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Abstract
In planta, H2O2 is produced as a by-product of enzymatic reactions and during defense responses. Ascorbate peroxidase (APX)
is a key enzyme involved in scavenging cytotoxic H2O2. Here, we report the crystal structure of cytosolic APX from sorghum
(Sorghum bicolor) (Sobic.001G410200). While the overall structure of SbAPX was similar to that of other APXs, SbAPX uniquely
displayed four bound ascorbates rather than one. In addition to the ɣ-heme pocket identified in other APXs, ascorbates were
bound at the δ-meso and two solvent-exposed pockets. Consistent with the presence of multiple binding sites, our results in-
dicated that the H2O2-dependent oxidation of ascorbate displayed positive cooperativity. Bound ascorbate at two surface sites
established an intricate proton network with ascorbate at the ɣ-heme edge and δ-meso sites. Based on crystal structures, stea-
dy-state kinetics, and site-directed mutagenesis results, both ascorbate molecules at the ɣ-heme edge and the one at the sur-
face are expected to participate in the oxidation reaction. We provide evidence that the H2O2-dependent oxidation of
ascorbate by APX produces a C2-hydrated bicyclic hemiketal form of dehydroascorbic acid at the ɣ-heme edge, indicating
two successive electron transfers from a single-bound ascorbate. In addition, the δ-meso site was shared with several organic
compounds, including p-coumaric acid and other phenylpropanoids, for the potential radicalization reaction. Site-directed
mutagenesis of the critical residue at the ɣ-heme edge (R172A) only partially reduced polymerization activity. Thus, APX re-
moves stress-generated H2O2 with ascorbates, and also uses this same H2O2 to potentially fortify cell walls via oxidative poly-
merization of phenylpropanoids in response to stress.

Introduction
Heme peroxidase (EC 1.11.1) is part of a large superfamily
that catalyzes a series of H2O2-dependent oxidation reac-
tions of a wide range of organic and inorganic substrates.
The superfamily of non-animal peroxidases (PRXs) is divided
into three major classes (Welinder, 1992). Class I PRXs are
intracellular peroxidases, which include ascorbate peroxidase
(APX), cytochrome c peroxidase (Ccp), and the bacterial/fun-
gal catalase-peroxidases. In plants, they are typically located

in the chloroplasts, cytosol, mitochondria, and peroxisomes.
Class II PRXs include the secreted extracellular fungal heme-
containing enzymes such as lignin peroxidases and manga-
nese peroxidases. They are glycosylated enzymes with four
conserved disulfide bridges, bound Ca2+ ions, and a short
carboxy-terminal domain of 40–60 residues (Kjalke et al.,
1992; Welinder, 1992). Class III PRXs comprise all plant secre-
tory peroxidases, including the well-investigated horseradish
peroxidase (HRP). In the peroxidase database PeroxiBase
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(Fawal et al., 2012), there are 16,613 PRXs from 2,643 organ-
isms. During plant growth, Class III PRXs play a dual role in
both cell wall stiffening and loosening (Francoz et al.,
2015). In the presence of H2O2, Class III PRXs and laccases
catalyze the oxidation reaction of the monolignols to gener-
ate their radicals, leading to oxidative radical coupling and
lignin polymerization (Harkin and Obst, 1973; Higuchi,
1985; Lee et al., 2013; Li et al., 2003; Marjamaa et al., 2009;
Moural et al., 2017).
Despite a range in preferred substrates, the H2O2-dependent

catalytic reactions of the peroxidases are accomplished with
three common steps: (1) the enzyme is oxidized by H2O2 and
forms intermediate Compound I; (2) Compound I is reduced
by a substrate forming Compound II, resulting in one-electron
oxidized substrate; (3) Compound II is then reduced by a second
substrate, forming a water molecule, and returning the enzyme
to a resting state of ferric (Fe(III)) heme iron (Figure 1A).
Compound I in Class I APXs exists as a ferryl (Fe((IV)) heme
and a porphyrin π-cation radical and its Compound II contains
only a ferryl oxo species (Kwon et al., 2016; Ledray et al., 2020).
One of the most important manifestations of both biotic

and abiotic stresses in plants is the increased production of
reactive oxygen species (ROS), such as the superoxide radical
(·O2

−), the hydroxyl radical (·OH), and hydrogen peroxide
(H2O2), which are produced as by-products of enzymatic re-
actions in various cellular compartments, or accumulate to
activate signaling pathways allowing the plants to respond
to, for example, attack by pathogens (Van Breusegem and
Dat, 2006). Accumulation of H2O2 is highly toxic for the
cell, as H2O2 is the only ROS that can pass through biological
membranes and invade other sub-cellular compartments
(Pandey et al., 2017). Stress-generated H2O2 disturbs the elec-
tron transport system and cellular respiration associated
with photosynthesis (Charles and Halliwell, 1980; Kaiser,
1976). Ascorbate is a well-known antioxidant that can react
spontaneously with superoxide and other ROS. However, its
rate constant for H2O2 is low under physiological conditions
(2M−1s−1) (Polle et al., 1995). Together with catalase, APX
catalyzes the removal of H2O2 using ascorbate as an electron
donor. In plants, APXs are widely present in the cytosol,
peroxisome, mitochondria, and chloroplast, where they
play a critical role in maintaining cellular homeostasis by re-
moving H2O2 produced by photosynthetic electron trans-
port and photorespiration (Pandey et al., 2017; Saxena
et al., 2011). In Arabidopsis (Arabidopsis thaliana) and rice
(Oryza sativa L.), an eight-member APX multigene family
was reported to encode three cytosolic, three microsomal,
and two chloroplastic enzymes (Mittler et al., 2004; Pandey
et al., 2017; Teixeira et al., 2004), although more recently
the Arabidopsis genome was shown to only harbor six APX
genes (Lazzarotto et al., 2021; Wang et al., 2014). The genome
of sorghum (Sorghum bicolor (L.) Moench) (Paterson et al.,
2009) contains seven APX genes that appear to be expressed
broadly in all tissues and developmental stages. The sorghum
gene atlas (Makita et al., 2015; Shakoor et al., 2014) indicates
that the corresponding gene is moderately expressed in

many tissues and organs of the plant under controlled con-
ditions. Expression of this gene is upregulated ∼2–2.5 fold
under drought or UV-light exposure.
It has been generally accepted that APX produces two

monodehydroascorbate (MDHA) radicals from one H2O2

molecule through two successive single-electron transfers
(Figure 1B). In both plant and animal tissues, MDHA radicals
have been known to be converted to dehydroascorbic acid
(DHA1) and reduced enzymatically to ascorbate by DHA re-
ductase or nonenzymatically by glutathione (GSH) (Winkler
et al., 1994). Dehydroascorbic acid (DHA1) is hydrated rapid-
ly at the 2′-position due to its high nucleophilicity in aqueous
solutions to form the hydrated form DHA2, which in turn
forms bicyclic hemiketal (DHA3) (Figure 1B) under physio-
logical conditions (Kurata and Nishikawa, 2000). Although
little information is available about the physiological role
and predominant form of DHA in vivo, it has been proposed
that a balanced ratio between ascorbate and DHA is as crit-
ical as NAD(P)H/NAD(P)+ and GSH/GSSG (Carroll et al.,
2016; Kurata and Nishikawa, 2000). APX can also catalyze
the oxidation of a variety of aromatic compounds, including
pyrogallol, guaiacol, p-cresol, o-dianisidine, 2,2′-azinobis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and several
non-physiological substrates (Heering et al., 2001; Raven,
2000). Recently, a dual functionality of poplar (Populus to-
mentosa) mitochondrial APX (PtomtAPX) has been reported
based on its ability to translocate to the cell wall for autono-
mous lignification (Zhang et al., 2022). In addition, APX was
identified as displaying 4-coumarate-3-hydroxylase (C3H) ac-
tivity in Arabidopsis and Brachypodium dystachion (Barros
et al., 2019), which implied the existence of an alternative
pathway, leading to the formation of caffeic acid, rather
than 4-coumaroyl-CoA (see reviews by Vanholme et al.
(2019) and Yao et al. (2021)). When the activity of this en-
zyme was downregulated through RNAi, plants were im-
paired in lignin deposition, but its bifunctionality made it
challenging to determine whether the reduced lignin pheno-
type resulted from the reduced APX or C3H activity.
So far, three APXs from dicots have been structurally char-

acterized: APX from pea (Pisum sativum, rpAPX) (Patterson
and Poulos, 1995), soybean (Glycine max, rsAPX) (Sharp
et al., 2003), and tobacco (Nicotiana tabacum) (Wada et al.,
2003). Here, we report the comprehensive characterization
of APX from the monocot sorghum (SbAPX) encoded by
the gene Sobic.001G410200. This gene was selected based on
phylogenetic analyses that showed that Sobic.001G410200
and Brachypodium APX/C3H (Bradi1g65820) are members
of the same family of cytosolic ascorbate peroxidases in
grasses (https://phytozome-next.jgi.doe.gov/report/family/
5269/124569777), and it was considered the best candidate
to be the ortholog of Brachypodium APX/C3H.
We present crystal structures, steady-state kinetics for

