as a fused enzyme
between FMN-containing flavodoxin and a flavin adenine
dinucleotide (FAD)-containing ferredoxin–NADP+ oxidore-
ductase (5). Since the discovery of CPR, a series of structural
and functional studies have been established mainly on rat and
human CPR. Generally, the determination of their 3D struc-
tures has revealed that CPRs contain three domains: an FMN-
binding domain, an FAD-binding and NADP(H)-binding
domain, and a connecting (or linker) domain with a flexible
hinge region that links these two domains, although other
naming conventions exist including one in which the FAD-
binding and NADPH-binding domains are considered sepa-
rate (6).

Binding of NADPH initiates the reduction of CPR, which is
a rapid and multiphase process, including (1) hydride transfer
from NADPH to FAD resulting in the reduced (FADH2, FMN,
and NADP+) state; (2) dissociation of the charge–transfer
complex between FADH− and NADP+ and interflavin elec-
tron transfer from FADH2 to FMN with the formation of the
double-semiquinone state (FADH!, FMNH!); and (3) second
interflavin electron transfer with partial conversion of the
double-semiquinone state to a combination of oxidized FAD
with FMN hydroquinone (FAD, FMNH2), which establishes a
transient equilibrium between two-electron reduced states.
The electron will then be transferred from FMNH2 to cyto-
chrome P450 or other electron acceptor proteins (7, 8). If there
is an excess of NADPH, supply of another pair of electrons
from NADPH results in either partial or complete reduction of
the enzyme to form the reduced (FADH2, FMNH2) state.

The crystal structure shows that the FAD and FMN in
oxidized rat CPR are oriented such that two isoalloxazine rings
are coplanar, with 4 Å between the planes corresponding to
Van der Waals contact for optimal interflavin electron trans-
fer, and the FAD is oriented at a proper distance from the
NADPHmolecule for optimal hydride transfer (8, 9). However,
this close proximity of FAD and FMN, the so-called locked
state or closed conformation, could hinder the interaction
between the internally sequestered FMN-binding domain and* For correspondence: ChulHee Kang, chkang@wsu.edu.
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the target external electron acceptor, which suggests CPR
should have a rapid interdomain motion in response to a
different redox state. By switching between the closed and
open (or extended) states, CPR allows its FMN-binding
domain to perform intramolecular and intermolecular elec-
tron transfers, one at a time (10). Based on NMR and small-
angle X-ray scattering, the radius of gyration of human CPR
is estimated as 2.7 and 3.3 nm for the closed and the open
form, respectively (11). While CPR is still reduced, release of
NADP+ shifts the conformational equilibrium toward
extended forms capable of electron transfer from FMN to
external acceptors (12).

As in all kingdoms of life, CPRs in plants are required for the
activity of endoplasmic reticulum–associated class II cyto-
chrome P450 monooxygenases (hereafter referred to as P450s)
that are essential in the synthesis of a wide variety of metab-
olites, such as flavonoids, terpenoids, alkaloids, and phenyl-
propanoids (13). In contrast to animals, yeasts, and insects that
all have a single CPR gene each, vascular plants contain one to
three CPR genes (14). These CPR paralogs are differentially
expressed, likely to meet the reductive demand of various
P450-mediated reactions across the wide range of develop-
mental and environmental conditions observed in plants (15).
Despite a second gene duplication event within monocots
prior to the differentiation of grasses, most grasses still contain
one to three CPR paralogs (16). Eudicots contain both CPR1
and CPR2, which are classified based on their N-terminal se-
quences, whereas monocots contain only CPR2. The CPR1 of
Arabidopsis thaliana (ATR1) is constitutively expressed, but
the expression of ATR2 appears to be induced during lignin
biosynthesis and in response to wounding or light treatment
(17, 18).

Despite their diverse and important roles in plants, the level
of understanding of plant CPRs lags far behind the human and
rat CPRs (19). ATR2, one of the two authentic CPRs in the
model plant A. thaliana that has been physiologically and
kinetically characterized, is the sole structure deposited in the
Protein Data Bank (PDB) to date (PDB ID: 5GXU); it is as a
complex with both FAD and FMN (20). In plant monolignol
biosynthesis, CPR is required for the hydroxylation steps
catalyzed by three class II P450s, cinnamate 4-hydroxylase
(C4H; EC number: 1.14.13.11; (21)), p-coumaroyl shikimate/
quinate 30-hydroxylase (C30H; EC number: 1.14.14.1; (22)), and
ferulate 5-hydroxylase (F5H; EC number: 1.14.13; (23)) (Fig. 1).
The hydroxylation reactions catalyzed by these three P450
enzymes give rise to p-coumaric acid, caffeoyl shikimic/quinic
acid, and 5-hydroxyconiferaldehyde/5-hydroxyconiferyl
alcohol, respectively (Fig. 1). These compounds are pre-
cursors for a myriad of organic compounds with agricultural,
nutritional, and industrial relevance, such as stilbenes, chal-
cones, flavonoids, cinnamoyl anthranilates, monolignols,
lignans, and lignin (21, 24–26).

The first electron from CPR reduces the ferric substrate–
bound heme iron of cytochrome P450 into the ferrous form,
and the second electron further reduces this oxyferrous cyto-
chrome P450 into the peroxo ferric (Fe3+OO)2− P450; then, a
subsequent reaction oxidizes the substrate and yields a water

molecule. The CPR is the redox partner enzyme providing
electrons to most class II P450s, and thus adaptions to those
individual interactions could be necessary for CPR in mam-
mals. In plants, however, where more than one CPR isoform
exists, there is a potential for specific interactions between
particular P450s and one of the CPR isoforms through
adaptation.

NADPH reduction of the FAD and NADP+–FADH2

charge–transfer complex formation are significantly faster in
plants such as Artemisia annua CPR and A. thaliana CPR2
than in rat CPR. However, the interflavin electron transfer
forming disemiquinone state is reported to be slower in plant
CPRs than in rat CPRs (27).

As most P450s depend on CPR for the supply of electrons,
detailed knowledge of the mechanisms for CPR–P450 in-
teractions is important for understanding their diversification
of multiple P450 and CPR genes and its impact on function.
The role of CPRs in lignin deposition is especially significant
because this heterogeneous aromatic polymer present in plant
secondary cell walls is derived from the monolignol biosyn-
thetic pathway that includes three P450 enzymes. The
monolignol biosynthetic pathway results in the production of
p-coumaryl, coniferyl, and sinapyl alcohols, which upon radical
polymerization in the cell wall form p-hydroxyphenyl (H),
guaiacyl (G), and syringyl (S) subunits of lignin, respectively
(28–32). The S:G ratio in lignin has been shown to influence
the efficiency of enzymatic saccharification of cell walls to
produce fermentable sugars that can be converted to renew-
able fuels and chemicals. In dicots, a high S:G ratio appears to
favor this conversion (33), whereas in grasses, a low S:G ratio
appears to be more favorable (34). Thus, in-depth knowledge
about the interaction among CPR, C4H, C30H, and F5H could
provide the basis for altering the carbon flux through the
monolignol pathway and for modulating both lignin content
and its composition. For example, it was demonstrated that a
transfer DNA insertion in the AtCPR2 gene resulted in a 6%
reduction in the lignin amount in the main inflorescence, a
compositional shift of the lignin to a 10-fold higher fraction of
H-units at the expense of S-units, and exhibited improved
enzymatic saccharification, making CPR a potential target for
engineering and valorizing plant cell walls for both biofuels
and renewable chemicals (18). In Arabidopsis, F5H not only
needs AtCPR2 but also a specific cytochrome b5 protein
(AtCB5D) as the obligatory electron donor for its catalysis, and
loss of functional mutations in an AtCB5D and an AtCPR2
gene impairs F5H activities to similar levels in plant extracts
(35).

Both the mining of genetic variants in native populations of
bioenergy crops and direct genetic manipulation of biosynthetic
pathways have produced lignin feedstocks with unique prop-
erties for coproduct development (36). Sorghum is being
developed as a dedicated bioenergy feedstock in the United
States and abroad because it requires less water and nitrogen
fertilizer than similar grasses (37–39). Given concerns over the
negative impact of reducing lignin concentration on plant
fitness (40), a key strategy in the development of next-generation
bioenergy sorghums is the balance between agro-industrial
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Figure 1. The reactions of cytochrome P450s in the monolignol biosynthetic pathway. A, p-Coumaroyl shikimate/quinate 30-hydroxylase (C30H)
catalyzes the hydroxylation of p-coumaroyl shikimic acid and/or p-coumaroyl quinic acid, B, cinnamate 4-hydroxylase (C4H) catalyzes the hydroxylation of
trans-cinnamic acid. C, ferulate 5-hydroxylase (F5H) catalyzes the hydroxylation of coniferaldehyde, coniferyl alcohol, and ferulic acid (97).
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needs and plant fitness. A more detailed mechanistic under-
standing of key enzymes involved in lignin biosynthesis
including CPR can provide additional tools to tailor cell wall
composition (41–47), by providing targets for mutational
(48–50), gene editing (51–53), and transgenic approaches
(54–57).

Here, we characterize the three SbCPR2 isozymes of sor-
ghum, SbCPR2a, SbCPR2b, and SbCPR2c, including crystal
structures and kinetic data, to gain a mechanistic under-
standing of this key plant P450 reductase and to potentially
enable future manipulation of monolignol biosynthesis and
lignin content and composition of sorghum.

