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In higher plants, molecular responses to exogenous hypoxia are
driven by group VIl ethylene response factors (ERF-Vlls). These
transcriptional regulators accumulate in the nucleus under hyp-
oxia to activate anaerobic genes but are destabilized in normoxic
conditions through the action of oxygen-sensing plant cysteine
oxidases (PCOs). The PCOs catalyze the reaction of oxygen with
the conserved N-terminal cysteine of ERF-Vlls to form cysteine
sulfinic acid, triggering degradation via the Cys/Arg branch of
the N-degron pathway. The PCOs are therefore a vital component
of the plant oxygen signaling system, connecting environmental
stimulus with cellular and physiological response. Rational manip-
ulation of PCO activity could regulate ERF-VII levels and improve
flood tolerance, but requires detailed structural information. We
report crystal structures of the constitutively expressed PCO4 and
PCO5 from Arabidopsis thaliana to 1.24 and 1.91 A resolution, re-
spectively. The structures reveal that the PCOs comprise a cupin-
like scaffold, which supports a central metal cofactor coordinated
by three histidines. While this overall structure is consistent with
other thiol dioxygenases, closer inspection of the active site indi-
cates that other catalytic features are not conserved, suggesting
that the PCOs may use divergent mechanisms to oxidize their sub-
strates. Conservative substitution of two active site residues had
dramatic effects on PCO4 function both in vitro and in vivo,
through yeast and plant complementation assays. Collectively,
our data identify key structural elements that are required for
PCO activity and provide a platform for engineering crops with
improved hypoxia tolerance.
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Waterlogged and submerged plants experience reduced ox-
ygen availability (hypoxia), which limits ATP production
and threatens survival (1). Flood-related crop loss has devas-
tating economic and social impacts, exacerbated by the predicted
rise in extreme weather events caused by climate change, which
could pose a risk to global food security (2). Accordingly, de-
veloping tools and strategies to improve plant survival after flood
events is an important goal in addressing this challenge.

Plant physiological responses to hypoxia, including flooding,
are driven at the molecular level by group VII ethylene response
factors (ERF-VIIs) (1). These transcription factors up-regulate
genes that enable adaptation to hypoxic conditions, such as those
responsible for anaerobic metabolism (3, 4). Crucially, ERF-VII
stability is regulated in an O,-dependent manner via the Cys/Arg
branch of the N-degron pathway of protein degradation (5, 6). In
normoxia, conserved N-terminal (Nt) Cys residues are oxidized,
rendering the ERF-VIIs targets for Nt-arginylation by arginyl-
tRNA transferases (ATEs). The arginylated N terminus acts as a
signal for ubiquitination, targeting the protein for degradation by
the 26S proteasome. In hypoxia, as experienced during flooding,
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Cys oxidation does not take place and ERF-VIIs are stabilized to
initiate an adaptive response.

A direct connection between environmental stimulus and molec-
ular and physiological outcome occurs through the plant cysteine
oxidases (PCOs). These enzymes use both atoms of molecular oxygen
to catalyze dioxygenation of Nt-Cys to Cys-sulfinic acid (Scheme 1) in
ERF-VIIs (as well as other substrates VRN2 and ZPR?2) (7, 8) en-
abling subsequent Nt-arginylation (9, 10). PCO activity is sensitive to
physiologically relevant fluctuations in O, availability (11), thus these
enzymes can act as plant O, sensors with a key role in regulating
ERF-VII stability. The PCOs share sequence homology and certain
characteristics with other thiol dioxygenases (10, 12), but differ (along
with human cysteamine dioxygenase, HSADO) (13) in their ability to
catalyze oxidation of cysteine residues at the N termini of polypeptide
chains as opposed to the thiol groups of small molecules.

There is evidence that stabilization of the ERF-VIIs can lead
to enhanced plant survival following flooding. Overexpression of
the ERF-VII RAP2.12 in Arabidopsis resulted in improved tol-
erance to submergence and up-regulation of genes associated
with the hypoxic response (6). When levels of PRT6 (the ubig-
uitin ligase which targets N-degrons for proteasomal degrada-
tion) (14, 15) were decreased in barley using RNA interference,
ERF-VII stabilization enabled an up-regulation of hypoxic genes
which correlated with an improved tolerance to waterlogging
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Scheme 1. Plant cysteine oxidases catalyze dioxygenation of conserved
cysteine residues at the N terminus of group VIl ethylene response factors.

Both atoms of molecular O, (red) are incorporated into the product to
generate Cys-sulfinic acid.
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(16). Finally, SUB1A-1, an ERF-VII present in certain rare
landraces of rice, confers extended submergence tolerance (17)
and is reported to avoid degradation by the N-degron pathway
in vitro (5, 18). While it is important to note that overexpression
of stable ERF-VIIs in Arabidopsis under normoxic conditions
can be metabolically detrimental to growth and development
(6, 19, 20), collectively these observations nevertheless suggest
that controlled stabilization of the ERF-VIIs via disruption of
the N-degron pathway may provide a suitable mechanism for
installing hypoxia tolerance in plants to facilitate flood survival.
The PCOs may be effective targets to manipulate ERF-VII levels
in such a controlled fashion, e.g., by modulating their rate of
activity, substrate selectivity, or their oxygen sensitivity. Struc-
tural knowledge of the PCOs is therefore required to enable
rational modulation strategies.

