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ABSTRACT: The social amoeba Dictyostelium expresses a hypoxia inducible factor-a (HIFa) type prolyl
4-hydroxylase (P4H1) and an a-N-acetylglucosaminyltransferase (Gntl) that sequentially modify proline-143
of Skpl, a subunit of the SCF (Skp1/Cullin/F-box protein) class of E3 ubiquitin ligases. Prior genetic studies
have implicated Skp1 and its modification by these enzymes in O, regulation of development, suggesting the
existence of an ancient O,-sensing mechanism related to modification of the transcription factor HIFa by
animal prolyl 4-hydroxylases (PHDs). To better understand the role of Skpl in P4H1-dependent O, signaling,
biochemical and biophysical studies were conducted to characterize the reaction product and the basis of Skp1
substrate selection by P4H1 and Gntl. '"H NMR demonstrated formation of 4(trans)-hydroxyproline as
previously found for HIFa, and highly purified P4H1 was inhibited by Krebs cycle intermediates and other
compounds that affect animal P4Hs. However, in contrast to hydroxylation of HIFa by PHDs, P4H1
depended on features of full-length Skpl, based on truncation, mutagenesis, and competitive inhibition
studies. These features are conserved during animal evolution, as even mammalian Skpl, which lacks the target
proline, became a good substrate upon its restoration. P4H1 recognition may depend on features conserved
for SCF complex formation as heterodimerization with an F-box protein blocked Skpl hydroxylation. The
hydroxyproline-capping enzyme Gntl exhibited similar requirements for Skp1 as a substrate. These and other
findings support a model in which the protist PAH1 conditionally hydroxylates Skp1 of E3*“Fubiquitin ligases
to control half-lives of multiple targets, rather than the mechanism of animal PHDs where individual proteins

are hydroxylated leading to ubiquitination by the evolutionarily related E3Y®Cubiquitin ligases.

Skpl is a subunit of E35“Fubiquitin ligases and other protein
complexes (/). In the social soil amoeba Dictyostelium discoideum,
Skpl contains a novel hydroxyproline (Hyp)' linked pentasac-
charide. The Hyp-glycosylation pathway consists of P4H1, a non-
heme Fe(IT)-dependent dioxygenase that modifies Skp! at Pro143,
and five sequentially acting cytoplasmic glycosyltransferase
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activities encoded by three genes (2). PAHI may serve as an O,
sensor, as the enzyme has a high K, for O, in vitro (3), elevated O,
levels are required for P4H1-null cells to culminate into fruiting
bodies, and reduced O, is sufficient for P4HI-overexpression
cells (4). Reverse genetic analyses suggest that the sequential
posttranslational glycosylation events modulate the effect of
hydroxylation in hierarchical fashion (5). Based on biochemical
and genetic studies, Skpl is the only substrate for P4H1 and the
glycosyltransferases in cells and mediates the role of the pathway
enzymes on culmination and other developmental transitions (6).
As recently summarized (2), the Hyp-glycosylation pathway
appears to be widely expressed in unicellular protists including
some significant human and plant pathogens.

Among known prolyl 4-hydroxylases, PAH1 is most related to
the sequences of Egl-9 (Eggless-9), an enzyme involved in O,
regulation in Caenorhabditis elegans, and the three human homo-
logues that sense O, in humans. Egl-9 and the human PHDs
(prolyl hydroxylase domain proteins; also known as EGLNs
or HPHs) modify hypoxia-inducible factor-o. (HIFa), a subunit
of the HIFo-HIFf transcriptional factor heterodimer whose
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accumulation directly induces hypoxia response genes that
support glycolysis, angiogenesis, and erythropoiesis (7). Hy-
droxylation of Pro402 or Pro564 of HIF 1a results in recogni-
tion by the von Hippel-Lindau subunit of the E3Y®“Ub
ligase followed by degradation within the 26S proteasome. Egl-9
and human PHD1-3 are thought to serve as direct O, sensors,
in part due to their relatively high K, values for O, as a
substrate. Their activity in cells is promoted by the availability
of the cosubstrate aKG (a-ketoglutarate, a Krebs cycle
intermediate), ascorbate, and Fe(II), and inhibited by the
product succinate, other Krebs cycle metabolites, and reactive
oxygen species (e.g., refs § and 9). Much remains to be learned
about the regulation of PHDs, and the significance of addi-
tional PHD targets in animal cells (/0).

Whereas HIFa and possibly other proteins mediate PHD/
Egl-9-dependent hypoxic responses in animal cells, Dictyo-
stelium apparently lacks HIFa and the VBC complex that
recognizes it, and P4H1-dependent hypoxic responses appear
to be mediated by Skp1 (6). Conversely, though Skp1 is highly
conserved in eukaryotes, the equivalent of Prol143 is notably
absent in chordates. Interestingly, Skpl is evolutionarily
related not to HIFa but to elongin C, a subunit of the
E3VBCUb ligase that targets HIFa for degradation. The
homologous E3%“FUD ligases, conserved from yeast to hu-
mans, contain the SCF subcomplex whose Skpl adaptor links
the scaffold protein cullin-1 to an F-box protein, which presents
targets such as cell cycle and other regulatory proteins for
polyubiquitination. Analysis of the human and Dictyostelium
genomes predicts more than 50 F-box proteins (unpublished
data), potentially diversifying the pool of SCF complexes and
thereby suggesting a global role in regulation of the proteome (/7).
Interestingly, there is no evidence that P4H1 regulates the stability
of its Skpl target (6).

A biochemical analysis of substrate selection by P4AH1 was
initiated to provide insight into the mechanism of this evolu-
tionary shift between protists and animals and to reveal clues
about regulation of its hydroxylase activity. As shown here,
adoption of a direct P4H1 assay revealed similar sensitivity to
metabolic inhibitors, and '"H NMR studies demonstrated
formation of (2S5,4R)-4-hydroxy-L-proline (also known as
trans-4-hydroxyproline, Hyp), as for human PHD2 (12— 14).
However, whereas PHD2 recognizes truncated oxygen-
dependent degradation domains (ODDs) of HIFa, and peptides
as short as 15-mers have successfully been employed as
substrates, P4H1 processing of Skpl depended on global
structural attributes. Remarkably, substrate recognition is
conserved in animal Skpls. The implication that P4HI
recognition depends on conserved features important for
SCF complex formation was supported by loss of substrate
activity when Skpl was complexed with an F-box protein.
Such a recognition mechanism could explain P4H1’s apparent
high degree of specificity for Skpl and suggests how Skpl
modification may be regulated in cells. A similar dependence on
Skpl features was observed for the Hyp-capping activity of Gntl,
whose gene is phylogenetically codistributed with protist P4H1
and in some genomes appears to be encoded as a separate domain
of the same protein (2). Whereas animal PHD’s render global
effects by regulating the half-life of HIFa with transcriptional
consequences on many genes, global effects of Dictyostelium
P4H1 and its partner Gntl may be rendered by the targeting of
Skp1 alone that controls the half-lives of many proteins via the
large family of E3%“FUb ligases.
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EXPERIMENTAL PROCEDURES

