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Hypoxia-inducible factor-1a (HIF-1a)? is a global transcriptional
regulator of the hypoxic response. Under normoxic conditions,
HIF-1« is recognized by the von Hippel-Lindau tumor-suppressor
protein (VHL), a component of an E3 ubiquitin ligase complex. This
interaction thereby promotes the rapid degradation of HIF-1a.
Under hypoxic conditions, HIF-1« is stabilized. We have previously
shown that VHL binds in a hypoxia-sensitive manner to a 27-aa
segment of HIF-1¢, and that this regulation depends on a post-
translational modification of HIF-1«. Through a combination of in
vivo coimmunoprecipitation assays using VHL and a panel of point
mutants of HIF-1« in this region, as well as MS and in vitro binding
assays, we now provide evidence that this modification, which
occurs under normoxic conditions, is hydroxylation of Pro-564 of
HIF-1a. The data furthermore show that this proline hydroxylation
is the primary regulator of VHL binding.

ypoxia inducible factor-1a (HIF-1a) is the founding mem-

ber of a family of transcription factors that plays a central
role in the cellular response to hypoxia. Genes under HIF-1a
control include those encoding for growth factors such as
vascular endothelial growth factor (VEGF) and erythropoietin,
glycolytic enzymes, and glucose transporters (1). Under nor-
moxic conditions, HIF-1« is rapidly degraded by the ubiquitin—
proteasome pathway in a manner that depends on an E3
ubiquitin ligase complex containing the von Hippel-Lindau
tumor-suppressor protein (VHL; ref. 2). Indeed, VHL is the
substrate recognition component of an E3 ligase complex that
binds to a region of HIF-1« located in a previously identified
oxygen-dependent degradation domain (ODD; refs. 3-7). The
importance of this interaction is underscored by the fact that
mutations in the VHL gene are found in the majority of sporadic
renal cell carcinomas, as well as in tumors associated with the von
Hippel-Lindau syndrome, which include renal cell carcinomas,
pheochromocytomas, and cerebellar hemangioblastomas (8).
Certain VHL mutations have been found to disrupt the inter-
action of VHL with HIF-1«, allowing the accumulation of high
levels of HIF-1a (4, 5). The resultant dysregulation of HIF-1a-
inducible genes is an important consequence. Up-regulation of
the angiogenic factor vascular endothelial growth factor, for
example, has been proposed to account for the prominent
vascularity often seen in the tumors associated with the von
Hippel-Lindau syndrome (8).

Hypoxia provides another means by which HIF-1a protein
levels can be stabilized (1). Interestingly, cobaltous ions and
chelating agents such as desferrioxamine (DFO) can mimic the
effect of hypoxia on HIF-1« (9). However, whether hypoxia and
these other agents act through a common pathway has been a
subject of controversy (10). We have shown recently that hypoxia
and cobalt share one feature: they both induce in vivo the
dissociation of VHL from a short 27-residue segment of HIF-1«
located within its oxygen-dependent degradation domain (11).
Furthermore, this dissociation can be attributed to an altered
posttranslational modification in HIF-1«, but not to one of VHL.

While the studies reported herein were being completed, Ivan
et al. (12) and Jaakkola et al. (13) reported that mammalian cell
lysates can hydroxylate HIF-1« at Pro-564 in vitro, which in turn
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promotes VHL binding. Although the HIF-1a prolyl hydroxylase
has not yet been identified, this finding suggests that under
hypoxic conditions, the regulated dissociation of HIF-1a from
VHL might be the result of a loss of this modification. However,
as has been noted recently (12), the only known prolyl hydroxy-
lases (prolyl hydroxylases I and II, which hydroxylate collagen)
can function under hypoxic conditions (14). This finding, there-
fore, does not readily explain the weakening of the HIF-1a—VHL
interaction, and raises the possibility that modification of other
HIF-1« residues may contribute to the regulated interaction.
These considerations mandate an in vivo examination of the
possible functional role of other HIF-1« residues in this regu-
lated dissociation. Serine, threonine, and tyrosine residues, for
example, can be phosphorylated; glutamine residues can be
deaminated (15); and glutamic acid residues can be y-carboxym-
ethylated (16). All of these residues are present in the vicinity of
Pro-564. A possible role for phosphorylation is also suggested by
the fact that both protein kinase and phosphatase inhibitors
block the activation of HIF-1a (17). Here, we use a coimmu-
noprecipitation assay that allows the in vivo study of the regu-
lated interaction of VHL with the markedly labile HIF-1« (11).
By using this approach with a panel of HIF-1« point mutants, we
demonstrate that Pro-564, and not these other residues, plays a
functional role in the regulated dissociation of HIF-1a from
VHL. We additionally provide independent evidence that hy-
droxylation of Pro-564 promotes HIF-la binding to VHL.
Collectively, the results indicate that proline hydroxylation of
HIF-1« is indeed the primary regulator of its binding to VHL.

