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In the social amoeba Dictyostelium, a terminal step in devel-
opment is regulated by environmental O2. Prolyl 4-hydroxyl-
ase-1 (P4H1) was previously implicated inmediating theO2 sig-
nal, and P4H1-null cells require elevated O2 to culminate. The
E3-ubiquitin ligase adaptor Skp1 is a P4H1 substrate, and here
we investigate the function of PgtA, a dual function �3-galacto-
syltransferase/�2-fucosyltransferase that contributes the 2nd
and 3rd sugars of the pentasaccharide cap formed on Skp1
hydroxyproline. Although pgtA-null cells, whose Skp1 contains
only a single sugar (N-acetylglucosamine or GlcNAc), show
wild-type O2 dependence of culmination, cells lacking AgtA, an
�3-galactosyltransferase required to extend the trisaccharide,
require elevated O2 as for P4H1-null cells. Skp1 is the only
detectable proteinmodified by purifiedPgtAadded topgtA-null
extracts. The basis for specificity of PgtA was investigated using
native Skp1 acceptor glycoforms and a novel synthetic peptide
containing GlcNAc�1,4-hydroxy(trans)proline. Cysteine-alky-
lationof Skp1 strongly inhibitedmodificationby thePgtAgalac-
tosyltransferase but not the fucosyltransferase. Furthermore,
native and synthetic Skp1 glycopeptides were poorly galactosy-
lated, not processively fucosylated, and negligibly inhibitory,
whereas the fucosyltransferase was active toward small sub-
strates. In addition, the galactosyltransferase exhibited an atyp-
ical concentration dependence on UDP-galactose. The results
provide the first evidence that Skp1 is the functional target of
P4H1 in O2 regulation, indicate a gatekeeper function for the
�3-galactosyltransferase in the PgtA dual reaction, and identify
an unexpected P4H1-dependent yet antagonistic function for
PgtA that is reversed by AgtA.

Eukaryotic organisms have evolved multiple mechanisms to
senseO2 availability and accordingly regulate their functions. A
major pathway in animals is the O2-dependent prolyl 4-hy-
droxylation of the transcriptional factor subunit hypoxia-in-
ducible factor-1� (HIF�),2 which renders it a target of the VHL

(von-Hippel Lindau)-type ubiquitin ligase leading to subse-
quent degradation by the 26S proteasome (1). In the myceto-
zoan Dictyostelium, the ortholog of animal HIF�-type prolyl
4-hydroxylases, P4H1, is also involved in O2 sensing (2).
Genetic disruption of P4H1 increases the O2 requirement for
culmination, the developmental process in which the multi-
cellular slug converts to a fruiting body. In contrast, overex-
pression of P4H1 reduces the O2 requirement. These and
other results suggest a model in which environmental O2 is a
cue that influences the decision of the motile slug to differ-
entiate, after migration to the soil surface, into a sessile aerial
fruiting body best poised for dispersal of spores to more
favorable environments.
Dictyostelium lacks an obvious ortholog of HIF� but a

known substrate for Dictyostelium P4H1 is Skp1, an adaptor
in SCF (Skp1/Cullin 1/F-box protein)-type Ub ligases (3).
E3SCFUb ligases and E3VHLUb ligases are evolutionarily
related, and it is interesting that a subunit of the latter, VHL
protein, recognizes a hydroxyproline target whereas in Dic-
tyostelium, a subunit of the former type, Skp1, is prolyl 4-hy-
droxylated. Subsequent to hydroxylation, the Skp1 HyPro
(HyPro143) is sequentially modified by five glycosylation
reactions resulting in a pentasaccharide cap (Ref. 4, see Fig.
2A). A previous study showed that the O2 requirement for a
mutant disrupted in pgtA, required for addition of the sec-
ond and subsequent sugars, was normal (2). This suggested
that, except possibly for the first sugar GlcNAc whose addi-
tion is mediated by Gnt1, the remainder of the glycosylation
pathway fulfills an unrelated function, and raised the possi-
bility that an alternative unknown protein actually mediates
P4H1-dependent O2 signaling.
Addition of the second and third sugars of the Skp1 glycan

is mediated by PgtA, a dual function �3GalT/�2FucT that
results in formation of the blood group H type 1 antigen
Fuc�1,2Gal�1,3GlcNAc�1- on HyPro143 (5). Although the
separate domains exhibit partial activity in vitro, the 2-domain
architecture of PgtA supports processive addition of both sug-
ars (6). Addition of the fourth sugar ismediated byAgtA, result-
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ing in modification of Fuc by Gal in an �1,3-linkage (7). We
report here that agtA-null cells, like P4H1-null cells, also
require elevated O2 to culminate. Thus PgtA has an unex-
pected function that was masked by the next processing
enzyme in the pathway. This implicates Skp1 as the func-
tional target of P4H1 because PgtA negates the action of
P4H1/Gnt1 and, as also shown here, Skp1 is the only accep-
tor substrate detected in crude extracts by biochemical
complementation. Specificity for Skp1 is supported by in
vitro studies of native Skp1 and a synthetic analog of the
acceptor site prepared using a novel synthetic approach.
PgtA might be subject to novel regulation as it exhibits
unusual dependence on UDP-Gal concentration compared
with AgtA. These properties offer clues for the mechanism
of a proposed hierarchical regulation of culmination by addi-
tional cues whose effects are contingent upon initial O2-de-
pendent prolyl-hydroxylation of Skp1. This novel pathway,
distinct from other known cytoplasmic glycosylation path-
ways (8), may be important for the diverse aerobic protists
whose genomes harbor potential coding sequences related to
Skp1 modification genes in Dictyostelium (4), including
pathogenic organisms such as the agent for human toxoplas-
mosis, Toxoplasma gondii (9).