Prolyl 4-Hydroxylase Assay. The 14C0,-release assay,
modified from ref 15, contained 5 pmol of HisgP4H1, 500 pmol
of Skpl, 50 mM Tris-HCI (pH 7.4), 50 uM [1-"*CJaKG (56.8
mCi/mmol; Perkin-Elmer), 5 uM Fe(I1)SO4, 1 mM ascorbate, 2.5
mM DTT, and 0.2 mg/mL catalase (Sigma bovine liver) in a total
volume of 100 uL. HissP4H1 was purified from Escherichia coli
as described (3) with modifications according to ref /5. HissP4H1,
Skpl, and other components were deposited as three separate
aliquots in a 7 mL scintillation vial with a septum lid. For
inhibition studies, P4H1 was briefly preincubated with peptides,
other Skp1A isoforms, or poly-L-Pro (M, = 10000—30000; 20000
used for concentration calculation; Sigma). The reaction was
initiated by introducing a 0.5 mL conical tube containing 200 uL.
of hyamine hydroxide into the vial, incubated on a shaker for 60
min at 29 °C, and terminated by the addition of 200 uL of MeOH
through the septum to the reaction mix. After 30 min on ice, the
14C0, reaction product was quantitated by transfer of the hy-
amine hydroxide solution to 6 mL of Optiphase HiSafe 3
(Wallac), which was analyzed by liquid scintillation counting.
14C0, values obtained in the absence of P4HI, which were
typically <10% but ranged up to 50% for some Skpl prep-
arations, were subtracted as background.

The one-step coupled *H-incorporation assay, modified from
ref 3, contained 31 fmol of HissP4H1, Dd-His¢Gnt1, or DdDp-
His,Gntl, 1-2 uM UDP-[’H]GIcNAc (40 Ci/mmol), 50 mM
Tris-HCl (pH 7.4), 10 mM MgCl,, 2.5mM DTT, 0.02% Tween-
20, 0.25 mg/mL BSA, 0.5 mM aKG, 2 mM ascorbic acid, 5 uM
FeSO,, and 0.2 mg/mL catalase in a final volume of 20 uL at
29 °C. The reaction was initiated by the addition of acceptor sub-
strate (typically 6 pmol of Skpl1A) and terminated and processed
as below.

In the two-step *H version, the initial PAH1 reaction was con-
ducted in a final volume of 10 uL in the absence of Gntl and
UDP-GIcNAc. After 15 min, the reaction was supplemented with
His¢Gntl, 1 uM UDP-GIcNAc, and 1 mM PCA (P4HI in-
hibitor) to a final volume of 20 uL. After 2 h, 85 uL of H,O was
added, and 25 uL was mixed with 1 ug of soybean trypsin
inhibitor in 8 uL of 4x Laemmli sample buffer and subjected to
SDS—PAGE. Gel slices corresponding to and surrounding the
position of trypsin inhibitor were quantitated as before (3).
Background levels in the absence of P4H1 were typically <1%.
The remaining volume was supplemented with 100 ug of bovine
serum albumin, diluted to 1 mL with cold 10 mM pyrophosphate
in 10% TCA, filtered over a Whatman GF/C filter, and quanti-
tated for °H in 9 mL of BioSafe NA.

Gntl Assay. Hydroxylated Skpl was prepared in an in vitro
reaction with HisgP4H1, and the reaction was verified to
be >95% complete based on MALDI-TOF-MS of endo Lys-C
peptides as described (6). The standard assay consisted of 0.31
uM Skpl, native purified Dd-Gntl (19), Dd-HissGntl or DdDp-
His,Gnt1, and 1 M UDP-H]GIcNAc in 50 mM Tris-HCI (pH
7.4), 5mM DTT, 0.25 mg/mL BSA, 10 mM MgCl,, and 0.02%
Tween-20 for 15 min at 29 °C, as described (19). Incorporation
was assayed by TCA precipitation and/or SDS—PAGE gel and
scintillation counting as above. Background values (<40 dpm)
from zero time incubations were subtracted.

Chimeric DdDp-HissGntl. Previous preparations of Dd-
Gntl isolated from E. coli contained chaperonins (/9) that might
interfere with enzyme activity. The related species Dictyostelium
purpureum contains a predicted Gntl orthologue that lacks a
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stretch of 80 Asn residues and other Asn-rich inserts, as com-
monly found in D. discoideum proteins (20). A hybrid coding
sequence was generated from the 16 amino acid exon 1 of Dd-
Gntl and exon 2 of Dp-Gntl (see Supporting Information). The
resulting chimera encodes native Dp-Gntl with five conservative
substitutions in the first eight amino acids at positions whose
amino acids are not well conserved among Dictyostelium Gntls.
DdDp-Gntl was expressed in E. coli Gold cells by induction with
I mM IPTG for 15h at 22 °C. A soluble extract was prepared and
adsorbed onto a 1.2 mL Ni**-HP Sepharose column (GE
Healthcare), which was washed with 5 mM and then 60 mM
imidazole in 50 mM Tris-HCI (pH 7.4) and 0.5 M NaCl, and
eluted with a 60—1000 mM gradient of imidazole in the same
buffer. DdDp-Gnt1 was immediately desalted over a PD10 column
into 50 mM Tris-HCI (pH 7.4), 5 mM MgCl,, and 2 mM DTT,
and aliquots were frozen at —80 °C.

Skpl Preparations. The purification of Dd-His;(Skp1A from
E. coli over a Ni** column was as described (27). Dd-SkplA-
(P143A) was purified from E. coli using DEAE-Sepharose Fast
Flow, phenyl-Sepharose fast flow (Hi-Sub), and Source 15Q
columns under nondenaturing conditions as described (3). Native
Skp1A and the mutants SkplA 1 and Skpl1A2 (17) were expressed
and purified similarly. Dd-FLAG-Skp1 was purified from the
S100 fraction of stationary stage Dictyostelium using a Sepharose
M2-antibody column (Sigma) and elution with 3X-FLAG pep-
tide as described (6).

Skp1 Cys mutants were generated by site-directed mutagenesis
of pET19b-SkplA (3), using primers listed in Supporting In-
formation Table S1, according to the Stratagene QuikChange
protocol. Multiple mutations were generated using multi-
ple primer pairs simultaneously.

Hs-FLAG-OCP-2 (Skpl isoform b) and FLAG-OCP-2 (E147P)
from human and Skrl and Skr2 cDNAs (22) from C. elegans (see
Supporting Information) were expressed in E. coli and purified
by virtue of their FLAG tags as above.

Pro- or Hyp-containing Skp1 peptide;s7—149 and peptide;s3—1ss
were previously described (5, 18). Peptide;r;—14> Was released
from carboxamidomethylated His;oSkplA and in vitro hydro-
xylated Skp1A (see NMR section below) by treatment with CNBr
as described (76), except that CNBr was dissolved in 70% (v/v)
CF;COOH (Pierce), and Skp1 was incubated at 4 °C for 16 h. The
sample was diluted in a 5-fold excess of water and then taken to
near dryness by vacuum centrifugation. The sample was resolu-
bilized by the addition of 10% (v/v) CF;COOH in water, and
after clarification by centrifugation, the supernatant was injected
onto a Cg (Discovery Bio Wide Pore; Supelco) column and eluted
with a conventional CH;CN gradient in 0.1% CF;COOH.
Skplix3—16 eluted as an isolated peak based on 4,;s. Its identity,
purity, and absence of chemical modifications other than alkyla-
tion of C156 were confirmed by MALDI-TOF-MS (data not
shown). Peptides;_ 2, was insoluble.