H2O2/ascorbate, and substrate specificity on aromatic com-
pounds in the monolignol pathway. Furthermore, we de-
scribe the ascorbate oxidation product, bicyclic hemiketal
dehydroascorbic acid, bound in SbAPX.
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Results
Enzyme preparation and spectral properties
Recombinant SbAPX enzyme was purified from Escherichia
coli cells containing an expression vector harboring the
Sobic.001G410200 cDNA sequence with the sequence encod-
ing an N-terminal 6×His-tag at its 5′ end. During the purifi-
cation, the His-tag was spontaneously cleaved, which could
be due to a thrombin site between the His-tag and SbAPX.
Pure SbAPX displayed a Soret band with a maximum at
404 nm, with Q bands at 507 and 540 nm (Figure 2), which
indicated the ferric (Fe(III)) form of SbAPX. Upon the add-
ition of H2O2, both Soret bands and Q bands of the SbAPX
solution were shifted to a longer wavelength, and the extinc-
tion coefficient was changed for the Soret band. When
20-fold molar excess of H2O2 was added, the first quick
scan showed a Soret maximum at 413 nm and Q bands at
530 and 560 nm, which indicated heme compound II forma-
tion (Kwon et al., 2016) (Figure 2). The Q band at 530 nm
gradually shifted to 538 nm after 1 min. However, the other

Q band at 560 nm and the Soret band at 413 nm remained
unchanged. When 200-fold molar excess of H2O2 was added,
the Soret band shifted to 413 nm and the Q bands shifted to
540 and 575 nm (Figure 2). This was similar to the observa-
tion of the formation of non-catalytic compound III from
compound II upon addition of excess H2O2 (Kwon et al.,
2016). When ascorbate and/or p-coumaric acid were added
to ferric SbAPX, no obvious change of spectrum was ob-
served, indicating no reaction without H2O2.

The oxidation reaction of SbAPX
We examined the conversion of the potential substrate
p-coumaric acid (Barros et al., 2019) by supplying SbAPX
with p-coumaric acid and H2O2 in phosphate buffer (pH
7.5). The reaction instantly turned the initial colorless solution
into a light-yellow color and yielded three distinct product
peaks in the HPLC profile (Figure 3A). The first product
peak followed a Michaelis–Menten type of substrate
concentration-dependency. However, the other two product

Figure 1 APX reaction mechanism. A, General reaction scheme of APX. B, Ascorbate oxidation in aqueous solution. The ascorbate is first oxidized to
MDHA, followed by reaction of two molecules of monodehydroascorbate forming dehydroascorbic acid (DHA1). In aqueous solution, DHA1 is hy-
drated (DHA2) and forms bicyclic hemiketal (DHA3).
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peaks displayed an almost linear, slightly sigmoidal trend,
which was similar to the consumption of substrate, as shown
in Figure 3, B and C. Mass spectrometry analyses determined
that the parent ions for the peaks were two to six times the
expected mass of p-coumaric acid (Supplemental Figure 1A),
which suggests these products are due to radical polymeriza-
tion catalyzed by APX. Other aromatic compounds were
tested in the same buffer solution containing SbAPX and
H2O2. Although cinnamic acid and tyrosine in the reaction
mixture did not result in any product peaks, caffeic acid, ferulic
acid, sinapic acid, coniferyl alcohol, and coniferyl aldehyde re-
action mixtures produced product peaks (Figure 3D), indicat-
ing that this H2O2-dependent (and ascorbate-independent
reaction) of SbAPX appears to be somewhat substrate specific.
Previously, hydroxylation of p-coumaric acid to caffeic acid

was performed by supplying L-ascorbate and H2O2 with either
maize (Zea mays) extract or recombinant Brachypodium APX
(or C3H) in phosphate buffer (pH 6) (Barros et al., 2019).
Under the same condition with SbAPX (15 nM), caffeic acid
production was confirmed by MALDI-MS (Supplemental
Figure 1B) with a mass of 179.03471 at 1.7 ppm. The calcu-
lated mass of caffeic acid in negative mode is 179.0344.
However, the control reaction without SbAPX showed a simi-
lar yield of caffeic acid compared to the enzymatic reaction.
When the concentration of SbAPX was increased to
150 nM, the major products were the same as those
p-coumarate polymers in the above reaction containing
H2O2 and p-coumarate in phosphate buffer (pH 7.5) and
thus the dominant reaction was the polymerization instead
of the hydroxylation (Figure 4). After 2 h incubation, enzym-
atic production of caffeic acid was only 1.9± 0.8% of the yield
in the reaction mixture without SbAPX, and most of the
p-coumarate was polymerized. Overall, 3-hydroxylation of

p-coumaric acid by SbAPX was not substantial at enzyme
concentrations of either 15 nM or 150 nM.
HRP has been shown to hydroxylate p-coumaric acid in the

presence of dihydroxyfumaric acid, but not NADH, H2O2, as-
corbate, cysteine, or sulfite (Halliwell and Ahluwalia, 1976).
We replicated this experiment with SbAPX, and our results
indicated that SbAPX also catalyzed the hydroxylation of
p-coumaric acid in the presence of dihydroxyfumaric acid.
A control reaction was performed with the same solution
without SbAPX. Purified product eluted from the C18
HPLC column was lyophilized and dissolved in 50% (v/v)
acetonitrile for a MALDI/TOF experiment. Negative-mode
MS was able to identify a compound with an m/z of
179.03392 at 2.7 ppm (Supplemental Figure 1C). Similar to
the reaction containing p-coumarate, ascorbate, and H2O2,
a nonenzymatic reaction was observed. During a 2-h reac-
tion, approximately 50% of the caffeic acid was produced
by the nonenzymatic reaction.

Steady-state kinetics of SbAPX for H2O2/ascorbate
Steady-state kinetics for the H2O2-dependent oxidation reac-
tion of ascorbate were determined for SbAPX. The profile in-
dicated an allosteric sigmoidal kinetic model (Copeland,
2000), instead of a Michaelis–Menten model. The fitting re-
sulted in Vmax of 14,626± 1532 min−1, a Hill slope of 1.597±
0.2512, and Khalf of 455.6± 80.24 μM. The Hill slope of larger
than one indicated the positive cooperativity of multiple
binding sites (Prinz, 2010) (Figure 5). Series of 1H NMR spec-
tra were measured upon the addition of H2O2 and SbAPX to
track the time progress of the reaction. When the reaction
rate was adjusted by fixing the concentrations of SbAPX,
H2O2, and ascorbate at 30 nM, 2 mM, 0.5 mM, we were
able to observe time-dependence reduction of ascorbate
and increase of the product. The product peaks were con-
firmed as a bicyclic hemiketal form (DHA3) through an 1H
NMR experiment (Figure 6).