EXPERIMENTAL PROCEDURES

Growth and Development—Cells were grown axenically,
and tested for O2 dependence of development as described
(2). Briefly, cells were deposited on filters in PDF buffer and
allowed to develop for 42 h in the presence of the indicated
concentration of O2 with the balance made up with N2.
Development was evaluated morphologically and by count-
ing spores in a hemacytometer.
Synthesis of the Skp1 Glycopeptide—The full method and

documentation are described under supplemental data.
Briefly, an efficient approach was developed for the chemical
synthesis of the GlcNAc�1,4-HyPro-containing glycopep-
tide [1] (Fig. 1A). First, peracetylated Fmoc-Hyp(�-D-Glc-
NAc)-OH was synthesized, which was employed in combi-
nation with other Fmoc-protected amino acids, for stepwise
solid phase glycopeptide synthesis using a Rink Amide AM
resin. The polymer-bound glycopeptide was liberated from
the resin with concurrent cleavage of the acid-labile side-
chain protecting groups, and the acetyl esters of the GlcNAc
moiety of the glycopeptide were removed using 5% aqueous
hydrazine hydrate in the presence of dithiothreitol. The
resulting crude glycopeptide was purified by reverse-phase
HPLC on a C18 column (Fig. 1B). The structural identity of
the compound was confirmed by MALDI-TOF-MS (Fig. 1C)
and NMR (see supplemental data). The corresponding
HyPro-peptide [2] and Pro-peptide [3] (Fig. 1A) were pre-
pared similarly. In analytical scale separations, all three pep-
tides resolved as two closely spaced peaks with indistin-
guishable m/z values (data not shown). Re-chromatography
of the separated fractions regenerated the same pair of peaks,
indicative of potential interconversion of cis-trans isomers
of the Thr-Pro peptide bond.
Antibodies—The Gn-O-peptide was coupled to keyhole

limpet hemocyanin and bovine serum albumin (see supple-

mental data). The former was used to immunize BALB/c
female mice, in a mixture with Freund’s complete adjuvant
for the primary injection, with incomplete adjuvant for
boosting, and finally alone as an intravenous booster 3 days
before euthanasia, as described (10). Hybridomas were prepared
from spleen cells, and culture supernatants were screened for
selective reactivity against the Gn-O-peptide relative to the
unmodifiedpeptide inELISAassays. Positive supernatants were
subjected to secondary screening by Western blot analysis
against a panel of whole cell extracts, from mutant strains
expressing discrete glycoforms of Skp1 (Fig. 2A). mAbs 1C9
(Fig. 2B) and 2F8 (not shown) were specific for the GlcNAc
isoform.
Mass Spectrometry of Skp1—Skp1 was purified by C8-re-

versed phaseHPLC (5) and analyzed byMALDI-TOF-TOF-MS
using sinapinic acid on a BrukerUltraflex II operated in positive
ion mode. An aliquot was digested with endo-Lys C, fraction-

FIGURE 1. Peptides synthesized. A, sequences of the 3 Skp1 peptide iso-
forms synthesized, and the corresponding Endo-Lys C-generated peptide
from Skp1. B, reverse-phase (C18) HPLC analysis of GlcNAc-O-peptide [1] in an
ascending gradient of acetonitrile in 0.1% trifluoroacetic acid, monitored at
A215. C, MALDI-TOF-MS analysis of GlcNAc-O-peptide [1].
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ated on a C2/C18 reversed phase column (Amersham Bio-
sciences), and analyzed similarly using�-hydroxy-4-cyano-cin-
namic acid as the matrix (5).
PgtA/FT85—PgtA/FT85 was purified to near homogeneity

from Dictyostelium as described (11).
Skp1—GlcNAc-O-Skp1 (Gn-O-Skp1) was purified to near

homogeneity from strain HW260 (5), in which the pgtA gene is
disrupted leading to accumulation of the monosaccharide
form. GlcNAc-O-Skp1 was subjected to heating at 60 °C for 15
min, at 100 °C for 3 min, or to 6 M urea at 60 °C for 15 min. An
aliquot of the urea-treated sample was treated with 7.5 mM

DTT, slightly above the concentration (5 mM) in the activity
assay, and alkylated with 17.5 mM iodoacetamide as described
(12). The preparations were centrifuged at 15,000 g � 10 min
after treatment to remove any insoluble material. The concen-
trations of urea,DTT, and iodoacetamidewere lowered bymul-
tiple cycles of concentration/dilution in a centrifugal ultrafiltra-
tion device to levels that did not inhibit enzyme activity (data
not shown). Gn-O-Skp1 was cleaved by incubation in a 1:50
(w/w) preparation of trypsin (Promega, mass spectrometry
grade) in 0.08 MNH4CO3 (pH 8.0), 20% acetonitrile, at 37 °C for
20 h. GGn-O-Skp1 was purified to near homogeneity from
strain HL250, which is mutationally disabled in its ability to
form GDP-Fuc (13, 14).
Glycosyltransferase Assays—PgtA (FT85; �3GalT/�2FucT)