Results
Enzyme preparation and spectral properties

The Sorghum bicolor genome contains three CPR genes,
Sobic.002G295100, Sobic.007G088000, and Sobic.006G245400
that encode SbCPR2a, SbCPR2b, and SbCPR2c, respectively
(14). Recombinant SbCPR2 proteins containing an N-terminal
6× His tag with and without the native N-terminal hydro-
phobic membrane–anchoring region (Δ1–50) were produced
in Escherichia coli using expression vectors containing com-
plementary DNAs (cDNAs) corresponding to these three
genes. The membrane-anchoring region was truncated in or-
der to produce a more soluble form of CPR for structural
analyses. In this article, amino acid residue numbering is based
on the full-length SbCPR2b for both clarity and consistency.

As shown in Figure 2A, where the UV–visible spectra of the
oxidized SbCPR2s were shown in blue, they exhibited the main
absorbance band at 456 nm with a shoulder at around 480 nm.
Together with the absorbance band at 380 nm (Fig. S1), three
SbCPR2s displayed a typical absorbance pattern of the flavo-
proteins (58). Further titration with K3Fe(CN)6 did not

produce any spectral changes in the 550 to 650 nm region for
SbCPR2a and SbCPR2b, confirming that those two SbCPR2s
were in a fully oxidized state (59). However, SbCPR2c dis-
played a minor absorbance in the same region, which was
absent in SbCPR2a or SbCPR2b (Fig. S1). The addition of
K3Fe(CN)6 flattened the region, which indicated that purified
SbCPR2c contains some flavins in a reduced state in the
ambient condition that were further oxidized by this treatment
(Fig. S1). This result was consistent with the greenish yellow
color of the freshly purified SbCPR2c, whereas the solutions of
SbCPR2a and SbCPR2b displayed a yellow color. The addition
of NADPH under aerobic conditions caused the color of the
SbCPR2 solutions to turn from yellow to green, indicating
their flavins were being reduced.

Changes in the redox state of the enzymes observed in their
anaerobic titration with NADPH

To compare the redox behavior for the three SbCPR2s, their
anaerobic titrations with NADPH were performed by
recording the absorbance spectra in 400 to 750 nm region at
increasing NADPH:CPR molar ratio (RNADPH). A series of
spectra obtained in the experiment with SbCPR2s and rat CPR
are exemplified in Figure 2A. The respective changes in the
absorbance at 456, 503, and 590 nm are shown in Figure 2B.
The initial phase was associated with a rapid decrease in the
amplitudes of the absorbance band at 456 nm, indicating the
disappearance of the oxidized flavins. This decrease was
associated with the appearance of the broad band centered at
590 nm, which indicated a formation of the blue (neutral)
semiquinones (FADH! and/or FMNH!). In the case of
SbCPR2b and rat CPR, the absorbance at 590 nm started to
decrease after reaching its maximal value. This partial decrease
signifies either appearance of the three- and four-electron

Figure 2. The absorbance spectra of SbCPR2s and anaerobic titration of CPR proteins with NADPH. A, exemplifies a series of spectra obtained with
SbCPR2s and rat CPR. The spectra shown correspond to NADPH:CPR ratios of 0, 0.5, 1, 2, 4, and 16. B, the changes in absorbance at 456 and 595 nm. CPR
concentrations were normalized to 1 mM prior to plotting. CPR, cytochrome P450 reductase.
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reduced states of the flavoprotein or conversion of the neutral
flavin semiquinones to the anionic states (FAD− and/or
FMN−). However, in all four CPRs, the amplitude of the blue
semiquinone band stabilized at RNADPH ratios of 10 to 12 and
remained virtually unchanged after that point. This observa-
tion suggests that the enzymes cannot be converted entirely to
their four-electron reduced state (FADH2 and FMNH2) even at
high NADPH concentrations.

This finding is in good agreement with the previous findings
obtained with rat CPR (58). The failure of producing a
completely reduced CPR is due to the presence of increasing
NADP+ concentration combined with the reversibility of the
hydride transfer reaction. These circumstances establish an
eventual equilibrium between the three- and four-electron
reduced CPR species.

To characterize the maximal level of the four-electron
reduction, the changes in the absorbance at 503 nm were
analyzed. This wavelength corresponds to the isosbestic point
in the absorbance spectra of the blue and red semiquinone
species (60). As seen from Figure 2B, the titration curves ob-
tained at this wavelength revealed considerable differences in
both the amplitude and the shape. According to the analysis of
these curves, the highest level of four-electron reduction was
observed with SbCPR2b, which was followed by SbCPR2a. The
amplitudes observed with SbCPR2c and rat CPR were
considerably lower. Furthermore, the comparison of the
shapes of the titration profiles at 503 nm revealed a significant
difference between the rat CPR and its sorghum counterparts.
In the case of rat CPR, the absorbance at 503 nm continued to
decrease even at the highest NADPH concentrations signifying
continuous reduction. The apparent RNADPH ratio needed to
reach 50% of the maximal amplitude of this decrease (R50%)
was as high as 7.5. In contrast, the maximal level of the

apparent formation of the fully reduced state in SbCPR2s was
reached at much lower NADPH concentrations. The R50%

ratios estimated for SbCPR2a, SbCPR2b, and SbCPR2c were
2.3, 2.0, and 1.2, respectively.

This notable distinction may indicate a substantial difference
between the rat CPR and SbCPR2s in the thermodynamic pa-
rameters of the interdomain electron transfer, which could be
translated into a fundamental difference between mammalian
and plant CPRs in the kinetics of their reduction (27).

Steady-state kinetics of three SbCPR isozymes

To compare the reductase activity of the three isoforms,
SbCPR2a, SbCPR2b, and SbCPR2c were assayed for NADPH-
dependent cytochrome c and cytochrome P450 reduction ac-
tivities. Because of the insoluble nature of F5H in the E. coli
expression system, the kinetic assay was carried out for
SbC30H and SbC4H1.

Cytochrome c

The activities of full-length SbCPR2s were assayed for their
concentration dependence on NADPH (0–100 μM) with a
fixed amount of cytochrome c (40 μM). In addition, the
truncated (Δ1–50) SbCPR2s were assayed for their concen-
tration dependence on cytochrome c (0–150 μM) with a fixed
amount of NADPH (100 μM). The reduction of cytochrome
c3+ to cytochrome c2+ was monitored at 550 nm (ε = 21
mM−1 cm−1). The results showed that all three SbCPR2s in
either full-length or truncated form efficiently served as the
electron donor to reduce cytochrome c, displaying typical
Michaelis–Menten type dependency for both NADPH and
cytochrome c (Fig. 3, A and B). For NADPH and cytochrome c,
the corresponding Vmax and KM for SbCPR2a, SbCPR2b, and
SbCPR2c are provided in Table 1. Overall, SbCPR2a was the

Figure 3. Kinetic assays of SbCPR2s with different electron acceptors. A, kinetic assay in dependence on cytochrome c concentration with constant
NADPH concentration, B, kinetic assay for dependence on NADPH concentration with constant cytochrome c concentration. C, kinetic assay with C30H in
dependence on p-coumaroyl shikimic acid. D, kinetic assay with C4H in dependence on 2-naphthoic acid as an alternative substrate. Velocities are
normalized by enzyme concentrations. C30H, p-coumaroyl shikimate/quinate 30-hydroxylase; C4H, cinnamate 4-hydroxylase.
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most efficient in cytochrome c reduction according to the
Vmax/KM values exhibited by the three enzymes. All three
SbCPR2s displayed KNADPH

M close to the value of 6.3 μM re-
ported for the rat CPR (61). However, the values of Kcyt c

M of
exhibited by SbCPR2s are noticeably higher than that observed
with the rat CPR (16 μM, (61)).

C30H (CYP98A1)

C30H converts p-coumaroyl shikimic acid and/or p-cou-
maroyl quinic acid into caffeoyl shikimic acid and/or caffeoyl
quinic acid. To compare the enzymatic activity of the three
SbCPR2 isozymes to reduce the SbC30H, a reconstituted
membranous system in which SbC30H interacts with pre-
formed proteoliposomes containing one of each full-length
SbCPR2 enzyme was used. We maintained the SbCPR con-
centration at two times higher than the concentration of
SbC30H to achieve the optimal activity of the system. For the
steady-state kinetics experiments, the natural substrate of
C30H, p-coumaroyl shikimic acid, was used, and product for-
mation of caffeoyl shikimic acid was monitored with HPLC
(320 nm) (Fig. 3C). The Vmax and KM for SbCPR2a, SbCPR2b,
and SbCPR2c are provided in Table 1. The corresponding
Vmax/KM values are 4.0 × 104, 1.3 × 105, and 3.5 × 104 M−1 s−1,
respectively, demonstrating that SbCPR2b is the most efficient
electron donor for SbC30H. SbCPR2c has the lowest catalytic
efficiency, which is one fourth of SbCPR2bs. However, all three
SbCPR isozymes displayed similar efficiencies and substrate-
binding affinities, suggesting that C30H could obtain similar
reduction from any of them as long as they are in close
proximity.

C4H1 (CYP73A33)

C4H catalyzes the 4-hydroxylation of trans-cinnamic acid
using two electrons from reduced CPR. Similarly to the assay
with C30H, three full-length SbCPR2 isozymes were incorpo-
rated into a liposome and incubated overnight with SbC4H1 in
a 2:1 ratio. Kinetic parameters for SbCPR2b pairing with
SbC4H1 have been reported previously using either the natural
substrate trans-cinnamic acid or a fluorometric substrate,
2-naphthoic acid (47). The use of the fluorometric substrate
enables measurement of the product formation by monitoring
its emission at 450 nm. Kinetic parameters obtained with both
substrates were quite similar in terms of the Vmax and KM

values determined (47). Therefore, the fluorometric substrate
was used to compare the activity of SbCPR2a, SbCPR2b, and
SbCPR2c with SbC4H1 (Fig. 3D). The Vmax and KM values for

SbCPR2a, SbCPR2b, and SbCPR2c are provided in Table 1.
The corresponding Vmax/KM values were 6.0 × 104, 2.2 × 105,
and 1.0 × 106 M−1 s−1, respectively, indicating that all three
SbCPR2s supported SbC4H1 activity. These results were
comparable to SbC30H results obtained previously, in which all
three isozymes displayed similar values of Vmax and KM.
SbCPR2c provided the best catalytic efficiency, and SbCPR2a
displayed lowest catalytic efficiency that is 17% of the
SbCPR2cs.