Skpl Pretreatments and Alkylation. Skpl preparations
were heated at 60 or 100 °C for 15 or 3 min, respectively, or
brought to 6 M urea by addition of crystals and heated to 60 °C
for 15 min. Urea was taken to <4 mM by cycles of concentration
and dilution with 50 mM Tris-HCI, pH 7.4, 5 mM MgCl,,
0.1 mM EDTA, 1 mM DTT, and 15% (v/v) glycerol in a
Nanosep-10K Omega centrifugal concentration device (PALL).
Samples were brought to pH 2.5 by addition of 0.1 M glycine
hydrochloride, incubated at 4 °C for 12 min, restored to
neutrality by addition of 1 M Tris-HCI, pH 8.2, and buffer
exchanged as above.
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For alkylation, DTT was added to 7 mM, iodoacetamide was
added to 17.5 mM, and the sample was incubated for 1 h at 22 °C
in the dark. The reaction was quenched by the addition of DTT to
a final concentration of 20 mM added and buffer-restored as
above. Alkylation of urea-treated Skpl was conducted in the
presence of 6 M urea as above.

The Skpl preparations (500 pmol) were analyzed after HPLC
purification on a Supelco Cg column MALDI-TOF-MS, as
described (3, 6). For further analysis, samples were digested with
endo Lys-C (1:100 (w/w); Wako) in | mM DTT in 0.1 M Tris-
HCI, pH 9.2, at 37 °C for 20 h. The sample was analyzed directly
by MALDI-TOF-TOF-MS in positive ion mode using a-cyano-
cinnamic acid as the matrix or first fractionated by HPLC as
before (6). Except for low abundance ions corresponding to
disulfide-linked peptides (including to self) attributable to ad-
ventitious associations, essentially all observed ions could be
assigned as modified or unmodified Skpl peptides.

Isolation of the SkplA/FbxA Complex. pET19b-Skpl-
FbxA (see Supporting Information) was transfected into ER2566
competent cells (NEB). At ODsgs of 0.5—0.6 in LB-ampicillin,
cultures were shifted from 37 to 22 °C, and Skp! and Hiss-AN-
FbxA coexpression was induced by addition of 1 mM IPTG.
After 16 h, cells were recovered in 20 mM Tris-HCI (pH 8.0) and
resuspended in cell lysis buffer (100 mM Tris-HCI, pH 8.2, 5 mM
benzamidine, 0.5 ug/mL pepstatin A, 5 ug/mL leupeptin and
aprotinin, 0.5 mM PMSF, and 1 mg/mL lysozyme) using a
Dounce tissue grinder. Cells were lysed using a French pressure
cell and supplemented with 10 ug/mL DNase and 50 ug/mL
RNase. The mixture was purified on a Ni*"-column as above. In
some trials, the Skp1-Hiss-AN-FbxA complex was further pur-
ified by Q-Sepharose ion-exchange chromatography or gel
filtration.

Circular Dichroism. SkplA was purified essentially to
homogeneity and analyzed at 0.2 mg/mL in 210 uL of 10 mM
Tris-HCI (pH 7.4), 5 mM MgCly, 0.1 mM EDTA, and | mM
DTT in a N»-purged 1.0 mm quartz cuvette on a Jasco J-715
spectropolarimeter operated at 1.0 nm bandwidth in 1 nm steps.
Three spectra were summed for final readout. For secondary
structure prediction, the Jasco mdeg data files were converted
into molar ellipticity per residue and analyzed using three
predictors (SELCON3, CDSSTR, and CONTINLL), in CDPro
(http://lamar.colostate.edu/~sreeram/CDPro/main.html), using
reference file no. 4 for soluble, nonmembrane proteins. Averages
are shown since all predictors were within 7% agreement.

NMR Spectroscopy. SkplAl (1.6 mg) was modified to near
completion using HisgP4H1 in a reaction containing 0.5 mM
oK G and purified on a Phenomenex Cs column in an ascending
gradient of CH3CN in 0.1% CF;COOH. Skp1 was digested with
endo Lys-C, and the peptides were fractionated on a Phenomenex
Ci» column on a Pharmacia SmartSystem, yielding 60 nmol
(based on calculated extinction coefficient at 260 nm) of the
peptide NDFTP*EEEEQIRK, where P* refers to the
modified Pro.

The two model dipeptides containing Hyp or hyp were
synthesized by condensing Fmoc-Thr(OtBu)-OH with the methyl
amide of the appropriate prolylamine. The Fmoc group was
employed to minimize epimerization of the Ca. stereogenic center
of the Thr residue during this relatively sluggish peptide bond
formation. The Fmoc group was subsequently removed by
p-elimination and the N-terminus acetylated. The terz-butyl
ethers were cleaved under mildly acidic conditions and the
dipeptides purified by RP-HPLC. The methods will be published
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separately,” and structural confirmations based on NMR are
shown in Supporting Information Figures S2 and S3.

"H NMR spectra were acquired at either 500 MHz on a Varian
INOVA instrument with a standard triple-resonance probe or at
900 MHz on a Varian VNMRS instrument using a triple-
resonance cold probe, at the Rocky Mountain regional NMR
facility at the University of Colorado Denver, Anschutz Medical
Campus. One-dimensional spectra were acquired in D,O in a
Shigemi S mm NMR tube with 32768 data points over a 14535 Hz
spectral width (900 MHz) or 5636 points over a 2500 Hz spectral
width (500 MHz), with a 1.7 s preparatory delay. Gradient COSY
spectra at 900 MHz were acquired with a 14535 Hz spectral width
in the direct dimension and 8500 Hz spectral width in the indirect
dimension, collecting 32768 points in the direct dimension and
700 increments. At 500 MHz, gCOSY spectra were acquired with
2500 Hz spectral widths in both dimensions, collecting 5636
points in the direct dimension and 1024 increments. Two-dimen-
sional spectra were processed with a sine bell weighting function
in both dimensions.

RESULTS

P4HI Assays. The hydroxylation of Prol43 of Skpl by
P4H1 and its subsequent substitution by GlcNAc, mediated by
Gntl, are illustrated in Figure 1A. The prediction that the
hydroxylisinstalled at the 4-position in the trans configuration (2)
is verified below. Potential conformational consequences are
inferred from studies on HIFa (/4). In a previous study, E.
coli-expressed His¢P4H1 was shown to modify E. coli-expressed
Dd-His;oSkpl in a coupled reaction in which the hydroxylated
product of the reaction was radioactively labeled by Gntl in the
presence of UDP-[?H]GIcNAc (3). To avoid potential effects of
epitope tags, which can affect hydroxylation in vivo (6) and
denaturation when desorbing from antibody affinity columns,
Dd-SkplA was expressed as its native sequence and chromato-
graphically purified to near homogeneity under nondenaturing
conditions (Supporting Information Figure S1). To avoid po-
tential influence of Gntl on P4H1, a two-step version, in which
the P4H1 and Gntl reactions were conducted sequentially, was
implemented and found to depend on incubation time and Skpl
concentration (Figure 1B). Dd-Skp1A (P143A) was inactive (see
below), indicating specificity for P143, the in vivo modification
site. Activity was not stimulated or inhibited by addition of desalted
cytosolic extract from P4H 1-null stationary phase Dictyostelium
cells (data not shown).