Overall structure and heme environment of SbAPX
The apo-form SbAPX was crystallized in a P212121 space
group with one molecule in the asymmetric unit and its
three-dimensional structure was determined at 1.3 Å reso-
lution (PDBID: 8DJR). All the amino acid residues of the se-
quence were clearly verified from the high-resolution
electron density map and the corresponding crystallographic
statistics are listed in Supplemental Table S1. Analyzing the
molecular interfaces of SbAPX in crystal lattices with
PDBePISA server (Krissinel and Henrick, 2007), which evalu-
ates interactions between neighboring monomers in the
crystal lattices for the purpose of prediction biologically rele-
vant oligomeric states, indicated that SbAPX likely exists as a
monomer in solution (solvation free energy gain=−5.4 kcal
mol−1 and interface complexation significance score= 0).
The apo-form structure showed what was presumably in

the resting ferrous ion state (Fe(III)), a bound but non-
coordinating water molecule was positioned distal to the
heme at a distance of 2.2 Å from iron (Figure 7A), which
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Figure 2 Spectra of purified SbAPX. The spectrum was recorded in
0.5 mL of Buffer C with 5 μM of SbAPX at room temperature. A
20-fold (red, Compound II) or 200-fold molar excess of H2O2 (blue,
Compound III) was added to individual SbAPX solution and mixed
prior to recording. The spectrumwas normalized to have OD404 at rest-
ing ferric state (black) equal to one. The red and blue dotted lines in-
dicate the wavelengths associated with the Q bands. The spectrum
was collected using GENESYS™ 10S UV–Vis Spectrophotometer
(Thermo Scientific, Waltham, MA) in the range of 260–700 nm. The
first spectrum was recorded 10 s after mixing.
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was similar to the observed ferric heme species in rsAPX
(Kwon et al., 2020; Moody and Raven, 2018). The Nϵ atom
of His-42 on the distal side was hydrogen-bonded to a water
molecule, which in turn hydrogen-bonded to the heme-
bound water molecule. In addition, this iron-bound water
oxygen was 3.34 Å and 3.04 Å from the Nϵ atom of His-42
and Trp-41, respectively. Nδ of the same His-42 is also
hydrogen-bonded to the sidechain of Asn-71, thus, the pos-
ition of the His-42 imidazole ring is expected to be fixed and
the imidazole ring is expected to experience a positive elec-
tric field of the guanidium sidechain of Arg-38, which was
at a distance of 4 Å. The hydrogen-bond network was further
consolidated with surrounding water molecules, as three or-
dered water molecules reported in the distal pocket of the
rsAPX structure (Sharp et al., 2003) were also found in our
SbAPX structure. Heme iron of SbAPX was coordinated to
the imidazole sidechain of His-163 from the proximal side
and its propionyl groups were anchored through hydrogen
bonds from the neighboring residues. The 7-propinate group

of the porphyrin ring was hydrogen-bonded with side chains
of His-169 and Ser-173, and backbone amide of Ser-173. The
6-propinate group was hydrogen-bonded with backbone
amide of Arg-167.
To identify the structural homologs in PBD, Dali search

(Holm and Rosenstrom, 2010) was performed on the
SbAPX structure. The result indicated that G. max cytosolic
APX (PDBID: 1OAG) showed the highest Z-score of 45.4, fol-
lowed by P. sativum cytosolic APX (PDBID: 1APX) with
Z-score of 44.0, which, despite their lower Z-scores, were fol-
lowed by N. tabacum chloroplastic APX (PDBID: 1IYN) with
Z-score of 37.0, Leishmania major peroxidase (PDBID: 3RIW)
with Z-score of 35.6, CcP from Saccharomyces cerevisiae
(PDBID: 2BCN) with Z-score of 35.4, catalase-peroxidase
from Burkholderia pseudomallei (PDBID: 5SYH) with Z-score
of 29.4, and catalase-peroxidase from Haloarcula marismortui
(PDBID: 1ITK) with Z-score of 28.5. Overall the 3D structure of
APX from the monocot S. bicolor was similar to those from
dicots (pea, soybean, and tobacco). The rmsd value of

Figure 3 SbAPX kinetic assay of H2O2-dependent oxidation of p-coumaric acid and ascorbate. A, HPLC chromatogram of the reaction products of
the H2O2-dependent oxidation of p-coumaric acid. Peak 1 was mainly m/z 325.07, peak 2 was a mixture of m/z 651.15 and 977.22, and peak 3 was a
mixture of m/z 325.07, 487.10, 651.15, and 977.22. B, The rate of p-coumaric acid consumption at different p-coumarate concentrations; the trend
line was fitted with a sigmoidal equation. C, The rate of production of product peaks 1, 2, and 3 from panel A. The kinetic assay of SbAPX with
p-coumarate was performed with 1 mM H2O2 in 50 mM potassium phosphate buffer, pH 7.5. The concentration of p-coumarate varied from 10
to 500 μM and the concentration of SbAPX was 5 μM. The reactions were quenched after 10 min. The product peaks plots were fitted with
Michaelis–Menten equation. D, H2O2-dependent oxidation of phenolic substrates. The bars indicate the average consumption of cinnamic acid,
tyrosine, p-coumaric acid, caffeic acid, ferulic acid, sinapic acid, coniferyl alcohol, and coniferyl aldehyde (μM min−1). The data in figures B, C,
and D experiments were based on triplicate analyses. Error bars indicate standard deviation.
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SbAPX for rsAPX (PDBID: 1OAG), rpAPX (PDBID: 1APX), and
tbAPX (1IYN) are 0.36 Å, 0.37 Å, and 0.72 Å, respectively.
Specifically, tbAPX is a chloroplastic APX while others are
cytosolic APXs, and its large structural difference is due to sev-
eral insertions and deletions of amino acids. In those structur-
ally characterized APXs, His-163 from ηC, Trp-179 from the
loop between βB and αG, and Asp-208 from αH in the prox-
imal heme pocket were present at the same position with
similar sidechain orientations. On the distal side, Arg-38,
Trp-41, and His-42 from αB are also conserved among those
APXs. The corresponding residues of a short β-sheet that di-
cot APXs have adjacent to the 7-propionate of the heme were
conserved as 167Ala-Ala168 and 177Gly-Pro178 in dicot cytosolic
APX, but not among cytosolic APX from monocots such as
sorghum and switchgrass (Pinicum virgatum). In addition, a
high level of heterogeneity in amino acid sequence was ob-
served in helices and loops located distal from the heme.
The electron density of apo-form APX clearly showed a metal
ion from the early stage of the refinement, which was located
at the distal side and positioned 13 Å from heme iron. An Na+

ion was placed, since this was the only cation present in our
final purification step and crystallization procedures. The Na+

ion was coordinated by the sidechains of Thr-164, Thr-180,
Asn-182, Asp-187, and the backbone of Thr-164 and
Asn-182 (Figure 8), all of which are conserved among APXs
of known structures except for tbAPX. This position of the
Na+ ion is very close to the proximal Ca2+ ion observed in
many Class III peroxidases (Lee et al., 2013; Li et al., 2003;
Marjamaa et al., 2009; Moural et al., 2017).

SbAPX structure after a 1-minute soak in 1 mM
ascorbate without H2O2
Electron density for a bound ascorbate was identified at the
ɣ-heme edge position (PDBID: 8DJS) (Supplemental

Figure 2). This pocket was surrounded by Cys-32, Pro-34,
His-169, and Arg-172, all of which are highly conserved among
the compared APX structures (Supplemental Figure 3). 2- and
3-hydroxyl groups of the ascorbate furan ring were hydrogen-
bonded to the 6-propionate group of the heme and the side-
chain of Arg-172. In addition, the carbonyl oxygen of the furan
ring of ascorbate was within a hydrogen-bond distance from
the backbone nitrogen of Leu-35, and the 6-hydroxyl group of
ascorbate was hydrogen-bonded to the backbone of Lys-30,
which is similarly observed in rsAPX (PDBID: 1OAF) (Sharp
et al., 2003, 2004). Compared to the apo-form, association
of this ascorbate displaced five water molecules without
any noticeable shift of surrounding side chains. This was
somewhat different in the structure of rsAPX, where the
side chain of Lys-30 swung to establish an extra hydrogen
bond with bound ascorbate. In addition, at the δ-meso side
of the heme, there was an electron density resembling a gly-
cerol molecule, likely from the cryoprotectant, which estab-
lished a hydrogen-bond system with the sidechains of
Trp-41 and His-42 and water molecules on the distal side of
the heme. Especially, the O1 atom of glycerol was hydrogen-
bonded with a water molecule that, in turn, hydrogen-
bonded with the iron-bound H2O. The O3 atom of glycerol
was indirectly hydrogen-bonded to the backbone carbonyl
of Ala-70 and the backbone amide of Ala-134. Overall, bound
glycerol in the δ-meso site established a hydrogen-bond net-
work with both nearby residues and water molecules and
thus could be radicalized by SbAPX in the presence of H2O2.