was incubated with acceptor substrate, in the presence of 2 �M

UDP-[3H]Gal or GDP-[3H]Fuc as indicated, for 2 h at 29 °C as
described (5). Incorporation into Gn-O-Skp1 or GGn-O-Skp1
was assayed using the SDS-PAGE assay (15). Briefly, the reac-
tion mixture was supplemented with 2 �g of soybean trypsin
inhibitor (Sigma) as a marker that comigrates with Skp1 and
electrophoresed on a 15–20% gradient SDS-PAGE gel. After
fixation andminimal staining with Coomassie Blue, the gel was
equilibrated in water, and 5 slices surrounding the trypsin
inhibitor band were excised and analyzed in a liquid scintilla-
tion counter. Incorporation into peptide acceptor substrates

was assayed by reversed phase
HPLC on a C18 column, using an
ascending gradient of acetonitrile in
water with 0.1% trifluoroacetic acid.
Peptide fractions were detected
based on A215 and counted in a liq-
uid scintillation counter. In the
combined �3GalT/�2FucT reac-
tionwithGn-O-peptide, which con-
tained GDP-[3H]Fuc, dpm detected
in the absence of UDP-Gal were
subtracted as background. Incorpo-
ration into pNP or benzyl conju-
gates of sugars were assayed by
adsorption of the reaction product
to a C18-SepPak, and elution with
methanol and counting by liquid
scintillography (6).
UDP-Gal Hydrolysis Assay—The

first two water flow-through frac-
tions from reaction mixtures ap-
plied to a C18-SepPak for the glyco-

syltransferase reaction (see above) were pooled and applied to
0.8 ml Dowex-1 (HCl-form) packed in a column. The flow-
through and wash fractions were pooled and quantitated in a
liquid scintillation counter.

RESULTS

Roles of PgtA and AgtA in Development—Skp1 is sequentially
modified by six enzyme activities encoded by at least four genes.
Strains carrying disruptions of phyA/P4H1 (3), pgtA (5), or agtA
(7) have been described, and these strains accumulate unmod-
ified Skp1 or Skp1 bearing a glycan consisting of one or three
sugars, respectively, compared with the pentasaccharide that
accumulates in the parental normal strain (Fig. 2A). In addition,
a gmd� strain (HL250) with a deficiency in conversion of GDP-
Man toGDP-Fuc accumulates Skp1with a disaccharide (13, 14,
16). Because this strain is defective in all fucosylation, we reex-
amined a previously constructed strain inwhich theN-terminal
domain of the PgtA diglycosyltransferase (PgtA-N) is constitu-
tively expressed in a pgtA-null background, and whose extracts
exhibit �3-GalT but not �2FucT activity as expected (5). To
determine if Skp1 ismodified byGal in vivo, amAbwas isolated
that could differentiate betweenGn-O-Skp1 andGGn-O-Skp1.
To serve as an immogen (and later as a potential substrate for
PgtA), a homolog of the Skp1 glycopeptide was chemically syn-
thesized as described under “Experimental Procedures,” Fig. 1
and supplemental data. A new synthetic route was developed to
reach the glycosylated HyPro building block, whose structure
was validated by 1H- and 13C-NMR, for stepwise solid phase
peptide synthesis. The purity and identity of the peptide were
confirmed by HPLC and MALDI-TOF-MS (Fig. 1 and supple-
mental data). The Gn-O-Skp1 glycopeptide was coupled to
KLH and used to generate independentmAbs 1C9 and 2F8 that
are specific for Gn-O-Skp1 compared with unmodified Skp1 or
Skp1 expressing 2, 3, or 5 sugars (Fig. 2B and data not shown).
Skp1 accumulated normally in the PgtA-N/pgtA� strain, based
on probing of cell extracts with the pan-specific mAb 4E1. As

FIGURE 2. Diagram of the Skp1 glycosylation pathway and glycoforms examined. A, glycoforms accumu-
lating as a result of disruption of modification genes are indicated. Knock-out strains are available for all
modification genes (in bold) except Gnt1 and the second �GalT activity. gmd encodes GDP-mannose 4,6-
dehydratase involved in synthesis of GDP-Fuc from GDP-Man. B, glycosylation status of PgtA-N/pgtA-null
strain. Whole cell extracts (100 �g of protein) were subjected to SDS-PAGE, Western-blotted, and probed with
anti-actin (upper half of each blot), or mAb 4E1 for total Skp1, or mAb 1C9 for Gn-O-Skp1.
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observed for the GDP-Fuc-negative strain HL250, Skp1 in this
strain was not detected by mAb 1C9 (Fig. 2B), indicating proc-
essing to the disaccharide glycoform.
Each of the pathwaymutants formed normal appearing fruit-

ing bodies when developed on filters under standard conditions
including overhead room fluorescent lighting and 21% (normal
atmospheric) O2, as reported previously (2, 7). However, strik-
ing differences were observed when cells were developed in
mild hypoxia, 12% O2. Whereas Ax3 (normal) and pgtA-null
cells (not shown, Ref. 2) formed normal appearing fruiting bod-
ies within 21 h, P4H1-null cells (not shown; 2) and, unexpect-
edly, agtA-null cells did not progress past the slug stage even
after 42 h (Fig. 3, C and D). Accumulation of slime trails and
larger slug size suggested merging of slugs during extensive
migration. Slug formation in hypoxia was normal (Fig. 3, A and
B), and culminationwas normal at 21%O2 (Fig. 3,E and F). This
suggests thatPgtAhasacellular function thatnegates theP4H1-
dependent checkpoint for the slug-to-fruit switch. In turn,
AgtA appears to act on the product of the PgtA reaction to
neutralize the negative PgtA signal, thereby restoring the initial
action of P4H1.
P4H1-null cell culmination is rescued at higher O2 levels, by