Separate assays for Gntl (shown later) and P4H1 were
developed to analyze effects on each enzyme individually. P4H1
was assayed by conversion of the cosubstrate [1-"*ClaKG to
"C0, and succinate. The standard reaction yielded time-depen-
dent formation of '*CO, that was linear at 1 h and dependent on
the level of P4H1 (Figure 1C). Activity was dependent on Pro143
(see below). The specific activity corresponded to one reaction
cycle per 10 s, assuming all protein is active and after correction
for suboptimal levels of "“C-0K G, which was comparable to that
of the *H-coupled assay. Consistent with this, addition of
stoichiometric levels of Gnt1 and/or UDP-GIcNAc did not affect
the '*C-release results (data not shown), indicating the Gnt1 does
not activate or inhibit P4H1. In comparison, the '*C assay was
up to 1000-fold less sensitive and subject to variable back-
ground levels presumably attributable to contaminating

2C. V. Karaunaratne and C. M. Taylor, unpublished data.
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non-heme dioxygenases in the Skpl preparations. Although
insufficient material was available for systematic kinetic analyses,
dependence on Skpl A concentration (data not shown) suggested
that the previous K, estimate of 0.2 uM, based on the coupled
one-step “H assay of Dd-His;oSkpl (3), is about an order of
magnitude too low. In the less sensitive '*C assay, this version of
Skpl exhibited variable activity, which might be due to Fe*"
chelation by high concentrations of the His, tag.

P4H 1. Inhibition by Metabolites and Small Molecules.
The effects of small molecules known to inhibit human PHD2
were analyzed using the '*C assay. In the presence of 0.05 mM
aKG, 0.1 mM succinate (enzyme product) and fumarate ex-
hibited minimal effect, whereas modest inhibition was exhibited
by citrate and oxaloacetate (Figure 1D). Inhibition of 50—70%
occurred at 1 mM for each of the four Krebs cycle intermediates,
with greater inhibition occurring at 10 mM. These parallel effects
on mammalian PHD2 (8) and raise the possibility of metabolic
regulation of P4H]1 activity as suggested in mammalian cells.

HisP4H1 was also inhibited by the chelators a,o’-dipyridyl
and EDTA (not shown), the aK G antagonists DMOG and PCA,
and CoCl, (Figure 1D). The concentrations are similar to those
affecting the mammalian enzymes and are consistent with
inhibitory effects of o,a-dipyridyl and ethyl-PCA on Skpl
hydroxylation in cells (17).

P4HI Product Analysis. The configuration of hydroxypro-
line was predicted to be (25,4 R)-4-hydroxy-L-proline (or trans-4-
hydroxyproline, Hyp), but because positional (3 or 4) and regio
(cis or trans) isomers can occur, the product of the P4H1 reaction
was identified to assess homology with animal PHDs. Skpl was
in vitro hydroxylated as above, and after endo Lys-C digestion,
approximately 60 nmol of the NDFTP*EEEEQIRK peptide was
purified by conventional HPLC (data not shown). As shown in
the gCOSY spectrum (25), the hydroxyproline spin system is
unique in that four (H-2, -4, -5a, and -5b) of the six 'H signals are
downfield in the H-a region of the spectrum (Figure 2A),
indicative of hydroxylation at C4. The H-2 signal of the hydro-
xyproline did not overlap with other signals (Figure 2B) and
showed two large J couplings to H-3a and H-3b (J53, ® Jo3p =
8.7 Hz). Similarly, the H-5a and H-5b signals were resolved and
showed a large geminal coupling (Js, 55 = —11.8 Hz) as well as
two smaller three-bond couplings to H-4 of 3.6 and <1.5 Hz. The
H-3/4 J-couplings were not possible to extract as the H-4 signal is
complex (split by four other three-bond couplings) and was
partially overlapped with another H-a signal; the H-3a and H-3b
signals were overlapped with other aliphatic proton signals. The
relative stereochemistry of substituents on the pyrrolidine ring
was assigned by comparison with diastereomeric synthetic dipep-
tides that varied in their configuration at C4 of proline: Ac-L-Thr-
L-Hyp-NHMe and Ac-L-Thr-L-hyp-NHMe [hyp = (25,45)-4-
hydroxy-L-proline, also known as cis-hydroxyproline]. The
N- and C-termini were blocked as amides (Ac and methyl,
respectively) to emulate the larger peptide backbone. The spectra
of these smaller peptides were accumulated at 500 MHz ('H),
both for 1D spectra where relevant regions are shown in
Supporting Information Figure S2 and for 2D gCOSY spectra
(Supporting Information Figure S3). Both stereoisomers showed
major and minor forms due to cis/trans isomerization about the
peptide bond that is slow on the NMR time scale. For the (2S,4R)
dipeptide (Supporting Information Figure S2A) the three-bond
H-2/H-3 couplings of the hydroxyproline were both large
(J23a = 19 Hz, J,3, = 9.5 Hz). These coupling constants are
typical of the Cy-exo conformation of the pyrrolidine ring that is
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A. Proposed scheme of Skpl hydroxylation and glycosylation
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FIGURE 1: Prolyl hydroxylase assays and effects of inhibitors. (A) Proposed reaction scheme of PAH1 and Gntl1. The Thr-Pro143 dipeptide, preceded
by a coil and succeeded by an a-helix in Skp1 (see Figure 3C), is illustrated. At left, the cis—trans equilibrium around the connecting peptide bond is
represented. 4(trans)-Hydroxylation, catalyzed by PAH 1, is expected to reinforce equilibrium in favor of the #rans peptide bond and promote the Cy-
exo pyrrolidine conformation, based on studies with HIFa (/4). Gntl catalyzes addition of GIcNAc, predicted to be in a-linkage (2). (B) Coupled,
two-step *H assay. The basic reaction was conducted for 15 min, followed by termination with PCA, supplementation with UDP-[*H]GIcNAc and
Gntl, and incubation for an additional 2 h. The reaction product was detected as incorporation of *H into the Skp1 band after SDS—PAGE. SkplA
concentration and reaction time were varied as indicated. Doubling the Gntl concentration had no effect on activity indicating sufficient enzyme for
maximal conversion to product. 100% incorporation under standard conditions represented 19300 dpm. (C) Time and concentration dependence of
the "*C-release assay. The indicated amount of purified HisgP4H1 was 1ncubated with purified 10 uM SkplA in the presence of [I-"*CJoaKG,
ascorbate, and FeCl, for the time indicated. Activity was assayed as released '“CO,. Background activities of P4H1 alone and Skp! substrate alone
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FIGURE 2: Skpl product analysis by '"H NMR. A scaled-up version of the reaction shown in Figure 1C was performed, and the hydroxylated
product was recovered and digested with endo Lys-C. 60 nmol of the 13-mer peptide corresponding to NDFTP*EEEEQIRK, where P* refers to
the modified Pro, was purified to homogeneity, exchanged to D,O, and analyzed at 900 MHz. (A) 2D gCOSY spectrum; relevant cross-peaks of
the hydroxyproline spin system are indicated. (B) 1D 'H spectrum; pertinent signals are marked.

favored for Hyp (26, 27). The H-5a/H-5b coupling was —11.7 Hz,
and the two H-4/H-5 couplings were <1.5 and 3.6 Hz, similar to
those of the Skp1 peptide. For the (25,4S) dipeptide (Supporting
Information Figure S2B) the H-2/H-3 couplings were signifi-
cantly different (J5 3, = 9.2Hz, J, 3, = 4.7 Hz). This is consistent
with the Cy-endo conformation of the pyrrolidine ring that is
favored for hyp (26, 27). The Js, 5, = —11.0 Hz was similar to the
(2S,4R) diastereomer, but the H-4/H-5 couplings were different
(J450 = 5.0Hzand Jy 5, = 3.6 Hz). Thus the hydroxyproline spin
system of the Skpl peptide closely matched that of Ac-L-Thr-L-
Hyp-NHMe, not Ac-L-Thr-L-hyp-NHMe, indicative of the (25,4 R)
absolute stereochemistry. Interestingly, the Ac-Thr-Hyp-NHMe

dipeptide exists as a 6:1 ratio of rotamers about the prolyl amide
bond (Supporting Information Figure S2A) while the 13-mer
derived from the native Skpl protein (Figure 2B) presents as
almost a single species. This is attributed to the increased steric
requirements of the extended peptide backbone compared to the
capping functionality in the model compounds (28).