SbAPX structure after a 1-minute soak in 100 mM
H2O2 without ascorbate
SbAPX displayed a coordinated dioxygen species with its
α-oxygen 1.83 Å from heme iron after a small dose of
X-ray exposure (∼0.2 MGy), which was likely either
Fe(III)-O-O− (anionic peroxide) or Fe(III)-O-OH (hydroper-
oxo) (PDBID: 8DJW) (Figure 7B). The Nϵ atoms of Trp-41

Figure 4 Comparison of enzymatic and nonenzymetic p-coumarate-
3-hydroxylation reaction. The concentrations of p-coumaric acid and caf-
feic acid were determined after quenching the reaction with glacial acetic
acid at 0, 30, 60, and 120 min. The reaction mixture contained 75 mMpo-
tassium phosphate buffer (pH 6), 10 mM H2O2, 4 mM sodium ascorbate,
1 mM p-coumaric acid, and 150 nM SbAPX. The plots were based on trip-
licate analyses. Error bars indicate standard deviation.

Figure 5 Kinetic assay of H2O2-dependent oxidation of ascorbate by
SbAPX. The reaction was performed with 1 mM H2O2 in 50 mM potas-
sium phosphate buffer, pH 7.0. The concentration of ascorbate varied
from 10 to 1200 μM and the concentration of SbAPX was 15 nM.
Inset shows Hill plot fitted with linear regression; the slope indicated
the Hill coefficient was equal to 1.5. Error bars indicate the standard de-
viation (n= 3).
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(2.83 Å) and His-42 (3.33 Å) were hydrogen-bonded to the
α-oxygen of that dioxygen species. In addition, the
β-oxygen of the dioxygen species was located within hydro-
gen bond distance from both Nϵ atoms of Trp-41 (2.76 Å)
and His-42 (2.71 Å). The Nϵ atom of His-42 and the guani-
dium sidechain of Arg-38 were hydrogen-bonded to another
water molecule in the distal pocket, which was in turn
hydrogen-bonded to the α and β-oxygen of the dioxygen
species (Figure 7B).
With a higher dose of X-rays, we observed a mono-oxygen

species with a distance of 1.82 Å to the heme iron (PDBID:
8DJX) (Figure 7C). According to the report of rsAPX crystal
structures, compound II has a longer Fe-O distance com-
pared to that in compound I (Moody and Raven, 2018). In
addition, compound I of APX is unstable and rapidly de-
graded to compound II (Patterson et al., 1995). Thus, the
heme iron of SbAPX exposed with a higher dose of X-ray
(∼1.3 MGy) should be a compound II, Fe(IV)-OH.

SbAPX structure after a 10-minute soak in 1 mM
ascorbate without H2O2
Clear electron density of four ascorbates bound to SbAPX
was revealed (PDBID: 8DJT) (Figure 9, A and B), including
the one at the above-mentioned ɣ-heme edge positions. In
addition, another ascorbate molecule was identified at the
δ-meso position (Figure 9, A and B), where a glycerol mol-
ecule was observed in the structure of SbAPX following a
1-minute soak in ascorbate. Notably, the shape of the elec-
tron density indicated a mixture of glycerol and ascorbate.

The position of glycerol was the same as in the above-
mentioned 1-minute-soaked crystal, indicating some of the
bound glycerol was replaced by ascorbate. Occupancy refine-
ment indicated that approximately 60% and 40% were occu-
pied by the ascorbate and glycerol molecules, respectively, in
the crystal lattice. Compared to apo-form SbAPX, the associ-
ation of ascorbate at the δ-meso site displaced three water
molecules. The 5- and 6-hydroxyl groups of ascorbate were
hydrogen-bonded to Nϵ of His-42 and the backbone of
Pro-132, respectively. The 6-hydroxyl group of the ascorbate
at this position was also hydrogen-bonded to the heme iron-
coordinated water or hydroxyl ion. However, 2- and 3-hy-
droxyl groups and the C1 carbonyl oxygen of ascorbate
were solvent-exposed, which is an opposite orientation
with respect to the heme for a proper oxidation reaction.
Noticeably, there were two additional bound ascorbate mo-
lecules at the surface of SbAPX. Although the electron dens-
ities for those third and fourth ascorbates were well defined,
their contour levels were slightly lower than those of the as-
corbate molecules in the δ-meso and ɣ-heme edge sites, in-
dicating their weaker binding affinity (Figure 9B). The
constituting residues in those third and fourth binding pock-
ets are less conserved compared to those of the δ-meso and
ɣ-heme edge sites. Only the 6-hydroxyl group of the third as-
corbate molecule established a hydrogen-bond interaction
with the sidechains of Asp-75 and Arg-79. The fourth ascor-
bate was anchored to the surface sidechain of Thr-135 and
Ser-213. When compared with the apo-form SbAPX struc-
ture, the third ascorbate molecule displaced only one water
molecule, and the fourth ascorbate displaced two water

Figure 6 NMR spectrum of H2O2-dependent oxidation of ascorbate with SbAPX. The peaks corresponding to hydrogens at C4, C5, and C6 were
overlayed with those of ascorbate before (red spectrum) and after addition of H2O2 and SbAPX (black spectrum).
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molecules. Part of the bound ascorbates in the third and
fourth sites was solvent-exposed and both ascorbates estab-
lished an intricate hydrogen-bond network reaching the as-
corbates at the δ- and ɣ-sites (Figure 9C).

SbAPX structure after soaking with both 50 mMH2O2

and 50 mM ascorbate
The H2O2-dependent oxidation of ascorbate was monitored
by soaking the apo-form SbAPX crystal in the mother liquor
containing both ascorbate and H2O2. Upon this exposure, the
crystal structure displayed a clear electron density for the hy-
drated bicyclic hemiketal form of DHA bound at its ɣ-heme
edge position with an occupancy of 71% (PDBID: 8DJU), in-
stead of the previously thought monodehydroascorbate or

dehydroascorbic acid (Figure 10). Compared to that of bound
ascorbate at the ɣ-heme edge position, the original furan ring
of bicyclic DHA was slightly reoriented, but 2- and 3-hydroxyl
oxygens of the original furan ring maintained the same hydro-
gen bond distance from the propionyl group of the porphyrin
ring. Two fused furan rings displayed C2′-exo puckering, indi-
cating that resonating double bond character was eliminated
upon cyclization. The 2- and 6-hydroxyl groups were directly
hydrogen-bonded with the guanidinium sidechain of
Arg-172, and the oxygen of the newly formed furan ring
was hydrogen-bonded to the sidechain of Arg-167 through
a water molecule. The carbonyl group on C1 also established
a hydrogen bond with the backbone amide of Leu-35, and the
3-hydroxyl group was hydrogen-bonded with the sidechain of
His-169.

Molecular docking
To further investigate the observedmultiple sites of bound as-
corbate and the binding preference for small molecules such
as glycerol and other aromatic compounds, a corresponding
molecular docking was performed with the structural coordi-
nates of SbAPX. A global search indicated that the most ener-
getically favorable binding site for ascorbate was the ɣ-heme
edge position (−4.8 kcal/mol), which is consistent with the
position of ascorbate in the crystal structures of SbAPX
(PDBID: 8DJS) and previously reported rsAPX. The next favor-
able site corresponded to the δ-meso site (−4.7 kcal/mol). The
glycerol molecule docked to the δ-meso site exactly as ob-
served in the crystal structure of SbAPX. When glycerol and
salicylhydroxamic acid were docked to SbAPX, the δ-meso
site was consistently more energetically favorable than other
sites. Thus, it is plausible that the δ-meso site is the preferential
binding site for various organic compounds and the ɣ-heme
edge is the primary site only for the ascorbate. All the phenyl-
propanoid intermediates of the monolignol pathway were
docked to investigate the affinity of acids, alcohols, and alde-
hydes (Table 1). The preferred docked position of p-coumaric
acid, caffeic acid, ferulic acid, and sinapic acid with SbAPX was
again the δ-meso site. Their phenolic rings faced toward the
heme and the phenol oxygen of those acids established a
hydrogen bond with Arg-38, and their propenyl oxygen also
established a hydrogen bond with His-42. The carboxylate
group of those compounds was hydrogen-bonded through
water molecules with Ala-134 and Leu-131. The binding en-
ergy for p-coumaric acid, caffeic acid, ferulic acid, and sinapic
acid were −5.6, −5.7, −6.1, and −6.2 kcal/mol, respectively
(Table 1). Most of the alcohols and aldehydes showed the
most negative free energy when their phenolic rings faced
the heme group, although in the case of p-coumaryl aldehyde,
caffeoyl alcohol, caffeoyl aldehyde, and coniferyl aldehyde, the
most favorable orientation had the phenolic rings facing the
solvent, while the phenolic ring facing the heme was the
next most favorable orientation. When their phenolic rings
were facing the heme group, these compounds all showed
the same binding pattern as the aforementioned acids, inter-
acting with both Arg-38 and His-42. In general, based on this

