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In animals, the response to chronic hypoxia is mediated by
prolyl hydroxylases (PHDs) that regulate the levels of hypoxia-
inducible transcription factor a (HIFa). PHD homologues exist
in other types of eukaryotes and prokaryotes where they act on
non HIF substrates. To gain insight into the factors underlying
different PHD substrates and properties, we carried out bio-
chemical and biophysical studies on PHD homologues from
the cellular slime mold, Dictyostelium discoideum, and the pro-
tozoan parasite, Toxoplasma gondii, both lacking HIF. The re-
spective prolyl-hydroxylases (DdPhyA and TgPhyA) catalyze
prolyl-hydroxylation of S-phase kinase-associated protein 1
(Skp1), a reaction enabling adaptation to different dioxygen
availability. Assays with full-length Skp1 substrates reveal sub-
stantial differences in the kinetic properties of DdPhyA and
TgPhyA, both with respect to each other and compared with
human PHD2; consistent with cellular studies, TgPhyA is more
active at low dioxygen concentrations than DdPhyA. TgSkpl is
a DdPhyA substrate and DdSkpl is a TgPhyA substrate. No
cross-reactivity was detected between DdPhyA/TgPhyA sub-
strates and human PHD2. The human Skpl E147P variant is a
DdPhyA and TgPhyA substrate, suggesting some retention of
ancestral interactions. Crystallographic analysis of DdPhyA
enables comparisons with homologues from humans, Tricho-
plax adhaerens, and prokaryotes, informing on differences in
mobile elements involved in substrate binding and catalysis. In
DdPhyA, two mobile loops that enclose substrates in the PHDs
are conserved, but the C-terminal helix of the PHDs is strikingly
absent. The combined results support the proposal that PHD
homologues have evolved kinetic and structural features suited
to their specific sensing roles.

In animals, the chronic response to hypoxia is regulated by
prolyl hydroxylases (PHDs), which are Fe(II) and 2-oxoglutarate
(20G)-dependent oxygenases that utilize ferrous iron as a cofac-
tor (1) (Fig. 1). Under normoxic conditions, post-translational
prolyl hydroxylation of constitutively produced HIF«a targets it
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for proteasomal degradation via increased affinity for the von
Hippel-Lindau protein (pVHL), which is a targeting component
of an E3 ubiquitin ligase (2, 3). The HIFs are «,-heterodimeric
transcription factors that up-regulate the expression of multiple
genes working in a context-dependent manner to ameliorate the
effects of hypoxia at cellular and whole organism levels (4-6).
Asparaginyl hydroxylation of the HIF-a C-terminal transactiva-
tion domain (CTAD) is catalyzed by another 20G oxygenase, fac-
tor inhibiting HIF (FIH), which is proposed to fine-tune the
expression of specific sets of HIF target genes (3, 7).

In humans, there are three PHDs (PHD1-3) and three HIF-«
proteins (HIF 1-3«). HIF-1a and HIF-2a each have one aspara-
ginyl-hydroxylation site in their CTAD and two prolyl-hydroxy-
lation sites located in their N- (NODD) and C- (CODD)terminal
oxygen-dependent degradation domains (ODDs) (3, 5). HIF-3«
has only one prolyl hydroxylation site that is most similar to the
HIF-1/2a CODD (8). Of the human PHDs, PHD?2 is the most
conserved in animals (9). The assignment of the PHDs as hy-
poxia sensors is supported by cellular, genetic, inhibition, and
biochemical studies (10-12). PHD inhibitors up-regulate eryth-
ropoietin levels and have been clinically approved for treatment
of anemia in chronic kidney disease patients (13—15).

Both the PHDs and FIH are structurally related to microbial
enzymes involved in antibiotic biosynthesis (16—19). The PHDs
and FIH have distinctive structures and biochemical properties
and likely have independent microbial origins, yet both act on
HIF in an oxygen availability dependent manner, in an apparent
example of convergent evolution to a common function. FIH
belongs to the JmjC structural family VI of 20G oxygenases (11,
20), which includes the ribosomal oxygenases present in eukar-
yotes and prokaryotes (Mina53/NO66 and YcfD, respectively)
and the N®-methyl lysyl/arginyl demethylases (KDMs) (17-19,
21-23). The PHDs belong to the prolyl hydroxylase (PH) struc-
tural family VIII of 20G oxygenases, which includes the procolla-
gen/collagen and ribosomal protein prolyl hydroylases (16, 20).

The conserved hypoxia sensing role of the HIF-PHD-pVHL
triad in humans and other animals raised questions as to its ev-
olutionary origins and whether other 20G oxygenase-mediated
hypoxia-sensing mechanisms exist (2, 24). In animals, for
example, some of the JmjC KDMs are proposed to be involved
in the hypoxic response (25-27).
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Hypoxia sensing prolyl hydroxylases
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Figure 1. Outline of the consensus 20G oxygenase mechanism. In the resting state, the active site iron is typically coordinated by a triad of residues

(HX(D/E). .

.H motif) and 2-3 water molecules giving octahedral coordination. Sequential binding of 20G, then substrate, then O, to the active site occurs, caus-

ing displacement of the resting state metal-bound waters. Oxidative decarboxylation of 20G (not all the proposed intermediates have been characterized)

gives a ferryl intermediate that is directly responsible for substrate oxidation. In
tion but changes to a C4-exo conformation on hydroxylation (61, 102).

Multiple nonHIF-« substrates from different protein families
have been reported for the human PHDs; however, a recent
study using isolated PHD enzymes reports conflicting results,
i.e. all the tested nonHIF-« substrates tested were found not to
be hydroxylated, although it is possible that substrate specificity
is different in cells (28).

Experimental and bioinformatic studies on the evolution and
extent of the HIF-PHD-pVHL system across biology (3, 29-31)
have revealed PHD-type enzymes in a range of nonmetazoan-
type eukaryotes (9, 32) and some bacteria (33). Studies on a
PHD from the simple animal Trichoplax adhaerens (TaPHD),
have led to validation of a functional HIF system in this orga-
nism (9, 34). A PHD-like enzyme from Pseudomonas putida
(PPHD) has been shown to catalyze prolyl hydroxylation of the
ubiquitous protein elongation factor-thermally unstable (EE-
Tu), implying a role for prolyl hydroxylation in regulation of the
translation machinery in bacteria (33, 35).

In the cellular slime mold Dictyostelium discoideum, the
human parasite Toxoplasma gondii and the crop pathogen
Pythium ultimum, PHD-type 20G oxygenases catalyze the
hydroxylation of a prolyl residue in the S-phase kinase-associ-
ated protein (Skp1l) (36, 37) (Fig. 2, A, D, and E). This enables
Skp1l glycosylation in a manner proposed to regulate protein
degradation via effects on the SCF class of E3-ubiquitin ligase of
which Skpl1 is an essential subunit (33, 38); however, glycosyla-
tion independent roles of Skpl prolyl hydroxylation are also
manifested (39-45). In humans, the Skpl prolyl residue that
undergoes hydroxylation (Pro-143 in Skpl from D. discoideum
and Pro-154 in Skpl from Tg) is substituted for a glutamate
(Glu-147 in human Skp1) (46). In Toxoplasma gondii, a prolyl
hydroxylase (TgPhyB) regulates translation elongation, poten-
tially through oxygen dependent hydroxylation (47).

Crystal structures of human PHD2 (HsPHD2), PPHD, and
TaPHD reveal a distorted double-stranded B-helix (DSBH)
core-fold (strands BI-BVIII) present in other 20G oxygenases,
which supports highly conserved Fe(II) and 20G-binding resi-
dues (18-21). The combined biophysical (X-ray and NMR)
analyses reveal conserved mobile elements involved in induced
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the case of the PHDs the substrate prolyl residue binds in a C4-endo conforma-

fit-type substrate binding. In both TaPHD and HsPHD2, these
include active site bordering loops, i.e. a “finger loop” linking
B2 and B3 in HsPHD2, and a BIV-BV “insert loop” (Roman
numerals refer to the 8 core DSBH strands) and an often a-he-
lix containing C-terminal region (18—21). The structures also
reveal clear differences in aspects of substrate binding by the
animal PHDs and bacterial PPHD (33, 48). These in part reflect
substantial conformational changes that are required to enable
catalytically productive binding of the well-structured EF-Tu to
PPHD (33). By contrast, the HIF-a« NODD/CODD regions that
are PHD substrates are substantially disordered (49), although
portions of them adopt defined secondary structure when
bound to the PHDs (16, 34, 50).

A detailed understanding of how the PHDs and related prolyl
hydroxylases bind their substrates is of interest from an evolu-
tionary perspective may help in predicting their substrates and
in designing selective inhibitors both for the human PHDs and
PHD-like enzymes in human pathogens. Such an understanding
has been hindered by a dearth of structures of PHD-type oxygen-
ases that accept nonHIF-a substrates. Aside from studies on
human PHD and TaPHD (16, 34, 50), both of which have HIF-«
substrates, there are no reports of structures of eukaryotic PHD
homologs, nor on the cross-reactivity of prolyl hydroxylases with
the (potential) substrates reported from different types of eukar-
yotes. Here we report biochemical and biophysical studies on the
PHD-like enzymes from D. discoideum (DdPhyA) and T. gondii
(TgPhyA). Because peptide fragments of their Skpl substrates
were inefficiently hydroxylated, we developed assays with intact
protein substrates. Combined with crystallographic studies on
DdPhyA, the solution studies inform on similarities and differen-
ces in PHD-type enzymes and on how the HIFa/Skpl prolyl
hydroxylases achieve substrate specificity.

Results
Hydroxylation of DdSkp1 and TgSkp1 by DdPhyA and TgPhyA

To investigate use of intact protein substrates for DdPhyA
and TgPhyA, recombinant forms of full-length DdPhyA and
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Figure 3. Mass spectra of full-length DdSkp1 and TgSkp1 proteins after
incubation under varied conditions (+16 Da peak shift indicates
DdPhyA and TgPhyA hydroxylation activity). A, TgSkp1 hydroxylation
requires TgPhyA, 20G, and is enhanced by ascorbate. B, DdSkp1 is hydroxy-
lated by DdPhyA in the presence of 20G; L-ascorbate increases DdPhyA activ-
ity, but to a lesser extent than TgPhyA. Assays were performed in the
presence or absence (no-enzyme control top panels) of DdPhyA or TgPhyA
(1 um), full-length DASkp1 or full-length TgSkp1 (100 wm), (NH,),Fe(l)(SO,),
(50 um), sodium L-ascorbate (1 mm), and 20G (500 um) in HEPES (100 mm), pH
7.6. Reactions were incubated at 37 °C for 1 h and quenched using an equal
volume of 1% (v/v) aqueous formic acid, then subjected to LC-ESI-MS analy-
sis. Assay details are provided under the Supporting information.

TgPhyA, along with the D. discoideum, T. gondii, and human
Skpl substrates (DdSkpl, TgSkpl, HsSkpl, and HsSkpl
(E147P)) were produced to >90% purity as judged by SDS-
PAGE and electrospray ionization MS (ESI-MS) analyses.
Purified DdPhyA and TgPhyA were found to catalyze hydrox-

Table 1

Summary of PHD-related selectivity results

Ticks and crosses indicate hydroxylation/no-hydroxylation under standard condi-
tions. All peptide and protein details are provided under the supporting data. Bot-
tom, comparison of K, values for 20G oxygenases involved in hypoxia sensing
using MS based assays. Data for HsPHD2(181-426) catalyzed hydroxylation of
HIF-a C- and N-terminal oxygen-dependent degradation domains (CODD and
NODD, respectively) and FIH catalyzed hydroxylation of the HIF-a CTAD are
from Tarhonskaya et al. (54, 56). Peptide sequences are given in Table S1.

DdPhyA TgPhyA HsPHD2
DdSkpl1 (full-length protein) v 4 X
TgSkp1 (full-length protein) v v X
HsSkp1 (full-length protein) X X X
HsSkpl E147P (full-length protein) v v X
Hs HIF1a-CODD (peptide) X X v (34)
Hs HIF1a -NODD (peptide) X X v (34)

ylation of their WT substrates, ie full-length DdSkpl and
TgSkpl proteins, respectively, in a 20G-dependent manner as
evidenced by a +16 Da mass shift using ESI-MS (Fig. 3). Catalytic
activity was enhanced by the addition of L-ascorbate, with the ac-
tivity of TgPhyA being strongly promoted by L-ascorbate, ie.
<10% turnover was observed in its absence (Fig. 3).

Fragmentation MS was used to identify the hydroxylation
sites of the full-length protein substrates. Consistent with prior
assignments, the results reveal that DdPhyA and TgPhyA only
catalyze hydroxylation of Pro'** in DdSkpl and Pro'** in
TgSkpl, respectively (Figs. 2A and Figs. S3 and S4) (51, 82).
There was no evidence for hydroxylation/other hydroxylase-
catalyzed modification of other prolyl residues in the Skp1 sub-
strates, consistent with the lack of reported evidence for post-
translational modifications of DdSkp1/TgSkpl other than for
prolyl hydroxylation/glycosylation.

We investigated the regiochemistry of DdSkp1l and TgSkpl
prolyl hydroxylation by NMR spectroscopy using Skpl frag-
ment peptide substrates (Fig. S5). Consistent with previous
reports, the results confirmed that DdPhyA and TgPhyA cata-
lyze C-4 prolyl hydroxylation, as shown for some, but not all,
other prolyl hydroxylases (33, 34, 52, 53).