P4HI: Low Activity of Peptides. To testif the local region
around Prol43 is sufficient for substrate activity, a previously
described (/8) synthetic peptide corresponding to Skpl;33—iss
(23-mer), whose position in Skpl is depicted in Figure 3A, was
examined. Less than 15% activity was detected at 100-fold over
the standard Skp! concentration using the '*C assay (Figure 4A).
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FIGURE 3: Summary of mutant constructs. (A) Wild-type, mutant, and truncated Skp1 sequences are illustrated. Positions of the target Pro143,
the S39A polymorphism which distinguishes Skpl1A from Skp1B, the five Cys residues, and mutated amino acids are indicated (see Supporting
Information Figure S4 for sequence). C89 and C156 are differentially colored to indicate their accessibility in the native protein. Corresponding
substrates for Gntl were prepared by exhaustive hydroxylation by P4H1. Substrate activities of the Skp1 preparations toward P4H1 and Gntl,
from this study, are summarized: +-+ = normal activity; + = low activity; — = no activity detected. (B) Crystal structure of Skp1 excerpted from
a complex of Arabidopsis thaliana Ask1 (Skpl) with the TIR1 F-box protein and auxin (ref 32; PDB 2P1N) using PyMol. Pro143 isin red; S atoms
of Cys residues (substituted according to the Dictyostelium sequence based on the alignment in Supporting Information Figure S4) are in yellow;
the 40-mer peptide (with polar contacts shown) is in magenta; the consecutive point mutations of Skpl1A2 are in blue. (C) Amino acids 8—74 of

TIR 1, which includes its F-box domain, are included in mauve.

Similar results were obtained using Skpl37—149 (13-mer). Lower
concentrations of these peptides had proportionately less activity
(data not shown). Finally, a 40-mer centered on P143, corre-
sponding to the magenta-colored region in Figure 3B, was
purified from Skp1 after cleavage with CNBr. At a 10-fold higher
concentration, Skplirz—1¢> also exhibited minimal acceptor
activity. These results contrast with human PHD2, which exhibits
substantial activity toward peptides of HIF1a (24).

A competition assay was employed to address if the peptides
can bind P4H1. At a concentration excess of 100-fold, the 13- and
23-mers began to exhibit minimal inhibition of SkplA hydro-
xylation using the *C assay, not seen with either the correspond-
ing hydroxylated 23-mer or with poly-L-Pro (Figure 4B). These
effects were not as pronounced using the one-step coupled assay,
suggesting a higher sensitivity of the '*C assay for decreased
activity as discussed below. In comparison, a 6-fold excess of
SkplA (P143A), inactive as a substrate, inhibited the reaction by
40—70% (depending on which assay), and activity was reduced to

<10% by a 36-fold excess of the mutant protein. This suggests
that P4HI1 recognition involves determinants on Skpl not
presented by the peptides, because they either lie elsewhere in
the protein or require conformational constraints imposed by the
full-length protein.

P4H 1. Denaturing Treatments of Skpl. To examine the
significance of its folded state, Skpl was subjected to various
denaturing treatments. Remarkably, heating to 60 or 100 °C did
not affect activity (Figure 4C), though it did reduce background
attributable to contaminating aKG-dependent dioxygenases
(not shown).

Circular dichroism (CD) studies were employed to address the
folded state of Skpl before and after heating. Skpl showed
substantial secondary structure predicting 51% a-helix, 9%
p-sheet, and 17% turn content at 22 °C (Figure 5A), similar to
values of 46% a-helix and 5% f-sheet inferred from a crystal
structure with an F-box protein (Figure 3C). These features were
partially lost at 80 °C but mostly restored upon return to 22 °C,
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FIGURE 4: Substrate activity of Skpl peptides and denatured, alkylated, and mutant Skpls. (A) Comparison of Skp1 peptides and poly-L-Pro
with SkplA, provided at the concentrations indicated, using the '*C-release assay. Average values from two to three independent trials, =2SEM,
are shown. (B) Effects of peptides and mutant Skpl A3(P143A) on the reaction with Skp1A using either the '*C-release assay (SkplA = 5 M) or
the coupled, two-step *H assay (Skpl = 0.63 uM). (C) Skp1A was subjected to denaturing conditions and/or alkylation with iodoacetamide and
restored to native reaction buffer as required. Recovery was verified by SDS—PAGE (Supporting Information Figure S1). (D) The five Cys-Ser
mutant SkplA(5CS) and SkplA(C156S) were untreated or alkylated (without urea). Data are presented as average values = SEM (100% =
12000—36000 *H dpm; 8000—16000 *C dpm). (E) Mapping of alkylation sites. After iodoacetamide treatment in the presence or absence of 6 M
urea, Skpl samples were digested with endo Lys-C and analyzed by MALDI-TOF-MS. Ion currents corresponding to alkylated Cys-peptides,
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indicative of substantial refolding. A subsequent heating cycle to
95 °C and back yielded an identical result, and a time course
analysis revealed gradual loss and recovery of secondary struc-
ture elements during the temperature change regimes (Figure 5B).
After two heating cycles and return to 22 °C, the analysis pre-
dicted 15% less a-helix that was partially replaced by increased
p-sheet and turn content. This suggested that Skpl1 is a structured

protein that readily partially refolds and reacquires acceptor
activity after heat-induced denaturation.

Pretreatment of Skpl with 6 M urea had no effect on acceptor
activity using either assay, suggesting refolding after denatura-
tion as observed after heating. Pretreatment with pH 2.5 reduced
activity to 50% using the "*C-release assay but not the coupled
assay. The reason for the discrepancy is not known, but other
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FiGure 5: Circular dichroism analysis of SkplA. (A) Far-ultraviolet
spectra were collected at 0.2 mg/mL in a 1 mm cuvette at 22 °C and
after heating to 80 °C, recycling to 22 °C, returning to 95 °C, and back
again to 22 °C. (B) Time course analysis at 220 nm with temperature
varying at 2 °C/min. Data are representative of trials from two
independent Skp1 preparations.

results also indicate that the '*C-release assay is more sensitive,
possibly due to differences in the reaction conditions, which
include a suboptimal concentration of 0K G, and shaking during
the reaction. Thus exposure to pH 2.5, previously used to purify
myc-tagged versions of Skpl by affinity chromatography, had a
modest inhibitory effect on Skpl activity.