There are five PCO enzymes in Arabidopsis thaliana (AtPCOs1-
5), with different expression and catalytic characteristics (11). We
report crystal structures of AtPCO4 and AtPCOS, two of the
constitutively expressed enzymes, which have the greatest cat-
alytic efficiency in vitro. We compared their structures with
those of other thiol dioxygenases, focusing on Rattus norvegicus
cysteine dioxygenase, RnCDO (PDB ID: 4IEZ), which cataly-
ses conversion of free L-cysteine to L-cys-sulfinic acid as part of
amino acid catabolism (12). While broad similarities exist be-
tween AtPCOs 4/5 and other thiol dioxygenases, we found that
the AtPCOs have distinct structural features that distinguish
them from other members of this family, potentially due to a
requirement to bind protein, rather than small-molecule sub-
strates. Mutagenesis of key active-site residues of AtPCO4 led
to partial or complete inactivation of the enzyme, an effect
which we observed both with isolated components, but also in
yeast cells and Arabidopsis plants. This work demonstrates that
structure-guided modifications affecting PCO catalysis can be
translated into biological environments opening up the future
possibility that selective modifications to substrate specificity or
oxygen sensitivity may be a useful method to improve stress
tolerance in plants.

Results

Crystallization and Structure Determination of AtPCO4 and AtPCO5.
Full-length and catalytically active AtPCO4 and AtPCOS5 were
produced to over 95% purity using previously described methods
(11) and crystallized under anaerobic conditions. An initial
structure of AtPCOS5 was determined using the native single-
wavelength anomalous diffraction method which was then used
as a molecular replacement search model for subsequent data-
sets. Two different structures of AtPCO4 were determined from
independent crystallization conditions, referred to herein as
AtPCO4_1 and AtPCO4_2. Both AtPCO4 and AtPCOS crys-
tallized as monomers with one molecule per asymmetric unit in
each crystal form. AtPCOS5, AtPCO4_1, and AtPCO4_2 dif-
fracted to 1.91-, 1.82-, and 1.24-A resolution, respectively, having
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a total of 229 out of 242, 220 out of 241, and 212 out of 241
amino acids of the inherent protein sequence modeled into
electron density. The final models are of reliable quality as in-
dicated by the geometry and refinement statistics (SI Appendix,
Table S1).

Overall Architecture of AtPCO4 and 5. The structures of AtPCO4_1
(Fig. 14), AtPCO4_2 (SI Appendix, Fig. S1), and AtPCOS
(Fig. 1B) consist of a core double-stranded beta-helix (DSBH,
also known as a cupin fold), which supports a facial triad of three
histidine residues coordinating the active site metal ion involved
in catalysis. The DSBH fold is representative of many non-heme
iron-dependent oxygenases including related thiol dioxygenases
(e.g., RnCDO, Fig. 1C) (12, 21-25). A comparison of AtPCO4
and AtPCOS indicates high structural conservation (SI Appendix,
Fig. S2) with superimposition based on secondary structure
matching resulting in root mean square deviation (rmsd) of 1.02 A
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Fig. 1. Views of crystal structures of AtPCO4, AtPCO5, and RnCDO. (A)
AtPCO4 (teal), (B) AtPCOS5 (light pink), and (C) RnCDO (wheat) (PDB ID: 4IEZ)
(21) proteins each consist of a conserved DSBH (or cupin) core which binds an
active site metal (gold and tan sphere for AtPCO and RnCDO structures,
respectively) using a facial histidine triad (sticks).
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for AtPCO4_1 compared with AtPCOS (with 213 out of a possible
222 residues aligned). In comparison, AtPCO4_1 structural con-
servation with RnCDO (PDB ID: 4IEZ) is lower with a rmsd of
2.22 A (with 145 out of a possible 186 residues aligned), pre-
dominantly due to structural deviations in regions flanking the
conserved DSBH core.

A significant structural difference between the AtPCOs and
RnCDO is a C-terminal loop (residues 220 to 231), which forms
a border along one side of the AtPCO active site opening (S
Appendix, Fig. S3), resulting in a large cavity with the potential to
accommodate large polypeptide substrate binding. In contrast,
an equivalent loop in RnCDO (residues 174 to 182) lies across
the active site forming a “lid” that restricts access to the catalytic
metal (SI Appendix, Fig. S3). Interestingly, this cavity is occupied
by a section of the N-terminal Hiss tag in AtPCOS, demon-
strating that peptide binding is possible in this region (SI Ap-
pendix, Fig. S4).