Materials and Methods

Cell Cultures and Reagents. COS-1 cells were maintained as
described (11). HeLa S3 cells were cultured in spinner culture
flasks in RPMI medium 1640 supplemented with 5% (vol/vol)
horse serum, 100 units/ml of penicillin, and 100 pg/ml of
streptomycin. Cobalt chloride (CoCl,), N-Cbz-L-Leu-L-Leu-L-
norvalinal (Cbz-LLL), FeSOy, and ascorbic acid were obtained
from Sigma. CoCl, and Cbz-LLL were used at concentrations of
100 and 20 uM, respectively. Transient transfections, hypoxic
inductions, immunoprecipitations, immunoblotting, and far
Western blotting were performed as described (11). Anti-
glutathione S-transferase (GST) Abs coupled to horseradish
peroxidase (HRP; sc-549) were obtained from Santa Cruz
Biotechnology.

Plasmids. A mammalian expression vector for GAL4-HIF-1«
(531-575) was constructed by first amplifying the coding se-
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quence HIF-1a (531-575) from pBXG-HIF-1a [(531-652); ref.
11] by PCR using 5'-TCATCGGAAGAGAGTAG-3' and
5'-CTAGACTAGTCTCGAGCTAACGCAATTGGAAG-
TCATCATCCATTGGGATATAGGGAGCTAACATCTCC-
AAGTCTAGATCTGTGTCCTGAGTAG-3' as primers. The
PCR product was digested with EcoRI and Spel, and then
subcloned into the EcoR1/Xbal site of pPBXGAMfel (a GAL4
expression vector in which the vector Mfel site has been elimi-
nated by Mfel digestion, treatment with the Klenow fragment of
Escherichia coli DNA polymerase, and self ligation). The result-
ing construct, pBXG-HIF-1a (531-575), has unique EcoRI,
Xbal, and Mfel sites at HIF-1« amino acid residues 531, 557, and
574, respectively. Point mutants were obtained by subcloning
synthetic oligonucleotide duplexes encoding the desired muta-
tions into the EcoRI/Xbal or Xbal/Mfel sites of pBXG-HIF-1a
(531-575), as appropriate. pcDNA3-FlagGAL4-HIF-1a (550-
575) contains a Flag tag, the coding sequence of the DNA
binding domain of GAL4 followed by a Factor Xa protease
cleavage site, a linker sequence of five alanine residues, and the
indicated HIF-1« residues. It, as well as pcDNA3-HA-HIF-1«
P564A, was constructed by standard recombinant DNA methods.

pGEX-HIF-1ae (531-575) and pGEX-HIF-1a (531-575)
P564A were constructed by subcloning the 0.14-kb EcoR1/Xhol
fragments of pBXG-HIF-la (531-575) and pBXG-HIF-la
(531-575) P564A, respectively, into the EcoR1/Xhol site of
pGEX-5X-1. pGEX-HIF-1a (549-575) was constructed by sub-
cloning the 0.1-kb EcoRI/Xhol fragment of pBXG-HIF-1la
(549-575) into the EcoRI/Xhol site of pGEX-5X-1. Where
appropriate, sequences of recombinant plasmids were confirmed
by automated sequencing using a Big Dye Terminator
kit (Applied Biosystems). All other plasmids have been de-
scribed (11).