P4HI: Low Activity after Skpl Cys Modifications.
Alkylation of urea-treated Skpl with iodoacetamide decreased
acceptor activity by about 80% (Figure 4C). Similarly, convert-
ing all five Cys residues to Ser residues by site-directed mutagen-
esis (see Figure 3) reduced activity by about 70% (Figure 4D),
and alkylation rendered no further effect as expected. SDS—
PAGE analysis confirmed recovery of Skpls after treatments
(Supporting Information Figure S1). In contrast, alkylation in
the absence of urea only slightly diminished activity (Figure 4C),
and Skpl bearing a C156S substitution exhibited nearly normal
activity even after alkylation. Sites of alkylation were mapped to
interpret the significance of these observations.

MALDI-TOF-MS analysis of SkplA exposed to 7mM DTT
and alkylated in the absence of urea indicated addition of two to
three acetamide groups per polypeptide, whereas treatment in
urea showed quantitative modification of all five Cys residues
(data not shown). Analysis of endo Lys-C-generated peptides
from the non-urea sample by shotgun MALDI-TOF-MS showed
that C89 was carboxamidomethylated and C156 was ~50%
alkylated (Figure 4E). In contrast, all five Cys peptides were
alkylated in the urea-treated sample (except that C156 remained
half-alkylated, suggesting intrinsic resistance to derivatization).
Similar results were observed in scans of HPLC-fractionated
samples (data not shown), indicating that calculations were not
biased by selective suppression of select peptides. Thus C22, C58,
and C116 (positions shown in Figure 3B) are normally protected
from alkylation consistent with the CD data that Skpl is folded in

van der Wel et al.

normal buffer. Modification of these same residues by alkylation
or mutagenesis selectively inhibited substrate activity, consistent
with the peptide studies indicating the importance of regions
distant from Pro143.

Since Hs-Skp1 (human) was previously reported to dimerize at
high concentrations (29), we considered its potential influence on
substrate activity. However, gel filtration and multiangle light
scattering comparisons of native, alkylated, and Cys-mutated
Skpls at concentrations used in the enzyme assays offered no
evidence for dimerization (data not shown). Skpl does have a
tendency to form dimers during SDS—PAGE, which was dimin-
ished using 50 mM DTT and by the Cys mutations (data not
shown), but Cys residues important for substrate activity appear
to be buried, and no evidence for substantial disulfide bonding
was noted in the MALDI-TOF-MS studies.

P4HI: Activity of Other Skpl Mutants. Previous work
showed that mutants SkplAl-myc, SkplA2-myc, and FLAG-
Skpl are, unlike otherwise normal SkplA-myc, poorly hydro-
xylated when expressed in growing cells (30, 17, 6). As shown in
Figure 3, these differences also map to the N-terminal subdomain
of Skpl, which is primarily associated with cullin binding (3/).
Modestly reduced activity (60%) was observed for Skpl A2 using
the "C-release assay (the lower activity using the *H assay was
due to a strong effect on Gntl, as shown later). However, the in
vitro reactions showed nearly normal acceptor activity for
SkplA1 and FLAG-Skp1 (Figure 4F). Thus poor modification
of SkplA2-myc in cells could be explained by weak substrate
activity toward P4H1, but the poor in vivo modification of
SkplAl-myc and FLAG-SkplA requires some other explana-
tion. The amino acid changes map to the opposite end of Skpl
from P143 (see Figure 3) and imply that hydroxylation in vivo is
subject to positive regulation by a mechanism that is distinct from
intrinsic P4H1 substrate activity and is inhibited by these
N-terminal changes.

Conservation of Skpl Recognition. Animal Skpls were
examined to test whether P4HI recognition determinants are
conserved in organisms whose PHDs modify HIFa rather than
Skpl and whose genomes lack downstream glycosyltransferase
genes (33). A Skpl (Skrl) from the roundworm C. elegans, which
contains the equivalent of Prol43, and Skpl (OCP2) from
human, which lacks Prol43, were expressed with N-terminal
FLAG tags and purified (Figure 6A). These Skpls have similar
lengths and are 58% and 65% identical, or 76% and 80% similar,
respectively, to the Dd-Skpl sequence (see alignment in Support-
ing Information Figure S4). Remarkably, Ce-FLAG-Skr1 was as
good as an acceptor using the coupled, one-step P4H1 assay as
Dd-FLAG-Skpl (Figure 6B). Modification appeared to be
specific for the equivalent of Pro143, because Ce-FLAG-Skr2,
an isoform whose Pro is replaced by Ala, is not an acceptor.
Although it is not known if FLAG-Skrl is a substrate for Egl-9
(the C. elegans PHD that hydroxylates HIFa), a crude desalted
soluble extract of a mixed culture of C. elegans adults and larvae
failed to modify Dd-SkplA.*> Human FLAG-Skp1, which when
overexpressed complements deletion of Saccharomyces cerevisiae
Skpl (34), was not an acceptor. Surprisingly, a mutant form of
Hs-FLAG-Skpl (E147P) in which the Pro was restored was a
good acceptor, exhibiting >20% specific activity at the concen-
tration tested. However, Hs-FLAG-Skp1 (E147P) was not modi-
fied in the presence of a dialyzed rabbit reticulocyte lysate reported
to efficiently hydroxylate HIFo (35).° Since the comparisons

3Y. Xu, X. Yu, H. H. van der Wel, and C. M. West, unpublished data.
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FIGURE 6: P4H1 and Gntl modify animal Skpls. Skpl isoforms from C. elegans (Skrl and Skr2) and H. sapiens (OCP-2, or isoform B), and
mutant OCP-2(E147P), were expressed as N-terminally FLAG-tagged proteins in E. coli and purified by means of their FLAG tags. (A)
SDS—PAGE analysis followed by staining with Coomassie blue for total protein. (B) Analysis of P4H1 acceptor activity of 0.31 uM FLAG-
Skp1’s using the coupled, one-step *H assay. Data are representative of two independent trials at different concentrations.

were performed using the coupled, one-step *H assay, these Skpls
are also substrates for the subsequently acting Gnt1. Thus, deter-
minants important for PAH1 and Gntl recognition are conserved
in animal Skpls, despite not being under purifying selection for
this activity, which suggested that the enzymes may recognize
features important for SCF complex formation.

Skpl—FbxA Complex. In cells, Skpl forms a stable com-
plex with F-box proteins (e.g., Figure 3C), which are generally
insoluble when expressed separately from Skpl (36). To test
whether heterodimerization with an F-box protein affected
activity, Skpl was coexpressed in E. coli with His¢-AN-FbxA,
a previously described N-terminally truncated form of a Dictyo-
stelium F-box protein important for slug morphogenesis (23, 37).
As expected, a fraction of His¢-AN-FbxA was soluble when
expressed with Skpl, but not in its absence (data not shown),
suggesting formation of a possible native complex as occurs in
cells. Purification of Hisg-AN-FbxA by virtue of its N-terminal
Hisg tag resulted in copurification of Skpl (Figure 7A,B). No
acceptor activity was detected using the sensitive coupled *H
assay (Figure 7C), compared to high activity of an equivalent
amount of Skpl in a parallel assay. Similarly, no activity was
detected using the '*C assay (Figure 7D), indicating that inhibi-
tion occurred at the P4H1 step. Inclusion of additional free Skpl
yielded expected activity (Figure 7E), excluding the possibility of
an adventitious inhibitor. Similar results were obtained after
further purification of the complex by anion-exchange chroma-
tography or gel filtration (data not shown). The results are con-
sistent with a model in which determinants for PAH1 and F-box
recognition overlap, as suggested by the evolutionary compar-
ison above.