Substrate selectivities of DdPhyA and TgPhyA

We then investigated the substrate selectivity of DdPhyA
and TgPhyA and compared the results with HsPHD2. The
results reveal, at least under the conditions tested, that the HIF-
a ODDs were the only substrates hydroxylated by HsPHD2
(Tables 1 and 2), i.e. HsSPHD2 did not hydroxylate any of the
Skp1 substrates tested, consistent with a recent study reporting
that isolated PHDs are highly selective for HIF-a. By contrast, the
results indicate that all the Pro**? (or equivalent) containing Skp1
proteins tested, i.e. DdSkp1 and TgSkpl, are substrates for both
DdPhyA and TgPhyA (Fig. 4, Tables 1 and 2). Notably, although

Figure 2. Sequence alignment of eukaryotic Skp1 proteins. A, Skp1 sequences are from the following organisms: human (Homo sapiens, Gene 1D
NP_008861.2), mouse (Mus musculus, Gene ID NP_035673.3), frog (Xenopus laevis, Gene ID AAF65619.1), zebra fish (Danio rerio, Gene ID NP_957037.1), round-
worm (Caenorhabditis elegans, Gene ID NP_510193.4), roundworm (Caenorhabditis elegans, Gene ID NP_507857.1), mosquito (Anopheles darlingi, Gene ID
ETN58923.1), fruit fly (Drosophila melanogaster, Gene ID NP_477390.1), T. adhaerens (Gene ID EDV18896.1), Arabidopsis thaliana (Gene 1D AEE35780.1), D. discoi-
deum (Gene ID XP_644826.1), T. gondii (Gene ID CAJ20499.1), and Monosiga brevicollis (Gene ID EDQ90844.1, predicted protein). The (potentially) hydroxylated
prolyl residue, as occurs for PhyA in D. discoideum and T. gondii, is in red. Residue 147 (HsSkp1, for example) is a glutamyl residue in many complex animals. B,
prolyl hydroxylases catalyze prolyl-4-hydroxylation. C, sequence alignment of prolyl hydroxylase substrates. Human HIF-1a (Gene ID AAC68568.1), human HIF-
2a (Gene ID Q99814.3), human HIF-3a (Gene ID Q9Y2N7.2), T. adhaerens HIF (Gene ID AFM37575.1), and P. putida EF-Tu (Gene ID B1JDW6.1). The (potentially)
hydroxylated prolyl residue is in red. D, view from a structure of human Skp1 in the Skp1-Skp2-Cks1-p27 peptide complex (PDB code 2AST) (103). Skp1 is shown
as a blue cartoon, Skp2 is in green, Cks1 is in orange, and the p27 peptide is in pink. The glutamyl residue is in red. E, view from a structure of E. coli EF-Tu (PDB
code 5MI3) (104). EF-Tu is shown as a light blue cartoon. The hydroxylated prolyl residue by the PHD is in red sticks; Mg is pink, and GDP is yellow.
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Table 2

Summary of PHD-related selectivity results

Comparison of K,,, values for 20G oxygenases involved in hypoxia sensing using
MS based assays. Data for HsPHD2(181-426) catalyzed hydroxylation of HIF-a
C- and N-terminal oxygen-dependent degradation domains (CODD and NODD,
respectively) and FIH catalyzed hydroxylation of the HIF-a CTAD are from Tar-
honskaya et al. (54, 56). Peptide sequences are given in Table S1.

Enzyme Substrate KPP (substrate) KPP (O,) KPP (20G)
UM

FIH (54) HIF-1aa CTAD 180 * 30 180 = 30 110 =20
FIH (54) HIF-2a CTAD 315 *+ 40 110 = 10 19+6
PHD2 (54) HIF-1a 10+6 460 * 30 13+2
PHD2 (54) HIF-1aNODD 11*2 >450 309
PHD2 (54) HIF-2a NODD 34 *= 10 >450 9=*2
PHD2 (54) HIF-2a NODD 50+ 8 410 = 80 17 £5
DdPhyA DdSkpl protein 350 * 77 >60% 366
TgPhyA TgSkpl protein 202 * 47 (0.2 = 0.04)%

none of the enzymes catalyzed hydroxylation of HsSkp1, consis-
tent with its lack of an appropriately positioned prolyl residue
(it has a glutamyl residue at this position), both DdPhyA and
TgPhyA catalyzed hydroxylation of HsSkp1 in which its Glu'*’
was substituted for a prolyl residue (HsSkp1(E147P)), consistent
with previous findings for DdPhyA using an indirect assay (53).

Kinetics of DdPhyA and TgPhyA using full-length protein
substrates

We then analyzed the kinetics of DdPhyA and TgPhyA catal-
ysis using full-length protein substrates with monitoring for
hydroxylation by LC ESI-MS (Fig. 5). It should be noted that
most prior kinetic analyses on 20G oxygenases acting on pro-
teins, including much of the work on the human PHDs, have
been carried out with peptide fragments of the validated pro-
tein substrates (2, 9, 28, 33, 34, 51, 54, 55). Notably, even with
the full-length protein substrates the KPP values for the sub-
strates of DdPhyA and TgPhyA were relatively high (i.e. 350 =
77 uM for DdPhyA and 202 = 47 um for TgPhyA) compared
with the values reported for HIF-ao ODD PHD substrates,
although they are comparable with those reported for FIH HIF-
a CTAD hydroxylation (54). The DdPhyA KPP for 20G (~35
M) was in the same range as reported for other prolyl hydroxy-
lases (56). However, due to a lack of saturation it was not possi-
ble to measure an accurate value for the TgPhyA 20G K,,; the
reason for this observation is unclear, but may be related to
high level of “uncoupled” 20G turnover in the absence of sub-
strate for TgPhyA (see below).

There was also a clear difference in the sensitivities of
DdPhyA and TgPhyA to variation in dioxygen concentrations
as measured by intact protein hydroxylation assays. The esti-
mated DdPhyA KPP for O, was notably high (>60% atmos-
pheric O,), whereas that for TgPhyA was substantially lower
(<0.2%), in support of previous reports (57, 82). The possibility
of substrate-uncoupled 20G turnover, in particular for
TgPhyA (see below), should be considered in comparing these
results, although since this consumes oxygen, this should not
alter the conclusion that TgPhyA is more active than DdPhyA
at low oxygen concentrations.

The different sensitivities of isolated DdPhyA and TgPhyA
to varied O, concentrations are consistent with the results of
biological studies on DdPhyA and TgPhyA. Thus, only partial
DdSkp1 hydroxylation is observed in D. discoideum cells at 5%
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O, (44, 59). By contrast, biological studies on TgPhyA show ef-
ficient TgSkpl hydroxylation in cells unless O, availability is
very low (32, 83).

20G turnover by DdPhyA, TgPhyA, and HsPHD2

We used NMR spectroscopy to monitor 20G turnover to
succinate in real time by DdPhyA, TgPhyA, and, for compari-
son, HsPHD2 (Figs. S6, S7, and Table S2), in the presence and
absence of various substrates. Without substrate, 20G turn-
over by DdPhyA was low (<10% in 1 h); however, 20G turn-
over was strongly stimulated by the addition of all the Skp1 sub-
strates, ie. TgSkpl, HsSkp1(E147P), and, most strongly, by
DdSkpl. Interestingly, with HsSkpl, which is not a DdPhyA
substrate, 20G turnover by DdPhyA was completely inhibited
under our conditions suggesting that HsSkp1l might compete
with 20G binding, potentially by a mechanism involving
HsSkp1(E147P) side chain coordination of the DdPhyA active
site metal (Fig. S6A). Similarly, with TgPhyA, HsSkp1 signifi-
cantly inhibited 20G turnover in the absence of substrate,
whereas DdSkpl and, more strongly, TgSkpl stimulated 20G
turnover. Notably, HsSkp1(E147P) induced the most efficient
20G turnover with TgPhyA (Fig. S6B). As reported (60, 61),
HsPHD?2 catalyzed little 20G turnover (<10% in 1 h) in the
presence (or absence) of any of the Skp1 proteins (Fig. S6C). By
contrast with HsSPHD2 and DdPhyA, TgPhyA exhibited sub-
stantial uncoupled 20G turnover in the absence of substrate,
with >80% 20G turnover being observed by NMR within 1 h,
in the presence of L-ascorbate (Fig. S6D). In the absence of L-
ascorbate, uncoupled 20G turnover by TgPhyA was greatly
reduced (<5%) (Fig. S6E). Skpl substrates did not promote
20G turnover in the absence of enzyme. No binding of 20G to
Skpl was observed by Carr-Purcell-Meiboom-Gill (CPMG)-
edited "H NMR spectroscopy, as indicated by the lack of peak
intensity reduction or broadening of the 20G methylene reso-
nance at 2.22 ppm (Fig. S8).

The combined biochemical analyses reveal substantial differ-
ences in the kinetics of DdPhyA and TgPhyA, in particular with
respect to variations in their O, dependence and the extent of
20G turnover in the absence of substrate. Although both
DdPhyA and TgPhyA catalyzed hydroxylation of all the tested
Skpls with appropriately positioned prolyl residues, the dis-
tinctive results for the two enzymes suggests differences in the
way they bind and react with O,, 20G, and their substrates.

Structural analysis of DdPhyA(60-284)

To investigate the structural basis of the differences between
DdPhyA, TgPhyA, and other PHD/PHD-like oxygenases, we
worked to obtain crystal structures of them. Following con-
struct optimization and use of thermal shift assays, which
revealed that Ni(II) ions and N-oxalylglycine (a stable 20G ana-
log, Fig. S9) stabilize the enzymes, we obtained crystals of
DdPhyA(60-284) (space group C222;, 3 molecules per asym-
metric unit, resolution 2.02 A, Table 3) from which we were
able to determine a structure by molecular replacement.

Consistent with all reported 20G oxygenase structures,
DdPhyA contains an eight stranded “distorted” DSBH (BI-
BVIII) core-fold (Fig. 6A4) (16, 33). Unusually, but not uniquely
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Figure 4. Substrate selectivity comparison of DdPhyA, TgPhyA, and HsPHD2. Rows are specified by enzyme type or control; column headers indicate the
substrate used. LC-ESI-MS analysis reveals HsPHD2 does not catalyze hydroxylation of any of the Skp1 proteins (DdSkp1, TgSkp1, or HsSkp1(E147P)). Hydroxy-
lation of full-length DdSkp1 protein by DdPhyA and TgPhyA occurs in the presence of 20G and ascorbate. Full-length TgSkp1 is hydroxylated by both DdPhyA
and TgPhyA under the same conditions. Full-length HsSkp1(E147P) is hydroxylated by DdPhyA and TgPhyA. Assays were performed under atmospheric O,
concentrations and contained HsPHD2, DdPhyA, or TgPhyA (1 um), either full-length HsSkp1(E147P), full-length DdSkp1 or full-length TgSkp1 substrate (100
M), (NH,)-Fe(l)(SO,), (50 mm), sodium L-ascorbate (1 mm), and 20G (500 um) in HEPES (100 mm), pH 7.6. Reactions were incubated at 37°C (1 h), then
quenched with 1% (v/v) aqueous formic acid and subjected to LC-ESI-MS analysis. Assay details are provided under the Supporting information.

(eg the 1l-amino-1-cyclopropanecarboxylate oxidase (PDB
code 5TCV) (62), the region that is typically B-strand II of the
DSBH is random coil. Seven additional B-strands (33-39/BI-
BVIII) enable formation of a B-sandwich, one end of which
forms a deep active site cleft, as occurs with HsPHD2 (16) and
most other structurally related 20G oxygenases (Figs. 7, 8, S9,
and S10). Six antiparallel B-strands (81, B2, B3(I), B4(1ll), B7
(VI), BO(VII)) form the major B-sheet and four antiparallel
B-strands ((IT), B5(BIV), B6(V), B8(VII)) form the minor
B-sheet of the sandwich. Three N-terminal helices («1-«3) sta-
bilize the major (B-sheet. The structure has three disordered
regions (Asn'**~Leu'* (finger loop), Asn*°-Glu*** (B5(1V)/
B6(V) loop), and Argml—Arg”‘L ((I)-BA4(I1I) loop)). Each of
these disordered loops is likely involved in substrate binding, as
is the case for some other 20G oxygenases (Figs. 7 and 8, see
below) (18). Notably, the C terminus of DdPhyA is much
shorter than all other prolyl hydroxylases for which structures
are available, i.e. it is truncated at the end of 89 (VIII, C-termi-
nal residue: Tyr284) (Fig. 7). The absence of a C-terminal helix
has mechanistic consequences (see below).

16550 J Biol. Chem. (2020) 295(49) 1654516561

The DdPhyA active site contains three protein metal ion
ligands, i.e. His'"!, Asp'®?, and His**®, which form the con-
served HXD. . .H motif present in most, but not all, 20G oxy-
genases (Fig. 6B) (63). His'*! is positioned on DSBH II, Asp'®?
on the loop linking II and III of the DSBH, and His**® on DSBH
VIII (B8). Octahedral coordination of the nickel ion (substitut-
ing for iron) is completed by a water molecule and the oxalyl
group of NOG, the latter in a bidentate manner. The C-5 car-
boxylate of NOG is bound via a salt bridge involving both its
oxygens with the Arg®’® guanidino group and via one of its oxy-
gens with the Tyr*'* alcohol (Fig. 6B). The C-5 carboxylate of
200G likely binds in an analogous manner.

Although there are minor differences, e.g. in the precise 20G
methylene/NOG NH positions, the geometry of the metal ion
and NOG/20G-binding elements of DdPhyA are strikingly
similar to those observed in HsSPHD2 and TaPHD (16) (Figs. 6B
and 8B). The PHD/DdPhyA conservation extends to the metal
ion coordination of 20G/NOG, i.e. its C-1 carboxylate is trans
to the distal histidine (His**°) of the metal binding HXD. ..H
motif. This conservation is consistent with the low levels of
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Figure 5. Kinetics of DdPhyA and TgPhyA. A, studies on the dependence of DdPhyA activity on concentrations of: substrate (full-length DdSkp1) (500 um
20G, 50 um (NHy),Fe(ll)(SO4)2 1 mm L-ascorbate, normoxic, 4 min, Xevo LC-ESI-MS); 20G (DdPhyA (1 um), full-length DdSkp1 substrate (100 wm), (NH,),Fe(ll)
(SO4), (50 M), sodium L-ascorbate (1 mm), normoxic, 6 min, RapidFire MS); and O, (DdPhyA (1 um), full-length DdSkp1 substrate (600 um), (NH4),Fe(l)(SO.), (50
M), sodium L-ascorbate (1 mm) and 20G disodium salt (500 um), 8.25 min, Xevo LC-ESI-MS). All assays were in HEPES (100 mm), pH 7.6, at 37 °C. Assays using Xevo
LC-ESI-MS were in triplicate; those using RapidFire MS were in duplicate. B, studies on the dependence of TgPhyA activity on concentrations of: substrate (full-
length TgSkp1) (500 um 20G, 50 um (NH,),Fe(l1)(SO4),, 1 mm L-ascorbate, normoxic, 4 min, Xevo LC-ESI-MS); 20G (TgPhyA (1 um), full-length TgSkp1 substrate
(600 M), (NH4)-Fe(l)(SO,), (50 wm), sodium L-ascorbate (1 mm), normoxic, 6 min, RapidFire MS); and O, (TgPhyA (1 um), full-length TgSkp1 substrate (600 wm),
(NH4),Fe(I)(SO4), (50 um), sodium L-ascorbate (1 mm) and 20G disodium salt (500 um), 8.25 min, Xevo LC-ESI-MS). All assays were in HEPES (100 mm), pH 7.6, at
37°C. Assays using Xevo LC-ESI-MS were in triplicate; those using RapidFire MS were in duplicate. Note the high level of TgPhyA uncoupled 20G turnover compli-
cates 20G Ki® determination, see text. Assay details are provided in the Supporting information.