Another distinct feature observed in AtPCO4_1 and AtPCO5
is the presence of a hairpin loop (residues 182 to 190) projecting
from DSBH f-strand VIII at the active site opening, opposite to
the C-terminal chain 220 to 231 described above. The loop cul-
minates in a beta-turn consisting almost exclusively of charged
and polar residues (Tyrgp-Ser;gs-Ser;gq-Glu;gs-Hisigs-Aspisy-
Al'glgg-HiS]s()-Cyslgg for AtPCO4, SI Appendix, Flg SS) The
vicinity of this hairpin loop close to the active site suggests that it
may play a role in substrate binding and recognition. There is
sequence divergence in much of this region among the AtPCOs
(SI Appendix, Fig. S6), which may in turn contribute to their
divergent substrate specificities (11). Interestingly, an equivalent
hairpin loop is not observed in RnCDO, possibly since its smaller
cysteine substrate requires fewer interactions closer to the cat-
alytic center. In AtPCO4_2 this loop is somewhat disordered,
possibly due to the binding of an N-terminal Hiss tag at the
active site in this crystal form (SI Appendix, Figs. S1 and S7).

The AtPCO4/5 Active Site. Closer inspection of the AtPCO active
sites reveals that the metal cofactor is bound along one face by
His98, His100, and His164 in an octahedral arrangement, mir-
roring the metal coordination of other thiol dioxygenases (Fig. 2)
(12). Three well-ordered H,O molecules occupy the remaining
ligation sites of AtPCO4_1 and AtPCOS. As described above,
electron density corresponding to a 5-amino acid fragment from
the N-terminal His, tag of an adjacent molecule is observed in
the active site of PCO4_2 at ~75% occupancy, with a H,O
molecule satisfying the remaining density (SI Appendix, Fig. S7).
Residue His(—)10 (from this Hise tag) directly interacts with the
metal cofactor, displacing the water molecule frans to His164

HO98

and ligating the metal through the t-nitrogen of the imidazole
ring (Fig. 2B). Attempts to crystallize AtPCO4 and AtPCOS5
without the N-terminal Hiss tag were unsuccessful, possibly
suggesting that the observed intermolecular interactions facili-
tate crystal formation. AtPCO4_1 and AtPCO4_2 were modeled
with catalytically relevant Fe in their active sites, while AtPCO5
was modeled with Ni in the active site, a known contaminant of
Ni-affinity chromatography used in AtPCO purification (10, 11).

Comparison of AtPCOs with Other Classes of Thiol Dioxygenases. The
AtPCOs are unique among the three types of thiol dioxygenases
characterized to date (CDOs, 3MDOs [mercaptopropionate
dioxygenases|, and MSDOs [mercaptosuccinate dioxygenases])
and represent a new class. In the CDOs, 3MDOs and MSDOs,
substrate specificity and reactivity are influenced by the presence
and position of an Arg residue in the active site (25, 26). In the
CDOs, Arg60 forms a strong salt bridge with the carboxylate
group of the active site metal bound L-cysteine, while in other
thiol dioxygenases, there is a Gln at position 60 and an Arg
residue elsewhere in the active site which contributes to substrate
carboxylate binding (e.g., Argl68 in Pseudomonas aeruginosa
3MDO) (26). The AtPCOs do not possess an Arg residue in the
active site, which is unsurprising since the cysteinyl substrates of
AtPCOs have a peptide bond in place of the charged carboxylate
group of free cysteine.

Small-molecule thiol dioxygenases have a Ser-X-His-X-Tyr
motif on DSBH f-strand VIII that is proposed to act as a cata-
lytic triad. In mammalian CDOs, a thioether cross-link forms
between the Tyr residue in this motif and an adjacent cysteine
(Cys93, RnCDO) from DSBH p-strand III following multiple
turnovers. This unusual posttranslational modification is repor-
ted to improve substrate binding and enzyme activity (27-30).
Strikingly the distribution of amino acids in the AtPCO4/5 active
sites is considerably different (Fig. 3): An Asp residue (Asp176 in
AtPCO4) replaces Hisl55 of the RnCDO Ser-X-His-X-Tyr
motif, while Ser153, Tyrl57, and Cys93 are replaced with
chemically inert side chains at equivalent positions (Ile174,
Leul78, and Vall05, respectively, in AtPCO4). These differ-
ences are also conserved in AtPCOs1-3 as well as PCOs from
other plants (SI Appendix, Fig. S6). This suggests that PCO en-
zymes cannot form an equivalent thioether cross-link; however,
residues elsewhere in the AtPCO active sites do have the potential
to form a similar posttranslational modification. Thioether cross-
link formation has been observed in the active site of human
cysteamine dioxygenase, HSADO, between Cys220 and Tyr222
(13, 31). HSADO is a thiol dioxygenase which also catalyses
oxidation of protein N-terminal cysteine residues and retains