Gntl Studies. The apparent joining of P4H1- and Gntl-like
coding regions as separate domains within the same gene of some
protist genomes led to the prediction that the two enzymes may
normally act in concert and that Gntl has the same or relaxed
specificity requirements (33, 2). In an earlier study, Gntl was

assayed using mutant SkplAl-myc, which when expressed in
Dictyostelium accumulates as a mixture of unhydroxylated, hy-
droxylated but not GleNAc-modified, and other isoforms (30, 18).
To generate a wild-type substrate, HO-SkplA was prepared as
above (Figure 2), and for comparison, hydroxylated versions of
mutant SkplAl, SkplA2, and SkplA (5CS) were prepared.
Assay conditions were developed in which the reaction was
dependent on time (Figure 8A), though the Skpl concentration
was close to saturation consistent with the previously estimated
K, of 0.56 uM (18). Unlike the coupled assays of P4H1 in which
Gntl was in excess to promote efficient conversion of P4HI
product, Gntl levels were limiting to permit initial velocity
measurements before >10% substrate was converted. Native
Dd-Gntl, and Dd-His¢Gntl and DdDp-HisgGnt1 from E. coli,
yielded similar results so the latter chimera, essentially the ortho-
logue from D. purpureum, is shown because it lacks a poly-Asn
tract that interferes with expression and purification from E.
coli (18). The specific activity toward DdDp-HissGnt1 was about
0.2/min, lower than the 1/s value expected for a glycosyltransfer-
ase but an improvement over the 1/h reported previously (/8).
Under these conditions, Gntl activity was not affected by the
presence of P4H1 (Figure 8A) or by the addition of desalted
cytosolic extracts from Dictyostelium strains that are null for
Gntl or both Gntl and P4H1* (data not shown).

Although synthetic 13-mer and 23-mer Hyp peptides (see
Figure 3A) were substrates, their activities were much lower even
at 5000-fold higher concentration (Figure 8A), consistent with a
previous study (/8). The 40-mer Hyp peptide was also a poor
substrate at the lower concentration tested. These peptides and
their Pro counterparts were also ineffective inhibitors, except for
a slight effect of the 23-mer at a 1000-fold concentration excess
that was specific for the Hyp relative to the Pro form (Figure 8B).
In contrast, two full-length Skp1 isoforms lacking Hyp143 each

“D. Zhang, H. van der Wel, and C. M. West, unpublished data.
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FIGURE 7: Skpl complexed with FbxA is not a substrate. SkplA and Hise-AN-FbxA were coexpressed in E. coli and purified by Ni?*-IMAC. (A)
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SkplA in fraction 7 (lane 1) and SkplA in a SkplA preparation (lane 2); blots were used to estimate relative levels of Skp1A for the assays. (C)
Coupled, one-step *H assay showing absence of acceptor activity for the purified SkplA/FbxA complex, in comparison with a similar level of free
SkplA in a parallel reaction. (D) Similar analysis using the '*C-release assay. (E) Addition of an equal amount of free Skp1A to the reaction with
SkplA/Hisg-AN-FbxA resulted in near normal acceptor activity. Data are representative of two independent experiments.

inhibited the reaction by 70% at 36-fold excess (Figure &B).
Inhibition by non-Hyp containing Skpl may be mediated by
determinants distant from the active site of Gnt1 and Hyp143.

Mutant HO-SkplA1 (see Figure 3A), inefficiently modified
when expressed as its C-terminally myc-tagged form in cells, was
a robust Gntl substrate in vitro with activity comparable to that
of wild-type HO-Skp1A (Figure 8C). Since the C-terminal myc
tag did not affect modification of normal SkplA-myc, an
unknown inhibitory factor(s) is implicated in vivo. In contrast,
mutant HO-Skp1A2 was a poor in vitro acceptor, which mirrored
the weak activity toward HisqP4H1 (Figure 4F). As also noted
for the P4H1 reaction, denaturing treatments including heat or
urea, or alkylation with iodoacetamide, had minimal effect on
substrate activity, whereas alkylation in the presence of urea was
modestly inhibitory (Figure 8C). Consistent with the latter result,
replacement of all five Cys residues with Ser was inhibitory albeit
to an even greater extent (>90%). In summary, the similar
profiles of substrate acceptor sensitivity suggest that P4H1 and
Gntl have related mechanisms for recognizing and modifying
Skpl.

DISCUSSION

P4H1 fulfills many criteria to be considered the Dictyostelium
orthologue of HIFa-type PHDs, previously thought to be animal
specific. Earlier studies established the non-heme dioxygenase
character of P4HI including reliance on aKG and ascorbate,
high K, for O,, and role in O,-dependent development (3, 4). The
present study shows that P4HI1 catalyzes the stereoselective
oxidation of Prol43 to (2S,4R)-4-hydroxy-L-proline (Hyp),
by analogy to the product of the mammalian enzyme on
HIFo (12— 14). Using a direct '*CO,-release assay similar to that
employed for HIFa-type PHDs, Skpl-dependent activity is

inhibited by the product succinate, and other Krebs cycle inter-
mediates including oxaloacetate, citrate, and fumarate, over con-
centration ranges that similarly affect Hs-PHD?2 (7). As expected,
P4H1 is also inhibited by CoCl, and PCA, consistent with a
previous report using the coupled *H assay (3), DMOG, and the
chelators a,o-dipyridyl and EDTA. a,o’-Dipyridyl and the ethyl
ester of PCA were previously observed to inhibit Skpl hydro-
xylation in cells (17).

In contrast to these similarities, P4AH1 modifies Skpl rather
than HIFo, which is apparently absent from many protist
genomes, and the stability of Skpl is not affected by the presence
of P4HI and the glycosyltransferases in cells (6)*. Whereas
human PHD2 may recognize multiple substrates (7, /0), current
evidence indicates only a single substrate for P4H1 (6). To begin
to understand the basis by which P4HI recognizes Skpl,
chemically and genetically modified forms of Dd-SkplA were
analyzed for substrate acceptor activity with the overall conclu-
sion that recognition is highly dependent on structure determi-
nants distant from the Pro target (see summary of activities in
Figure 3A). Based on the direct assay, synthetic and native
peptides centered on the target Prol43 and as long as 40 amino
acids were poor acceptors (Figure 4A) and only very weak
inhibitors at 100-fold concentration excess (Figure 4B). In con-
trast, a 6-fold concentration excess of the SkplA3(P143A)
mutant, not a substrate owing to replacement of the target Pro,
inhibited the reaction by 50%. These results suggest that the first
122 amino acids of Skpl contribute to recognition of Pro143 but
do not differentiate whether they present a unique recognition
determinant or impose conformational constraints on the
C-terminal region allowing recognition by the P4H1 active site.