Comparison between full-length and truncated SbCPR2b

Our enzymatic experiments for SbCPR2s and SbC4H1 were
performed in a membranous system containing SbCPR2s
incorporated in proteoliposomes. The ability of truncated CPR
to supply the electrons to C4H in solution has not been
investigated to date. To probe this ability, changes in the
absorbance of the system were monitored after adding
NADPH to the mixture of SbC4H1 with the soluble form of
SbCPR2b (Δ1–50) in CO-saturated solution. As shown in
Figure 4, upon addition of NADPH to the system under
anaerobic conditions, the absorbance band of the reduced
carboxyl complex of P450 at 450 nm increased until it reached
a plateau, equating to only 40% of the SbC4H1 in the mem-
branous system. This result may suggest that without being
membrane anchored, only a fraction of the SbC4H1 was
available for the interaction with SbCPR2b, possibly because of
aggregation of SbC4H1 in solution.

Stoichiometry of substrate oxidation and futile cycling of the
SbCPR2b pair with SbC4H1

Oxidation of a substrate molecule by cytochrome P450 re-
quires a supply of two electrons from CPR. However, utiliza-
tion of supplied electrons through the intrinsic oxidase and
peroxidase shunts can also result in a futile cycle producing
water and reactive oxygen species (ROS; H2O2 and superox-
ide), respectively. Both substrate monooxygenation and ROS
production through the peroxidase shunt involve consuming
1 mol of oxygen per 1 mol of NADPH oxidized. In contrast,
water production through the oxidase shunt consumes 2 mol
of NADPH per 1 mol of oxygen (62). Thus, comparing the rate
of NADPH oxidation with oxygen consumption and product
formation, one can deduce the degree of coupling of the CPR–
P450 system and assess the partitioning between the water-
producing oxidase pathway and ROS-producing peroxidase
shunt.

Table 1
Enzymatic parameters showing the comparison of SbCPR2s

CPR type

Cytochrome c reduction C30H reduction C4H reduction

Substrate

Cytochrome c NADPH p-Coumaroyl shikimic acid 2-Naphthoic acid

KM (μM) Vmax (min−1)a KM (μM) Vmax (min−1)a KM (μM) Vmax (min−1)a KM (μM) Vmax (min−1)a

SbCPR2a 26.6 ± 3.3 2438.2 ± 99.7 5.3 ± 0.5 940.9 ± 22.8 69.6 ± 7.0 163.9 ± 69.6 1.6 ± 0.3 6.0 ± 0.3
SbCPR2b 48.9 ± 7.8 2432.8 ± 159.7 8.9 ± 1.0 950.7 ± 29.5 47.1 ± 6.6 369.8 ± 22.1 2.3 ± 0.4 30.1 ± 1.7
SbCPR2c 48.6 ± 11.5 3460.7 ± 337.4 14.9 ± 3.1 992.0 ± 14.9 186.8 ± 48.8 387.0 ± 66.5 0.3 ± 0.1 17.4 ± 0.9

a Velocity was normalized by enzyme concentration.
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As we reported earlier (47), the turnover rate of SbC4H1 in
substrate oxidation was much slower when the rat CPR was
used as a surrogate of the native redox partner, SbCPR2b. To
further probe the differences in catalytic efficiency and
coupling between the homologous and heterologous redox
pairs, the oxygen and NADPH consumption rates were
measured during futile cycling of the systems (no substrate
added) and in NADPH-dependent oxidation of 2-naphthoic
acid to the product 6-hydroxy-2-naphthoic acid.

As presented in Table 2, in the absence of substrate,
SbC4H1 was prone to futile cycling when paired with either of
the two CPRs. The utilization of NADPH in the absence
of substrate differed only slightly. In both systems, production
of ROS amounted to "100% of the NADPH consumption. In
the case of the heterologous pair of SbC4H1 with rat CPR, the
addition of substrate did not result in any considerable

increase in the NADPH consumption (Table 2), and the de-
gree of its coupling to substrate oxidation was very low ("6%).
In contrast, adding the substrate to the SbCPR2b–SbC4H1
pair resulted in an approximate fourfold increase in NADPH
and oxygen consumption rates, and the coupling degree was
"25%. In both systems, the water production was about 20%
with the presence of substrate. However, because of lower
degree of coupling of NADPH consumption to product for-
mation, the partitioning of the electron flow through the
peroxidase shunt, and consequently, production of H2O2 and/
or superoxide in the pair of SbC4H1 with rat CPR, was
considerably higher than in the case of its pairing with
SbCPR2b.

Oligomeric state and overall structure of SbCPR2

Truncated recombinant SbCPR2b and SbCPR2c (Δ1–50),
which lacked the N-terminal 50 amino acids spanning both
signal peptide and hydrophobic transmembrane-anchoring
regions, were purified and crystallized. Three different forms
of SbCPR2b were obtained by cocrystallization—no NADP+,
NADP+, and NADP+—with potassium ferricyanide pretreat-
ment to maintain its fully oxidized state. All those were
crystallized in a same orthorhombic space group P212121 and
diffracted up to 2.50, 2.36, and 2.70 Å resolution, respectively.
Quality of the diffraction data and refinement statistics are
listed in Table 3. The lattice packing of SbCPR2b crystal was
through one molecule in the asymmetric unit without any
extensive intermolecular interactions. Confirming this
monomeric nature of SbCPR2b in crystal lattice, the multi-
angle light scattering (MALS) experiment also indicated that
the solutional molar mass was "77 kDa (Fig. 5), matching the
expected mass calculated from the amino acid sequence of
SbCPR2b. SbCPR2a, and SbCPR2c that had similar molar
masses, which indicated all SbCPR2s exist as a monomer in
solution.

From the early stage of crystallographic refinement, the
electron density corresponding to the N-terminal FMN-
binding domain and the connecting (or linker) domain were
not visible in any of the three datasets, revealing the electron
density corresponding only to NADP(H)-binding and FAD-
binding domains. The resulting crystal structures of
NADP(H)-binding and FAD-binding domains of SbCPR2b
contained 15 α-helices and 13 β-strands and was superim-
posable with those of rat CPR, human CPR, yeast CPR, and
Arabidopsis CPR2 with RMSD values of 0.89, 0.93, 0.93, and
0.68 Å, respectively. Despite numerous purification and
recrystallization attempts with various protease inhibitors, the
resulting crystals of SbCPR2b were consistently without FMN-

Table 2
Parameters of CPR-dependent reduction of SbC4H in proteoliposomes

System Substrate NADPH consumption, min−−1 Oxygen consumption, min−1 Product formation, min−1 Coupling, % H2O production, %

SbCPR–SbC4H1 None 28.5 ± 4.2 27.0 ± 0.3 N/A N/A 5.5 ± 15.1
2-Naphthoic acid 108.2 ± 7.0 88.1 ± 8.2 26.3 ± 4.4 25.6 ± 1.5 23.5 ± 9.0

Rat CPR–SbC4H1 None 12.5 ± 0.2 11.6 ± 0.3 N/A N/A 8.0 ± 1.5
2-Naphthoic acid 12.3 ± 1.3 10.2 ± 0.2 0.8 ± 0.2 6.2 ± 0.7 20.6 ± 15.0

Abbreviation: NA, not applicable.

Figure 4. Interaction between SbC4H1 and truncated SbCPR2b. A,
continuous absorbance spectrum for SbC4H1 when reduced by CPR. Arrows
showed the direction of spectrum change through time. The experiment
was conducted with both enzymes’ membrane-anchoring peptide being
truncated. Low ionic strength was provided with CO-saturated 20 mM
Hepes buffer. B, the percentage of reduced SbC4H1 is plotted versus time,
and the total amount of SbC4H1 was 1 μM. CPR, cytochrome P450
reductase.
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binding and connecting domains. Purified SbCPR2b started to
show a significant amount ("50%) of cleaved proteins after
2 weeks. Small crystals were visible within 2 to 4 days, which
indicated the truncated forms selectively crystallized from the
mixture with full-length protein. This explanation was
confirmed using SDS-PAGE analysis of the freshly formed
crystal.

To identify the cleavage site, the crystals of SbCPR2b were
collected and separated by SDS-PAGE. The major band of

"45 kDa was cut, extracted, and then digested by trypsin and
analyzed by MALDI–MS/MS. According to the data, the
corresponding band uniquely contains the peptide
295NGHAVHDAQHPCQANVAVR313 of 2082 Da along with
many other fragments from the tryptic digest, and thus, the
cutting site was deduced as the peptide bond between Ala294
and Asn295. This was consistent with the presence of a
"45 kDa fragment in our SDS-polyacrylamide gel and implied
the cleavage site was located in the middle of a connecting
domain. Confirming this, the tryptic digest of intact full-length
SbCPR2b contains a 2614 Da peptide 290NFSLAN-
GHAVHDAQHPCQANVAVR313, including all the other same
tryptic peptides as dissolved crystals. Similar to SbCPR2b, a
truncated form of SbCPR2a became predominant after 1 week
of storage. LC–MS/MS results of SbCPR2a showed that its
N-terminal ends either at 294SNGHAVYDIQHPCR307 or
292TLSNGHAVYDIQHPCR307, which is near the cleavage site
in SbCPR2b. In short, the relatively rapid degradation was
observed in all three SbCPR isoforms but was not observed in
rat CPR (Fig. S2). Because of a fast cleavage event of the FMN-
binding domain in SbCPR2a, its crystallization was not
attempted.