" TH100

Fig. 2. Views of the active sites of AtPCO4_1, AtPCO4_2, and AtPCO5. Representative electron density is displayed around the active sites of (A) AtPCO4_1
(teal sticks), (B) AtPCO4_2 (cyan sticks), and (C) AtPCO5 (salmon sticks). A facial triad consisting of protein-derived residues H98, H100, and H164 and three
water molecules (red spheres, W1-3) coordinate to a metal ion (orange sphere). Note that His(—)10 (thin sticks) from the Hisg-tag of a symmetry-related
molecule displaces W3 trans to H164 in AtPCO4_2. The 2mFo-Fc contoured to 1.2¢ for the protein (gray mesh) and mFo-Fc OMIT electron density contoured to

5c for the metal (green mesh).
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Fig. 3. Comparison of the active sites of AtPCO4 and RnCDO. The number and distribution of chemically reactive amino acids is considerably different
between (A) AtPCO4 and (B) RnCDO, with the catalytic triad of RnCDO (Ser153-His155-Tyr157) replaced in AtPCO4 with an overall less reactive triad (lle174-
Asp176-Leu178). AtPCO4 Val105 also replaces RnCDO Cys93. Other amino acids in the AtPCO4 active site which have a potential role in catalysis and are of the
subject of further investigation in this study are highlighted. The Inset in B shows a clearer view of the RnCDO Cys93-Tyr157 thioether cross-link.

sequence homology to the AtPCOs in relevant active site re-
gions (SI Appendix, Fig. S6). We therefore conceived thioether
cross-link formation as a possibility for the AtPCOs, specifically
via Cys190 (equivalent to Cys220 in HsADO) which is sand-
wiched between Tyrl182 and Tyr192 and borders the hairpin
loop proposed to be involved in substrate recognition and
binding. However, electron density for a cross-link was not
observed in the AtPCO4/5 crystal structures and tandem MS/
MS analysis did not show a cross-link involving Cys190, even
following prolonged incubation of AtPCO4 with a Cys-
initiating peptide representing its known substrate (equivalent
to the conditions under which cross-link formation was ob-
served for CDO) (SI Appendix, Fig. S8). Under the conditions
tested therefore the unusual posttranslational modification
observed to enhance turnover in mammalian CDOs was not
identified in the AtPCOs, though we cannot rule out that a
cross-link may be observable using different techniques (31).

Modulation of AtPCO4 Activity by Targeted Mutagenesis at the Active
Site. To explore the role of AtPCO4/5 active site residues in
catalysis, we generated variants of AtPCO4 using site-directed
mutagenesis. We targeted chemically reactive residues which ei-
ther have the potential to fulfill similar functions to those im-
portant in other thiol dioxygenases (Tyr182 and Cys190), which
project toward the metal center (Serl07 and Aspl76) or which
contribute to metal binding (His164). The targeted residues are
also conserved in all AtPCOs, as well as PCO sequences from
other plants (SI Appendix, Fig. S6). Variants were designed con-
servatively to investigate the functionality of individual side chains
while maintaining structural integrity of the enzymes. AtPCO4 was
used as a model enzyme, since its active site is very similar to that
of AtPCOS, yet it has a greater specific activity (11), thus the ef-
fects of mutagenesis are likely to be more profound.

Variants S107A, H164D, D176N, Y182F, and C190A were
generated by site-directed mutagenesis then expressed and pu-
rified following the same procedure as for wild-type AtPCO4,
resulting in enzymes that were >90% pure and consistent in
secondary structure (SI Appendix, Fig. S9). We initially con-
ducted endpoint assays (30 min) to determine the ability of the
variants to catalyze oxidation of a 14-mer peptide representing
the Cys-initiating N terminus of the Arabidopsis ERF-VII
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RAP2.12 (herein referred to as AtRAP2.12, ;5). Variants S107A
and C190A catalyzed AtRAP2.12, ;5 oxidation to the same de-
gree as wild-type enzyme under these conditions, whereas Y182F
activity was reduced to ~60% that of wild type, indicating a re-
duced rate of activity for this variant. D176N and H164D showed
minimal and near-zero activity, respectively (Fig. 44).