Figure 7 Observation of heme compounds in SbAPX. Figures show the
distal heme environment in (A) resting state (PDBID: 8DJR), (B) com-
pound III (PDBID: 8DJW), and (C) compound II (PDBID: 8DJX). The elec-
tron density map at contour level 2 showed the distal water or oxygen
species. This figure was produced using the Chimera package (UCSF,
NIH P41 RR-01081).
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analysis, the aldehydes were less preferred than acids and alco-
hols, and a greater degree of substitution on the phenolic ring
decreased the binding energy.

Site-directed mutagenesis
As indicated by our molecular docking results and crystal
structures, ascorbate oxidation might primarily occur at
the ɣ-heme edge, whereas the H2O2-dependent radical poly-
merization reaction happens at the δ-meso site. We con-
ducted site-directed mutagenesis of the predicted key
residues for ascorbate binding at the ɣ-heme edge site
(Arg-172) and deprotonation of H2O2/formation of
Compound °C (Arg-38, Trp-41, and His-42). Thus, R172A
was designed to eliminate ascorbate binding at the ɣ-heme
edge and to measure the polymerization activity. R38L,
W41F, and H42A were designed to test the effect on both as-
corbate oxidation and polymerization activity. The relative
activity compared to the wild type is shown in Table 2.
R172A showed only 3% ascorbate oxidation activity, consist-
ent with what has been reported for rsAPX (Macdonald et al.,
2006), but maintained ∼40% of the activity of the polymer-
ization reaction of p-coumarate. R38L maintained 48% of the
ascorbate oxidation activity, while 15% of polymerization re-
action activity remained, suggesting a marginal electrostatic
effect. BothW41F and H42A displayed substantially lower ac-
tivity for both ascorbate oxidation and polymerization.

Discussion
With the crystal structures of SbAPX at high resolution (up
to 1.5 Å) in various conditions, we were able to observe sub-
strate, product, heme compounds, and other bound ligands,

where the well-distinguished electron density peak illu-
strated the position of individual atoms. Uniquely, the struc-
ture of SbAPX indicated that there are four
ascorbate-binding pockets including ɣ-meso and δ-heme
edge sites. In addition, SbAPX crystal in pH 7.5 buffer per-
formed an H2O2-dependent ascorbate oxidation reaction
and produced a C2-hydrated bicyclic hemiketal form of de-
hydroascorbic acid (DHA3) bound at its ɣ-heme edge.
Our enzymatic characterization of SbAPX indicated the ex-

istence of more than one kinetically competent ascorbate-
binding site in SbAPX as predicted before (Lad et al., 2002).
In addition, SbAPX catalyzed the radical polymerization reac-
tion for p-coumaric acid, caffeic acid, ferulic acid sinapic acid,
coniferyl alcohol, and coniferyl aldehyde (Figure 3D) and
bound most phenylpropanoids intermediates in the mono-
lignol pathway with substantial affinity (Table 2). In the pres-
ence of both ascorbate and H2O2, SbAPX catalyzed both the
polymerization reaction and the 3-hydroxylation reaction of
p-coumarate. SbAPX also produced caffeic acid in the pres-
ence of dihydroxyfumarate as reported previously for HRP
(Halliwell, 1977). In both cases, however, a substantial amount
of caffeic acid was produced in the same reaction mixture
without SbAPX.

Implication of bicyclic dehydroascorbic acid at the
ɣ-meso site
SbAPX crystals soaked in a buffer (pH 7.5) performed a
H2O2-dependent ascorbate oxidation reaction and yielded,
as product, the C2-hydrated bicyclic hemiketal form of dehy-
droascorbic acid (DHA3) that was still bound at its ɣ-heme
edge. Therefore, in addition to the currently accepted view
that APX activity reacts one H2O2 molecule and two

Figure 8 Sodium ion on the proximal side of heme. An Na+ ion was assigned, since there was no K+ ion in either purification buffer or crystallization
buffer. The corresponding position is very close to the proximal Ca2+ ion observed in many Class III peroxidases (Lee et al., 2013; Li et al., 2003;
Marjamaa et al., 2009; Moural et al., 2017). The Na+ ion was coordinated by the sidechains of Thr-164, Thr-180, Asn-182, Asp-187, and the backbone
of Thr-164 and Asn-182, all of which are conserved among APXs with known structures, except for tbAPX. This figure was produced using the
Chimera package (UCSF, NIH P41 RR-01081).
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ascorbate molecules to form two monodehydroascorbates
(MDHA) (Miyake and Asada, 1992), SbAPX could also cata-
lyze the transfer of two electrons from bound ascorbate
through the propionyl group of porphyrin to produce a sin-
gle DHA. The C2 carbonyl group is readily hydrated by the
attack of nearby H2O, resulting in C-hydrate monocyclic
DHA and an intramolecular cyclization reaction with a glycol
moiety to produce a bicyclic hemiketal ring structure. This
bicyclic form of oxidized ascorbate was identified in aqueous
solutions decades ago (Pfeilsticker et al., 1975; Tolbert and
Ward, 1982). Although bicyclic DHA has been thought not
be predominant in the in vivo physiological range (Tolbert
and Ward, 1982), an NMR experiment identified that it
reached up to 60% of the total products of ascorbate oxidase
(Kurata and Nishikawa, 2000). The remaining 40% was

2,3-diketo-l-gulonate and its degradation products suggest-
ing that the predominant form of DHA in vivo could be
the C2-hydrated bicyclic form (DHA3). The in vivo activity
of those DHAs in an aqueous solution has been speculated
to be different from that of ascorbate. The difference in their
physicochemical characteristics, such as stability, compact-
ness, and polarity, is considered to have a strong effect on
their physiological behavior (Kurata and Nishikawa, 2000)
and DHA has been proposed to be the preferred form for
membrane transport (Vera et al., 1993; Washko et al., 1993).

Implications of multiple ascorbate-binding sites
ɣ-heme edge site
Ascorbate molecules diffused into the crystals of SbAPX were
associated preferentially with the ɣ-heme edge site. Hydroxyl

Figure 9 Ascorbate binding sites in SbAPX. A, The four ascorbates in SbAPX are shown peripheral to the central heme group (PDBID: 8DJT). B,
Electron densities of the four ascorbate molecules in SbAPX. The SA-omit maps (mFo-DFc) are shown for the four ascorbate molecules in the initial
refinement at contour level 1.5. C, The observed hydrogen-bond network in which the four ascorbate molecules participate. Figures were produced
using the Chimera package (UCSF, NIH P41 RR-01081).

10 | PLANT PHYSIOLOGY 2023: 00; 1–17 Zhang et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiac604/6962279 by W

ashington State U
niversity user on 20 January 2023



and carbonyl oxygens of the furan (or lactone) ring of ascor-
bate were hydrogen-bonded to the 6-propionate group of
the heme porphyrin ring, the sidechain of Arg-172, and the
backbone nitrogen of Leu-35. The ascorbate complex crystal
structure of rsAPX (PDBID: 1OAF) also has its bound ascor-
bate at the ɣ-heme edge site with the same conformation
and orientation (Sharp et al., 2003, 2004). This ɣ-heme
edge is also observed in the manganese peroxidase/Mn2+

complex, where the Mn2+ was both coordinated with 6-pro-
pionate and nearby carboxylate oxygens of sidechains
(Sundaramoorthy et al., 1994). The oxidation mechanism of
the ascorbate molecule at this ɣ-heme edge site has been
proposed to follow the formation of a porphyrin π-cation
radical in Compound I of APX and an electron is transferred
from bound ascorbate via the propionyl group to the heme
(Moody and Raven, 2018). In other Class III peroxidases, in-
cluding HRP, the corresponding entrance for the ascorbate
molecule is blocked by a salt bridge between a conserved
arginine and glutamate/aspartate residues while the

6-propionate group of the porphyrin ring was bridged by an-
other conserved arginine residue. Therefore, the ascorbate
molecule cannot enter in or bind to the ɣ-heme edge site
of this class of peroxidases.