FAD-binding and NADP(H)-binding site of SbCPR2b
Although the crystallization buffer of SbCPR2b did not

contain FAD, the electron density corresponding to the entire
FAD molecule was well defined from the early stages of
refinement of the diffraction data from all three crystallization
conditions (Fig. 6A).

The FAD cofactor was bound through a network of
hydrogen bonds, which was similar to the observations from

Table 3
X-ray diffraction data and refinement statistics for SbCPR2

Crystal and statistics

SbCPR2b apo SbCPR2b (ambient NADP+ complex) SbCPR2b (oxidized NADP+ complex)

PDB ID: 7SUZ PDB ID: 7SUX PDB ID: 7SV0

Data collection
Space group P212121 P212121 P212121
Cell dimensions

a, b, c (Å) 47.143, 68.894, 154.265 47.127, 69.653, 153.271 46.947, 69.158, 150.949
α, β, γ (#) 90.00, 90.00, 90.00 90.00, 90.00, 90.00 90.00, 90.00, 90.00

Resolution (Å) 38.91–2.501 (2.591–2.501) 34.78–2.36 (2.444–2.36) 44.83–2.7 (2.797–2.7)
Rmerge 0.09279 (1.029) 0.1129 (1.768) 0.123 (1.537)
Wavelength (Å) 1.000 1.000 1.000
Unique reflections 18,037 (1754) 21,324 (1939) 14,106 (1372)
Completeness (%) 99.78 (98.76) 99.08 (92.07) 99.82 (99.85)
<I>/σI 13.17 (2.21) 13.58 (0.88) 10.18 (0.96)
CC1/2 0.997 (0.729) 0.997 (0.409) 0.994 (0.841)
Redundancy 7.1 (7.1) 6.9 (5.2) 5.5 (5.6)

Refinement
Rwork/Rfree 0.2098/0.2499 (0.4020/0.4639) 0.2321/0.2651 (0.3552/0.3573) 0.2232/0.2659 (0.3084/0.3480)
Number of atoms

Protein and ligand 3026 3019 3026
Water 84 40 17

B-factors (Å2)
All atoms 63.86 75.64 86.31
Solvent 64.69 76.08 86.53

RMSD
Bonds (Å) 0.012 0.012 0.013
Angles (º) 1.18 1.38 1.30

Ramachandran plot
% Favored 93.25 95.31 94.29
% Outliers 0.52 0 0

Clashscore 15.67 19.28 28.7
TLS groups 3 3 3

Abbreviation: TLS, translation/libration/screw.

Figure 5. Oligomeric state of SbCPR2a, SbCPR2b, and SbCPR2c in so-
lution. The elution profile for SbCPR2s was monitored with multiangle laser
light scattering and is shown as absorbance (left y-axis) and molecular
weight (right y-axis) versus elution time (min). The flow rate was
0.5 ml min−1. The solid line represents changes in absorption at 280 nm
(green for SbCPR2a, red for SbCPR2b, and black for SbCPR2c). The thick
cluster in the middle of the peak indicated the calculated molecular mass
("77 kD) from light scattering, illustrating the monomeric nature of
SbCPR2s. CPR, cytochrome P450 reductase.
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other CPR structures. The pyrophosphate group of the FAD
was within hydrogen-bonding distance to the backbone amide
nitrogen of Ser521 and Cys520 (Fig. 6D), and this group was in
an N-capping position compensating for the macrodipole of
the nearby α-helix. The isoalloxazine ring of FAD established
hydrogen bonds with the side chain of Ser487 (Fig. 6D),
backbone carbonyl oxygen of Thr502, and backbone nitrogen
atoms of Ser487 and Ala504. In addition, the re-side of the
same isoalloxazine ring was in a parallel p–p stacking inter-
action with the indole side chain of Trp706. On the other
hand, the side chain of Tyr486 established an almost perpen-
dicular p–p interaction with the si-side of isoalloxazine ring of
FAD with an angle of "70#. There were three bound water
molecules near the isoalloxazine ring, and one of them formed

a bridge between O4 of isoalloxazine and the backbone of
Thr502 and Ser487. The other water molecule was within a
hydrogen-bond distance from the ribitol hydroxyl group and
O2 of isoalloxazine and the backbone amide of Ala504. The
third water was connecting O2 of isoalloxazine and the indole
ring of Trp706. The ribitol hydroxyl groups also formed
hydrogen bonds with the side chain of Tyr486 and the back-
bone of Tyr485. Both electrostatic interaction with the
guanidium side chain of Arg484 and polar interaction
with imidazole side chain of His516 stabilized the pyrophos-
phate group of FAD. The same pyrophosphate group also
established polar interactions with the side chain of Ser521
and the backbone amide groups of Val519 and Cys520
(Fig. 6D). In addition, there were four water molecules within

Figure 6. The crystal structure of SbCPR2b. A, ribbon diagram representing the crystal structure of SbCPR2b (blue) with the FMN-binding domain (orange)
that was built by the homology model (Phyre2 (68)), and the connecting domain is shown in violet dashed line. The position and orientation of FMN-binding
domain is arbitrary; B, FAD and NADP+ with 2mFo–DFc (0.97) map in the naturally oxidized SbCPR2b. C, the NADP+ molecules in the CPR structures: NADP+ in
naturally oxidized SbCPR2b (blue) and fully oxidized (pink). D, hydrogen-bonding network that anchors FAD and NADPH in SbCPR2b. Side chain and
backbone of amino acids are shown in black. FAD is shown in orange, and NADP+ is shown in green. Water molecules are shown in red. CPR, cytochrome
P450 reductase; FAD, flavin adenine dinucleotide.
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a hydrogen-bond distance from the same pyrophosphate
group. The adenosine group of FAD was hydrogen bonded to
the side chain of Ser411 and Arg514 (Fig. 6D). In contrast to
animal CPRs, where the tyrosine side chain undergoes a π–π
interaction with the adenine ring, this interaction was
not observed in the structure of SbCPR2b. Based on the
sequence alignment, the corresponding residue in SbCPR2b
is glutamic acid.

Similarly to the failed attempt to cocrystallize AtCPR2 with
NADPH (20), our attempt of crystallizing SbCPR2b with
NADPH was also unsuccessful, and thus efforts were focused
on obtaining the oxidized form of SbCPR2b through addition
of NADP+ instead of NADPH. When SbCPR2b was crystal-
lized with NADP+ under atmospheric conditions, the electron
density of the entire NADP+ molecule was well defined, in
contrast to the rat CPR (63) and human CPR (64), where the
ribosyl-nicotinamide moiety of the bound NADP+ was signif-
icantly disordered. The diffraction data obtained from crystals
of SbCPR2b that had been in a solution containing NADP+

with potassium ferricyanide pretreatment to maintain its fully
oxidized state showed the electron density for the entire
NADP+. This is the first observation of ribosyl-nicotinamide in
any native CPR. In Figure 6A, several residues established
noncovalent interactions with the 20,50-ADP portion of
NADP+, which included Gly564, Thr565, Ala504, Gly595,
Arg597, Ser626, Arg627, Tyr634, Gln636, Gly664, Met665, and
Asp668 (Fig. 6D). A significant finding was that the position of
the indole ring from Trp706 (Fig. 6B) blocked a potential
interaction between the nicotinamide ring of NADP+ and the
flavin ring of FAD. The nicotinamide moiety of NADP+ adapts
different conformations in the atmospheric versus fully
oxidized form of SbCPR2b. In the fully oxidized form, the
nicotinamide ring that was in the syn-conformation relative to
the ribosyl ring was extended to a position between the side
chain of Glu508 and Arg323, being away from isoalloxazine
ring of FAD. In the atmospheric form, the nicotinamide ring
was in anti-conformation and near the side chain of Asp661
(Fig. 6C), which was located exactly between the position of
the reduced NADP+ in rat CPR (PDB ID: 5URE) (65) and the
position where indole ring and isoalloxazine ring stacked in
our structure. The comparison between these two structures
illustrates different conformations of NADP+ in different
redox states in sorghum CPR.

Structure of SbCPR2c

The soluble form of SbCPR2c without its membrane-
anchoring region (Δ1–50), which had the slowest cleavage
rate, was cocrystallized with NADP+ within a couple of days.
The resulting crystal lattice in the P43212 space group with the
unit cell parameter of a = 116.82, b = 116.82, and c = 431.05 Å
diffracted only up to "4.5 to 6 Å resolution. All attempts
including transferring crystals to the reservoir with higher
concentration of precipitant up to 50% PEG-3350 for dehy-
dration and crosslinking crystals with glutaraldehyde (66) were
applied to improve resolution, but the best diffracted crystals
yielded only a 4.5 Å resolution at best. The initial trials of

molecular replacement (MR) for finding the position and
orientation for the whole SbCPR2c molecule did not yield any
solutions, but a search for NADPH-binding or FAD-binding
domain offered a solution and produced a good quality elec-
tron density containing the FAD and 20,50-ADP moiety of
NADP+. However, despite our numerous attempts, the MR did
not yield any solution on the FMN-binding domain. The SDS-
PAGE of the dissolved SbCPR2c crystals showed a single band
for the SbCPR2c at "70 kDa, which indicated the protein was
fully intact, unlike what had been observed for SbCPR2b. It is
likely that the FMN-binding domain of SbCPR2c was not
establishing any specific interface with the FAD-binding
domain existing in an ensemble of structures. The crystal
lattice was mainly built through interaction amongst FAD-
binding domains (Fig. S3), which may explain the low-
resolution diffraction. The RMSD between SbCPR2c and
SbCPR2b was 1.14 Å, and the conformation of the 20,50-ADP-
moiety and FAD in these two structures was readily
superimposed.