Table 3

Crystallographic data processing and refinement statistics for the
DdPhyA structure (PDB code 6T8M)

Data collection

Beamline (wavelength, A) Diamond light source 103 (0.97623)

Detector PILATUS 6M-F
Data processing XDS
Space group c2221
Cell dimensions a, b, ¢ (A) 45.21, 81.74, 379.07
No. of molecules/ASU 3
Resolution (A) 47.38-2.02 (2.13-2.02)*
No. of unique reflections 47,025 (6792)"
Completeness (%) 100.0 (100.0)*
Redundancy 9.1 (9.1)"
oy’ 0.103 (1.426)"
Mean I/o(I) 12.2 (1.7)*
Refinement

Reactor” 0216
Rived 0.256
Root mean square deviation

Bond length A) 0.004

Bond angle (°) 0.685
Ramachandran plot

Most favored region 96.59

Additionally allowed region 3.41

Disallowed region 0.0

“Highest resolution shell is shown in parentheses.

hRsym = X| I—(I) |/XI, where I is the intensity of an individual measurement and (I) is
the average intensity from multiple observations.

Reactor = Zinkd| [Fobs(Mkl)| = |Fearc(nra)| 1/Z|Fobs(ki)| for the working set of reflections; Rpyee
is the Re,ctor calculated for ~5% of reflections that were excluded from refinement.

substrate-uncoupled 20G turnover for DdPhyA and the PHDs,
but contrasts with TgPhyA. The presence of electron density
for a well-defined water molecule ligating trans to the proximal

SASBMB

histidine (His'") of the metal binding triad is significant. The
unusually slow reaction of PHD2 and other animal PHDs
including TaPHD, with dioxygen is proposed to enable their
hypoxia sensing roles (56, 64—67). Controlled reaction of
the PHDs with dioxygen is proposed to be achieved via
tightly regulated translocation of dioxygen from the protein
surface to the Fe(II), leading to displacement of a metal ligat-
ing water (65). Subsequent generation of a reactive ferryl interme-
diate adjacent to the substrate C-H bond to be oxidized occurs
(48, 50). Superimposition of the DdPhyA-Ni-NOG structure
with those of PHD2-Mn-NOG-CODD (Fig. 8, A and B) and
PPHD-Mn-NOG-EF-Tu (Figs. S10, A and B, and S11) implies the
DdPhyA active site region can accommodate a Skp1 substrate in
a similar mode to its biochemical orthologues, including with
respect to the proline-residue C-4 endo conformation observed
in the enzyme-substrate complexes of HsPHD2 (50) and PPHD
(33), which as with DdPhyA leads to a trans-4-hydroxyprolyl
product (Figs. 1, 8B, and S11B).

The overall conservation of active site geometry in DdPhyA
and HsPHD2/TaPHD, all of which have assigned dioxygen
sensing roles (9, 33, 48), is striking. The detailed factors regulat-
ing the rate of dioxygen translocation to prolyl hydroxylase
active sites, and rate of reaction once there, are not fully under-
stood and may be affected by subtle factors, e.g. protonation
states, so enabling differences in kinetics (65, 68).

The available evidence is that 20G oxygenases typically use
one or more flexible loop(s) to bind macromolecular substrates,
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Figure 6. Views from a crystal structure of the D. discoideum prolyl hydroxylase (DdPhyA(60-284)) (PDB code 6T8M). A, secondary structural elements
in DdPhyA comprise 3 a-helices and 9 B-strands, 7 of which, together with one IooE)g(II), form the DSBH core-fold (I-VIIl). B, active site close-up; the metal ion

3 and His'®', NOG (a close 20G analog), and a water (red sphere). NOG is
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likely by an induced-fit process (Fig. 7) (18-21). By contrast
20G oxygenases and structurally related enzymes that accept
small molecule substrates, tend to have shorter loops, e.g an
extended finger loop linking strands B2-B3 in HsPHD?2 is
much shorter in IPNS (Fig. 7H). By comparing the DdPhyA
structure with those of prolyl hydroxylases in complex with
substrates, including HsPHD2 and TaPHD, it can be inferred
that the partially disordered finger loop (residues 102-124 in
DdPhyA) and the BII-BIII (residues 191-205) region are simi-
larly involved in substrate binding by DdPhyA (Fig. 7). Thus, in
this regard, substrate binding by DdPhyA and likely TgPhyA is
similar to the PHDs and some, but not all, other studied prolyl
hydroxylases (Fig. 7).

By contrast, the C terminus of DdPhyA is strikingly unusual,
including compared with the PHDs, in that it terminates imme-
diately after B9(VIII). The vast majority of related 20G oxygen-
ases for which structures are available have structural features
extending beyond BVIII (18-21), these can range from only a
few residues to one or more a-helices or even entire domains
(Fig. 7). A C-terminal a-helix is present in the PHDs and many
20G oxygenases/related enzymes, not acting on proteins, e.g
IPNS (Fig. 7H) (18, 21). However, a C-terminal helix is not
present in other studied types of prolyl hydroxylases (19) (Fig.
7, C and E-@G), including procollagen-type prolyl hydroxylases
(69, 70), OGFODL1 (68), and PPHD (33). In some cases, includ-
ing the JmjC subfamily 20G-dependent oxygenases, such as
FIH (71), the C terminus is extended in a manner enabling
dimerization. The dimer interface can be involved in substrate
binding as with FIH, where it may have a role in unfolding
ankyrin repeat domain substrates (the HIF-«, CTAD substrate
of FIH (55, 72), like the ODDs, is also intrinsically disordered)
(49, 71, 73). The apparent conservation of a C-terminal a-helix
in the animal PHDs (9) may be important when considering
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evidence for reported non HIF-« substrates of the PHDs, some
of which are apparently buried within folded regions.

Previous work, principally with HsPHD2 (48, 74), but also
with other 20G oxygenases, including deacetoxycephalosporin
C synthase (DAOCS) (75), has shown that the C terminus can
be involved in substrate binding and productive coupling of
20G turnover to substrate oxidation (64, 74). Notably, TgPhyA
(and TgPhyB) has a longer C terminus than DdPhyA, even
though it accepts the same Skp1 substrate. It may be that the
difference in the C-terminal regions between DdPhyA and
TgPhyA is in part responsible for their differences in kinetic
properties, including the observation that TgPhyA catalyzes
substantially more substrate uncoupled turnover of 20G than
DdPhyA. Consistent with this proposal, previous studies,
including on HsPHD?2, have shown that shortening the C ter-
minus can affect substrate binding and promote uncoupled
20G turnover (74). The results for DdPhyA, however, demon-
strate that an extended prolyl hydroxylase C terminus is not
necessary for efficient coupling of 20G turnover with substrate
oxidation.

Discussion

Despite their different types of substrate, ie. the HIF-a
ODDs and Skpl, the conserved role of PHD-type prolyl
hydroxylases in hypoxia sensing in both animals and simpler
organisms is striking from an evolutionary perspective. Unlike
HIF-a ODD substrates of the HsPHDs and HIF-a CTAD sub-
strates of FIH, but like the bacterial prolyl hydroxylase, PPHD,
which acts on EF-Tu and ankyrin repeat domain FIH sub-
strates, the Skpl substrates of DdPhyA and TgPhyA have or-
dered core-folds. Most previous kinetic analyses on eukaryotic
prolyl hydroxylases acting on proteins, including the HsPHDs,
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have employed peptide fragments of the intact protein sub-
strates (74). The work presented here employed full-length
DdPhyA and TgPhyA Skpl protein substrates and directly
monitored the extent of hydroxylation by MS.

The results reveal substantial differences in the in vitro ki-
netic properties of DdPhyA and TgPhyA, both with respect to

SASBMB

each other and in comparison, with human PHD2 (Figs. 3-5
and Tables 1 and 2). Notably, the KPP values for the Skpl
substrates of both DdPhyA and TgPhyA are relatively high
(i.e. ~350 um for DAPhyA and ~200 um for TgPhyA) com-
pared with the values reported for the HsPHDs/TaPHD and
HIF-a fragment (ODD) substrates using comparable methods
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Figure 8. Comparison of DdPhyA and human PHD2 structures. A, superimposition of views from structures of the DdPhyA-Ni-NOG and PHD2-Mn-NOG-HIF-1«
CODD (PDB code 3HQR) complexes. B, superimposition of active site views. Note that HIF-1a CODD is bound to PHD2, but substrate is not present for
DdPhyA. C, sequence alignment of DdPhyA(60-284) and the catalytic domain of human PHD2(181-426). Residues involved in Fe(ll) binding are in yellow.

(i.e. ~10-50 um HsPHD2 with HIF-1a/2a NODD/CODD) (54),
although comparable with those reported for FIH catalyzed
HIF-a CTAD hydroxylation (54). A caveat of our work is that
the Skpl proteins were produced in Escherichia coli and as a
result any endogenous PTMs that may affect activity would be
absent. However, there are no reports on DdSkpl/TgSkpl
PTMs other than prolyl hydroxylation and hydroxyproline
glycosylation.

The DdPhyA KPP for 20G was in the same range as reported
for other prolyl hydroxylases (~35 um). However, it was not
possible to measure an accurate TgPhyA KPP value for 20G
due to a lack of saturation. Although in the presence of a 5-fold
excess of 20G, Skpl substrate undergoes efficient hydroxyla-
tion (as observed by MS). It is possible that the reason for the
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lack of saturation is connected to the high level of 20G turn-
over catalyzed by TgPhyA in the absence of Skp1 substrate. By
contrast, DdPhyA, like HsPHD2 (64), only catalyzed low levels
of 20G turnover in the absence of substrate. In this regard
structural studies on TgPhyA, which manifests different kinetic
properties to DdPhyA and HsPHD2 (74, 82), are of interest.
The biological significance of the high level of uncoupled
20G turnover by TgPhyA, if any, is unclear. Whether or not ca-
talysis by sets of 20G oxygenases directly affects 20G/succi-
nate concentrations in a physiologically relevant manner in
cells is presently an open question. Mutations to genes encod-
ing for TCA cycle and related enzymes can lead to substantial
changes in concentrations of metabolites, such as 20G, succi-
nate, and 2-hydroxyglutarate (76, 77). In turn this may lead to
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impaired catalysis by 20G oxygenases involved in, for example,
the hypoxic response and the modification of the epigenetic
machinery (e.g KDMs), with potential promotion of tumori-
genesis (78, 79). It is also possible that 20G (or dioxygen) con-
sumption by some 20G oxygenases limits its local availability
for use by other 20G utilizing enzymes, including other 20G
oxygenases. Differences in the kinetic properties of some 20G
oxygenases may make them especially susceptible to changes in
20G availability, e.g y-butyrobetaine hydroxylase (BBOX1)
has an unusually high KPP for 20G, a property that may be
linked to its role in carnitine biosynthesis and lipid metabolism
(80). Hence, the observed high uncoupled 20G turnover for
TgPhyA in the absence of Skp1 supports further exploration of
potential interactions between the prolyl-hydroxylases of T.
gondii, TgPhyA and TgPhyB, and TCA cycle and related me-
tabolism involving 20G, dioxygen, and succinate.

The high KPP value of dioxygen for DdPhyA is close to the
value reported for HsPHD2 (56, 81), whereas TgPhyA was
much more active at lower dioxygen concentrations. Our
results are consistent with those reported, notably that TgPhyA
has a high affinity for dioxygen (82). The high KPP value for
dioxygen for DdPhyA is consistent with its proposed hypoxia
sensing role in D. discoideum (58). Interestingly, T. gondii
TgPhyA has a paralogue, TgPhyB, the substrate(s) of which is
not yet identified; however, TgPhyB is proposed to be a sensor
for high dioxygen levels. Like PPHD in Pseudomonas putida,
TgPhyB is linked to translation regulation in a manner involv-
ing adhesin abundance and the elongation factor, eEF2 (32, 47).
Once biochemical assays for TgPhyB have been established, it
will be of interest to compare its kinetic properties with
TgPhyA and other PHD orthologues.

Crystallographic analyses on DdPhyA reveal strong conser-
vation of the active site structure in the region of the Fe(II)-
binding site with PHD homologs, including with respect to the
coordination chemistry (Fig. 6, B and C), i.e. the binding mode
of 20G (based on the 20G analog, NOG) and an apparently
tightly bound water molecule, with PHD2 and PPHD (Figs. 8,
S10, and S11) (16, 33). Despite these and other active site simi-
larities, we observed no cross-reactivity in terms of the (WT)
substrates accepted by the different types of eukaryotic PHDs
(Tables 1 and 2). Interestingly, however, the human Skpl
(E147P) variant is a substrate for both DdPhyA and TgPhyA
(Fig. 4 and Table 1) and human Skp1 inhibits the substantial
20G turnover catalyzed by TgPhyA in the absence of substrate.
These observations imply not only conservation of the overall
Skp1-fold in eukaryotes, but perhaps more surprisingly, of its
dynamic interactions with both DdPhyA and TgPhyA.