an unknown mechanism that does not involve Skp1 modifica-
tion (2). Therefore, O2 thresholds
for the slug-to-fruit switch were
determined formutant strains incu-
bated under a range of defined O2
levels. Culmination was quantified
by counting the number of spores
formed,which in all cases correlated
with the extent of fruiting body for-
mation as visualized microscopi-
cally (data not shown). In the trial
shown in Fig. 4A, normal and pgtA-
null cells required 15% O2 for all
slugs to culminate, in contrast to
P4H1- and agtA-null cells, which
required 21% O2. As observed pre-
viously (2), the exact O2 threshold
for maximal development varied
from trial to trial, and is influenced
by light, NH3, and other factors. The
relative thresholds shown in Fig. 4
were conserved in all trials. Average
50% values, calculated from the lev-
els of O2 required for 50% spore for-
mation relative to the value required
for 50% spore formation of the nor-
mal strain Ax3 in the same trial, are
shown in Fig. 4D.
Strain HL250 (gmd�), which

accumulates the disaccharide form
of Skp1 (GGn-O-Skp1) because of
inability to form GDP-Fuc, showed
an intermediate requirement for O2
to culminate (Fig. 4A). Because
HL250 cells are globally deficient in
fucosylation and therefore the effect

FIGURE 3. PgtA induces developmental arrest in mild hypoxia in the
absence of subsequent processing. The action of PgtA was examined using
a strain disrupted in the subsequent pathway gene, agtA. The normal strain
Ax3 and the agtA-null strain were developed at 12% (hypoxic) or 21% (ambi-
ent) O2. A and B, both strains formed normal upright slugs at 16 h in hypoxia
or normoxia (not shown). C and D, in hypoxia, Ax3 (normal) cells culminated
into fruiting bodies by 22 h (42 h shown), whereas agtA-null cells remained as
slugs. E and F, both strains culminated by 22 h in normoxia. Fruiting bodies
consist of aerial, spherical spore clusters supported by vertical stalks
anchored to the filter surface. The grid lines are 150-�m wide.

FIGURE 4. Effects of pathway mutations on O2 requirement for culmination. Development was quantitated
by counting the number of spores produced after 42– 45 h, and plotting relative to the value at 21% O2 (100%).
A, strains expressing Skp1 (phyA�), Gn-O-Skp1 (pgtA�), GGn-O-Skp1 (gmd�), FGGn-O-Skp1 (agtA�), and GGF-
GGn-O-Skp1 (normal Ax3) were examined. 100% values were 1.6 –2.3 � 107 spores. B, GGn-Skp1 accumulation
was recapitulated by expressing Pgt-N, which encodes the �3GalT domain of PgtA, in a pgtA� strain (see Fig.
2B). agtA-null cells were complemented by overexpression of either full-length AgtA (2 clones) or AgtA-N (2
clones) under control of the discoidin promoter. Ax3 and agtA-null cells were included for reference. 100%
values were 1.1–3.8 � 107 spores. C, a strain overexpressing AgtA is compared with Ax3 and the agtA-null
strain. 100% values were 3.0 – 4.4 � 107 spores. Values at 2.5% O2 were the same as at 5%, and values at 40 and
70% O2 were very similar to those at 21% (data not shown). Trends were identical in all trials; and each result
was confirmed in one or more additional trials. D, summary of data from these, and replicate trials are not
shown. The average value of O2 required for 50% maximal spore formation of each strain was obtained by
averaging the differences from the 50% value for Ax3 in each same trial, and adding those values (�S.E.,*) to
the average value for Ax3 across all trials. Colors correspond to traces in panels A–C. **, value for Ax3 includes its
own S.E. ***, only a single trial confirming previous results (2) was performed for pgtA� cells in this series.
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might be indirect, the PgtA-N/pgtA� strain described in Fig. 2,
which also accumulates the disaccharide form, was examined.
This strain similarly showed a modestly elevated requirement
for O2 relative to that of the pgtA-null and Ax3 strains in this
(Fig. 4B) and other trials, as summarized in Fig. 4D.

To verify that the agtA-null phenotype was specific to the
absence of AgtA, full-length His6-AgtA was expressed under
control of the semi-constitutive discoidin promoter, which was
shown previously to highly overexpress the enzyme activity in a
normal genetic background (7). The O2 threshold was restored
to slightly lower than the wild-type level in each of two clones
(Fig. 4B). However, overexpression in the normal background
did not decrease the O2 threshold (Fig. 4C). The results suggest
AgtA expression negates the action of PgtA by completing the
glycan chain.
AgtA consists of an N-terminal CAZy family GT77 domain,