We next measured initial rates of enzyme activity for the
variants (Fig. 4B and SI Appendix, Table S2). C190A and S107A
were found to catalyze AtRAP2.12, ;5 oxidation at the same rate
as wild-type enzyme (11.83 [+ 1.00], 9.11 [+ 0.96], and 11.21
[+ 1.48] pmoles/min/mg, respectively), indicating that these
amino acid substitutions have limited effect on enzyme function
(and providing further evidence that catalytically relevant thio-
ether formation via Cys190 does not occur). Y182F demon-
strated a significantly lower rate of AtRAP2.12, ;5 turnover
(1.56 11.21 [+ 0.15] pmoles/min/mg) indicating an important role
for the hydroxyl group in AtPCO4 activity. Interestingly, the
specific activity of D176N was extremely low under equivalent
conditions (0.01 [+ 0.02] pmoles/min/mg); however, a very low
level of iron was detected in this variant (SI Appendix, Fig. S10)
and when additional iron and ascorbate were included in the
assay, the rate of activity increased to 1.58 (+ 0.14) pmoles/min/
mg. Aspl76 may therefore play at least a partial role in main-
taining the integrity and/or redox state of the Fe-binding site.
H164D-specific activity could not be measured as it was com-
pletely inactive, even in the presence of exogenous iron and
ascorbate (SI Appendix, Fig. S11). While His164 has a key role in
iron binding, it was anticipated that its mutation to Asp would
retain function, given that Asp is a common Fe-ligating residue
in iron-dependent dioxygenases (32, 33). Indeed the H164D
variant retained some Fe-binding capability (22.4% occupancy
compared to 55.9% occupancy for wild type, SI Appendix, Fig.
S10), suggesting that the mutation negatively impacts substrate
binding and/or the ability of the Fe cofactor to activate oxygen
for reaction.

We next tested the impact of the two most significant muta-
tions, H164D and D176N, in vivo. First, we exploited Saccha-
romyces cerevisiae as an exogenous expression system, by means
of a dual luciferase oxygen reporter whose relative luminescence
depends on the presence of oxygen and N-terminal cysteine
oxidase activity (34). Using this reporter system, AtPCO4/variant
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Fig. 4. Effect of active site mutations on AtPCO4 function in vitro and in vivo. (A) Endpoint assays comparing the ability of recombinant AtPCO4 and variants
thereof (0.4 uM) to catalyze oxidation of the N-terminal cysteine of a AtRAP2,_;5 peptide substrate (200 pM) over 30 min. Letters indicate statistically sig-
nificant differences (one-way ANOVA followed by Tukey post hoc test, n = 3). (B) Time course assays comparing initial rates of recombinant AtPCO4 WT and
variant activity (0.1 to 1 pM) toward the AtRAP2,_;5 peptide substrate (200 pM); data shown as mean + SD (n = 3). (C) Relative luciferase activity (Fluc/Rluc) in
S. cerevisiae cells expressing C-DLOR reporter under aerobic and hypoxic conditions in the presence of AtPCO4 WT, AtPCO4 H164D, and AtPCO4 D176N.
Letters indicate statistically significant differences (one-way ANOVA followed by Holm-Sidak post hoc test, n = 5). (D) Expression of AtPCO4 (WT) restores the
wild-type phenotype in 4pco A. thaliana mutants; in contrast, expression of AtPCO4 (H164D) or AtPCO4 (D176N) fails to reconstitute the wild-type phenotype
in 4pco. (Scale bar, 1 cm.) (E) Relative mRNA level of hypoxia-inducible genes in wild-type and 4pco mutant plants expressing AtPCO4(WT), AtPCO4(H164D), or
AtPCO4(D176N). Expression of ADH, PDC1, LBD41, SAD6, and Hb1 was significantly increased in 4pco mutant plants and those expressing the inactivating
AtPCO4 variants, compared to wild-type and 4pco plants expressing the wild-type AtPCO4 enzyme. Red and blue dots represent data from independent
transgenic lines. Letters distinguish statistically different genotypes (one-way ANOVA followed by Holm-Sidak post hoc test for multiple comparisons for
ADH, PDC1, LBD41, SAD6, and Hb1, ANOVA on ranks and Tukey post hoc test for transgenic PCO4).
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activity can be detected through degradation of the luminescent
reporter via the Arg/Cys N-degron pathway. As previously ob-
served (34), AtPCO4 expression abated the reporter’s output
under aerobic conditions but not in hypoxia (1% O,, 6 h,
Fig. 4C). Expression of AtPCO4 H164D led to a strong increase
of the reporter signal under both normoxia and hypoxia
(Fig. 4C), consistent with abolition of PCO activity in this variant
as seen in the experiments with isolated proteins. Interestingly,
for this variant, reporter signal was consistently higher in nor-
moxic than hypoxic conditions. The reason for this is unclear but
could be due to noncatalytic interaction of H164D with the re-
porter protein under these conditions. Expression of AtPCO4
D176N resulted in significant luminescence under aerobic con-
ditions as compared to AtPCO4 wild type, but also considerably
less luminescence than was observed with H164D. There was
also an increase in luminescence in hypoxia for D176N as
compared to normoxia. These results are consistent with the
D176N variant retaining a limited amount of cysteine oxidase
activity, as observed in vitro, while the H164D variant is com-
pletely inactive. Unlike the in vitro experiments, addition of
exogenous iron and ascorbate to aerobic cultures expressing the
D176N variant did not enhance the degradation of the oxygen-
labile reporter (SI Appendix, Fig. S12), possibly because endog-
enous levels of (reduced) iron in yeast are sufficient to promote
maximal AtPCO4 D176N activity.