Although a structure of DdPhyA in complex with its Skpl
substrate is not available, comparison of the DdPhyA structure
with those of other prolyl hydroxylases and 20G oxygenases
(Figs. S10 and S11), including PHD2 and PPHD in complex
with their substrates (33, 50), reveals that the finger loop and
the BIV-BV insert loop are very likely involved in induced-fit
type substrate binding (Figs. 8, S10, and S11). The substantial
inhibitory activity of mutant DdSkp1(P143A), is consistent
with determinants for Skpl recognition lying outside of the
active site region (33, 52, 53). Free DdSkp1 has a well-ordered
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fold over its first 122 residues that is near identical to its struc-
ture in complex with F-box proteins (84), but evidence indi-
cates that the C-terminal 40 residues, which include the
hydroxylated Pro'*? in its central region and corresponds to the
longest peptide tested, is disordered and subject to reorganiza-
tion by glycosylation (38, 85). Thus, the dynamics of substrate
binding by DdPhyA and TgPhyA are likely different not only
with respect to the PHDs but also with respect to bacterial
orthologues, such as PPHD. The ODD PHD substrates are sub-
stantially disordered (49), whereas EF-Tu and Skp1 have well-
ordered folds, although the surface loops on which the target
prolyl residues exist are dynamic (33). Although further work
is required, it may be that, along with tight binding of
Fe(II) and 20G (49), the unstructured nature of HIF—« sub-
strate is an evolved property that helps enable the PHDs to
focus on hypoxia sensing or which may enable fine tuning of
hypoxia sensing in animals. In this regard, animal FIH is nota-
ble because it accepts both ordered ankyrin repeat domain
substrates, as well as disordered HIF-a CTAD, substrates.

A striking feature of DdPhyA is that its C terminus is cur-
tailed at the end of BVIII in the core DSBH-fold (Fig. 64). This
contrasts not only with the PHDs and PPHD, but with TgPhyA
(and TgPhyB), whose sequence indicates that their C termini
are more typical, being extended by 10-11 residues compared
with DdPhyA (Fig. S1). In the case of the PHDs and structurally
related 20G oxygenases the C-terminal tail has been shown to
have roles both in substrate binding/selectivity and in coupling
of 20G and substrate oxidation (64, 75, 86). The shorter C ter-
minus of DdPhyA and evidence that C terminally appended
epitope tag peptide enables complementation of catalysis and
O, sensing (57) reveals that a C-terminal tail is not essential for
the aforementioned processes. This knowledge may be useful,
including in ongoing studies concerning engineering of 20G
oxygenases for biocatalytic purposes.

The overall results provide structural and kinetics insights
into how a conserved hypoxia-sensing mechanism employing
prolyl hydroxylation has evolved, likely starting from microbial
origins. The HIF system is presently being explored for thera-
peutic benefit via inhibition of the HsPHDs (12). Knowledge on
the evolution of the HsPHDs may help inform on poorly under-
stood aspects of PHD/HIF biology in humans and thus help
guide therapeutic strategies, with one important aspect being
the validation or otherwise of nonHIF PHD substrates. The
assays reported here will be useful for the identification of
inhibitors of TgPhyA and DdPhyA (13). Given that T. gondii is
a widespread human parasite (87), inhibitors of its 20G oxy-
genases, including TgPhyA, may be of medicinal value as well
as of use as functional probes for use in research. The structural
studies reported here suggest that with optimization that the
scaffolds present in current HsPHD inhibitors may be suited
for TgPhyA inhibition.

Experimental procedures
Purification of DdPhyA and DdPhyA(60-284)

DNA encoding for N terminally Hiss-ZBasic-tagged D. dis-
coideum full-length DdPhyA (aa 1-284, DdPhyA) was cloned
into the pNIC-ZBasic vector (88). Recombinant DdPhyA
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protein was produced in E. coli BL21 GOLD (DE3) cells. The
cells were grown at 37°C in 2X tryptone/yeast extract (2TY)
media supplemented with 10 ug/ml of kanamycin to an Aggy
of 1.2. Expression was initiated by 0.2 mm isopropyl B-b-thioga-
lactopyranoside. Growth was continued at 18°C for 16-18 h;
cells were harvested by centrifugation (10,000 X g, 8 min) and
stored at —80°C. The cell pellets were resuspended in lysis
buffer (50 mm HEPES, pH 7.6, 500 mMm NaCl, 5 mm imidazole,
and DNase I (bovine pancreas, grade II, Roche)). Cells were
lysed by sonication on ice (Sonics Vibracell VCX750 Ultrasonic
Cell Disruptor), 60% amplitude, 10 cycles of 30 s sonication
with 40 s rest between each cycle. The cell lysates were loaded
onto a 5-ml HisTrap column (GE Healthcare), equilibrated
with binding buffer (50 mm HEPES, pH 7.6, 500 mm NaCl, 5
mMm imidazole) and separated using an AKTA purifier (GE
Healthcare). The column was washed with wash buffer (50 mm
HEPES, pH 7.6, 500 mMm NaCl, 30 mm imidazole). Hisg-ZBasic-
DdPhyA was eluted with elution buffer (50 mm HEPES, pH 7.6,
500 mm NaCl, 500 mm imidazole) using a linear gradient (0—
100%). Based on the UV-trace (280 nm) and SDS-PAGE, frac-
tions containing purified Hise-ZBasic-DdPhyA were pooled.
The combined fractions were then treated with the tobacco
etch virus protease (1/50 mg of target protein) and 50 mm
EDTA overnight at 4°C to cleave the Hiss-ZBasic tag and
remove metal ions. The solution was concentrated to 2.5 ml
using a membrane filter (30-kDa molecular mass cutoff). The
concentrated protein was exchanged into binding buffer (50
mm HEPES, pH 7.6, 500 mm NaCl, 5 mm imidazole) using a PD-
10 desalting column (GE Healthcare). To remove the tobacco
etch virus protease, the solution was then loaded onto a 5-ml
HisTrap column (GE Healthcare). The DdPhyA containing
fractions were concentrated using a membrane filter (30-kDa
molecular mass cutoff membrane), then loaded onto a Super-
dex 75 size-exclusion column (GE Healthcare), pre-equili-
brated with size-exclusion buffer (50 mm HEPES, pH 7.6). The
desired fractions (based on UV-trace and SDS-PAGE analyses)
were concentrated to 25-30 mg/ml, then frozen in liquid nitro-
gen and stored at —80°C. Truncated DdPhyA (DdPhyA (60-
286)) used for crystallography was purified by the same purifi-
cation procedure used for WT protein, except with use of a
different storage buffer (50 mm HEPES, pH 7.6, 50 mm NaCl).
Procedures for purifying other enzymes/proteins are described
under the Supporting information.

Hydroxylation and time course assays

Hydroxylation assays were performed in triplicate under
normoxic conditions using liquid chromatography electrospray
MS (LC-ESI-MS) (Figs. 3 and 4). Conditions: 1 um TgPhyA or
DdPhyA, 100 um full-length DdSkpl or full-length TgSkpl
substrate, 50 uM (NHy),Fe(II)(SOy), (Sigma-Aldrich), 1 mm so-
dium L-ascorbate (Sigma-Aldrich), and 500 um 2-oxoglutarate
disodium salt (Sigma-Aldrich) in HEPES (100 mm), pH 7.6.
Mixtures were incubated at 37°C for 1 h, or at specific time
points for time course assays, and quenched using an equal vol-
ume of 1% (v/v) aqueous formic acid (Sigma-Aldrich). Reaction
mixtures were analyzed using a Xevo G2-S Q-TOF mass spec-
trometer equipped with an electrospray source (Waters®)
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coupled to a Waters® ACQUITY UPLC System, unless other-
wise specified. Instrument control and data processing were
performed using MassLynx V4.1 software. An Aeris™ 3.6-um
WIDEPORE C4 200 A (Phenomenex) 4.6 X 50 mm column
was used for separation.

Kinetic assays

Kinetic assays were performed under normoxic/atmospheric
conditions using LC-ESI-MS as described above, except for the
K,,, determination of 20G dependence of DdPhyA-mediated
DdSkpl hydroxylation and the O, dependence of TgPhyA-
mediated TgSkp1l hydroxylation, which were analyzed by solid-
phase extraction coupled to MS (RapidFire MS, see below). K,,,
values were determined by fitting to the Michaelis-Menten
equation in GraphPad Prism 5.

Initial time course assays were conducted and analyzed prior
to kinetic studies to test whether the reactions were in the lin-
ear range during kinetic studies. Note that in the case of
TgPhyA, more than one +16 Da increment of TgSkpl was
observed on prolonged incubation and in no-enzyme controls,
a +16 Da TgSkpl peak was observed. However, nonenzymatic
TgSkpl hydroxylation was below the detection limits within
the first 30 min of reaction. Because the time course of TgPhyA
catalyzed hydroxylation was linear within the first 2 min, appa-
rent KPP measurements with TgSkpl were quenched after 2
min. Assays were carried out in triplicate. To investigate the O,
dependence of the reaction, a mass-flow controller (Brooks
Instrument) was used to vary the O, concentration (56). Thus,
94 pl of full-length DdSkp1 or full-length TgSkp1 substrate sol-
utions were equilibrated for 10 min at 37 °C with O,/N, in the
desired ratio in rubber septa-sealed glass vials (Sigma-Aldrich),
before addition of 20G, L-ascorbate, Fe(II), and enzyme using
gas-tight Hamilton syringes, to give the desired final concentra-
tions. Conditions for the individual kinetic analyses are given
under the Supporting information.

Solid phase extraction MS analyses

The 20G dependence of DdPhyA-mediated DdSkpl hy-
droxylation and O, dependence of TgPhyA-mediated TgSkpl
hydroxylation were assayed in duplicate under normoxic
conditions using a RapidFire RF360 high throughput sampling
robot (Agilent) connected to an Agilent 6530 QTOF spectro-
meter (89). When varying 20G, reaction mixtures (1 um
DdPhyA, 100 um full-length DdSkpl, 50 um Fe(Il), 1 mMm L-
ascorbic acid, and 20G (20, 50, 100, 200, and 300 uM)) were
incubated for 6 min at 37 °C, then quenched with an equal vol-
ume of 1% (v/v) aqueous formic acid. When varying O,%, mix-
tures (1 um TgPhyA, 600 um full-length TgSkp1, 500 um 20G,
50 um Fe(II), 1 mMm L-ascorbic acid) equilibrated at different
dioxygen concentrations (0—30% oxygen in air) were incubated
for 2 min at 37 °C, then quenched with an equal volume of 1%
(v/v) formic acid. Samples were diluted 1:100 with 50 mm Tris-
HCI, pH 7.5, 50 mm NaCl and then aspirated under vacuum
(500 ms) and loaded onto a C4 SPE cartridge. The cartridge was
washed for 5000 ms with 0.1% (v/v) aqueous formic acid at a
flow rate of 1.5 ml/min; the protein was eluted with 85% (v/v)
aqueous acetonitrile and 0.1% (v/v) formic acid for 5000 ms;
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flow rate: 1.25 ml/min. The SPE cartridge was then re-equili-
brated with 0.1% (v/v) aqueous formic acid for 800 ms; flow
rate: 1.5 ml/min. Skpl substrate hydroxylation was measured
in the positive ion ESI mode (drying gas temperature: 280 °C,
drying gas flow rate: 13 liters/min, nebulizer gas pressure:
40 p.s.i., cone voltage: 200 V). Extracted ion chromatogram
data were integrated and the % conversion was calculated
using: 100 X hydroxylated/(hydroxylated + nonhydroxy-
lated). K,,, was determined by fitting to the Michaelis-Menten
equation in GraphPad Prism 5.

Trypsin digestion and MS/MS studies

In-solution digestion was carried out by reaction with trypsin
(20 ng/pl) in 50 mm NH,HCO; (Sigma-Aldrich) for 30 min (90,
91). Prior to digestion, samples were reduced (45 min, 10 mm
DTT, 100 mm NH4HCO3;) and alkylated (30 min of 55 mm
iodoacetamide in 100 mm NH,HCO3). In-gel digestion was car-
ried out under the same procedure with the excised band after
SDS-PAGE gel separation (92). Peptides were analyzed using a
NanoACQUITY-UPLC system (Waters®) machine coupled to
an Orbitrap Elite™ mass spectrometer (Thermo Fisher Scien-
tific™) (93) possessing an EASY-Spray nano-electrospray ion
source (Thermo Fisher Scientific'™). Peptides were injected
onto a guard column (75 pwm internal diameter X 20 mm,
Acclaim Pepmap100 C18, 3 pum, 120 A) using solvent A (Milli-
Q water, 0.1% (v/v) aqueous formic acid). They were separated
using an EASY-spray Acclaim PepMap® analytical column (75
wm inner diameter X 15 mm, RSLC C18, 3 wm, 100 A) using a
linear gradient (68 min, 3 to 97% (v/v) solvent B (20% Milli-Q
water, 80% acetonitrile, 0.1% (v/v) formic acid), flow rate: 300
nl/min). Data-dependent MS acquisition full-scan MS spectra
were collected (scan range 350-1500 m1/z, resolution 120,000,
AGC target 1E6, maximum injection time 100 ms). The 10
most intense peaks were selected for collision-induced dissoci-
ation fragmentation at 35% of the normalized collision energy.
Collision-induced dissociation spectra were acquired in the
Iontrap (AGC target 1le3, maximum injection time 100 ms).
Results were analyzed using PEAKS® 8.0 (Bioinformatics Solu-
tions Inc., Waterloo, Canada) (94).

20G turnover assays by 'H NMR

"H NMR spectroscopy was used to monitor the conversion
of 20G to succinate during hydroxylation, as catalyzed by
DdPhyA, TgPhyA, and PHD2. For details regarding the sub-
strates used, see Supporting information. Proteins were buffer
exchanged into 50 mm Tris-D;;, pH 7.5, prior to assays. Unless
otherwise stated, assay mixtures contained 20 um enzyme, 50
uMm Fe(Il), 500 um 20G, 400 um Skpl substrate, and 1 mm
ascorbate buffered with 50 mm Tris-p11, pH 7.5, 10% H,O, 90%
(v/v) D,O. Reactions were initiated by addition of 20G at room
temperature under normoxic conditions. NMR spectra were
recorded using a Bruker AVIII 700 MHz NMR spectrometer
equipped with a 5-mm inverse cryoprobe using 3-mm MATCH
NMR tubes (Cortecnet). 'H excitation sculpting suppression
NMR spectra were obtained using 64 scans. Changes in integra-
tion of the peaks of interest (the 20G methylene triplet at 2.22
ppm and succinate methylene singlet at 2.18 ppm) were moni-
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tored and plotted, as reported (60, 61). Data were processed
using Bruker 3.1 software.