which alone catalyzes the attachment of �Gal-1 to Fuc�1-ben-
zyl, and C-terminal repeats that may fold as a �-propeller (7).
To test whether the N-terminal domain is sufficient for rescu-
ing the high O2 requirement for agtA� culmination, AgtA-N
was expressed in the agtA� background. These cells exhibited a
reduced O2 requirement indistinguishable from that of cells
rescued with full-length AgtA (Fig. 4B). To determine if
AgtA-N rescued Skp1 galactosylation as expected, Skp1 was
purified from the AgtA-N/agtA� strain. MALDI-TOF-MS
analysis showed an m/z value for the full-length protein (Fig.
5A) of 52 Da above the expected value considering expected
processing events (5), which is most consistent with the pres-
ence of 5 sugars. This was confirmed by analysis of the glyco-
peptide after endo-Lys C digestion (Fig. 5B), suggesting that
complementation byAgtAwas due to rescued glycosylation per
se rather than an effect of its C-terminal domain.
PgtA Acceptor Substrates in Cells—To identify potential sub-

strates that might mediate PgtA function in regulating the O2
threshold, a biochemical complementation approach was
implemented by incubating crude extracts of pgtA-null cells
with recombinant PgtA in the presence of UDP-[3H]Gal. Anal-
ysis of the desalted cytosol (S100) reaction by SDS-PAGE
showed that a protein at the position of Skp1 was the major
species that incorporated 3H (Fig. 6A). Less than 0.1% of the

incorporation at this position was observed in the absence of
PgtA. On the order of 5% incorporation was observed in paren-
tal Ax3 extracts, indicating that a fraction of Skp1 normally
exists in the monosaccharide form. No other gel slices were
detectably labeled over the PgtA-minus controls. Two particu-
late fractions from mutant cells, P100 (mitochondria, lyso-
somes, and microsomes) and P5 (nuclear), also showed sub-
stantial and specific labeling of Skp1 that was not observed in
normal cell extracts (Fig. 6,B andC), confirming previous stud-
ies that Skp1 is widely distributed across cell fractions (10, 18).

FIGURE 5. Skp1 �-galactosylation is rescued by overexpressed AgTA-N.
A, MALDI-TOF-MS analysis of Skp1 purified from AgtA-N/agtA� cells. Note
that Skp1 consists of two genetic isoforms (12, 18), which differ by a Ser or Ala
at codon 39 (difference of 16 Da) which broadens the peak. B, similar analysis
of glycopeptide purified by RP-HPLC from endo-Lys C-digested Skp1.

FIGURE 6. Specificity of PgtA in extracts. Extracts were prepared from sta-
tionary phase pgtA-null and parental Ax3 cells and incubated with purified
PgtA and UDP-[3H]Gal. The reaction mixture was subjected to SDS-PAGE.
After fixation, the gel lanes were cut into 30 – 45 slices, and incorporated
radioactivity was determined by liquid scintillation counting. A, S100 frac-
tions were incubated in the presence or absence of PgtA. B, P100 fractions
were analyzed. C, P5 fractions were analyzed.
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The minimal PgtA-independent incorporation of label seen at
otherMr positions in the particulate extracts probably reflects
the activity of endogenous enzymes. Thus, no other PgtA tar-
gets could be detected in the extracts, suggesting that Skp1may
be the only acceptor substrate for the �3GalT activity of PgtA,
as observed previously for later enzymes in the pathway (11, 7).

Parameters of PgtA Recognition of
Skp1 in Vitro—The above studies
indicate that PgtA contributes a
critical function to O2-dependent
culmination, and that Skp1 may be
the functional target of the enzyme
in cells. The activity of highly puri-
fied PgtA was investigated to
address the basis for its high degree
of specificity toward Skp1. Gn-O-
Skp1 was isolated from pgtA-null
cells and purified to near homo-
geneity. Using a highly purified
preparation of native PgtA from
Dictyostelium, and the donor UDP-
[3H]Gal, assay conditions were
developed in which transfer of Gal
to Gn-O-Skp1, which becomes
�3-linked to the GlcNAc (5), was
dependent on the concentration of
enzyme and substrate, and time.
�10% of substrate was consumed,
and product greatly exceeded the
molar level of enzyme (data not
shown). Incorporation into Skp1
was determined by excising the
Skp1 band after SDS-PAGE, which
allowed high sensitivity due to low
backgrounds (typically �40 dpm).
To assess the importance of the

folded state for acceptor activity,
Gn-O-Skp1 was subjected to dena-
turing conditions and recovered.
Western blotting was employed to
correct for protein recovery (Fig.
7A, inset). Skp1 remained soluble
after heating to 100 °C, treatment
with urea, or alkylationwith iodoac-
etamide in the presence of urea. Gn-
O-Skp1 acceptor activity was 70%
stable to heating or urea-treatment
(Fig. 7A). In contrast, alkylation of
the urea-treated sample reduced
acceptor activity to 20%, or less than
30% of the activity of urea-treated
Skp1. The limited availability of Gn-
O-Skp1 precluded verification of
alkylation, but parallel treatment of
native unmodified Skp1 purified
under non-denaturing conditions
from Escherichia coli and MALDI-
TOF-TOF-MS analysis of the intact

and endo-Lys C-digested protein indicated that the majority of
each of the 5 Cys residues was carboxamidomethylated3 as
observed previously (16, 5). Although Skp1was treated with 7.5