Finally, we attempted in planta complementation of AtPCO4
function using the H164D and D176N variants. Inactivation of
four PCO genes in A. thaliana by insertional mutagenesis has
previously been shown to cause developmental defects, including
retarded growth, leaf serration, and male and female sterility,
along with constitutive expression of low-oxygen response genes
(13). We expressed the wild-type AtPCO4 coding sequence,
under the control of its own promoter (SI Appendix, Fig. S13) in
these 4pco mutant plants, and found that this was sufficient to
prevent developmental and molecular defects (Fig. 4 D and E).
In contrast, and consistent with their activity in both isolated
protein and yeast assays, expression of both variants AtPCO4
H164D and D176N in the 4pco mutant plants failed to replicate
AtPCO4 wild-type function (Fig. 4D). Both variants also dis-
played up-regulation of hypoxia-responsive genes under aerobic
conditions (Fig. 4E). Nonetheless, expression of AtPCO4 D176N
suggested marginal improved growth compared to the 4pco
phenotype (Fig. 4D) and was able to restore female but not male
fertility in 4pco flowers, as demonstrated by reciprocal crossing
with wild-type plants (SI Appendix, Fig. S14). All PCO4 trans-
genes exhibited a comparable level of expression in two inde-
pendent lines for each construct, and consistently higher than the
wild-type gene (Fig. 4E), possibly due to the existence of addi-
tional transcriptional or posttranscriptional regulation in the
introns or 3’ untranslated genomic regions of the PCO4 gene.

Discussion

The structures of AtPCO4 and 5 presented here provide struc-
tural characterization of thiol dioxygenases that catalyze dioxy-
genation of macromolecular substrates, more specifically,
cysteine residues positioned at the N termini of proteins. This
work has revealed that although the overall DSBH fold (com-
mon to many Fe-dependent dioxygenases) of PCOs is conserved
along with the 3x His Fe-binding motif typical of small-molecule
thiol dioxygenases, additional features identified as important
for substrate binding and catalysis in the small-molecule thiol
dioxygenases are not conserved in the PCOs. Some of these
differences can be rationalized by the requirement for the AtP-
COs to bind large polypeptide rather than small-molecule sub-
strates. This includes an open active site in the AtPCOs and the
loss of active site Arg residues, important for binding substrate
carboxylate groups (replaced with peptide bonds in protein
substrates) in the small-molecule thiol dioxygenases. Other
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differences include significant divergence among the amino acids
surrounding the active site: a Ser-His-Tyr catalytic triad and a
well-characterized Cys-Tyr thioether cross-link in small-molecule
thiol dioxygenases are not conserved in AtPCOs. Overall, these
differences indicate that the AtPCOs have evolved specifically to
enable their function in catalyzing oxidation of Nt-Cys initiating
proteins, and further work will help to identify amino acids with
important roles in substrate binding and oxygen activation in the
AtPCO active site.

A thiol dioxygenase in humans (HsADO, cysteamine dioxy-
genase) has recently been reported to also catalyze the oxidation
of N-terminal cysteine residue of proteins in an oxygen-sensitive
manner (13). While there are no reported structures for ADO to
date, sequence alignments with RnCDO, AtPCOs, and PCOs from
other plant species (SI Appendix, Fig. S6) suggest that some of the
active site features seen in the PCOs are also conserved in HSADO,
in contrast to those seen in RnCDO. While larger structural fea-
tures, such as loop positioning across the active site entrance, are
harder to predict, the sequence alignment suggests that the pro-
posed RnCDO Ser-His-Tyr catalytic triad, is not conserved in either
PCOs or HsADO. Furthermore, AtPCO Asp176 is conserved both
in PCOs from other plants and HSADO, supporting an important
role for this residue in catalysis as evidenced by our mutagenesis
experiments. Interestingly a Cys-Tyr thioether cross-link, a feature
important in RnCDO and other small thiol dioxygenases (24, 25,
35), was detected in HSADO between Cys220 and Tyr222 following
incubation with cysteamine (31). These residues are conserved in
PCOs (AtPCO4 Cys190 and Tyr192, SI Appendix, Fig. S6), yet we
did not observe a cross-link under the conditions used in this study;
the thioether cross-link reaction may only occur in mammalian
enzymes oOr upon initiation with small-molecule thiols. It is possible
that the active site features which appear to be common to the
PCOs and HsADO may be related to the polypeptide nature of
their substrates in contrast to small-molecule thiol dioxygenases.

We report structures of oxygen-sensing enzymes from plants
which were initially reported in relation to their role in catalyzing
oxidation of N-terminal cysteine residues of ERF-VII tran-
scription factors in Arabidopsis, triggering their degradation un-
der normoxic conditions via the Cys/Arg N-degron pathway (9,
10). Since these reports, additional roles have been identified for
the PCOs in hypoxic signaling, through targeting the alternative
Nt-Cys initiating proteins VRN2 and LITTLE ZIPPER 2 (7, 8).
With ~250 Nt-Cys initiating proteins in the Arabidopsis pro-
teome, the list of physiologically relevant PCO substrates is likely
to expand. The importance of O, as a signaling molecule, and of
the PCOs as the transducer of this signaling molecule, is there-
fore emerging and further structural insight into how these en-
zymes interact with substrates and oxygen will enable molecular
rationalization of these processes.