20G binding experiments by 'H-edited CPMG

Typical experimental parameters for CPMG NMR spectros-
copy were as follows: total echo time, 40 ms; relaxation delay,
2 s; and number of transients, 264. The PROJECT-CPMG
sequence (90°x—(7 — 180°y — 7 — 90°y — 7 — 180°y — 7),,—acq)
was applied. Water suppression was achieved by pre-satura-
tion. Assay mixtures contained 50 um 20G, in the presence or
absence of 50 um Skpl (as indicated in the Supporting
information) buffered with 50 mm Tris-D;y, pH 7.5, 10% H,O,
90% (v/v) D5O. Data were recorded with a Bruker AVIII 700
MHz NMR spectrometer equipped with a 5-mm inverse cryop-
robe using 5-mm NMR tubes (60, 61).

NMR assignment of hydroxylation regiochemistry

Assay mixtures contained DdPhyA (10 um) or TgPhyA (10
M), DASkpl peptide (100 um) or TgSkpl peptide (100 um),
(NH,4),Fe(I)(SOy4)> (10 uM), sodium L-ascorbate (100 um), and
20G (50 um), in HEPES (100 mwm), pH 7.6. Reactions were incu-
bated at 37°C for 1 h under normoxic conditions and then
quenched using an equal volume of 1% (v/v) formic acid. The
hydroxylated peptides were partially purified using a Sep-Pak Car-
tridge (Waters®). Samples were dried under vacuum, then dis-
solved in D,O to a concentration of 4 mM prior to 2-D total corre-
lation spectroscopy 'H analysis using a Bruker AV700 MHz NMR
spectrometer equipped with an inverse TCI 'H/**C/"°N Cryo-
Probe. 4 scans were acquired at the resolution of 512 data points
in the indirect detected dimension. Mixing time was 100 ms.

Differential scanning fluorimetry (T, shift) assays

T,, shift assays were used to investigate the optimal condi-
tions (Table S3) of buffer, pH, metal, and cofactors that stabilize
the protein. Different metals (Mn>", Fe*", Zn**, Mg**, Ni*™,
Co*", and Cd*") and cofactors 20G or NOG were screened in
the T, shift assays for both DdPhyA and TgPhyA using a
CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad).
The purified enzymes were mixed with the appropriate metal
chloride salt and cofactors. Nonmetal or noncofactor condi-
tions were used as controls. The SYPRO Orange dye (Sigma-
Aldrich) was added last. The mixed solutions were incubated at
room temperature for 10 min before measurements were taken.
Fluorescence readings (in triplicate) were taken every 1°C in-
crement from 25 to 80°C. The data were fitted to Boltzmann
curves using GraphPad Prism 5.

Crystallization and structure determination of DdPhyA(60-284)

Crystallization trials employed commercially available broad
screens followed by optimization. DdPhyA (residues 60-284) of
high purity (>95%, based on SDS-PAGE analysis) at a concen-
tration of 23 mg/ml was used. DdPhyA(60-284)-Ni(II)-NOG
co-crystals (23 mg/ml of DdPhyA(60-284), 2 mm NiCl,, 2 mm
NOG) were formed by first incubating protein stock with Ni(II)
and NOG on ice for ~1 h. A Phoenix"™ RE crystallization lig-
uid handler (Art Robbins Instruments, USA) was used in
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crystallization trials. Crystals were grown by the sitting drop
vapor diffusion method in 96-well low-profile Intelliplates (Art
Robbins Instruments, USA) (drop size 200-300 nl) at room
temperature. Crystals were obtained from a commercial broad
screen (Hampton Research Crystal Screen HT, number 35).
Proteins were in 50 mM HEPES, 100 mm NaCl, pH 7.6, at 25 °C.
The optimized crystallization condition was: 0.1 M HEPES, pH
7.5, 17.5-23% (w/v) PEG 6000, 0.2 M NaCl, 2 mm NiCl,, 6%
(v/v) glycerol. Crystals were cryo-protected using reservoir solu-
tion diluted to 25% (v/v) glycerol and cryo-cooled by plunging
into liquid nitrogen. Diffraction data were collected at 100 K at
the Diamond Light Source beamline 103 (A 0.97623 A) and proc-
essed using XDS in space group C222, to 2.0 A resolution (95,
96) (Table 3). The DdPhyA(60-284) structure was solved by mo-
lecular replacement using PHASER, which located 3 molecules
in the asymmetric unit using an ensemble search model based
on the PPHD (PDB code 4J25) and PHD2 (PDB code 5L9R)
structures. Iterative cycles model building and refinement using
COOT and CNS or PHENIX continued until R,y and R.ee NO
longer converged (97—-100). MOLPROBITY was used to monitor
the geometric quality of the models between refinement cycles
(101). Water molecules were added to 2mF,-DF. electron den-
sity map peaks (>1.5 o) that were within hydrogen bonding dis-
tance to protein with reasonable geometry.

Data availability

Coordinates and structure factors for the DdPhyA structure
are deposited in the RCSB Protein Data Bank as ID 6T8M. All
other data are within the manuscript.

Acknowledgments—We thank the Diamond Light Source staff
members for assistance with data collection and Dr Ian Clifton for
helpful discussions.

E. P, and J. W. data curation; T. L., M. I. A, R. C.,, M. A. M., an
C.J. S. formal analysis; T. L. validation; T. L., M. I. A,, and C. J. S
investigation; T. L., M. I. A., and A. P. H. methodology; T. L,
M. L A, M. A. M,, and C. J. S. writing-original draft; T. L., M. L. A,,
M. A. M., C.M. W, and C.]. S. writing-review and editing; M. I. A,,
C. M. W, and C. J. S. conceptualization; M. I. A,, A. P. H., and
C.J. S. supervision; M. L. A. visualization.

Author contributions—T. L., M. . A, R.C,, A. T.,, K. L, C. T. L,

Funding and additional information—This work was supported by
the Wellcome Trust, Cancer Research UK, Biotechnological and Bi-
ological Research Council, a Junior Research Fellowship from Kel-
logg College, University of Oxford (to M. I. A.), National Institutes
of Health Grant R01-GMO084383, and the Chinese Scholarship
Council. The content is solely the responsibility of the authors and
does not necessarily represent the official views of the National
Institutes of Health.

Conflict of interest—The authors declare no competing financial
interests.

Abbreviations—The abbreviations used are: PHD, prolyl hydroxy-
lase domain; 20G, 2-oxoglutaric acid; CTAD, C-terminal transacti-

16558 J Biol. Chem. (2020) 295(49) 1654516561

vation domain; CODD, C-terminal oxygen-dependent degradation
domain; CPH, collagen prolyl hydroxylase; CPMG, Carr-Purcell-
Meiboom-Gill; Cull, Cullin 1; DdPhyA, D. discoideum PhyA;
DdSkp1, D. discoideum S-phase kinase associated protein 1; DSBH,
double-stranded B-helix fold; EF-Tu, elongation factor thermoun-
stable; ESI, electrospray ionization; FIH, factor inhibiting HIF; HIF,
hypoxia inducible factor; Hisg-ZB, poly-histidine Z-basic-tag; IPNS,
isopenicillin N synthase; JmjC, jumonji C; KDM, N-lysine histone
demethylase; NODD, N-terminal oxygen-dependent degradation
domain; NOG, N-oxalylglycine; OGFODI1, 2-oxoglutarate and
Fe(II)-dependent oxygenase domain containing 1; PPHD, P. putida
PHD; PTM, post-translational modification; pVHL, von Hippel
Lindau protein; RF-MS, Rapid Fire-mass spectrometry; SCF, Skp1-
Cull-F-box; Skpl, S-phase kinase associated protein 1; TaODD,
Trichoplax adhaerens oxygen-dependent degradation domain;
TaPHD, Trichoplax adhaerens PHD; TgPhyA, T. gondii prolyl-4-
hydroxylase A; TgPhyB, T. gondii prolyl-4-hydroxylase B; TgSkpl,
T. gondii S-phase kinase-associated protein 1; PDB, Protein Data
Bank.

References

1. Semenza, G. L. (2001) Hypoxia-inducible factor 1: control of oxygen ho-
meostasis in health and disease. Pediatr. Res. 49, 614—617 CrossRef
Medline

2. Jaakkola, P., Mole, D. R, Tian, Y. M., Wilson, M. I, Gielbert, J., Gaskell,
S.J., von Kriegsheim, A., Hebestreit, H. F., Mukherji, M., Schofield, C. J.,
Maxwell, P. H., Pugh, C. W, and Ratcliffe, P.J. (2001) Targeting of HIF-«
to the von Hippel-Lindau ubiquitylation complex by O,-regulated prolyl
hydroxylation. Science 292, 468—472 CrossRef Medline

3. Chowdhury, R,, Hardy, A., and Schofield, C. J. (2008) The human oxygen
sensing machinery and its manipulation. Chem. Soc. Rev. 37, 1308-1319
CrossRef Medline

4. Semenza, G. L. (2001) HIF-1 and mechanisms of hypoxia sensing. Curr.
Opin. Cell. Biol.13,167-171 CrossRef Medline

5. Kaelin, W. G., Jr., and Ratcliffe, P. J. (2008) Oxygen sensing by metazoans:
the central role of the HIF hydroxylase pathway. Mol. Cell 30, 393—402
CrossRef Medline

6. Semenza, G. L. (2011) Hypoxia: cross talk between oxygen sensing and
the cell cycle machinery. Am. J. Physiol. Cell Physiol. 301, C550—-C552
CrossRef Medline

7. Chan, M. C, Ilott, N. E., Schodel, J., Sims, D., Tumber, A., Lippl, K., Mole,
D. R, Pugh, C. W.,, Ratcliffe, P. J., Ponting, C. P., and Schofield, C. J.
(2016) Tuning the transcriptional response to hypoxia by inhibiting hy-
poxia-inducible factor (HIF) prolyl and asparaginyl hydroxylases. J. Biol.
Chem. 291, 20661-20673 CrossRef Medline

8. Tolonen, J. P., Heikkila, M., Malinen, M., Lee, H. M., Palvimo, J. J., Wei,
G. H., and Myllyharju, J. (2019) A long hypoxia-inducible factor 3 isoform
2 is a transcription activator that regulates erythropoietin. Cell Mol. Life
Sci. 77, 3627-3643 Medline

9. Loenarz, C., Coleman, M. L., Boleininger, A., Schierwater, B., Holland,
P. W., Ratcliffe, P. J., and Schofield, C. J. (2011) The hypoxia-indu-
cible transcription factor pathway regulates oxygen sensing in the sim-
plest animal, Trichoplax adhaerens. EMBO Rep. 12, 63—70 CrossRef
Medline

10. Holt-Martyn, J. P., Chowdhury, R., Tumber, A., Yeh, T. L., Abboud, M. L,
Lippl, K., Lohans, C. T., Langley, G. W., Figg, W, Jr., McDonough, M. A,
Pugh, C. W, Ratcliffe, P. J., and Schofield, C. J. (2020) Structure-activity
relationship and crystallographic studies on 4-hydroxypyrimidine HIF
prolyl hydroxylase domain inhibitors. ChemMedChem 15, 270-273
CrossRef Medline

11. Markolovic, S., Wilkins, S. E., and Schofield, C.]J. (2015) Protein hydroxy-
lation catalyzed by 2-oxoglutarate-dependent oxygenases. /. Biol. Chemn.
290, 20712-20722 CrossRef Medline

SASBMB


https://doi.org/10.2210/pdb4J25/pdb
https://doi.org/10.2210/pdb5L9R/pdb
https://doi.org/10.2210/pdb6T8M/pdb
http://dx.doi.org/10.1203/00006450-200105000-00002
http://www.ncbi.nlm.nih.gov/pubmed/11328942
http://dx.doi.org/10.1126/science.1059796
http://www.ncbi.nlm.nih.gov/pubmed/11292861
http://dx.doi.org/10.1039/b701676j
http://www.ncbi.nlm.nih.gov/pubmed/18568157
http://dx.doi.org/10.1016/S0955-0674(00)00194-0
http://www.ncbi.nlm.nih.gov/pubmed/11248550
http://dx.doi.org/10.1016/j.molcel.2008.04.009
http://www.ncbi.nlm.nih.gov/pubmed/18498744
http://dx.doi.org/10.1152/ajpcell.00176.2011
http://www.ncbi.nlm.nih.gov/pubmed/21677261
http://dx.doi.org/10.1074/jbc.M116.749291
http://www.ncbi.nlm.nih.gov/pubmed/27502280
http://www.ncbi.nlm.nih.gov/pubmed/31768607
http://dx.doi.org/10.1038/embor.2010.170
http://www.ncbi.nlm.nih.gov/pubmed/21109780
http://dx.doi.org/10.1002/cmdc.201900557
http://www.ncbi.nlm.nih.gov/pubmed/31751494
http://dx.doi.org/10.1074/jbc.R115.662627
http://www.ncbi.nlm.nih.gov/pubmed/26152730

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Wilkins, S. E., Abboud, M. L., Hancock, R. L., and Schofield, C. J. (2016)
Targeting protein-protein interactions in the HIF system. ChemMed-
Chem 11,773-786 CrossRef Medline

Rose, N. R,, McDonough, M. A,, King, O. N., Kawamura, A., and Scho-
field, C. J. (2011) Inhibition of 2-oxoglutarate dependent oxygenases.
Chem. Soc. Rev. 40, 4364—4397 CrossRef Medline

Gupta, N., and Wish, J. B. (2017) Hypoxia-inducible factor prolyl hydrox-
ylase inhibitors: a potential new treatment for anemia in patients with
CKD. Am. ]. Kidney Dis. 69, 815—-826 CrossRef Medline