FMN-binding domain model and docking

Molecular docking experiments were performed using
the ‘PatchDock’ algorithm (http://bioinfo3d.cs.tau.ac.il/
PatchDock/patchdock.html) (67) between the crystal struc-
ture of SbC4H1 (PDB ID: 6VBY) and the FMN-binding
domain model of SbCPR2b, which was built with Phyre2
server (Structural Bioinformatics Group) (68). The FMN-
binding domain of rat CPR (PDB ID: 1AMO) and the
FMN-binding domain of ATR2 (PDB ID: 5GXU) were used as
positive controls for this docking experiment (Fig. 7, A and B).
Among the top 10 solutions of both FMN-binding domains,
four of each located an FMN-binding domain at the proper
position at the heme-proximal side of SbC4H1, which would
allow electron transfer from FMNH2 to heme iron. Those
docking solutions for SbCPR2b had an average score of
11,609.5, a binding area of 1591.05 Å2, and atomic contact
energy (ACE) of 360.9 cal mol−1. This solution for rat CPR at
the similar orientation and position displayed an average score
of 12,536, a binding area of 1736.7 Å2,and ACE of
294.35 cal mol−1 (Fig. 7A). The solution for ATR2 at the
similar orientation and position displayed an average score of
12,066, a binding area of 1763.0 Å2, and ACE of
449.98 cal mol−1 (Fig. 7B). Furthermore, the location of the
interface between FMN-binding domain of SbCPR2b and
SbC4H1 is very similar to that between the FMN-binding
domain and the heme-binding domain in the structure of
Bacillus megaterium P450BM3 (PDB ID: 1BVY) (69) (Fig. 7C).
In addition, the key secondary structural elements of SbC4H1
and P450BM3 align well. Consequently, the distance and angle
between FMN and heme are very similar in those complexes.

Two particular sequences in SbCPR that form the interface
with the P450 enzyme, 160TYGDGEPTD168 and
229LGDDDQCIEDD239, are highly conserved among the FMN-
binding domain of CPR from various species (Fig. S4). Our
docked model of the FMN-binding domain of SbCPR to
SbC4H1 adopted both peptide motifs, especially the tip of the
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loop in the two sequencemotifs 232DDQ234 and 162GDG164were
interacting with the surface of SbC4H1 (Fig. 8). In addition, two
other loops, 200RQYE203 and 104TQTG107, constituted the
interface with SbC4H1. Significantly, those four loops contain
the residues that establish the FMN-binding pocket. In addition,
the four sequence motifs of rat CPR exactly establish the inter-
face with rat heme oxygenase (PDB ID: 3WKT) (70), thus
strongly supporting our docked interface between SbC4H1 and
the FMN-binding domain of SbCPR2b. The backbone amide
nitrogen and carbonyl oxygen of Gly141 in the first peptide
mentioned previously, 139TYGEGDPTD147 in rat and human
CPRs, form hydrogen bonds to either oxidized or reduced N5 in
the isoalloxazine ring of bound FMN and FMNH2, respectively,
which is referred to as either theO-downorO-up conformation.
Deletion of this completely conserved Gly141, which is

equivalent to Gly162 in SbCPR, abolishes the catalytic activity of
CPR because of the destabilization of the FMN semiquinone
state (71). It was also proposed that the consequential reor-
ientation of Gly141 upon altering the oxidation state disrupts
the network of interactions with neighboring residues and
interdomain interactions, leading to the open conformation of
CPR (11, 72).

Discussion
Analysis of sequence and expression data from various plant

species has indicated the existence of divergent CPR genes in
the plant kingdom that are either constitutively expressed or
regulated in response to the various environmental and
developmental cues. The occurrence of multiple CPR iso-
enzymes in plants may also reflect the diversity of P450s

Figure 7. Molecular docking of FMN-binding domain with SbC4H1. A, stereo view of SbCPR2b FMN-binding domain (light blue) docked to SbC4H1
(yellow, PDB ID: 6VBY). The rat CPR FMN-binding domain (purple, PDB ID: 1AMO) docked to SbC4H1 at the same position was superimposed. B, stereo view
of SbCPR2b FMN-binding domain (light blue) docked to SbC4H1 (yellow, PDB ID: 6VBY). The ATR2 FMN-binding domain (green, PDB ID: 5GXU) docked to
SbC4H1 at the same position is superimposed. C, stereo view of SbCPR2b FMN-binding domain (light blue) docked to SbC4H1 (yellow, PDB ID: 6VBY) is
superimposed with the heme (orange) domain and FMN-binding domain (dark blue) of the cytochrome P450 (BM-3) (PDB ID: 1BVY). The molecular docking
was performed using the “PatchDock” algorithm (67), and the FMN-binding domain model of SbCPR2b was built with Phyre2 server (68). CPR, cytochrome
P450 reductase.
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required for synthesis of the many metabolites that are
essential for plant growth, development, and protection from
environmental challenges.

Three CPR isozymes, SbCPR2a, SbCPR2b, and SbCPR2c,
have been identified in sorghum (14), which have on average
72% amino acid sequence identity and 87% sequence similar-
ity. Those identity and similarity values increase to 80% and
89%, respectively, when the N-terminal 70 amino acids con-
taining the leader and transmembrane-anchoring sequences
are excluded from the analysis. Significantly, the similar
NADPH-dependent reduction behaviors of SbCPR2a and
SbCPR2c (Fig. 2) are consistent with the observed phylogenetic
distance among three SbCPR2s (Fig. S5). As indicated in the
phylogenetic tree, the three subclasses of CPR2 from the
monocots for which the sequences were analyzed clustered
together. A BLAST (73) search to identify proteins with similar
amino acid sequences in the nonredundant database showed
over 90% identity with CPRs from several other grasses,
including Miscanthus lutarioriparius, Zea mays, Setaria ital-
ica, Digitaria exilis, Eragrostis curvula, and Oryza sativa. As
expected, three SbCPR2s are more closely related to ATR2
than ATR1, in terms of both amino acid identity and similarity
values. The phylogenetic distance to the animal CPRs is even
greater than to both Arabidopsis CPR1 and CPR2. One notable
difference between the sequences of ATR1 and ATR2 is the
Ser/Thr-rich sequence 2SSSSSSSTS10 at its N terminus, for
which the similarity to the chloroplast target sequence has
been reported (74). The corresponding sequence does not exist
in the N terminus of SbCPR2s.

A Dali (http://ekhidna2.biocenter.helsinki.fi/dali/) (75)
search also indicated that CPR2 from Arabidopsis (PDB ID:
5GXU) showed the highest Z-score of 52.8, followed by human
CPR (PDB ID: 3QFS) with an Z-score of 45.2, rat CPR (PDB

ID: 4Y7C) with an Z-score of 44.9, and the FAD-binding
domain of BM3 from Priestia megaterium (PDB ID: 4DQK)
with an Z-score of 44.6. Among those structural homologs, the
conserved residues were distributed throughout all secondary
structural elements. In general, the CPRs with the highest
similarity scores have the same topological order for the sec-
ondary structural elements as observed in SbCPR2b. However,
detailed visual inspection revealed a few structural heteroge-
neities in terms of the number and size of helices and sheets.

Structural and mechanistical comparison with rat and human
CPRs

The observed high sequence similarity among the three
SbCPR2 isozymes is consistent with the similar activities they
displayed in conjunction with cytochrome c and cytochrome
P450s (SbC4H1 and SbC30H). Although our crystal structures
of SbCPR2b and SbCPR2c did not provide structural data
pertaining to the FMN-binding domain, the structure of the
FMN-binding domain is expected to be very similar to other
reported structures considering the high level of sequence
identity ("80%).

FAD-binding and/or NADPH-binding domain

Similar to the highly conserved sequence of the FMN-
binding domain among CPRs, both structure and sequence
of the FAD-binding domain among well-investigated CPRs are
highly conserved. Among the 25 residues, which constitute the
FAD-binding pocket, 14 of them are invariant in all the CPRs
we compared and seven of them are conserved in only plant
CPRs (Fig. S4). Among those conserved residues, Ser411,
Arg484, Tyr485, Ser487, Arg514, Val519, and Ser521 form
hydrogen bonds with a bound FAD molecule in SbCPR2b
(Fig. 6D). The position and conformation of the FAD molecule

Figure 8. Plausible interaction between SbCPR2b and SbC4H1. The FMN-binding domain of SbCPR2b is shown in light blue and FMN molecule as yellow.
The FAD-binding domain is shown in dark blue with FAD in orange and NADP+ in green. The relative orientation between the FAD-binding domain and the
FMN-binding domain is arbitrary. SbC4H1 is shown in pink with heme as red. Inset shows the interface between the FMN-binding domain and SbC4H1 with
the four interacting loops highlighted. FAD, flavin adenine dinucleotide.
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in the three different forms of SbCPR2b were not noticeably
different, indicating that the association of NADP+ did not
affect the conformation of FAD. In all three forms of SbCPR2b,
the indole side chain of Trp706 was stacked parallel to the
isoalloxazine ring of FAD shielding its re-face and thus pre-
venting the nicotinamide ring from occupying the same po-
sition. The corresponding tryptophan residue has been
proposed to regulate the binding and release of NADPH and
NADP+, respectively.