Particularly attractive is the possibility of manipulating PCO
activity to modulate the signaling response to hypoxia. We have
demonstrated in this study that it is possible to adopt a structure-
guided approach to target functionally important residues (H164
and D176) in the AtPCO4 active site, then to observe consistent
effects on the activity of AtPCO4 in both in vitro and in vivo
environments, including in a plant model. While the effect of
ablating AtPCO function was not beneficial for the overall plant
phenotype (demonstrating the importance of these enzymes to
plant physiology), this work lays the foundations for further
structure-guided rational manipulation of AtPCO activity to al-
ter specific properties, such as oxygen sensitivity or substrate
selectivity. This is appealing from the perspective of fundamental
and applied research, exemplified in this study by the demon-
stration that selective expression of a partially active AtPCO
variant indicated a requirement for oxygen sensing in the de-
velopment of reproductive tissues (SI Appendix, Fig. S14). Such
an approach may be applied with alternative variants to study
organ- or tissue-specific sensitivity to hypoxia. Moreover, structural
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characterization of oxygen-sensing enzymes in humans
(hypoxia-inducible factor hydroxylases) (36, 37) ultimately en-
abled development of therapeutic agents for the treatment of
hypoxic diseases. Given the role the PCOs play in regulating
ERF-VII levels, and the importance of ERF-VII signaling in
adapting to submergence, it is possible that manipulation of PCO
activity may be an effective strategy to enhance flood tolerance
in plants.

Materials and Methods

Preparation of Recombinant AtPCO4 and 5. AtPCO4 and AtPCO5 were
expressed and purified as previously described (11). Briefly, pET-28a vectors
incorporating sequences encoding AtPCO4 and 5 proteins were transformed
into BL21 (DE3) Escherichia coli and protein expression induced with 0.5 mM
isoproply B-D-1-thiogalactopyranoside. Following overnight expression at
20 °C, cells were harvested and frozen. To purify the proteins, cells were
lysed by sonication and soluble lysate was passed over a Ni-affinity HisTrap
column. Elution of Hisg-AtPCO4/5 with imidazole was followed by size ex-
clusion chromatography, resulting in protein of >95% purity.

Crystallization and Structure Determination. All crystals grew within 2 wk at
room temperature using vapor diffusion methods under a nitrogen atmo-
sphere in an anaerobic glove box (Belle Technology). AtPCO5 crystals were
prepared by adding 1 pL protein (25 mg/mL) to 1 pL mother liquor (20%
polyethylene glycol [PEG] 3350, 0.2 M ammonium nitrate) and equilibrated
against a 500 pL precipitant reservoir. AtPCO4_1 crystals were prepared by
adding 0.45 uL protein (45 mg/mL, mixed with RAP2,_ ;5 to a final concen-
tration of 8 mM) to 0.45 uL mother liquor (20% PEG 3350, 0.2 M sodium
fluoride) equilibrated against a reservoir containing 30 pL of precipitant and
streak seeded using seed stock prepared from AtPCO4_2 crystals. Crystals of
the AtPCO4_2 crystal form were prepared by adding 1 pL protein (45 mg/mL)
to 1 pL mother liquor (0.2 M ammonium sulfate, 0.1 M Tris [HCI] pH 7.5) and
equilibrated against a 500 pL precipitant reservoir using macroseeding with
seed stock obtained from the same conditions.

The AtPCOS5 structure was solved using BigEP (38). The anomalous signal
was sufficient for Autosol to locate seven sites (figure of merit = 0.28) fol-
lowed by solvent flattening, and autobuilding in AutoSHARP resulted in 183
residues being built (39, 40). Manual fitting and refinement was carried out
using COOT and PHENIX (41, 42). The model of AtPCO5 was then used as a
search model for solving AtPCO4 structures by molecular replacement using
PHASER (43). Data collection and refinement statistics can be found in
SI Appendix, Table S1.

Preparation of Recombinant AtPCO4 Variants. Active-site substitutions were
introduced by site-directed mutagenesis and the integrity of the mutations
was verified by sequencing (Source Bioscience). Variant enzymes were
expressed and purified as per the wild-type enzyme described above.

Recombinant AtPCO4 Wild-Type and Variant Activity Assays. Wild-type or
variant AtPCO4 activity was measured with synthesized peptide substrate
(GL Biochem) representing the Cys-initiating N terminus of the Arabidopsis
ERF-VII RAP2.12 (CGGAIISDFIPPPR), hereafter termed AtRAP2,_;s. For end-
point assays, enzyme (0.4 uM) and AtRAP2, 5 (200 pM) were incubated in
the presence of 1 mM tris (2-carboxyethyl)phosphine (TCEP) for 30 min at
30 °C. For specific activity determination, enzyme (0.1 to 1 pM) and
AtRAP2; ;5 (200 pM) were incubated at 30 °C in the presence of 1 mM TCEP
(D176N assays were supplemented with 5 pM Fe and 1 mM ascorbate where
indicated) and aliquots removed at time points over 0 to 2 min. Reactions
were quenched with 1% formic acid, and AtRAP2, ;5 oxidation was deter-
mined by UPLC mass spectrometry, as described in ref. 11.