Yeh, T. L, Leissing, T. M., Abboud, M. I, Thinnes, C. C., Atasoylu, O.,
Holt-Martyn, J. P., Zhang, D., Tumber, A., Lippl, K., Lohans, C. T., Leung,
L. K. H.,, Morcrette, H., Clifton, 1. J., Claridge, T. D. W., Kawamura, A.,
et al. (2017) Molecular and cellular mechanisms of HIF prolyl hydroxylase
inhibitors in clinical trials. Chem. Sci. 8, 76517668 CrossRef Medline
McDonough, M. A, Li, V., Flashman, E., Chowdhury, R., Mohr, C., Lie-
nard, B. M., Zondlo, J., Oldham, N. ], Clifton, 1. ], Lewis, J., McNeill, L. A.,
Kurzeja, R. ., Hewitson, K. S., Yang, E., Jordan, S., et al. (2006) Cellular ox-
ygen sensing: crystal structure of hypoxia-inducible factor prolyl hydroxy-
lase (PHD2). Proc. Natl. Acad. Sci. U.S.A. 103, 9814-9819 CrossRef
Medline

Schofield, C. ., and Zhang, Z. (1999) Structural and mechanistic studies
on 2-oxoglutarate-dependent oxygenases and related enzymes. Curr.
Opin. Struct. Biol. 9, 722—731 CrossRef Medline

Aik, W., McDonough, M. A., Thalhammer, A., Chowdhury, R., and Scho-
field, C.J. (2012) Role of the jelly-roll fold in substrate binding by 2-oxo-
glutarate oxygenases. Curr. Opin. Struct. Biol. 22, 691-700 CrossRef
Medline

Clifton, I. J., McDonough, M. A,, Ehrismann, D., Kershaw, N. J., Grana-
tino, N., and Schofield, C. J. (2006) Structural studies on 2-oxoglutarate
oxygenases and related double-stranded B-helix fold proteins. /. Inorg
Biochem. 100, 644—669 CrossRef Medline

Aik, W. S., Chowdhury, R, Clifton, L J., Hopkinson, R. J., Leissing, T,
McDonough, M. A., Nowak, R., Schofield, C. J., and Walport, L. J. (2015)
Introduction to structural studies on 2-oxoglutarate-dependent oxygen-
ases and related enzymes. In 2-Oxoglutarate-dependent oxygenases, pp.
59-94, The Royal Society of Chemistry, United Kingdom

McDonough, M. A, Loenarz, C., Chowdhury, R,, Clifton, L. J., and Scho-
field, C. J. (2010) Structural studies on human 2-oxoglutarate dependent
oxygenases. Curr. Opin. Struct. Biol. 20, 659672 CrossRef Medline
Walport, L. ], Hopkinson, R. J., Chowdhury, R., Schiller, R., Ge, W,
Kawamura, A., and Schofield, C.J. (2016) Arginine demethylation is cata-
lyzed by a subset of JmjC histone lysine demethylases. Nat. Commun. 7,
11974 CrossRef Medline

Chowdhury, R., Sekirnik, R., Brissett, N. C., Krojer, T., Ho, C. H., Ng,
S. S, Clifton, 1. ]., Ge, W., Kershaw, N. J., Fox, G. C., Muniz, J. R. C., Voll-
mar, M., Phillips, C,, Pilka, E. S., Kavanagh, K. L., et al. (2014) Ribosomal
oxygenases are structurally conserved from prokaryotes to humans. Na-
ture 510, 422—426 CrossRef Medline

Prabhakar, N. R, and Semenza, G. L. (2016) Regulation of carotid body
oxygen sensing by hypoxia-inducible factors. Pflugers Arch. 468, 71-75
CrossRef Medline

Shmakova, A., Batie, M., Druker, J., and Rocha, S. (2014) Chromatin and
oxygen sensing in the context of JmjC histone demethylases. Biochem. J.
462, 385—-395 CrossRef Medline

Batie, M., and Rocha, S. (2019) JmjC histone demethylases act as chroma-
tin oxygen sensors. Mol. Cell. Oncol. 6, 1608501 CrossRef Medline
Chakraborty, A. A., Laukka, T., Myllykoski, M., Ringel, A. E., Booker,
M. A, Tolstorukov, M. Y., Meng, Y. J., Meier, S. R, Jennings, R. B,
Creech, A. L., Herbert, Z. T., McBrayer, S. K., Olenchock, B. A., Jaffe,
J. D., Haigis, M. C,, et al. (2019) Histone demethylase KDM6A directly
senses oxygen to control chromatin and cell fate. Science 363, 1217-1222
CrossRef Medline

Cockman, M. E,, Lippl, K,, Tian, Y. M., Pegg, H. B,, Figg, W. D. ]., Abboud,
M. I, Heilig, R., Fischer, R., Myllyharju, J., Schofield, C. J., and Ratcliffe,
P. J. (2019) Lack of activity of recombinant HIF prolyl hydroxylases
(PHDs) on reported non-HIF substrates. Elife 8, 46490 CrossRef

SASBMB

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Hypoxia sensing prolyl hydroxylases

Taylor, C. T., and McElwain, J. C. (2010) Ancient atmospheres and the
evolution of oxygen sensing via the hypoxia-inducible factor in metazo-
ans. Physiology (Bethesda) 25, 272279 CrossRef Medline

Taylor, C. T., and Pouyssegur, J. (2007) Oxygen, hypoxia, and stress. Ann.
N.Y. Acad. Sci. 1113, 87—94 CrossRef Medline

Yasumoto, K., Kowata, Y., Yoshida, A., Torii, S., and Sogawa, K. (2009)
Role of the intracellular localization of HIF-prolyl hydroxylases. Biochim.
Biophys. Acta 1793, 792—797 CrossRef Medline

West, C. M., and Blader, I. J. (2015) Oxygen sensing by protozoans: how
they catch their breath. Curr. Opin. Microbiol. 26, 41-47 CrossRef
Medline

Scotti, J. S., Leung, 1. K., Ge, W, Bentley, M. A,, Paps, J., Kramer, H. B.,
Lee, J., Aik, W., Choi, H., Paulsen, S. M., Bowman, L. A., Loik, N. D.,
Horita, S., Ho, C. H., Kershaw, N. J., et al. (2014) Human oxygen sensing
may have origins in prokaryotic elongation factor Tu prolyl-hydroxyla-
tion. Proc. Natl. Acad. Sci. U.S.A. 111, 13331-13336 CrossRef Medline
Lippl, K., Boleininger, A., McDonough, M. A., Abboud, M. I, Tarhon-
skaya, H., Chowdhury, R., Loenarz, C., and Schofield, C.]. (2018) Born to
sense: biophysical analyses of the oxygen sensing prolyl hydroxylase from
the simplest animal Trichoplax adhaerens. Hypoxia (Auckl) 6, 57-71
CrossRef Medline

Dickinson, R. S., Murphy, F., Doherty, C., Williams, S., Mirchandani, A.,
Willson, J., Scotti, J. S., Preston, G., Schofield, C. J., Whyte, M. K. B., and
Walmsley, S. R. (2017) Pseudomonas expression of an oxygen sensing
prolyl hydroxylase homologue regulates neutrophil host responses in
vitro and in vivo. Wellcome Open Res. 2, 104 CrossRef Medline

West, C. M., van der Wel, H.,, and Wang, Z. A. (2007) Prolyl 4-hydroxy-
lase-1 mediates O, signaling during development of Dictyostelium. De-
velopment 134, 3349-3358 CrossRef Medline

van der Wel, H., Gas-Pascual, E., and West, C. M. (2019) Skpl isoforms
are differentially modified by a dual function prolyl 4-hydroxylase/N-ace-
tylglucosaminyltransferase in a plant pathogen. Glycobiology 29, 705—
714 CrossRef Medline

Sheikh, M. O., Thieker, D., Chalmers, G., Schafer, C. M., Ishihara, M.,
Azadi, P., Woods, R. J., Glushka, J. N., Bendiak, B., Prestegard, J. H., and
West, C. M. (2017) O, sensing-associated glycosylation exposes the F-
box-combining site of the dictyostelium Skpl subunit in E3 ubiquitin
ligases. J. Biol. Chem. 292, 18897-18915 CrossRef Medline

Sassi, S., Sweetinburgh, M., Erogul, J., Zhang, P., Teng-Umnuay, P., and
West, C. M. (2001) Analysis of Skpl glycosylation and nuclear enrich-
ment in dictyostelium. Glycobiology 11, 283—295 CrossRef Medline

Van Der Wel, H., Fisher, S. Z., and West, C. M. (2002) A bifunctional
diglycosyltransferase forms the Fuca1,2GalB1,3-disaccharide on Skpl in
the cytoplasm of dictyostelium. /. Biol. Chem. 277, 46527—-46534 CrossRef
Medline

West, C. M., Van Der Wel, H., Sassi, S., and Gaucher, E. A. (2004)
Cytoplasmic glycosylation of protein-hydroxyproline and its relation-
ship to other glycosylation pathways. Biochim. Biophys. Acta 1673,
29-44 CrossRef Medline

Wang, Z. A., van der Wel, H., Vohra, Y., Buskas, T., Boons, G. J., and
West, C. M. (2009) Role of a cytoplasmic dual-function glycosyltransfer-
ase in O, regulation of development in dictyostelium. J. Biol. Chem. 284,
28896—28904 CrossRef Medline

West, C. M., Wang, Z. A., and van der Wel, H. (2010) A cytoplasmic
prolyl hydroxylation and glycosylation pathway modifies Skpl and regu-
lates O,-dependent development in dictyostelium. Biochim. Biophys.
Acta 1800, 160—171 CrossRef Medline

Xu, Y., Wang, Z. A., Green, R. S., and West, C. M. (2012) Role of the Skpl
prolyl-hydroxylation/glycosylation pathway in oxygen dependent sub-
merged development of dictyostelium. BMC Dev. Biol. 12, 31 CrossRef
Medline

Zhang, D., van der Wel, H., Johnson, ]. M., and West, C. M. (2012) Skpl
prolyl 4-hydroxylase of dictyostelium mediates glycosylation-independ-
ent and -dependent responses to O, without affecting Skpl stability. J.
Biol. Chem. 287, 2006—2016 CrossRef Medline

Zheng, N, Schulman, B. A,, Song, L., Miller, J. J., Jeftrey, P. D., Wang, P.,
Chu, C., Koepp, D. M,, Elledge, S. J., Pagano, M., Conaway, R. C., Con-
away, ]. W., Harper, J. W., and Pavletich, N. P. (2002) Structure of the

J. Biol. Chem. (2020) 295(49) 16545-16561 16559


http://dx.doi.org/10.1002/cmdc.201600012
http://www.ncbi.nlm.nih.gov/pubmed/26997519
http://dx.doi.org/10.1039/c0cs00203h
http://www.ncbi.nlm.nih.gov/pubmed/21390379
http://dx.doi.org/10.1053/j.ajkd.2016.12.011
http://www.ncbi.nlm.nih.gov/pubmed/28242135
http://dx.doi.org/10.1039/c7sc02103h
http://www.ncbi.nlm.nih.gov/pubmed/29435217
http://dx.doi.org/10.1073/pnas.0601283103
http://www.ncbi.nlm.nih.gov/pubmed/16782814
http://dx.doi.org/10.1016/S0959-440X(99)00036-6
http://www.ncbi.nlm.nih.gov/pubmed/10607676
http://dx.doi.org/10.1016/j.sbi.2012.10.001
http://www.ncbi.nlm.nih.gov/pubmed/23142576
http://dx.doi.org/10.1016/j.jinorgbio.2006.01.024
http://www.ncbi.nlm.nih.gov/pubmed/16513174
http://dx.doi.org/10.1016/j.sbi.2010.08.006
http://www.ncbi.nlm.nih.gov/pubmed/20888218
http://dx.doi.org/10.1038/ncomms11974
http://www.ncbi.nlm.nih.gov/pubmed/27337104
http://dx.doi.org/10.1038/nature13263
http://www.ncbi.nlm.nih.gov/pubmed/24814345
http://dx.doi.org/10.1007/s00424-015-1719-z
http://www.ncbi.nlm.nih.gov/pubmed/26265380
http://dx.doi.org/10.1042/BJ20140754
http://www.ncbi.nlm.nih.gov/pubmed/25145438
http://dx.doi.org/10.1080/23723556.2019.1608501
http://www.ncbi.nlm.nih.gov/pubmed/31211238
http://dx.doi.org/10.1126/science.aaw1026
http://www.ncbi.nlm.nih.gov/pubmed/30872525
http://dx.doi.org/10.7554/eLife.46490
http://dx.doi.org/10.1152/physiol.00029.2010
http://www.ncbi.nlm.nih.gov/pubmed/20940432
http://dx.doi.org/10.1196/annals.1391.004
http://www.ncbi.nlm.nih.gov/pubmed/17483207
http://dx.doi.org/10.1016/j.bbamcr.2009.01.014
http://www.ncbi.nlm.nih.gov/pubmed/19339211
http://dx.doi.org/10.1016/j.mib.2015.04.006
http://www.ncbi.nlm.nih.gov/pubmed/25988702
http://dx.doi.org/10.1073/pnas.1409916111
http://www.ncbi.nlm.nih.gov/pubmed/25197067
http://dx.doi.org/10.2147/HP.S174655
http://www.ncbi.nlm.nih.gov/pubmed/30519597
http://dx.doi.org/10.12688/wellcomeopenres.12871.1
http://www.ncbi.nlm.nih.gov/pubmed/29387803
http://dx.doi.org/10.1242/dev.000893
http://www.ncbi.nlm.nih.gov/pubmed/17699611
http://dx.doi.org/10.1093/glycob/cwz049
http://www.ncbi.nlm.nih.gov/pubmed/31281925
http://dx.doi.org/10.1074/jbc.M117.809160
http://www.ncbi.nlm.nih.gov/pubmed/28928219
http://dx.doi.org/10.1093/glycob/11.4.283
http://www.ncbi.nlm.nih.gov/pubmed/11358877
http://dx.doi.org/10.1074/jbc.M208824200
http://www.ncbi.nlm.nih.gov/pubmed/12244067
http://dx.doi.org/10.1016/j.bbagen.2004.04.007
http://www.ncbi.nlm.nih.gov/pubmed/15238247
http://dx.doi.org/10.1074/jbc.M109.022574
http://www.ncbi.nlm.nih.gov/pubmed/19687007
http://dx.doi.org/10.1016/j.bbagen.2009.11.006
http://www.ncbi.nlm.nih.gov/pubmed/19914348
http://dx.doi.org/10.1186/1471-213X-12-31
http://www.ncbi.nlm.nih.gov/pubmed/23098648
http://dx.doi.org/10.1074/jbc.M111.314021
http://www.ncbi.nlm.nih.gov/pubmed/22128189