Fourteen residues were within a distance of 3.5 Å from the
20AMP-PPi moiety of NADP+ in our crystal structure of
SbCPR2b. Thirteen of them are completely conserved among all
CPRs, and the remainingGly664 is conserved among plantCPRs
(Fig. S4). Among those completely conserved residues, Arg323,
Thr565, Arg627, Ser626, Asp668, Tyr634, and Gln636 estab-
lished hydrogen bonds with the 20AMP-PPi moiety of bound
NADP+, which indicates that the binding mode for 20AMP-PPi
moiety is conserved among plant and animal CPRs. The
conformation of the 20AMP-PPi moiety of NADP+ in the open-
air and fully oxidized SbCPR2b structures was quite similar. Its
pyrophosphate and 20 phosphate moieties were stabilized by
guanidium side chains of the Arg323, Arg597, and Arg627,
which are conserved among compared CPRs (Fig. S4). The
guanidium side chain of Arg323 interacted with the pyrophos-
phate group of NADP+, and Arg597 interacted with the 20

monophosphate, whereas Arg627 interacted with both. The
whole NADP+ molecule bound in the open-air SbCPR2b was
bent at its pyrophosphate group, and its positively charged
nicotinamide ring was extended to the terminal carboxyl group
of Trp706. The ribosyl-nicotinamide of NADP+ was proximal to
the re-face of the isoalloxazine ring similar to the position
observed in the structure of the S457A/C630A/D675N triple
mutant of rat CPR ((63), PDB ID: 1JA1), although the ring
orientation was different. Close inspection of the SbCPR2b
structures with/withoutNADP+ revealed that the position of the
phenolic side chain of Tyr634 was adjusted to establish a parallel
orientationwith the adenine ringof the boundNADP+molecule.

Significantly, the positively charged nicotinamide ring in
SbCPR2b was located near the terminal carboxyl end of
Trp706 and the carboxyl side chains of Glu508 and Asp661.
Although Glu508 is not conserved, both Trp706 and Asp661
are completely conserved among the CPRs we compared.
Trp706 is the C-terminal residue (703RDVW706) conserved in
plant CPRs, but in rat and human CPRs, it precedes a serine
residue (654LDVWS678). In addition, the amide and carboxyl
groups of Trp706 in all three structures of SbCPR2b were
hydrogen bonded to the carbonyl oxygen of Gly660 and the
backbone amide nitrogen of Ala662. Asp661 was located at the
center of the loop at the N terminus of a helix, which is
conserved in plants (660GDAKGM665) and animals
(631GDARNM636). Movement of this so-called “Asp-loop” has
been proposed to modulate catalytic activity through con-
trolling the binding of NADPH and release of NADP+ in both
rat and human CPRs (63, 76). Upon NADPH binding, charge
and steric repulsion force the side chain of this aspartic acid
away from NADPH, and it forms three hydrogen bonds with
the backbone amide groups of Arg634, Asn635, and Met636 of

631GDARNM636 in rat/human CPR, which results in a tight
and retracted loop conformation (65). Similarly, the side chain
of Asp661 in SbCPR2b structure established hydrogen bonds
with equivalent backbone residues, Lys663, Gly664, and
Met665 in 660GDAKGM665. However, comparison of our
NADP+-free SbCPR2b structure with two NADP+-bound
structures did not reveal any significant shift in position of this
loop as previously observed in the mammalian CPRs. Likewise,
the tight and contracted conformation of the Asp-loop was
observed in the crystal structure of ATR2 without bound
NADP+ ((20), PDB ID: 5GXU), which suggests that this
NADP+-dependent conformational change does not occur in
plant CPRs. The observed hydrogen-bond interaction between
the backbone of the C-terminal Trp706 and the Asp-loop in
SbCPR2b supports the hypothesis that the binding and release
of NADP(H) and NADP+ closely coordinate a concerted mo-
tion between the Asp-loop and the rotation/retraction of the
indole ring away from the flavin (65), although retraction of
the Asp-loop was not visible in SbCPR2b. In addition, the
observed potential electrostatic interaction between the nico-
tinamide ring and the C terminus of Trp706 could differen-
tially push and pull the indole ring of Trp706 depending on the
association of NADP+ or NADPH, which could be a plant-
specific shift. Thus, a concerted movement of Trp706 and
the 660GDAKGM665 loop (Asp-loop) upon NADP(H) binding
will likely affect the domain interface in plant CPRs and alter
its equilibrium between the compact and extended states
proposed in animal CPR (77).

Considering our crystal structures of three different states,
NADPH binding could be initiated by electrostatic attractions
between the negatively charged phosphate groups in 20-AMP-
50PPi of NADPH and the positively charged amino acids
(Arg323, Arg597, and Arg627). Next, the conserved negatively
charged carboxyl group of Trp706 likely anchors the positively
charged nicotinamide ring of NADPH within the binding
pocket and then swings the nicotinamide ring into the re-face
of the isoalloxazine ring of FAD, simultaneously displacing its
side-chain indole. The NADP+ molecule is proposed to be
displaced from CPR prior to electron transfer from FADH2 to
the FMN (63). Weakened p–p orbital interactions between the
oxidized nicotinamide and isoalloxazine allow the indole side
chain of tryptophan to displace the nicotinamide ring from its
binding site. In the SbCPR2b structure, the N3 and O2 atoms
of FAD isoalloxazine formed hydrogen bonds with the back-
bone of Thr502 and Ala504. In addition, its N5 atom was
located within a hydrogen-bond distance to the hydroxyl side
chain of highly conserved Ser487. Furthermore, the backbone
and side chains of the completely conserved surrounding
residues His344 and Arg544 established a hydrogen-bond
network with Asp704. Protonation at the N5 atom of the
isoalloxazine ring upon hydride transfer from C4 of the
nicotinamide ring was proposed to substantially alter those
hydrogen-bonding interactions (27). The oxidized nicotin-
amide in NADP+ re-establish the hydrogen bond between
Ser487 and Asp704, which stabilizes the ensuing FAD semi-
quinone intermediate. Given that realignment of the C-ter-
minal tryptophan precedes interflavin electron transfer, it may
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be these conformational changes rather than the shuttling of
electrons between the redox centers that limits the overall flux
of reducing equivalents in the plant enzymes (27).

Based upon the SbCPR2b structures, most mechanistic hy-
potheses are similar to the ones proposed for mammalian
CPRs. The observed difference in activity between animal and
plant CPRs is therefore likely because of the heterogeneity of
amino acid sequences within the connecting domain that joins
the FMN-binding and FAD-binding domains that also guides
the relative orientation of both domains.

Connecting domain

The interaction between CPR and the partner P450 and the
subsequent electron transfer require a conformational transi-
tion of the CPR from the closed to the open state in a redox-
dependent manner. The open conformation of CPR is required
for delivery of electrons from the reduced FMN cofactor to the
P450. Directly following the first interflavin electron transfer,
CPR adopts an “open” conformation to transfer an electron to
the receptor enzyme (78). So far, however, all crystal structures
of wildtype rat, yeast, and human CPRs are in their closed
conformation with the isoalloxazine rings of FAD and FMN in
close proximity to each other, which is required for electron
transfer between two rings (77). The same conformational
transition between the open and closed conformations may
not only regulate a hydride transfer but also control interflavin
electron transfer. However, the conformational transition of
the CPR from a closed state, which favors intramolecular
electron transport, to an open state that is capable of trans-
ferring electrons to its redox partners, remains insufficiently
well understood (72, 79, 80).

The asymmetric unit of the SbCPR2b crystal lattice was one
molecule, and all three SbCPR2 isozymes exist in monomeric
form in solution (Fig. 5). However, the FMN-binding domain
is missing in our crystal structures of SbCPR2b, and the
experimentally determined cleavage site is present in SbCPR2
isozymes within the connecting domain. A similar behavior
was with the crystal structure of Arabidopsis CPR2 (AtCPR2,
PDB ID: 5GXU). The asymmetric unit of AtCPR2 consists of
two molecules; one molecule has neither the connecting
domain nor the FMN-binding domain like our SbCPR2b
structure (20). Even though the other molecule contained the
FMN-binding domain and the connecting domain, the 43
amino acids of the connecting domain were completely
disordered. In contrast, the corresponding disordered area of
the connecting domain is less than 10 amino acids in crystal
structures of mammalian CPRs. These findings from the
Arabidopsis and sorghum CPRs may indicate higher flexibility
of the FMN-binding domain in plant CPRs than in the animal
CPRs, which exposes their connecting domain to proteolysis.

The conformational change between the open and closed
states is an essential process for electron transfer between CPR
and redox partners. The solutional small-angle X-ray scat-
tering data on human CPR indicate its conformation transi-
tions between a closed state and an open state (6, 11, 12, 81).
The corresponding exchange frequency between the two states

has been estimated to be at a minimum 600 s−1 (12). In the
neutron reflectometry study on SbCPR2b, the coexistence of
the compact and extended forms with a thickness of 44 and
79 Å, respectively, was found, and this conformational equi-
librium shifts toward the compact form upon complete
reduction by NADPH (82). In addition, several closed con-
formations might coexist, and not all of them are able to
perform the interflavin electron transfer (83).

So far, the structural determinants that guide this confor-
mational transition remain unidentified (81). The middle of
the connecting domain contains a flexible hinge region that
allows the FMN-binding domain to move on a large scale in
order to interact with both the FAD-binding domain and its
partner protein for electron transfer. The flexibility of this
hinge region is an important factor determining the confor-
mational equilibrium between open and closed states, and
therefore, the reaction rate of CPR (81). The crystal structure
of the deletion mutant ΔTGEE of rat CPR at the center of the
hinge region, 235GVEATGEESSIR248, displayed a reoriented
FMN-binding domain in open conformation relative to the
FAD-binding domain (10). The chimeric yeast–human CPR
(84), in which the connecting domain of human CPR was
replaced with the yeast one, yielded an open conformation
where the FMN and FAD cofactors were separated by 86 Å,
which is compatible with FMN-to-P450 electron transfer. As
shown in Fig. S4, the corresponding peptide in the aligned
connection domain of SbCPR2s is TP(T)YT, which would
produce quite different conformational dynamics.

In general, the amino acid sequence of the connecting domain
among plants is quite different from those sequences in animals
(Fig. S4). The entire region in the crystal structure of AtCPR2,
SbCPR2b, and SbCPR2c was severely disordered, and the rapid
cleavage within the region that was observed in all three SbCPR2
isozymes was located at the connecting domain.