δ-meso site
SbAPX crystals soaked for 10 min in 1 mM ascorbate solution
contained four ascorbate molecules including the ɣ-heme
edge site, the δ-meso site, and the two surface sites. The as-
corbate at the δ-meso site was similarly located as the re-
ported position of the bound salicylhydroxamic acid in
rsAPX (PDBID: 1V0H) (Sharp et al., 2004), benzhydroxamic
acid in the Arthromyces ramosus peroxidase (ARP) (PDBID:
1CK6), and ferulic acid in HRP (PDBID: 6ATJ) (Figure 11),
and molecular docked phenylpropanoids in PvPRX (Lee
et al., 2013; Li et al., 2003; Marjamaa et al., 2009; Moural
et al., 2017). In addition, this second ascorbate was at the
δ-heme edge was predicted previously based on NMR ana-
lysis (Hill et al., 1997) and the steady-state kinetics assays
(Lad et al., 2002). However, an oxidizable hydroxyl group of
the ascorbate at the δ-meso position was not properly facing
the heme-iron, preventing an effective electron transfer
mediated by Trp-41 and His-42.
Our molecular docking approaches with SbAPX and

p-coumarate also indicated binding at the δ-meso position,

Figure 10 The binding site of bicyclic dehydroascorbic acid (DHA3) with electron density shown. The position of the bicyclic hemiketal (DHA3;
beige) (PDBID: 8DJU) was superimposed with the ascorbate at the γ-position (white). Propionate groups of heme were shown in yellow. The inset
showed SA-omit map (mFo-DFc) of DHA3 at contour level 1.5. Figures were produced using the Chimera package (UCSF, NIH P41 RR-01081).

Table 1 Molecular docking energy of phenylpropanoid intermediates
of the monolignol pathway

Substrate ΔGbinding (kcal mol−1)

p-Coumarate −5.6
p-Coumaryl alcohol −5.6
p-Coumaryl aldehyde −5.3*
Caffeate −5.7
Caffeyl alcohol −5.9*
Caffeyl aldehyde −5.5*
Sinapate −6.2
Sinapyl alcohol −6.3
Sinapyl aldehyde −5.9
Ferulate −6.1
Coniferyl alcohol −6.0
Coniferyl aldehyde −5.7*

All the energy values are for the result with phenolic rings facing the heme group. *in-
dicates the energy is the second lowest energy among all docked positions.

Table 2 Ascorbate oxidation and p-coumarate polymerization
activities of mutant versions of SbAPX relative to the wild-type version

Wild type/Mutant
enzymes

Ascorbate
oxidation (%)

Polymerization of
p-coumarate (%)

WT 100 100
R38L 48.2± 4 15.3± 2.3
W41F 2.3± 0.3 9.3± 0.2
H42A 2.4± 0.4 4.6± 1.5
R172A 2.8± 0.5 40.3± 12.1
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which was consistent with the previous report on maize APX
(Barros et al., 2019). The interacting residues, Arg-38, Trp-41,
Pro-132, and Asp-133 are completely conserved among
SbAPX and the other APX enzymes we compared
(Supplemental Figure 3), as well CcP, which might result in
a similar binding pattern of ligands at the δ-meso site.
However, in contrast to the ascorbate in the δ-meso site of
SbAPX, the bound salicylhydroxamic acid in the correspond-
ing pocket of rsAPX is at a slightly different position estab-
lishing hydrogen bonds with a distal proline, tryptophan,
arginine, or histidine where the N8 and O9 atoms of salicyl-
hydroxamic acid were directly coordinated with heme iron.
Figure 11 shows the superimposed salicylhydroxamic acid
in rsAPX (PDBID: 1V0H), and glycerol and ascorbate at the
δ-heme edge position of SbAPX, where the ligands in
SbAPX did not directly coordinate to the heme iron. Those
two ligands, ascorbate and glycerol, as well as p-coumarate
to docked SbAPX, interacted with the heme iron via an iron-
coordinating water molecule. The mouth area of δ-meso site
is larger than ɣ-heme edge site in all structures of SbAPX,
rsAPX, rpAPX, and tbAPX, which could allow diffusion of
various aromatic compounds. In addition, the δ-heme edge
site is more hydrophobic than ɣ-meso site, which could favor
the binding of small aromatic acids (Supplemental Figure 4).

Two surface sites
Although the exact physiological relevance of these two add-
itional surface sites in SbAPX is not clear and the affinities of
these sites were slightly weaker than those of the ɣ-heme
edge and δ-meso sites, it certainly allows association of two
more ascorbate molecules. Both ascorbate molecules at those
two sites were connected to ascorbate molecules at the δ-
and ɣ-meso positions through the hydrogen-bond network
(Figure 9C). The interacting residues with those two ascor-
bates, Asp-75, Arg-79, Thr-135, and Ser-213, are conserved
among SbAPX, rsAPX, and rpAPX (Supplemental Figure 3).
Based on our crystal structures, steady-state kinetics, and site-
directed mutagenesis, it is tempting to propose that there are
two catalytically competent ascorbate-binding sites, ɣ-meso
site and the closely hydrogen-bonded surface site (ascorbate
#1 and #3 in Figure 9C). Considering the observed hydrogen-
bond network, the surface-bound ascorbate could synergis-
tically contribute to the catalytic cycle for dismutation of
harmful H2O2.

Catalytic reaction mechanism
In the first step of the catalytic reaction mechanism of
SbAPX, H2O2 displaces the water on the distal side of the
Fe(III) heme in its resting state. Deprotonations of the
α-oxygen and β-oxygen of this H2O2 by Trp-41 and His-42,
respectively, results in an anionic peroxide species
(Compound 0). The positive guanidinium side chain of
Arg-38 could stabilize the resulting deprotonated negative
β-oxygen of anionic peroxide and drive the reaction forward
through electrostatic stabilization. In the second step, either
Trp-41 or His-42 could donate a proton to the β-oxygen,

resulting in heterolytic cleavage of the hydroperoxyl O–O
bond and the formation of H2O and the Fe(IV)-oxo heme
π-cation radical (Compound I). Thus Trp-41 and His-42 con-
duct a general acid-base catalysis together with electrostatic
catalysis of Arg-38, as supported by the substantially reduced
activity of the corresponding mutant versions of SbAPX
(Table 2). In the third step, the previously proposed direct
electron transfer through the porphyrin π-system
(Patterson et al., 1995; Sharp et al., 2004) seems plausible
for the bound ascorbate molecule at the ɣ-heme edge site,
based on the distance and orientation of the hydroxyl group
of the ascorbate with respect to porphyrin (Figure 9).
Considering the form of product at the ɣ-heme edge site,
C2-hydrated bicyclic hemiketal DHA, two electrons have to
be delivered from ascorbate to a heme-bound H2O2 through
the propionyl group of porphyrin, producing DHA via
MDHA, and probably without dissociation from the
ɣ-heme edge site. The C2 carbonyl group is readily hydrated
by the attack of nearby H2O, resulting in C2-hydrate mono-
cyclic DHA and an intramolecular cyclization reaction with a
glycol moiety to produce a hemiketal ring structure. As in
rsAPX (Sharp et al., 2003) and rpAPX (Patterson and
Poulos, 1995), the mechanism proposed above based on
the existence of a porphyrin π-cation radical is different
from those of HRP and other Class III peroxidases, which in-
volve a protein-based radical (Hiner et al., 2002; Jensen et al.,
1998; Lee et al., 2013; Li et al., 2003; Marjamaa et al., 2009;
Moural et al., 2017; Náray-Szabó, 1997; Pappa et al., 1996;
Patterson and Poulos, 1995). In support of this mechanism
for SbAPX, a metal ion was observed in the proximal pocket
of SbAPX, which is coordinated by the sidechains of Thr-164,
Thr-180, Asn-182, Asp-187, and the backbone of Thr-164 and
Asn-182 (Figure 8). The corresponding residues are con-
served among the APXs we compared (Supplemental
Figure 3).
Considering the orientation of ascorbate at the δ-meso