3 H. van der Wel, J. M. Johnson, and C. M. West, unpublished data.

FIGURE 7. Acceptor substrate specificity of PgtA. A, �3GalT activity. Purified PgtA was incubated with the
indicated acceptor in the presence of 1 �M UDP-[3H]Gal for 2 h at 29 °C. Gn-O-Skp1 was isolated from pgtA�

cells, and pretreated as indicated. Gn-O-Skp1 was repurified after treatment with 8 M urea or urea and iodoac-
etamide (alk.), and the volume assayed was corrected by a factor based on recovery as determined by Western
blotting of identical volumes (inset). Assays using Skp1 were quantitated by the SDS-PAGE method and back-
ground values (�40 dpm) were subtracted. Trypsinized Skp1, which was not detectable by Western blotting
(data not shown), was treated with soybean trypsin inhibitor, aprotinin and phenylmethylsulfonyl fluoride,
which do not inhibit PgtA. Incorporation into glycopeptides was assayed using the HPLC method, and
incorporation into GlcNAc�1-pNP was assayed using the C18-SepPak method. B, �2FucT activity. Purified
PgtA was assayed similarly in the presence of 1 �M GDP-[3H]Fuc. GGn-O-Skp1 was isolated from strain
HL250, and pretreated as indicated. C, sensitivity of the GalT activity to the Skp1 glycopeptide. The GalT
reaction using Gn-O-Skp1 described in panel A was conducted in the presence of the indicated concen-
tration of synthetic glycopeptide. D, reaction using Gn-O-peptide was tested for processivity by conduct-
ing the reaction in the presence of the indicated concentrations of UDP-Gal and GDP-Fuc. The GalT and
FucT reactions were monitored in parallel reactions using UDP-[3H]Gal and GDP-[3H]Fuc, respectively.
Incorporation of [3H]Fuc in absence of UDP-Gal was subtracted as background. The FucT reaction was
much slower despite the 5� higher level of UDP-Gal. 1 fmol is 44 dpm in these reactions. All results were
confirmed in independent trials.
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mMDTTprior to alkylation in both studies, this is similar to the
concentration ofDTTused in the assay (5mM) and foundnot to
affect Skp1 substrate activity. In addition, similar analysis of an
endo-LysC-digest of untreated Skp1 fromE. coli failed to reveal
evidence for preformed disulfide bonds,3 indicating that the
alkylation protocol did not inhibit Skp1 due to reduction of
disulfide bonds. Since Cys residues are not adjacent to the Pro-
143 linkage site either in the primary sequence or in crystal
structures of Skp1 complexed to F-box proteins, optimal activ-
ity of �3GalT may depend on a distal determinant affected by
alkylation.
In a second approach, the sufficiency of the acceptor Glc-

NAc, in the context of nearby amino acids, to serve as an accep-
tor was tested. Digestion of Skp1 with trypsin dramatically
reduced the acceptor activity. A�20-fold higher concentration
of trypsinized Skp1 yielded about 500-fold less incorporation of
Gal in theGalT assay (Fig. 7A), suggesting that the glycopeptide
was 10,000-fold less active. To test the acceptor glycopeptide at
higher concentration and in the absence of potential interfer-
ence from other Skp1 peptides, the synthetic glycopeptide [1]
described above (Fig. 1), similar though not identical to the
version expected after trypsin digestion, was employed. The
corresponding HyPro- and Pro-peptides were also synthesized
and used as negative controls. At the highest concentration of
synthetic Gn-O-peptide [1] tested, 0.5mM, PgtA exhibited only
10% of the activity relative to 0.25 �M Skp1 (Fig. 7A). Although
by this measure the glycopeptide was 20,000-fold less active
than Skp1, similar to the 10,000-fold difference based on ana-
lyzing the tryptic glycopeptide, incorporation was specific
based on inactivity of the corresponding HyPro- or Pro-pep-
tides (data not shown). In addition, the Gn-O-peptide [1] was
more active than GlcNAc�1-pNP, exhibiting 3-fold higher
activity at 4-fold lower concentration, or about a 12-fold differ-
ence. The ability of the glycopeptide to bind PgtA was tested by
measuring its effect on the reaction with native Skp1. Even at a
2000-fold concentration excess relative to Skp1, the glycopep-
tide inhibited the reaction �15% (Fig. 7C). Thus the GlcNAc-
O-peptidemay not adopt a conformation preferred by the PgtA
active site. Altogether, the results indicate that the acceptor
activity requires presentation of the modification site in the
context of the full-length protein, and is consistent with the
high degree of specificity of PgtA for Skp1 in cell extracts.
PgtA processively catalyzes the transfer of Fuc from GDP-

Fuc to the �3Gal in an �2-linkage (5). In contrast to the GalT
acceptor activity, the FucT acceptor activity of GGn-O-Skp1
(isolated from strain HL250) was unaffected by treatment with
urea and alkylation (Fig. 7B). Furthermore, the �2FucT activity
exhibited robust activity toward a small molecule form of its
acceptor substrate. Although GGn-O-pNP exhibited only a
3-fold higher activity than native Skp1 when tested at a 1000-
fold higher concentration (Fig. 6B), the 330-fold reduced activ-
ity of the disaccharide acceptor by this measure is 30–60-fold
better than the relative activity of the glycopeptide analog for
the GalT reaction. Therefore the FucT has different require-
ments for processing Skp1 and is less dependent on determi-
nants distal to the glycosylation site.
Finally, when sugar nucleotide donor substrates for both

reactions were included in the glycopeptide reaction, the FucT

activity did not keep pace with the GalT activity (Fig. 7D), in
contrast to reactions with full-length Skp1 (5). Therefore,
though the glycan modification site of Skp1 has weak activity
in isolation, other parts of Skp1 are required for processive
processing.
Unusual Donor Substrate Dependence of PgtA in Vitro—The