Several pairs such as G240/S243 (84), I245/R246 (79), and
S243/R246 (12) in the connecting domain of rat and human
CPRs have been proposed to be important for the conforma-
tional changes between the open and closed states. Among
those residues, only I245 is conserved in SbCPR2s, thus dy-
namic behavior of the FMN-binding domain of SbCPR2s is
expected to be quite different. The f/y angles around R246
have also been proposed to enable this conformational ex-
change in mammalian versions, but the proline at this position
in SbCPR2s would be expected to limit motion significantly.

Although all residues that constitute the FAD-binding and
NADP-binding pockets are highly conserved, the rate-limiting
step in rat and human CPR has been found to be the hydride
transfer from NADPH to FAD and reduction of the FAD is
"50-fold faster in Arabidopsis ATR2 and A. annua CPR (27).
NADP+–FADH2 charge–transfer complex formation is also
significantly faster in the plant CPRs. In contrast, interflavin
electron transfer is slower and represents the rate-limiting step
in plant CPRs (27, 85). It is tempting to speculate that the
apparent kinetic difference between plant and animal CPR is
mainly because of the amino acid sequences of their con-
necting domains.
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Conclusion
Although lignin is one of the earth’s most abundant bio-

polymers, converting it to fuels or commodity chemicals is
challenging because of its heterogeneity and recalcitrant na-
ture (86, 87). Engineering plant feedstocks with modified lignin
structure and tailored functionality has shown promise toward
facilitating recovery and chemical transformation of lignin (36,
88–90). In addition, flavonoids are of growing interest because
of their health benefits (91). CPR is a strategic target to
manipulate both the monolignol and flavonoid biosynthetic
pathways, given its pivotal role in providing activity to the
P450 enzymes, C4H, C30H, F5H, F30H, and F3050H, which
generate precursors for lignin and various flavonoids. In Ara-
bidopsis, CPR2-deficient plants have 6% less lignin with a 10-
fold to 15-fold increase in H-units without any morpholog-
ical defects, establishing CPR as a good candidate for the ge-
netic engineering of lignocellulosic crops (18). SbCPR2a,
SbCPR2b, and SbCPR2c are the only bona fide CPR genes in
sorghum; only their gene products have the ability to transfer
electrons from NADPH to P450s. Through crystal structure
determination, kinetic analyses, and phylogenetic analyses, we
have characterized the three sorghum CPR isozymes and
examined the differences between animal and plant CPRs.
Changing key features of these enzymes could subtly alter their
enzyme kinetics. This study therefore reveals potential targets,
especially the linker peptides, for gene-editing approaches
aimed at tailoring lignin levels and lignin composition in plants
to improve the conversion of biomass into biofuels or the
forage utilization by livestock without negatively affecting
plant growth and responses to biotic and abiotic stresses.

Experimental procedures
Chemicals and general

Analytical-grade chemicals were obtained from Sigma–
Aldrich, Thermo Fisher Scientific, and Alfa Aesar. Screening
solutions for crystallization were obtained from Hampton
Research. p-Coumaroyl-shikimic acid was synthesized (92).
Molecular graphics images were produced using the Chimera
package (University of California San Francisco, NIH P41 RR-
01081). The plotted figures were generated by GraphPad Prism
(GraphPad Software, Inc).

Recombinant enzyme expression and purification

The wildtype SbCPR cDNA sequences were cloned and
expressed in E. coli, and the recombinant proteins were purified
as previously described (47). Briefly, the SbCPRcDNAsequences
excluding the sequences encoding the transmembrane domain
were cloned into vector pET-30a(+) (MilliporeSigma) for over-
expression.The vectorwas introduced intoE. coliRosetta 2(DE3)
cells via transformation. Three liter LB medium complemented
with 25 μgml−1 chloramphenicol and 50 μgml−1 kanamycin was
inoculated with 20 ml from an overnight culture. The cells were
grown at 37 #C until the culture reached absorbance of 0.6 to 0.8
at 600 nm, and then the temperaturewas reduced to 25 #Cbefore
adding IPTG to a final concentration of 0.5 mM. After being
induced for 16 h, the cells were harvested by centrifugation at

5000 rpm for 20min at 4 #Cand resuspended in bufferA (50mM
Tris–HCl, 300 mM NaCl, pH 8.0) with 20 mM imidazole. After
sonicating on ice for 30 min (model 450 sonifier; Branson Ul-
trasonics), the cell debris was removed by ultracentrifuge at
17,000 rpm for 1 h. The clear lysate was loaded on a column
containingnickel–nitrilotriacetic acid resin (Qiagen) andwashed
with the same buffer. Modified SbCPR protein was eluted with
buffer A containing 250mM imidazole, pH 8.0. The protein was
concentrated, and the buffer was exchanged against 5 mM po-
tassium phosphate buffer and loaded onto hydroxyapatite col-
umn. The fraction containing SbCPR2s was eluted by a linear
gradient of potassium phosphate and then concentrated to 3 ml.
Final purity was analyzed by SDS-PAGE, and the concentration
was determined by the Bradford assay (Bio-Rad).

Absorbance spectroscopy and redox titration studies

The NADPH-titration experiments were performed with 15
to 25 μM solutions of the CPRs in 20 mM Hepes buffer, pH 7.5
placed into semimicro optical cell with a path length of 1 cm.
The anaerobic environment during the assay was maintained
by adding glucose (60 mM), glucose oxidase (30 U ml−1), and
catalase (2000 U ml−1). The absorbance spectra were acquired
with a rapid scanning MC2000-2 CCD-spectrometer (Ocean
Optics, Inc) equipped with DT-Mini-2 deuterium/tungsten
light source and a custom-made thermostated cell holder with
magnetic stirrer. Titrations were performed at continuous
stirring at 25 #C by consequential additions of the aliquots of
20 mM NADPH solution. In each titration, a series of 20 to 25
spectra corresponding to the NADPH-to-CPR molar ratios
(RNADPH) varying from 0 to 15 to 20 were recorded. After each
addition of NADPH, the sample was incubated for 1 min prior
to recording the spectrum.

Crystallization and structure determination

Prior to crystallization, the buffer containing the apo
SbCPR2b protein was exchanged against 20 mM Tris, pH 7.5,
50 mM NaCl, and concentrated to 15 mg ml−1 by using an
Amicon 8050 ultrafiltration cell with a 30 kDa cutoff membrane
(EMDMillipore). For the complex formation, the SbCPR2b so-
lution was pretreated with the NADP+ in 3× molar excess. For
the NADP+ complex structure in oxidized SbCPR2b, 1 mM
potassium ferricyanide was added prior to addition of NADP+,
and the potassium ferricyanide was removed by Bio-gel P6 gel
(Bio-Rad). A commercial crystallization kit, MCSG-1 (Ana-
trace), was used for crystal screening through the sitting-drop
vapor-diffusion method by Crystal Phoenix (Art Robbins In-
struments). The initial crystal appeared in the solution of 0.2 M
sodium thiocyanate, pH 6.9, and 20% (w/v) PEG-3350 at room
temperature. Then the larger crystals were reproduced by the
hanging-drop vapor-diffusion method. Small crystals appeared
in 2 days and grew to 0.1 mm × 0.2 mm in 4 days. The crystal-
lization for SbCPR2a was not attempted because of the fast
cleavage of the FMN-binding domain.

The buffer containing SbCPR2c was exchanged against
50 mM potassium phosphate buffer, pH 6.8, and concentrated
to 30 mg ml−1. Five microliters of SbCPR2c solution were
mixed with 4 μl 0.1 M Hepes, pH 7.5, 0.2 M NaCl, 25% (w/v)
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PEG-3350, and 1 μl 1,5-diaminopentane dihydrochloride
(Hampton Research). After the formation of small crystals, a
single crystal was transferred to the identical crystallization
solution as seed. The large crystals formed in 1 week and were
transferred to a reservoir solution with a 50% (w/v) PEG-3350
concentration for further dehydration.

The crystals were transferred to cryoprotectant and flash
frozen in liquid nitrogen. The diffraction data were collected in
Advanced Light Source Beamline 5.0.2 and 5.0.3 at 100 K. Initial
phasing of diffraction data was performed by MR with the
Phaser in the PHENIX package (https://phenix-online.org/)
(93) using the coordinate of Arabidopsis CPR (PDB ID: 5GXU)
as a search model. The conformation and position of the initial
solutions were refined further using PHENIX and manually
adjusted with Coot (https://www2.mrc-lmb.cam.ac.uk/
personal/pemsley/coot/) software (94). The final Rwork was
20.75%, 23.17%, and 22.32%, respectively; Rfree was 24.67%,
26.52%, and 26.59% for apo SbCPR2b, naturally oxidized
SbCPR2b with NADP+, and fully oxidized SbCPR2b with
NADP+, respectively. The statistics for the diffraction data are
listed in Table 3.

Modeling and molecular docking

The FMN-binding domain model of SbCPR2b was built
with Phyre2 server (68) by submitting the amino acid
sequence. Molecular docking experiments were performed
using the “PatchDock” algorithm (67) between the crystal
structure of SbC4H1 (PDB ID: 6VBY) and SbCPR2b FMN-
binding domain model, the FMN-binding domain of ATR2
(PDB ID: 5GXU), or the FMN-binding domain of rat CPR
(PDB ID: 1AMO). The top 10 docking results were analyzed.

MALS experiment

The DAWN 8+ MALS detector (Wyatt Technology Cor-
poration) was connected to 1260 Infinity II LC System (Agi-
lent) with Yarra 3 μM SEC-2000 LC column (Phenomenex).
The column was pre-equilibrated with 20 mM sodium phos-
phate buffer, pH 7. The SbCPR2b sample had a concentration
of 2 mg ml−1 and was filtered through a syringe filter of 0.22
μm (Fisher Scientific) before injection into the system. The
injector flow rate was 0.5 ml/min. The molar mass of the
defined main peak was analyzed by ASTRA software (Wyatt
Technology Corporation).