Hypoxia sensing prolyl hydroxylases

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Cull-Rbx1-Skp1-F boxSkp2 SCF ubiquitin ligase complex. Nature 416,
703-709 CrossRef Medline

Florimond, C., Cordonnier, C., Taujale, R., van der Wel, H., Kannan, N.,
West, C. M., and Blader, L J. (2019) A toxoplasma prolyl hydroxylase
mediates oxygen stress responses by regulating translation elongation.
MBio 10, e00234 CrossRef

Chowdhury, R., McDonough, M. A., Mecinovi¢, J., Loenarz, C., Flash-
man, E., Hewitson, K. S., Domene, C., and Schofield, C. J. (2009) Struc-
tural basis for binding of hypoxia-inducible factor to the oxygen-sensing
prolyl hydroxylases. Structure 17, 981-989 CrossRef Medline

McNeill, L. A., Flashman, E., Buck, M. R., Hewitson, K. S., Clifton, I. J.,
Jeschke, G., Claridge, T. D., Ehrismann, D., Oldham, N. J., and Scho-
field, C. J. (2005) Hypoxia-inducible factor prolyl hydroxylase 2 has a
high affinity for ferrous iron and 2-oxoglutarate. Mol. Biosyst. 1, 321—
324 CrossRef Medline

Chowdhury, R, Leung, I. K., Tian, Y. M., Abboud, M. L, Ge, W., Domene,
C., Cantrelle, F. X., Landrieu, L., Hardy, A. P., Pugh, C. W., Ratcliffe, P. ],
Claridge, T. D., and Schofield, C.J. (2016) Structural basis for oxygen deg-
radation domain selectivity of the HIF prolyl hydroxylases. Nat. Com-
mun.7,12673 CrossRef Medline

Teng-Umnuay, P., Morris, H. R., Dell, A., Panico, M., Paxton, T., and
West, C. M. (1998) The cytoplasmic F-box binding protein SKP1 con-
tains a novel pentasaccharide linked to hydroxyproline in dictyostelium.
J. Biol. Chem. 273, 18242-18249 CrossRef Medline

Hirsild, M., Koivunen, P., Giinzler, V., Kivirikko, K. I, and Myllyharju, J.
(2003) Characterization of the human prolyl 4-hydroxylases that modify
the hypoxia-inducible factor. J. Biol. Chem. 278, 30772—-30780 CrossRef
Medline

van der Wel, H., Johnson, J. M., Xu, Y., Karunaratne, C. V., Wilson, K. D.,
Vohra, Y., Boons, G.J., Taylor, C. M., Bendiak, B., and West, C. M. (2011)
Requirements for Skpl processing by cytosolic prolyl 4(trans)-hydroxy-
lase and a-N-acetylglucosaminyltransferase enzymes involved in O, sig-
naling in dictyostelium. Biochemistry 50, 1700-1713 CrossRef Medline
Tarhonskaya, H., Hardy, A. P., Howe, E. A,, Loik, N. D., Kramer, H. B.,
McCullagh, J. S., Schofield, C. J., and Flashman, E. (2015) Kinetic investi-
gations of the role of factor inhibiting hypoxia-inducible factor (FIH) as
an oxygen sensor. J. Biol. Chem. 290, 19726—19742 CrossRef Medline
McNeill, L. A., Hewitson, K. S., Claridge, T. D., Seibel, J. F., Horsfall, L. E.,
and Schofield, C. J. (2002) Hypoxia-inducible factor asparaginyl hydroxy-
lase (FIH-1) catalyzes hydroxylation at the B-carbon of asparagine-803.
Biochem. ]. 367, 571-575 CrossRef Medline

Tarhonskaya, H., Chowdhury, R., Leung, I. K., Loik, N. D., McCullagh,
J. S., Claridge, T. D., Schofield, C. J., and Flashman, E. (2014) Investigating
the contribution of the active site environment to the slow reaction of hy-
poxia-inducible factor prolyl hydroxylase domain 2 with oxygen. Bio-
chem. J. 463, 363—372 CrossRef Medline

van der Wel, H., Ercan, A., and West, C. M. (2005) The Skpl prolyl
hydroxylase from Dictyostelium is related to the hypoxia-inducible fac-
tor-a class of animal prolyl 4-hydroxylases. J. Biol. Chem. 280, 14645—
14655 CrossRef Medline

Wang, Z. A., Singh, D., van der Wel, H., and West, C. M. (2011) Prolyl
hydroxylation- and glycosylation-dependent functions of Skpl in O,-
regulated development of dictyostelium. Dev. Biol. 349, 283-295
CrossRef Medline

Sheikh, M. O, Xu, Y., van der Wel, H., Walden, P., Hartson, S. D., and
West, C. M. (2015) Glycosylation of Skpl promotes formation of Skpl-
cullin-1-F-box protein complexes in dictyostelium. Mol. Cell. Proteomics
14, 66—80 CrossRef Medline

Abboud, M. L, Chowdhury, R., Leung, I. K. H., Lippl, K., Loenarz, C.,
Claridge, T. D. W., and Schofield, C. J. (2018) Studies on the substrate se-
lectivity of the hypoxia-inducible factor prolyl hydroxylase 2 catalytic do-
main. ChemBioChem 19, 2262—-2267 CrossRef Medline

Abboud, M. L, McAllister, T. E., Leung, I. K. H., Chowdhury, R., Jorgen-
sen, C., Domene, C., Mecinovi¢, J., Lippl, K., Hancock, R. L., Hopkinson,
R.J., Kawamura, A., Claridge, T. D. W., and Schofield, C.J. (2018) 2-Oxo-
glutarate regulates binding of hydroxylated hypoxia-inducible factor to
prolyl hydroxylase domain 2. Chem. Commun. (Camb.) 54, 3130-3133
CrossRef Medline

16560 . Biol. Chem. (2020) 295(49) 1654516561

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Zhang, Z., Schofield, C. J., Baldwin, J. E., Thomas, P., and John, P. (1995)
Expression, purification and characterization of 1-aminocyclopropane-
1-carboxylate oxidase from tomato in Escherichia coli. Biochem. J. 307,
77-85 CrossRef

Pfeffer, I, Brewitz, L., Krojer, T., Jensen, S. A., Kochan, G. T., Kershaw,
N.J., Hewitson, K. S., McNeill, L. A., Kramer, H., Munzel, M., Hopkinson,
R.J., Oppermann, U., Handford, P. A., McDonough, M. A., and Schofield,
C.J. (2019) Aspartate/asparagine-f3-hydroxylase crystal structures reveal
an unexpected epidermal growth factor-like domain substrate disulfide
pattern. Nat. Commun. 10, 4910 CrossRef Medline

Flashman, E., Hoffart, L. M., Hamed, R. B., Bollinger, ]. M., Jr., Krebs, C.,
and Schofield, C. J. (2010) Evidence for the slow reaction of hypoxia-in-
ducible factor prolyl hydroxylase 2 with oxygen. FEBS J. 277, 4089—4099
CrossRef Medline

Domene, C., Jorgensen, C., and Schofield, C. J. (2020) Mechanism of mo-
lecular oxygen diffusion in a hypoxia-sensing prolyl hydroxylase using
multiscale simulation. J. Am. Chem. Soc. 142, 2253-2263 CrossRef
Medline

Pektas, S., and Knapp, M. J. (2013) Substrate preference of the HIF-prolyl
hydroxylase-2 (PHD2) and substrate-induced conformational change. J.
Inorg. Biochem. 126, 55—60 CrossRef Medline

Pektas, S., Taabazuing, C. Y., and Knapp, M. J. (2015) Increased turnover
at limiting O, concentrations by the Thr*®” — Ala variant of HIF-prolyl
hydroxylase PHD2. Biochemistry 54, 28512857 CrossRef Medline
Horita, S., Scotti, J. S., Thinnes, C., Mottaghi-Taromsari, Y. S., Thalham-
mer, A, Ge, W., Aik, W., Loenarz, C., Schofield, C. J., and McDonough,
M. A. (2015) Structure of the ribosomal oxygenase OGFOD1 provides
insights into the regio- and stereoselectivity of prolyl hydroxylases. Struc-
ture 23, 639-652 CrossRef Medline

Langley, G. W., Abboud, M. I, Lohans, C. T., and Schofield, C. J. (2019)
Inhibition of a viral prolyl hydroxylase. Bioorg. Med. Chem. 27, 2405—
2412 CrossRef Medline

Longbotham, J. E., Levy, C., Johannissen, L. O., Tarhonskaya, H., Jiang, S.,
Loenarz, C., Flashman, E., Hay, S., Schofield, C. J., and Scrutton, N. S.
(2015) Structure and mechanism of a viral collagen prolyl hydroxylase.
Biochemistry 54, 6093—6105 CrossRef Medline

Elkins, J. M., Hewitson, K. S., McNeEeill, L. A, Seibel, J. F., Schlemminger,
L, Pugh, C. W, Ratcliffe, P. J., and Schofield, C.]. (2003) Structure of fac-
tor-inhibiting hypoxia-inducible factor (HIF) reveals mechanism of oxi-
dative modification of HIF-1a. J. Biol. Chem. 278, 1802—1806 CrossRef
Medline

Hardy, A. P., Prokes, I, Kelly, L., Campbell, I. D., and Schofield, C. J.
(2009) Asparaginyl B-hydroxylation of proteins containing ankyrin
repeat domains influences their stability and function. . Mol. Biol. 392,
994-1006 CrossRef Medline

Lee, C,, Kim, S. ], Jeong, D. G., Lee, S. M., and Ryu, S. E. (2003) Struc-
ture of human FIH-1 reveals a unique active site pocket and interaction
sites for HIF-1 and von Hippel-Lindau. J. Biol. Chem. 278, 7558—7563
CrossRef Medline

Flashman, E., Bagg, E. A., Chowdhury, R., Mecinovi¢, J., Loenarz, C.,
McDonough, M. A., Hewitson, K. S., and Schofield, C. J. (2008) Kinetic
rationale for selectivity toward N- and C-terminal oxygen-dependent
degradation domain substrates mediated by a loop region of hypoxia-
inducible factor prolyl hydroxylases. J. Biol. Chem. 283, 3808-3815
CrossRef Medline

Lee, H. ], Lloyd, M. D., Harlos, K., Clifton, I. J., Baldwin, J. E., and Scho-
field, C.J. (2001) Kinetic and crystallographic studies on deacetoxycepha-
losporin C synthase (DAOCS). J Mol. Biol. 308, 937-948 CrossRef
Medline

Dang, L., White, D. W., Gross, S., Bennett, B. D., Bittinger, M. A., Drig-
gers, E. M., Fantin, V. R, Jang, H. G,, Jin, S, Keenan, M. C.,, Marks, K. M.,
Prins, R. M., Ward, P. S, Yen, K. E., Liau, L. M., et al. (2009) Cancer-asso-
ciated IDH1 mutations produce 2-hydroxyglutarate. Nature 462, 739—
744 CrossRef Medline

Reiter-Brennan, C., Semmler, L., and Klein, A. (2018) The effects of 2-
hydroxyglutarate on the tumorigenesis of gliomas. Contemp. Oncol.
(Pozn.) 22,215-222 CrossRef Medline

SASBMB


http://dx.doi.org/10.1038/416703a
http://www.ncbi.nlm.nih.gov/pubmed/11961546
http://dx.doi.org/10.1128/mBio.00234-19
http://dx.doi.org/10.1016/j.str.2009.06.002
http://www.ncbi.nlm.nih.gov/pubmed/19604478
http://dx.doi.org/10.1039/b511249b
http://www.ncbi.nlm.nih.gov/pubmed/16880998
http://dx.doi.org/10.1038/ncomms12673
http://www.ncbi.nlm.nih.gov/pubmed/27561929
http://dx.doi.org/10.1074/jbc.273.29.18242
http://www.ncbi.nlm.nih.gov/pubmed/9660787
http://dx.doi.org/10.1074/jbc.M304982200
http://www.ncbi.nlm.nih.gov/pubmed/12788921
http://dx.doi.org/10.1021/bi101977w
http://www.ncbi.nlm.nih.gov/pubmed/21247092
http://dx.doi.org/10.1074/jbc.M115.653014
http://www.ncbi.nlm.nih.gov/pubmed/26112411
http://dx.doi.org/10.1042/BJ20021162
http://www.ncbi.nlm.nih.gov/pubmed/12215170
http://dx.doi.org/10.1042/BJ20140779
http://www.ncbi.nlm.nih.gov/pubmed/25120187
http://dx.doi.org/10.1074/jbc.M500600200
http://www.ncbi.nlm.nih.gov/pubmed/15705570
http://dx.doi.org/10.1016/j.ydbio.2010.10.013
http://www.ncbi.nlm.nih.gov/pubmed/20969846
http://dx.doi.org/10.1074/mcp.M114.044560
http://www.ncbi.nlm.nih.gov/pubmed/25341530
http://dx.doi.org/10.1002/cbic.201800246
http://www.ncbi.nlm.nih.gov/pubmed/30144273
http://dx.doi.org/10.1039/c8cc00387d
http://www.ncbi.nlm.nih.gov/pubmed/29522057
http://dx.doi.org/10.1042/bj3070077
http://dx.doi.org/10.1038/s41467-019-12711-7
http://www.ncbi.nlm.nih.gov/pubmed/31659163
http://dx.doi.org/10.1111/j.1742-4658.2010.07804.x
http://www.ncbi.nlm.nih.gov/pubmed/20840591
http://dx.doi.org/10.1021/jacs.9b09236
http://www.ncbi.nlm.nih.gov/pubmed/31939292
http://dx.doi.org/10.1016/j.jinorgbio.2013.05.006
http://www.ncbi.nlm.nih.gov/pubmed/23787140
http://dx.doi.org/10.1021/bi501540c
http://www.ncbi.nlm.nih.gov/pubmed/25857330
http://dx.doi.org/10.1016/j.str.2015.01.014
http://www.ncbi.nlm.nih.gov/pubmed/25728928
http://dx.doi.org/10.1016/j.bmc.2019.01.018
http://www.ncbi.nlm.nih.gov/pubmed/30737136
http://dx.doi.org/10.1021/acs.biochem.5b00789
http://www.ncbi.nlm.nih.gov/pubmed/26368022
http://dx.doi.org/10.1074/jbc.C200644200
http://www.ncbi.nlm.nih.gov/pubmed/12446723
http://dx.doi.org/10.1016/j.jmb.2009.07.070
http://www.ncbi.nlm.nih.gov/pubmed/19646994
http://dx.doi.org/10.1074/jbc.M210385200
http://www.ncbi.nlm.nih.gov/pubmed/12482756
http://dx.doi.org/10.1074/jbc.M707411200
http://www.ncbi.nlm.nih.gov/pubmed/18063574
http://dx.doi.org/10.1006/jmbi.2001.4649
http://www.ncbi.nlm.nih.gov/pubmed/11352583
http://dx.doi.org/10.1038/nature08617
http://www.ncbi.nlm.nih.gov/pubmed/19935646
http://dx.doi.org/10.5114/wo.2018.82642
http://www.ncbi.nlm.nih.gov/pubmed/30783384