GalT activity was approximately linearly dependent on UDP-
Gal concentration up to 10 �M but reduced at higher concen-
trations (Fig. 8A). Addition of GDP-Fuc to the reaction did not
relieve inhibition. PgtA exhibited negligible UDP-Gal hydroly-
sis activity (data not shown), indicating that reduced activity
was not the result of UDP-Gal depletion. To determine if inhi-
bitionmight be caused by accumulation ofUDP from the trans-
ferase reaction, the assay was conducted in the presence of
increasing amounts of UDP (Fig. 8B). No inhibition was
observed except at the highest level tested, 1 mM, which was
also observed using 1 mM GDP and was far above the concen-
tration of UDP-Gal in the reactions. In contrast, the FucT
exhibits Michaelis-Menten-type dependence on its sugar
nucleotide donor, GDP-Fuc, and is strongly inhibited by the
product GDP (11).

FIGURE 8. Donor substrate specificity of �3GalT activity of PgtA. A, GalT
assay was conducted in the presence of 1.25 �M Gn-O-Skp1 and the indicated
concentration of UDP-[3H]Gal for 10 min at 29 °C. (E) marks a data point for a
reaction that included 5 �M GDP-Fuc. Incorporation into Skp1 was measured
using the SDS-PAGE method. B, GalT assay was conducted in the presence of
7 �M GlcNAc-peptide-BSA conjugate, 10 �M UDP-[3H]Gal, and the indicated
concentration of nucleotide diphosphate, for 2 h at 29 °C. Results are repre-
sentative of two independent trials.
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DISCUSSION

Function of Cytoplasmic Glycosylation in O2 Regulation—In
the absence of all pathway activity (P4H1�), slugs required 17%
O2 for half-maximal culmination (Fig. 4D). The mechanism by
which 17%O2 is sensed inP4H1� cells is unknown (2).With full
pathway activity (wild-type), only 12% O2 is required. We
assume that the pathway contributes a positive signal to allow
culmination at as low as 12% O2, which is still higher than the
2.5% O2 level required for proliferation and slug formation (2).
As shown here, partial pathway activity as determined by
genetic perturbations results in intermediate O2 requirements.
Whereas genetic elimination of PgtA results in a 12% require-
ment similar to when the pathway has full activity, restoration
of only the �3GalT activity of PgtA raises the requirement to
14%, an effect that was confirmed in a global GDP-Fuc� strain
indicating that the action of PgtA involves its enzyme activity.
Restoration of both PgtA activities, as determined using agtA�

cells, raised the O2 requirement to almost 16%, close to the
value when the pathway is inactive. Because overexpression of
the catalytic domain of AgtA alone restored both glycosylation
(Fig. 5) and the normalO2 requirement, it is likely that the effect
of AgtA depletion is due to the glycosylation deficiency per se.
Although the effects on culmination occurred over a rather
narrow range of O2 levels, the consequences of hypoxia on the
population of organisms in the culture dish can be dramatic as
shown in Fig. 3, where at 12% O2, agtA� cells do not culminate
but normal cells culminate normally. The up-down-up-down
excursions of the O2 requirement revealed by genetic analysis
of the pathway (Fig. 4D) suggest the existence of a hierarchy of
dependent control steps that are brought to bear on the slug to
ultimately permit execution of the slug-to-fruit switch in its
normal soil environment.
Potential Involvement of Skp1 as the Functional PgtA Accep-

tor Substrate inO2 Regulation—Previous studies suggested that
Skp1 is the only proteinmodified by the FucT activity of PgtA in
cells, based on analysis of cytoplasmic proteins that are meta-
bolically labeled using [3H]Fuc, or that can be labeled by GDP-
[3H]Fuc in the presence of PgtA in a cytosolic extract of gmd�

cells (19). However, the possible occurrence of an acceptor sub-
strate on cytoplasmically exposed surfaces of structures in the
particulate fraction, could not be easily addressed because of
microsomal FucT activities. Because the pgtA knock-out only
affects galactosylation mediated by PgtA, it was possible to
search for potential substrates in cytosolic, microsomal,
nuclear and other particulate fractions of pgtA� cells. Only evi-
dence for Skp1 labeling was obtained (Fig. 6), suggesting that
Skp1 may be the only protein modified by PgtA in cells. This
strongly implies that Skp1 is the functional target of PgtA in its
effects onO2 regulation. Previous evidence that Skp1 is the only
detectable substrate in the cytosol of AgtA (7), which acts on
the product of PgtA and reverses its effect on P4H1, is consist-
ent with this conclusion.
Potentially PgtA could be specific for GlcNAc, which itself

might be selectively applied to Skp1 based on specificity of
P4H1 or Gnt1. However, the specificities of these enzymes are
not known. There is no straightforward method for determin-
ing acceptor specificity of prolyl hydroxylases, and a Gnt1

mutant strain is not available to test the specificity of the Skp1
�GlcNAcT (Gnt1). Although no genes that might encode a
cytoplasmic protein related to Gnt1 are evident, a Spy-like
sequence, related to genes that encode O-�-GlcNAc-transfer-
ase in plants and certain protists, is found in the genome (20).
Considering the possible presence of �-GlcNAc on proteins,
and occurrence of �-GlcNAc on a cytoplasmic precursor for
N-glycan synthesis and �-GlcNAc onUDP-GlcNAc, theremay
be a need for additional determinants for the specificity
observed for Skp1.
Whereas subjecting Gn-O-Skp1 to denaturing conditions,