Steady-state kinetics of three SbCPR isozymes

Cytochrome c

To compare the enzyme activity of the three SbCPR2s,
NADPH-dependent cytochrome c reductase activity was
measured at 25 #C. The corresponding kinetic assay was
conducted in 1 ml assay buffer (0.125 M potassium phosphate
solution, pH 7.4, 100 μM NADPH, and 0.1 mM EDTA). The
cytochrome c concentration was varied from 5 μM to 150 μM.
A volume of 2.5 to 5 μl of truncated SbCPR2s was added to
initiate the reaction; the final concentration of SbCPR2s was 10
to 20 nM. To determine the KM of NADPH, the assay buffer
contained 40 μM cytochrome c with no NADPH. Then the

NADPH concentration was varied from 3 to 100 μM. The
time-dependent change in the absorbance at 550 nm was
monitored up to 5 min by a GENESYS 10S UV–Vis Spectro-
photometer (Thermo Fisher Scientific). The molar extinction
coefficient is 21 mM−1 cm−1 for reduced cytochrome c. Kinetic
parameters were calculated with GraphPad Prism.

SbC4H1 and SbC30H

The fluorometric assay to measure the activity of SbC4H1
was previously reported (47). The final concentrations of
SbCPR2a, SbCPR2b, and SbCPR2c used were 7.9, 10, and
10 nM, respectively. The kinetic assay with SbC30H was per-
formed with the same protocol; the full-length CPR incorpo-
rated in liposome was incubated overnight with truncated
SbC30H in a 2:1 ratio. The kinetic assay was performed with the
substrate p-coumaroyl shikimic acid. The reaction was con-
ducted in 200 μl 125 mM potassium phosphate buffer (pH 7.4).
SbC30H reconstituted with SbCPR2s in a proteoliposomal
system was added to the assay mixture to a final concentration
of 20 to 40 nM. The reactionwas initiated by addition of 20mM
stock solution of NADPH to a final concentration of 100 μM.
The reaction system was maintained at 30 #C for 5 min, and
glacial acetic acid was added to a final concentration of 30%
(v/v) to quench the reaction. The reactionmixture was injected
onto a Luna 5 μmC18 column, and the product was monitored
by HPLC (Hitachi Elite LaChrom L-2100; Hitachi High-Tech)
operating at a flow rate of 1 mlmin−1, with a gradient of solvent
A (0.1% trifluoroacetic acid in deionized water) and solvent B
(100% acetonitrile) varying from 95% A and 5% B to 0% A and
100% B over a period of 30 min. Products were quantified by
detection at 320 nm using the Hitachi Elite LaChrom L-2400
detector. All experiments were performed in triplicates.
The kinetic data were analyzed using Michaelis–Menten
equations.

Comparison between full-length and truncated SbCPR2b

SbC4H1 was expressed and purified as described previously
(47). The anaerobic environment during the assay was main-
tained with the concentrations of glucose, glucose oxidase, and
catalase at 60 mM, 30 U ml−1, and 2000 U ml−1, respectively, in
CO-saturated 20mMHepes buffer (pH7.4). Taking the solution
containing 2 μM truncated SbCPR2b and 500 μM NADPH as
baseline, the absorbance spectrum at 450 nmwas recorded with
1 μM SbC4H1 in the aforementioned buffer that was presatu-
rated with CO. Continuous absorbance spectra were recorded
every 4 s with an S2000 rapid-scanning CCD spectrometer
(Ocean Optics). The absorbance at 450 nm was plotted against
time to visualize the kinetics.

Stoichiometry study of NADPH-dependent reduction
The preparation of the SbCPR–SbC4H1 and rCPR–SbC4H1

complexes and fluorometric product measurement were
described previously (47). Monitoring the consumption of
NADPH and oxygen were performed with a measurement
setup combining an MC2000-2 two-channel CCD spectrom-
eter (Ocean Optics, Inc) with an OXROB10 robust optical
oxygen probe (PyroScience). We used a PX-2 pulsed xenon
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light source (Ocean Optics) and a 617 nm M617L3 LED
(Thorlabs) as the light sources for the absorbance and lumi-
nescence channels, respectively.

Theexperimentswereperformedat30 #Cin125mMpotassium
phosphate buffer at the initial NADPH concentration of 100 μM.
The final concentration of CPR and SbC4H1 was equal to 75 and
150 nM, respectively. The samplewith a volume of 1mlwas placed
into a cylindrical optical cell (path length of 1 cm) inserted into a
custom-made thermostated cell holder equipped with a motorless
magnetic stirrer (Variomag-USA). The absorbance-beam optical
windows of the holder were connected via optical fiber to a PX-2
light source and a master channel of the MC2000-2 spectrom-
eter for absorbance measurements. The cell was closed with a
Teflon stopper with a 1.5 mm bore for insertion of the OXR430
sensor. The stopper was designed in such a way as to ensure direct
contact of its surface with the sample and eliminate air bubbles.
After inserting the sensor connected via a bifurcated fiber bundle
to the slave channel of MC2000-2 and an M617L3 LED light
source, the reaction was initiated by adding 25 μl of P450–CPR
mixture with a gas-tight syringe through a bore in the stopper.
Absorbance (320–500 nm) and luminescence (700–900 nm)
spectra were collected simultaneously in time intervals of 1 to 2 s
for 5 to 10 min with a custom-designed software. For the experi-
ment with substrate, 3 μM 2-napthoic acid was added 5 min after
the addition of themicrosomal suspension. The rates of utilization
ofNADPHand consumption of oxygenwere determined from the
changes in absorbance at 340 nm and the integral intensity of
luminescence of the oxygen probe, respectively.

The ratio of the rates of NADPH and oxygen consumption (R)
determined in these experiments was used to estimate the frac-
tion of reducing equivalents used through the oxidase shunt
(uncoupled production of water) that requires two NADPH
molecules per one oxygen molecule as opposed to the fraction
used for substrate monooxygenation and generation of super-
oxide and H2O2 that require one molecule of NADPH per one
molecule of oxygen. The percent of reducing equivalents utilized
through the oxidase shunt was calculated as FH2O = 100 × (R − 1).

Calibration of the oxygen sensor used in these measure-
ments was performed following the kinetics of oxygen scav-
enging by protocatechuic acid dioxygenase. In these
calibration assays, we followed the changes in the intensity in
luminescence of the oxygen probe in parallel with monitoring
the changes in absorbance at 290 nm. The decrease in
absorbance at this wavelength during the conversion of pro-
tocatechuic acid to b-ketoadipic acid by protocatechuic acid
dioxygenase was used to determine the changes in oxygen
concentration. In these calculations, we used the differential
extinction coefficient of 2.3 mM−1 cm−1 (95). Resulting
nonlinear calibration curves were approximated with the
third-order polynomial, which was further used to calculate
the molar concentration of oxygen in the samples based on the
intensity of luminescence of the probe.

Cutting-site determination by mass spectroscopy

The gel was sliced and digested with trypsin following the
established method (96). The corresponding fragments were
identified with MALDI–MS/MS and LC–MS/MS. For

MALDI–MS/MS, the peptide mass spectra were obtained using
procedure and collection programs supplied by the manufacturer
(Applied Biosystems). The matrix, a-cyano-4-hydroxycinnamic
acid (Sigma–Aldrich), was prepared as a solution of 10 mg ml−1

in 50% water/acetonitrile with 0.1% TFA. Thematrix solution was
mixed in ratio of 1:1 with the trypsin digest, applied to the sample
plate, and dried. Spectrawere collected using a 4800MALDITOF/
TOF Analyzer (Applied Biosystems), using the data collection
programs in positive mode for both MS and MS/MS spectra. The
same trypsin digestion treatment was applied to this SDS-PAGE
band of CPR2a. MALDI MS/MS was not able to give conclusive
result on N-terminal peptide, so we applied the LC–MS/MS
aiming the N-terminal peptide and the total mass of the band.

For LC–MS/MS, samples were analyzed on an RSLCnano
system (Thermo Fisher Scientific) coupled to a Q-Exactive HF
mass spectrometer (Thermo Fisher Scientific). The samples
were first injected onto a trap column (Acclaim PepMap 100,
75 μm × 2 cm; Thermo Fisher Scientific) for 3.0 min at a flow
rate of 5 μl/min, 1.5% acetonitrile, and 0.2% formic acid before
switching in line with the main column. Separation was per-
formed on a C18 nano column (Acquity UPLC M-class, Pep-
tide CSH 130A, 1.7 μm 75 μm × 250 mm; Waters Corp) at
260 nl/min with a linear gradient from 5 to 35% over 96 min.
The LC aqueous mobile phase contained 0.1% (v/v) formic
acid in water, and the organic mobile phase contained 0.1%
(v/v) formic acid in 80% (v/v) acetonitrile. Mass spectra for the
eluted peptides were acquired on a Q Exactive HF mass
spectrometer in data-dependent mode using a mass range of
m/z 375 to 1500, resolution 120,000, automated gain control
target of 3 × 106, and maximum injection time of 60 ms for the
MS1 peptide measurements. Data-dependent MS2 spectra
were acquired by higher-energy collisional dissociation as a
Top20 experiment with a normalized collision energy set at
33%, automated gain control target set to 1 × 105, 45,000
resolution, intensity threshold 1 × 105, and a maximum in-
jection time of 86 ms. Dynamic exclusion was set at 45 s, and
the isolation window was set to 1.2 m/z to reduce coisolation.
MS spectra are shown in Fig. S6.
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