site, the electron transfer efficiency should be much lower
than that at the ɣ-heme edge. The deprotonated ascorbate
transfers an electron to the heme, resulting in the formation
of a monodehydroascorbate radical that diffuses away, and
Fe(IV)-oxo heme (compound II). Next, a second ascorbate
binds to the enzyme. Upon binding, the ascorbate is depro-
tonated through a water-mediated proton shuttle, protonat-
ing the oxo ligand of the heme to form a Fe(IV)-hydroxo
heme. The deprotonated ascorbate then transfers an elec-
tron to the heme, and Trp-41 or His-42 protonates the hy-
droxo ligand of the Fe(IV)-hydroxo heme, generating a
second water molecule and the second monodehydroascor-
bate radical, which diffuses out of the pocket, thereby regen-
erating the resting-state APX. The electron transfer is
plausible for the surface-bound ascorbate molecule (#3 in
Figure 9), whose furan ring was establishing π-stacking with
the guanidium sidechain of Arg-79 in addition to establishing
hydrogen bonds with the hydroxyl groups. Thus, this position
could facilitate an electron transfer to the ɣ-heme edge as-
corbate through the existing hydrogen-bond network
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(Figure 9). Mutating the critical residue for ascorbate-binding
at the ɣ-heme edge site, Arg-172, drastically reduced the as-
corbate oxidation activity, indicating the surface-bound as-
corbate cannot participate in the reaction unless there is
an ascorbate bound at the ɣ-heme edge site.
The cumulative evidence, including ours, presented here, sug-

gests that small organicmolecules bound at the δ-meso site can
be radicalized directly or indirectly through Trp-41, His-42,
Arg-38, and hydrogen-bonding water molecules. Supporting
this further, mutation of the critical residue for ascorbate-
binding at ɣ-heme edge site, Arg-172, was able to maintain
∼40% of H2O2-dependent polymerization reaction (Table 2).

Conclusion
This study characterized the substrate-binding pockets and
the plausible catalytic reaction mechanism of a monocot
APX. Our study identified four binding pockets of ascorbate
in SbAPX, its neutralization of H2O2, and ascorbate turned
into bicyclic DHA at the ɣ-heme edge site. Using the
δ-meso site, SbAPX can effectively polymerize several phenyl-
propanoid intermediates in the monolignol pathway in the
presence H2O2. We were able to reproduce the 3-hydroxyl-
ation of p-coumarate in the presence of ascorbate and
H2O2 (Barros et al., 2019) and in the presence of dihydroxy-
fumarate (Halliwell, 1977). However, most of the produced
caffeic acid was from a nonenzymatic reaction and, thus, hy-
droxylation by SbAPX might be negligible.
Although the exact mechanism for translocation of mito-

chondrial PtomtAPX to the cell wall (Zhang et al., 2022) is
not clear, there is a possibility that SbAPX could also be

translocated to the cell wall during the early stages of second-
ary cell wall formation and xylem development. Therefore,
APX, which is only known to be found in plants, algae, and
photosynthetic protists, may not only remove stress-
generated H2O2 with ascorbates, but may potentially also
use the same H2O2 for fortifying cell walls via oxidative poly-
merization of phenylpropanoids in response to stress. The
substitution of amino acids within the substrate-binding re-
gion of APX could potentially lead to changes in substrate af-
finity and result in the diversification of its function.

Materials and methods
Recombinant enzyme expression and purification
The sorghum (S. bicolor) SbAPX cDNA sequence was cloned
into vector pET-30a(+) (MilliporeSigma, St. Louis, MO) with
N-terminal 6×His-tag for heterologous expression. The vec-
tor was introduced into E. coli Rosetta 2(DE3) cells via trans-
formation. Site-directed mutagenesis for R38L, W41F, H42A,
and R172A was accomplished by PCR using the primers de-
signed by Agilent Quickchange Primer Design (https://
www.agilent.com/store/primerDesignProgram.jsp). The cor-
responding primers are listed in Supplemental Table S2.
Three-liter Luria-Bertani (LB) medium complemented with
25 μg mL−1 chloramphenicol and 50 μg mL−1 kanamycin
was inoculated with 20 mL from an overnight culture. The
cells were grown at 37 °C until the culture reached OD600

0.8, and IPTG was added to a final concentration of 2 mM.
After being induced for 4–5 h, the cells were harvested by

Figure 11 Superimposition of bound ligands at the δ-meso site. Orange, ascorbate in SbAPX; red, glycerol in SbAPX; green, SHA from rsAPX (PDBID:
1V0H); blue, SHA fromARP (PDBID: 1CK6); pink, benzohydroxamic acid fromHRP (PDBID: 2ATJ). Figures were produced using the Chimera package
(UCSF, NIH P41 RR-01081).
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centrifugation at 8,000× g for 10 min at 4 °C. The cells were
resuspended in buffer A (50 mM KPi, pH 8, 300 mM NaCl)
and sonicated on ice for 30 min. (Model 450 sonicator;
Branson Ultrasonics, Danbury, CT) to release soluble protein.
The cell debris was removed by centrifugation at 37,000× g
for 1 h. The clear lysate was loaded on a nickel-NTA column
(Qiagen, Germantown, MD) and washed with three column
volumes of Buffer A. the column was then washed by three
column volumes of Buffer B (50 mM Kpi, pH 6, 300 mM
NaCl, 10% (v/v) glycerol) followed by two column volumes
Buffer B containing 20 mM imidazole. SbAPX was eluted
with Buffer B containing 200 mM imidazole. Wild-type
SbAPXwas naturally folded with heme during the expression,
while mutant versions were not. Thus, bovine heme was dis-
solved into a NaOH solution and added to buffer solutions
containing the mutant versions of protein. During the puri-
fication, the His-tag was spontaneously cleaved, which could
be due to a thrombin site between the His-tag and SbAPX.
The protein was concentrated, buffer-exchanged against
5 mM potassium phosphate buffer pH 6.8, and loaded
onto a hydroxyapatite column. SbAPX was eluted by a linear
gradient of potassium phosphate pH 6.8, ranging in concen-
tration from 5 to 25 mM, and the fractions with ratio OD404:
OD281> 2 were concentrated to 1 mL by using an Amicon
8050 ultrafiltration cell with a 10-kDa cutoff membrane
(EMDMillipore, St. Louis, MO). The concentrate was loaded
onto a column containing Superdex™ 200 Increase 10/300
GL for further purification. During the purification, a 5-kD
fragment was removed from the original recombinant APX.
This truncated protein was loaded on a Ni-NTA column
and was collected in the flow-through, which indicated
that the truncation resulted in the loss of the N-terminal
His-tag. The SbAPX without His-tag was buffer-exchanged
against 20 mM Tris, pH 7.5, 50 mM NaCl (Buffer C).

NMR study of H2O2-dependent oxidation of ascorbate
The method followed a previous study (Kurata and
Nishikawa, 2000) with somemodifications. Ascorbate was dis-
solved in phosphate buffer (pH 7.5) in 95% (v/v) D2O and 5%
(v/v) H2O with a final concentration of 10 mg dL−1 to mimic
physiological concentration (10–30 mg dL−1). 0.005% (v/v) of
methanol was added as an internal standard for the chemical
shift and integration. A 1H NMR was taken for 1 mL of ascor-
bate solution prior to the addition of SbAPX and H2O2 at 4°C.
After adding 30 nM SbAPX and 2 mM H2O2, a series of 1H
NMRwas taken up to 40 min after the reaction. 1HNMR spec-
tra were recorded using the PRESAT pulse sequence on a
Varian DD2 600 MHz NMR spectrometer, equipped with a
broad banded autotuning probe (OneProbe), with a satur-
ation frequency of −219.0 Hz (4.64 ppm), saturation power
equal to 8 dB. The spectral width was 9615.4 Hz, acquisition
time of 1.704 s, using 16,384 complex points, a 90° pulse of
8.90 us, and a relaxation delay of 3 s. Time course kinetic
datawere collected using an array function, such that 20 spec-
tra were collected at intervals of 124 s with a 1 s delay be-
tween acquisitions. 32 scans were recorded for each

spectrum in the array. Datawere processed using an exponen-
tially weighted Fourier transform (line broadening of 2 Hz).