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Hewitson, K. S., Liénard, B. M., McDonough, M. A, Clifton, I. ]., Butler,
D., Soares, A. S., Oldham, N. J., McNeill, L. A., and Schofield, C. J. (2007)
Structural and mechanistic studies on the inhibition of the hypoxia-in-
ducible transcription factor hydroxylases by tricarboxylic acid cycle
intermediates. J. Biol. Chem. 282, 3293—3301 CrossRef Medline

D'Oto, A., Tian, Q. W., Davidoff, A. M., and Yang, J. (2016) Histone
demethylases and their roles in cancer epigenetics. /. Med. Oncol. Ther. 1,
34-40 Medline

Leung, I. K, Krojer, T. J., Kochan, G. T., Henry, L., von Delft, F., Claridge,
T. D., Oppermann, U., McDonough, M. A., and Schofield, C. J. (2010)
Structural and mechanistic studies on <y-butyrobetaine hydroxylase.
Chem. Biol. 17,1316-1324 CrossRef Medline

Koivunen, P., and Myllyharju, J. (2018) Kinetic analysis of HIF prolyl
hydroxylases. Methods Mol. Biol. 1742, 15-25 CrossRef Medline

Xu, Y., Brown, K. M., Wang, Z. A., van der Wel, H., Teygong, C., Zhang,
D., Blader, L. J., and West, C. M. (2012) The Skpl protein from Toxo-
plasma is modified by a cytoplasmic prolyl 4-hydroxylase associated with
oxygen sensing in the social amoeba dictyostelium. J. Biol. Chem. 287,
25098-25110 CrossRef Medline

Baptista, C. G., Lis, A, Deng, B., Gas-Pascual, E., Dittmar, A., Sigurdson,
W., West, C. M., and Blader, I. J. (2019) Toxoplasma F-box protein 1 is
required for daughter cell scaffold function during parasite replication.
PLoS Pathog. 15, €1007946 CrossRef Medline

Kim, H. W, Eletsky, A., Gonzalez, K. J., van der Wel, H., Strauch, E. M.,
Prestegard, J. H., and West, C. M. (2020) Skpl dimerization conceals its
F-Box protein binding site. Biochemistry 59, 1527-1536 CrossRef

Xu, X., Eletsky, A., Sheikh, M. O., Prestegard, J. H., and West, C. M.
(2018) Glycosylation promotes the random coil to helix transition in a
region of a protist Skp1 associated with F-box binding. Biochemistry 57,
511-515 CrossRef Medline

Tarhonskaya, H., Sz6ll6ssi, A., Leung, I. K., Bush, J. T, Henry, L., Chowd-
hury, R, Igbal, A., Claridge, T. D., Schofield, C. J., and Flashman, E.
(2014 Studies on deacetoxycephalosporin C synthase support a consen-
sus mechanism for 2-oxoglutarate dependent oxygenases. Biochemistry
53, 2483-2493 CrossRef Medline

Robert-Gangneux, F., and Dardé, M. L. (2012) Epidemiology of and diag-
nostic strategies for toxoplasmosis. Clin. Microbiol. Rev. 25, 264—296
CrossRef Medline

Savitsky, P., Bray, J., Cooper, C. D., Marsden, B. D., Mahajan, P., Burgess-
Brown, N. A,, and Gileadi, O. (2010) High-throughput production of
human proteins for crystallization: the SGC experience. J. Struct. Biol.
172, 3—13 CrossRef Medline

Bonnici, J., Tumber, A., Kawamura, A., and Schofield, C.J. (2018) Inhibi-
tors of both the N-methyl lysyl- and arginyl-demethylase activities of the
JmjC oxygenases. Philos. Trans. R. Soc. Lond. B Biol. Sci. 373, 20170071
CrossRef Medline

Gundry, R. L., White, M. Y., Murray, C. L, Kane, L. A, Fu, Q., Stanley,
B. A, and Van Eyk, J. E. (2009) Preparation of proteins and peptides for
mass spectrometry analysis in a bottom-up proteomics workflow. Curr.
Protoc. Mol. Biol. 10, Unit 10 25 CrossRef

Jiang, L., He, L., and Fountoulakis, M. (2004) Comparison of protein pre-
cipitation methods for sample preparation prior to proteomic analysis. J.
Chromatogr. A 1023, 317-320 CrossRef Medline

SASBMB

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Hypoxia sensing prolyl hydroxylases

Huynh, M. L,, Russell, P., and Walsh, B. (2009) Tryptic digestion of in-gel
proteins for mass spectrometry analysis. Methods Mol. Biol. 519, 507—
513 CrossRef Medline

Michalski, A., Damoc, E., Lange, O., Denisov, E., Nolting, D., Muller, M.,
Viner, R., Schwartz, J., Remes, P, Belford, M., Dunyach, J. J., Cox, ],
Horning, S., Mann, M., and Makarov, A. (2012) Ultra high resolution lin-
ear ion trap Orbitrap mass spectrometer (Orbitrap Elite) facilitates top
down LC MS/MS and versatile peptide fragmentation modes. Mol. Cell.
Proteomics 11,0111.013698 CrossRef

McCafferty, J., Reid, R., Spencer, M., Hamp, T., and Fodor, A. (2012) Peak
Studio: a tool for the visualization and analysis of fragment analysis files.
Environ. Microbiol. Rep. 4, 556—561 CrossRef Medline

Kabsch, W. (2010) Integration, scaling, space-group assignment and
post-refinement. Acta Crystallogr. D Biol. Crystallogr. 66, 133-144
CrossRef Medline

Kabsch, W. (2010) Xds. Acta Crystallogr. D Biol. Crystallogr. 66, 125—132
CrossRef Medline

Emsley, P., Lohkamp, B., Scott, W. G., and Cowtan, K. (2010) Features
and development of Coot. Acta Crystallogr. D Biol. Crystallogr. 66, 486—
501 CrossRef Medline

Liebschner, D., Afonine, P. V., Baker, M. L., Bunkdczi, G., Chen, V. B.,
Croll, T. I, Hintze, B., Hung, L. W., Jain, S., McCoy, A. J., Moriarty,
N. W., Oeffner, R. D., Poon, B. K., Prisant, M. G., Read, R. ]., et al. (2019)
Macromolecular structure determination using X-rays, neutrons and
electrons: recent developments in Phenix. Acta Crystallogr. D Struct.
Biol.75,861-877 CrossRef Medline

Briinger, A. T., Adams, P. D., Clore, G. M., DeLano, W. L., Gros, P.,
Grosse-Kunstleve, R. W., Jiang, J. S., Kuszewski, J., Nilges, M., Pannu,
N. S, Read, R. ], Rice, L. M., Simonson, T., and Warren, G. L. (1998)
Crystallography & NMR system: a new software suite for macromolecu-
lar structure determination. Acta Crystallogr. D Biol. Crystallogr. 54,
905-921 CrossRef Medline

Brunger, A. T. (2007) Version 1.2 of the Crystallography and NMR sys-
tem. Nat. Protoc. 2,2728-2733 CrossRef Medline

Chen, V. B, Arendall, W. B., 3rd, Headd, J. J., Keedy, D. A., Immormino,
R. M, Kapral, G. ], Murray, L. W, Richardson, J. S., and Richardson, D. C.
(2010) MolProbity: all-atom structure validation for macromolecular
crystallography. Acta Crystallogr. D Biol. Crystallogr. 66, 12—21 CrossRef
Medline

Mitchell, A. J., Dunham, N. P., Martinie, R. J., Bergman, J. A., Pollock,
C.J., Hu, K, Allen, B. D., Chang, W-C,, Silakov, A., Bollinger, ]. M., Krebs,
C., and Boal, A. K. (2017) Visualizing the reaction cycle in an iron(II)-
and 2-(oxo)-glutarate-dependent hydroxylase. /. Am. Chem. Soc. 139,
13830-13836 CrossRef Medline

Hao, B., Zheng, N., Schulman, B. A, Wy, G., Miller, ]. ]., Pagano, M., and
Pavletich, N. P. (2005) Structural basis of the Cks1-dependent recogni-
tion of p27(Kip1) by the SCF(Skp2) ubiquitin ligase. Mol. Cell 20, 9-19
CrossRef Medline

Talavera, A., Hendrix, J., Versées, W., Jurénas, D., Van Nerom, K., Van-
denberk, N, Singh, R. K., Konijnenberg, A., De Gieter, S., Castro-Roa, D.,
Barth, A., De Greve, H., Sobott, F., Hofkens, J., Zenkin, N., et al. (2018)
Phosphorylation decelerates conformational dynamics in bacterial trans-
lation elongation factors. Sci. Adv. 4, eaap9714 CrossRef Medline

J. Biol. Chem. (2020) 295(49) 16545-16561 16561


http://dx.doi.org/10.1074/jbc.M608337200
http://www.ncbi.nlm.nih.gov/pubmed/17135241
http://www.ncbi.nlm.nih.gov/pubmed/28149961
http://dx.doi.org/10.1016/j.chembiol.2010.09.016
http://www.ncbi.nlm.nih.gov/pubmed/21168767
http://dx.doi.org/10.1007/978-1-4939-7665-2_2
http://www.ncbi.nlm.nih.gov/pubmed/29330786
http://dx.doi.org/10.1074/jbc.M112.355446
http://www.ncbi.nlm.nih.gov/pubmed/22648409
http://dx.doi.org/10.1371/journal.ppat.1007946
http://www.ncbi.nlm.nih.gov/pubmed/31348812
http://dx.doi.org/10.1021/acs.biochem.0c00094
http://dx.doi.org/10.1021/acs.biochem.7b01033
http://www.ncbi.nlm.nih.gov/pubmed/29251491
http://dx.doi.org/10.1021/bi500086p
http://www.ncbi.nlm.nih.gov/pubmed/24684493
http://dx.doi.org/10.1128/CMR.05013-11
http://www.ncbi.nlm.nih.gov/pubmed/22491772
http://dx.doi.org/10.1016/j.jsb.2010.06.008
http://www.ncbi.nlm.nih.gov/pubmed/20541610
http://dx.doi.org/10.1098/rstb.2017.0071
http://www.ncbi.nlm.nih.gov/pubmed/29685975
http://dx.doi.org/10.1002/0471142727.mb1025s88
http://dx.doi.org/10.1016/j.chroma.2003.10.029
http://www.ncbi.nlm.nih.gov/pubmed/14753699
http://dx.doi.org/10.1007/978-1-59745-281-6_34
http://www.ncbi.nlm.nih.gov/pubmed/19381606
http://dx.doi.org/10.1074/mcp.O111.013698
http://dx.doi.org/10.1111/j.1758-2229.2012.00368.x
http://www.ncbi.nlm.nih.gov/pubmed/23760901
http://dx.doi.org/10.1107/S0907444909047374
http://www.ncbi.nlm.nih.gov/pubmed/20124693
http://dx.doi.org/10.1107/S0907444909047337
http://www.ncbi.nlm.nih.gov/pubmed/20124692
http://dx.doi.org/10.1107/S0907444910007493
http://www.ncbi.nlm.nih.gov/pubmed/20383002
http://dx.doi.org/10.1107/S2059798319011471
http://www.ncbi.nlm.nih.gov/pubmed/31588918
http://dx.doi.org/10.1107/s0907444998003254
http://www.ncbi.nlm.nih.gov/pubmed/9757107
http://dx.doi.org/10.1038/nprot.2007.406
http://www.ncbi.nlm.nih.gov/pubmed/18007608
http://dx.doi.org/10.1107/S0907444909042073
http://www.ncbi.nlm.nih.gov/pubmed/20057044
http://dx.doi.org/10.1021/jacs.7b07374
http://www.ncbi.nlm.nih.gov/pubmed/28823155
http://dx.doi.org/10.1016/j.molcel.2005.09.003
http://www.ncbi.nlm.nih.gov/pubmed/16209941
http://dx.doi.org/10.1126/sciadv.aap9714
http://www.ncbi.nlm.nih.gov/pubmed/29546243

	Biochemical and biophysical analyses of hypoxia sensing prolyl hydroxylases from Dictyostelium discoideum and Toxoplasma gondii
	Results
	Hydroxylation of DdSkp1 and TgSkp1 by DdPhyA and TgPhyA
	Substrate selectivities of DdPhyA and TgPhyA
	Kinetics of DdPhyA and TgPhyA using full-length protein substrates
	2OG turnover by DdPhyA, TgPhyA, and HsPHD2
	Structural analysis of DdPhyA(60-284)

	Discussion
	Experimental procedures
	Purification of DdPhyA and DdPhyA(60-284)
	Hydroxylation and time course assays
	Kinetic assays
	Solid phase extraction MS analyses
	Trypsin digestion and MS/MS studies
	2OG turnover assays by
	NMR
	2OG binding experiments by
	edited CPMG
	NMR assignment of hydroxylation regiochemistry
	Differential scanning fluorimetry (Tm shift) assays
	Crystallization and structure determination of DdPhyA(60-284)

	Data availability
	References