Measuring AtPCO4 Wild-Type, H164D, and D176N Activity in S. cerevisiae Dual
Luciferase Oxygen Reporter Assay. The S. cerevisiae DLOR assay was per-
formed as previously described in ref. 34. Briefly, expression vectors
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3. A. Mustroph et al., Cross-kingdom comparison of transcriptomic adjustments to low-
oxygen stress highlights conserved and plant-specific responses. Plant Physiol. 152,
1484-1500 (2010).
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encoding C-DLOR and AtPCO4 wild type/H164D/D176N were transformed
into haploid S. cerevisiae MaV2013 strain (Thermo Fisher Scientific). Suc-
cessfully transformed colonies were grown at 30 °C in liquid yeast synthetic
medium (as described in ref. 34) supplemented with filter-sterilized FeSO,4
(15/20 mg/mL) and ascorbic acid (10 mM) for AtPCO4 D176N assays (or
double distilled water as mock). Overnight cultures were diluted to ODggo
0.1 and grown at 150 rpm for 6 h at 30 °C either under aerobic conditions
or at 1% O, in a gloveless anaerobic chamber (COY). Cells were harvested
and luciferase activity was measured using the Dual-Luciferase Re-
porter (DLORty;) Assay System (Promega) according to the manufacturer’s
instructions.

In Planta Complementation Assay. The Columbia-0 (Col-0) ecotype of A.
thaliana was used as the wild-type reference. The genotype 4pco has been
previously described in ref. 13. Seeds were stratified at 4 °C in the dark for
48 h and germinated on moist soil at 22 °C day/18 °C night with a photo-
period of 12 h. For in vitro seedling cultivation, seeds were sterilized and
grown on agarized medium composed of half-strength Murashige and
Skoog basal salt mixture (Duchefa) and 0.8% plant agar (Duchefa).

Codon substitutions, H164D and D176N, of the PCO4 wild-type sequence
were achieved by means of site-directed mutagenesis using the
PENTR223:PCO4 vector (ABRC stock code G82286) as template. The 1,263-
bp-long PCO4 promoter sequence was amplified from wild-type genomic
DNA using the Phusion High-Fidelity DNA Polymerase (New England
BioLabs) with forward and reverse primers containing the Pmel and Spel
sites, respectively. These were used to replace the CaMV 35S promoter in
the destination vector pH7WG2 to generate pH7WG-promPCO4. A com-
plete list of primers used in this study for cloning of the described fragments
is provided in the S/ Appendix, Table S3. The wild-type and mutant versions
of the PCO4 coding sequence were recombined into pH7WG-promPCO4.

Stable transgenic plants were obtained via Agrobacterium-mediated
transformation using the floral dipping method (44). T, seeds were se-
lected on agarized media containing 50 mg L~" hygromycin. The presence of
promPCO4:PCO4wt, promPCO4:PCO4(H164D), or promPCO4:PCO4(D176N)
T-DNA was tested via PCR using a GoTaq DNA polymerase (Promega) and
the primers are listed in S/ Appendix, Table S3.

A T3 segregating population was used for the phenotypic and molecular
characterization of the PCO4-expressing plants, after genotyping for T-DNA
insertion in the segregating PCO5 locus as described in ref. 13. RNA was
extracted from fully developed rosette leaves and processed into cDNA as
described in ref. 13. Real-time qPCR amplification of housekeeping (UBQ10)
and hypoxia-responsive genes was carried out in the ABI Prism 7300 Se-
quence Detection System (Applied Biosystems), using the PowerUp SYBR
Green Master Mix (Thermo Fisher Scientific) and 10 ng cDNA in each reac-
tion. Relative gene expression values were calculated with the AACt
method.

Wild-type and 4pco(D176N) plants were reciprocally crossed by pollina-
tion of emasculated flowers. Photos of siliques bearing seeds with arrested
development were taken 2 wk after fertilization. Successfully developing
siliques were not dissected and maintained attached to the plant until
complete desiccation. F1 plants were grown and tested to validate the
success of crossing by identifying the heterozygous state of all T-DNA
insertions.

Data Availability. X-ray diffraction data for AtPCO4_1, AtPCO4_2, and AtPCO5
have been deposited in Research Collaboratory Structural Bioinformatics
(RCSB) Protein Data Bank (PDB ID codes 6S7E [AtPCO4_1], 6SOP [AtPCO4 _2],
and 6SBP [AtPCO5]).
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