Crystallization and structure determination
Prior to crystallization, the SbAPXwas concentrated to 20 mg
mL−1 by using an Amicon 8050 ultrafiltration cell with a
10-kDa cutoff membrane (EMDMillipore, St. Louis, MO). A
commercial crystallization kit, Crystal screen HT (Hampton,
Aliso Viejo, CA), was used for crystal screening through the
sitting-drop, vapor-diffusion method by Crystal Phoenix
(Art Robbins Instruments, Sunnyvale, CA). The initial crystal
appeared in the condition B5 (0.2 M Li2SO4, 0.1 M Tris, pH
8.5%, and 30% (w/v) PEG 4000) at 4 °C. Then the larger crys-
tals were reproduced by the sitting-drop vapor-diffusion
method with the same solution. Small crystals appeared in
two days. The one-ascorbate structure was obtained by soak-
ing apo crystals in cryoprotectant containing 1 mMascorbate
for 1 min, whereas the four-ascorbate structure was obtained
by soaking apo crystal in cryoprotectant containing 1 mM as-
corbate for 10 min. The bicyclic hemiketal complex crystal
was obtained by soaking with 50 mM ascorbate and 50 mM
H2O2 for 3 min. Structures containing compound II and com-
pound III were obtained by soaking apo crystals in cryopro-
tectant containing 100 mM H2O2 for 1 min. All crystals
except for compound III were collected with 1 s per frame
for 180°; compound III crystals were exposed for 0.2 s for
180°. All the statistics of deposited structures were listed in
Supplemental Table S1.

Determination of oxidation products of SbAPX
The p-coumarate-3-hydroxylation reaction was conducted as
described for recombinant APX reaction (Barros et al., 2019).
For comparison of the nonenzymatic and enzymatic C3H reac-
tions, a 600 μL reaction mixture contained 75 mM potassium
phosphate buffer (pH 6), 10 mM H2O2, 4 mM sodium ascor-
bate, and 1 mM p-coumaric acid. For the enzymatic reaction,
150 nM SbAPX was added. The reaction was shaken at
200 rpm at 30 °C. At 0, 30, 60, and 120 min, 90 μL of reaction
mixture was removed and immediately mixed with 10 μL gla-
cial acetic acid. The H2O2-dependent reaction was conducted
in 1 mL 50 mMpotassium phosphate buffer, pH 7.5 containing
100 μM p-coumarate, cinnamate, caffeate, ferulate, sinapate,
coniferyl alcohol, coniferyl aldehyde or tyrosine, 1 mM H2O2,
and 5 μM of purified SbAPX or mutant versions. The kinetic
assay for H2O2-dependent oxidation of p-coumarate was con-
ducted with 10 to 500 μM p-coumarate. The reaction mixture
was incubated at room temperature for 10 min and quenched
by 30% (v/v) glacial acetic acid prior to injection to HPLC. The
reaction mixture was injected onto a Luna® 5 μm C18 column
and the product was monitored by HPLC (Hitachi Elite
LaChrom L-2100; Hitachi High-Tech, Schaumburg, IL) operat-
ing at a flow rate of 1 mL min−1, with a gradient of solvent
A (0.1% (v/v) trifluoroacetic acid in deionized water) and solv-
ent 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
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detector. All experiments were performed in triplicate. The ki-
netic data were analyzed using Michaelis–Menten equations.
The reaction products of SbAPX for most other phenylpropa-
noid intermediates could not be analyzed due to substantially
increased viscosity under the identical condition and high
backpressure buildup right after HPLC-injection, indicating
generation of larger polymer products.

ESI-MS for the product of H2O2-dependent oxidation of
p-coumarate by SbAPX
To accumulate the product peaks for MS analysis, a 10 mL
p-coumarate H2O2-dependent oxidation reaction containing
50 mM potassium phosphate buffer, pH 7.5 containing
100 μM p-coumarate, 1 mM H2O2, and 5 μM of purified
SbAPX was incubated at room temperature for 30 min before
lyophilization. The lyophilized reaction mixture was loaded
on a C18 prep column (Waters, Milford, MA), and the individ-
ual eluted compounds were collected, lyophilized, and resus-
pended in 0.1% (v/v) formic acid in acetonitrile. The samples
were infused at 10 µl/min into the Thermo Q-Exactive-HF
mass spectrometer by Proteomics and Metabolomics Core
Facility at University of Nebraska-Lincoln (https://biotech.
unl.edu/proteomics-and-metabolomics). Mass spectra were
acquired using negative and positive ion modes using a
mass range of m/z 100–100 at a resolution of 120,000 for
the MS1 peptide measurements. MS2 spectra were acquired
by HCD with normalized collision energy set manually de-
pending on each of the peaks selected. Analyst software (ver-
sion 1.6.3) was used to control sample acquisition and data
analysis. The ESI source operation parameters were as follows:
source temperature at 500°C; ion spray voltage at 5,500 for
positive, and −4,500 for negative ion mode; ion source gas
1 at 50; ion source gas 2 at 50; curtain gas at 20 psi; collision
gas at medium.

Dihydroxyfumarate
The hydroxylation of p-coumarate was conducted in 1 mL
50 mM sodium phosphate buffer, pH 6 containing 100 μM
p-coumarate, 1 mM dihydroxyfumarate, and 5 μM of puri-
fied SbAPX. The control reaction contained the same com-
ponents without SbAPX. Both mixtures were incubated at
room temperature for 2 h prior to injection to HPLC.
MALDI-TOF MS for determination of dihydroxyfumarate

reaction: The reaction was run on a C18 prep column
(Waters, Milford, MA), and the product peak was collected
and lyophilized prior to MS analysis. The lyophilized pow-
der was dissolved in 50% (v/v) acetonitrile. The matrix,
α-cyano-4-hydroxycinnamic acid, CHCA (Sigma-Aldrich,
St. Louis, MO) was prepared as a solution of 10 mg mL−1

in 50% (v/v) water/acetonitrile with 0.1% (v/v) TFA. The
matrix solution was mixed 1:1 with the product peak solu-
tion, applied to the sample plate, and dried. Spectra were
collected using a 4,800 MALDI TOF/TOF Analyzer
(Applied Biosystems, Waltham, MA), using the data collec-
tion programs in negative mode for MS spectra.

Steady-state kinetics of SbAPX
Kinetic assays of SbAPX with ascorbate were performed
with 1 mM H2O2 in 50 mM potassium phosphate buffer,
pH 7.0 at room temperature in a GENESYS™ 10S UV-Vis
Spectrophotometer (Thermo Scientific, Waltham, MA) spec-
trophotometer. The concentration of ascorbate varied from
10 to 1200 μM and the final concentration of SbAPX was
15 nM. The reaction was initiated by adding SbAPX. The ac-
tivity was calculated by the rate of disappearance of ascor-
bate (ϵ= 2.8 mM−1·cm−1) at 290 nm during the first
minute (Nakano and Asada, 1981). The corresponding activ-
ity for mutants was measured with the same setup above.

Molecular docking of SbAPX
Ascorbate, p-coumarate, salicylhydroxamate, glycerol, and
the phenylpropanoid intermediates of the monolignol path-
way were docked into the entire SbAPX by AutoDock Vina
(Trott and Olson, 2010) for global search; ligands and grids
were prepared for docking using AutoDock Tools (Morris
et al., 2009). The grid box was 100× 100× 100 Å. The exhaust-
iveness was set to 25 due to the large grid box.

Accession numbers
Sequence data from this publication can be found in the
EMBL/GenBank data libraries under accession number
XP_002468053.1.

Supplemental data
The following materials are available in the online version of
this article.
Supplemental Table S1. Crystallography statistics of

SbAPX structures.
Supplemental Table S2. Primer list of site-directed

mutagenesis.
Supplemental Figure S1. Mass spectroscopy spectrum of

SbAPX oxidation products.
Supplemental Figure S2. Overall structure of SbAPX with

1-minute soak in 1 mM ascorbate without H2O2 (8DJS).
Supplemental Figure S3. Sequence alignment of ascor-

bate peroxidases.
Supplemental Figure S4. Surface analysis of SbAPX.
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