Analysis of the crystal structure of Hs-PHD2 complexed
with a 19-mer peptide from HIFla shows the importance of a
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C. Denaturing treatments and mutants
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FIGURE 8: Skpl substrate activity toward Gntl. (A) SkplA was hydroxylated as in Figure 2 and Hyp peptides were prepared as in Figure 4A.
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233 /loop for covering the substrate-bound active site and con-
ferring substrate selectivity of the PHDs toward the N-ODD or
C-ODD (38). This region, whose framework but not specific
sequence is conserved in P4HI1 (33), may also contribute to
P4H1 selection of Pro143. However, studies show that Hs-PHD2
is as active toward a 19-mer peptide centered on Pro564 as the
complete HIFo C-ODD domain (24), so the minimal activity of
P4H1 toward Skpl peptides suggests additional complexity.

All Skpl structures to date have been obtained from complexes
with F-box proteins and reveal a consistent picture of stereotyped
secondary structure (e.g., Figure 3C). Our CD studies affirm
considerable secondary structure (Figure 5A), suggesting that
free Skpl is folded in solution too, which is consistent with pro-
tection of three Cys residues from alkylation (Figure 4E). Skpl
reversibly denatures over a broad temperature range (Figure 5B),
implying potential local conformational flexibility that may be
relevant to P4H1 recognition as suggested for PHD2 binding to
HIF1a C-ODD peptides (38). While loss of local flexibility when
complexed with FbxA may contribute to substrate inactivity
(Figure 7), steric hindrance or a conformational change may also
contribute.

A role for overall conformation is reinforced by the inhibitory
effects of point mutations in a potential actin-binding motif (/6)
at codons 53—55 and by the similar effects of alkylating all five
Cys residues or their mutation to Ser residues (Figure 4C,D). The
positions of the three critical residues (C22, C58, and C116),

N-terminal to the 40-mer peptide (see Figure 3), are consistent
with a role for distal determinants in Skpl substrate activity.
Though no evidence for involvement of Cys residues in intra- or
intermolecular disulfide bonds emerged from chromatography
and MS analyses (not shown), further studies of this issue are
warranted.

A phylogenetic analysis of these three Cys residues shows that
they are not absolutely conserved in Skp1s known or expected to
be P4H1 substrates (ref 2; Supporting Information Figure S4),
suggesting that, if recognition mechanisms of P4H1 orthologues
are conserved, these Cys residues indirectly or only partially
contribute, with adjacent amino acids, to a critical recognition or
folding motif(s). In contrast, the KVL/53—55 motif mutated in
Skpl1A2 is highly conserved in all Skpls, and K53 has been
implicated in contacting cullin in SCF complexes (3/). The sig-
nificance of cullin binding, which occurs primarily in the N-ter-
minal region of Skpl, remains to be examined.

Features of Skpl that are important for P4H]1 substrate activity
are highly conserved in animal Skpls. C. elegans FLAG-Skr1 was
as active as Dd-Skp1A when tested at well below the K, for Dd-
SkplA and apparently depended on the equivalent of Prol43
(Figure 6). Furthermore, human FLAG-Skpl, which is not a
substrate owing to the replacement of the equivalent of Pro143 by
Glu in chordates, became a good substrate upon restoration of
the Pro. These Skpls were not hydroxylated when presented to
extracts of mixed cultures of C. elegans or to rabbit reticulocyte
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lysates,® under conditions that yield easily detected substrate
activity of P4H1-like activity in extracts of Dictyostelium (6),
which is consistent with the apparent absence of sequence or
structure similarity between HIFa and Skpl. This remarkable
conservation of P4H1 acceptor activity in the absence of purify-
ing selection suggests that PAH1 depends on determinants im-
portant for other functions of Skpl such as binding to F-box
proteins or cullins in SCF complexes, consistent with loss of
substrate activity when Skp1 was bound to FbxA (Figure 7).

The KVL/53—55 motif may be important for normal P4H1
processing because ectopically expressed Skpl A2-myc appears to
be poorly modified in proliferating cells and at stationary
phase (/7). However, SkplAl-myc and FLAG-SkplA, which
are also poorly hydroxylated in vivo, are as active as normal
SkplA in the assay. Other evidence also points to the importance
of unknown factors for hydroxylation in vivo. For example,
normal Skpl is poorly hydroxylated when modestly overex-
pressed in slugs, even when P4HI is simultaneously overex-
pressed (6). In addition, the specific activities of P4H1 and
Gntl are low, consistent with additional factors that enhance
activity in cells though attempts to detect such effects by addition
of cytosolic extracts to the reactions were unsuccessful. The
present results suggest that some Skpl mutations may affect
accessibility rather than processing by P4H1 per se.

The parallel analysis of the substrate activity of HO-Skpl
toward the next enzyme in the pathway, Gntl, revealed a
remarkably similar dependence on Skpl features (Figure §).
Therefore, PAH1 and Gntl appear to depend on overlapping
determinants for recognition of Skpl, despite the anticipated
preference of Hyp for the Cy-exo pyrrolidine conformation
relative to unmodified Pro (/4), as illustrated in Figure 1A. It
was previously noted that several protists are predicted, based on
genomic analyses, to express their PAHI- and Gntl-like enzymes
as a fusion protein, a strategy often used to promote processive
substrate processing as observed for subsequent enzymes in this
pathway (2). Though the two Dictyostelium enzymes may still
share the same recognition mechanisms, their separation may
diversify regulation of Skpl processing.

Related findings have been reported for the next three enzymes
in the pathway. The $3GalT that modifies the Skp1 product of
the Gntl reaction was essentially inactive toward GlcNAc-O-
peptides, which also exerted only minimal inhibition at very high
concentrations (5). The present data validate the predicted
4(trans)-position of the hydroxyl group employed for the glyco-
peptide synthesis in those studies. The acceptor activity of
GlcNACc-O-Skpl was only mildly inhibited by denaturing treat-
ments, whereas Cys alkylation inhibited about 80%, comparable
to effects on P4AH1 and Gntl. In comparison, the 02FucT activity
that modifies the product of the 3GalT reaction and is mediated
by a separate domain of the same PgtA protein was not affected
by Cys alkylation, and disaccharide conjugates were much better
acceptors than were peptides for the three earlier enzymes. In
contrast, the subsequently acting a3GalT, which modifies the
product of the o2FucT reaction, is dramatically inhibited
(>90%) by the denaturing treatments employed here (39). Thus
overall, the different enzymes of the pathway appear to employ
distinct and complex determinants for the successive modifica-
tion of Skpl.

The proposed distal determinants may be important for the
specificity and regulation of P4H1, Gntl, PgtA-3GalT, and
AgtA-a3GalT toward Skpl-Prol43 in the cell. Indeed, current
biochemical and genetic evidence suggests that each of these
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enzymes is devoted solely to modification of Skpl (2, 6)*, which
contrasts with evidence for multiple functional substrates for
animal PHDs (7, 10). This raises the question of why complex
and, in some cases, varied determinants are required by the
successive enzymes. Such mechanisms would be expected if the
modifications are influenced by Skp1 folding or interactions with
other proteins or factors. Mutant strains that are unable to
accomplish each of the modifications show distinct dependences
on O, to execute culmination and other developmental steps,
indicative of altered signaling associated with each successive
processing intermediate in the pathway (2). The present results
indicate that Skpl itself and its interactions with other proteins
play a role in this regulation, in addition to potential independent
modulation of the pathway enzymes themselves. Structural
studies of the enzyme—substrate complexes are needed to further
evaluate this model.
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