including boiling or 6 M urea, does not markedly reduce its
GalT acceptor activity, alkylation with iodoacetamide in the
presence of urea reduces activity by 80% (Fig. 7A). Dd-Skp1
has five Cys residues, which are each distant from the P143
modification site in both primary sequence and in crystal
structures of Skp1 with F-box proteins (e.g. 21). All but one
shows some degree of conservation throughout phylogeny,
though none are absolutely conserved in other protists with
pgtA-like genes,4 suggesting that alkylation may not be act-
ing by inhibiting a critical Cys-function per se. In contrast,
both the denaturing treatments and alkylation abolish
acceptor activity toward the next enzyme AgtA (17). There-
fore, these enzymes appear to depend on distinct determi-
nants of Skp1 separate from the region of the Pro-143 mod-
ification site. This is consistent with the weak activities of
PgtA GalT (Fig. 7) and AgtA (17) toward small molecule
mimics of the Skp1 acceptor site. Skp1 glycopeptides (native
or synthetic) were about 4 orders of magnitude less active
than full-length Skp1 as �3GalT substrates (Fig. 7A), though
still an order of magnitude better than simple Gn-pNP. The
negligible inhibitor activity of the Gn-O-peptide (Fig. 7C),
which suggests that it is not recognized by the enzyme, is
consistent with amodel in which appropriate presentation of
the GlcNAc acceptor site to the �3GalT depends on other
parts of the Skp1 protein. Whether alkylation disturbs this
presentation, or directly affects recognition by PgtA remains
to be determined. These aspects of Skp1 folding may con-
tribute to the specificity of PgtA for Skp1 in extracts (Fig. 6)
and cells.
In contrast, the acceptor activity of Skp1 toward the FucT

activity was not affected by denaturing treatments or alkyla-
tion (Fig. 7B), and the GGn acceptor disaccharide-linked to
pNP or benzyl is a relatively good acceptor albeit not as
nearly as effective as full-length Skp1 (11). Interestingly, the
free FucT domain can modify the disaccharide conjugate but
not full-length Skp1 in vitro (6). This suggests that the GalT
domain assists in presenting Skp1 to the FucT consistent
with the processive nature of the in vitro reaction. However,
presentation to the FucT is not affected by alkylation, indi-
cating that the affected determinants are important for
galactosylation per se. Thus the FucT may unconditionally
extend the glycan once modified by the GalT, contingent on
GDP-Fuc availability.
TheGalT activity of PgtA exhibits an unusual dependence on

UDP-Gal concentration, with activity peaking at 10 �M and

4 C. M. West and H. van der Wel, unpublished studies.
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declining at higher concentrations (Fig. 8). Inhibition is not due
to inability to complete the double reaction, not due to accu-
mulation of UDP, as the enzyme is not inhibited by this nucle-
otide, or to introduced defects as native untagged proteins were
used. Since the donor substrate typically binds first in super-
family A GTs (22), UDP-Gal may have novel allosteric activity.
In comparison, the FucT activity of PgtA (11), and the subse-
quent AgtA activity (17), exhibit normal Michaelis-Menten
dependence on their sugar nucleotide donor substrates with
sub-�M and �M Km values, respectively. The divergent depen-
dences on UDP-Gal concentration by sequential pathway
enzymes suggests that UDP-Gal dynamics, potentially coupled
to strong up-regulation of UDP-Glc epimerase activity during
development (23) and consumption of UDP-Gal by spore coat
polysaccharide synthesis (24), may influence �3-galactosyla-
tion of Skp1 in cells.
Role of Skp1 in O2 Signaling—As discussed above, the spec-

ificity of PgtA for Skp1, based on the biochemical comple-
mentation data and the dependence of PgtA on critical struc-
tural features of Skp1, indicate that PgtA signals via Skp1 in
cells. The ability of PgtA to reverse the effect of P4H1 action
strongly implicates Skp1 as the mediator of P4H1 activity in
O2 signaling as well. The serial modifications of Skp1 repre-
sent a potential hierarchy of stepwise control points for cul-
mination that are contingent upon O2. Light, NH3 and other
environmental cues also influence the slug-to-fruit switch
(2), and their effects are potentially integrated by means of
this hierarchical pathway, possibly via the state of Skp1 or
internal metabolic signals such as UDP-Gal or GDP-Fuc.
This model raises the question of how Skp1 functions to
regulate the slug-to-fruit switch. The animal model shows
that hydroxylation by PHD2 controls the stability of HIF�,
which in turn controls the proteome by a transcriptional
mechanism (1). In contrast, the hydroxylation target in Dic-
tyostelium appears to be a subunit of the large family of
E3SCFUb-ligases evolutionarily related to the E3 that
degrades animal HIF� (25). This suggests that hydroxyla-
tion/glycosylation in Dictyosteliummore directly modulates
the proteome, not transcriptionally, but by controlling its
stability via polyubiquitylation as a signal for proteasomal
degradation. This concept is in accord with many examples
of involvement of E3SCFUb-ligases in cellular regulation (25),
but represents a highly novel and sophisticated form of SCF-
regulation. Further studies are required to determine if mod-
ification of Skp1, which involves �90% of the steady state
cellular pool, is contingent during development, and if SCF-
associated Skp1 is affected similarly.
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