In Vitro Pull-Down Assays. GST fusion proteins were purified from
E. coli DHS « transformed with the relevant pGEX constructs by
affinity chromatography on glutathione (GSH) agarose (18).
GST pull-down assays were typically performed as follows: GST
fusion proteins (20 pg) prebound to 10 ul of GSH agarose were
preincubated at 30°C for 1 h in the absence or presence of 90 ug
of HeLa S3 cytoplasmic extract (S100), and then washed two
times with buffer A (20 mM Hepes, pH 7.9/100 mM KCl/10%
(volvol) glycerol/1 mM DTT). The S100 extracts were prepared
by the method of Dignam et al. (19), except that dialysis was
omitted. To perform the VHL binding assay, resins were incu-
bated on a rocker at 4°C for 1 h with 5 ul of in vitro-translated
33S-labeled VHL in 500 ul of buffer A supplemented with 1
mg/ml of BSA. The ¥S-labeled VHL was prepared by using a
reticulocyte lysate in vitro transcription and translation kit (TnT,
Promega) and pcDNA3-FlagVHL or pcDNA3-FlagVHL P86H
(11) as a template. The resins were washed 4 times with buffer
A, eluted with 2X SDS loading buffer, and the eluates subjected
to SDS/PAGE and autoradiography. VHL binding was quanti-
tated by using a Molecular Dynamics Storm 860 PhosphorIm-
ager.

MS. GST-HIF-1«a (549-575) was incubated first with S100, then
with in vitro-translated Flag-VHL, immunoprecipitated with
M2-agarose (Sigma), treated with Factor Xa protease to cleave
the GST moiety, and the Flag-VHL-HIF-1« (549-575) peptide
complex was then eluted with Flag peptide. The HIF-1«a (549-
575) peptide generated by Factor Xa proteolysis is predicted
to contain the GIPEFPFSTOQDTDLDLEMLAPYIPMD-
DDFQLR sequence. In other experiments, FlagGAL4-HIF-1«
(550-575) isolated from COS-1 cells by immunoprecipitation
with M2-agarose was treated with Factor Xa protease. The
liberated HIF-1a (550-575) peptide is predicted to contain the
AAAAAFSTQDTDLDLEMLAPYIPMDDDFQLR sequence.
All mass spectrometric measurements were performed in the
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Protein Chemistry Laboratory of the University of Pennsylvania
School of Medicine (Department of Pathology and Laboratory
Medicine) by William T. Moore, using a Micromass (Beverly,
MA) TofSpec 2E time of flight mass spectrometer operated in
the reflectron mode. The instrument is equipped with a 1.0-m
flight tube and a nitrogen laser (A = 337 nm). External calibra-
tion was performed by using synthetic peptide standards An-
giotensin I (m/z, monoisotopic + H = 1296.69) and cortico-
tropin (ACTH) clip 18-39 (m/z, monoisotopic + H = 2465.20).
The samples were desalted by using an a-cyano-4-hydroxycin-
namic acid matrix polycrystalline film method. Typically 20-50
scans were averaged to obtain each mass spectrum.

Peptide Synthesis. The peptides CGGGGGPFSTQDTDLDLEM-
LAPYIPMDDDFQLR [containing HIF-la (549-475)] and
CGGGGGPFSTQDTDLDLEMLA(Hyp) YIPMDDDFQLR
[containing HIF-1a (549-475) with Pro-564 substituted by trans-
4-hydroxy-L-proline (Hyp)] were synthesized by Alpha Diagnostic
(San Antonio, TX) and isolated in greater than 99% purity. These
peptides were coupled to SulfoLink Coupling Gel (Pierce) accord-
ing to the manufacturer’s instructions. Peptides coupled to resin
(0.7 mg of peptide per ml of resin) were preincubated at 30°C in the
absence or presence of 90 ug of HeLLa S100. The resins were washed
two times with buffer A, and then assays for 3>S-VHL binding to the
peptides were performed as described under In Vitro Pull-Down
Assays.

Results and Discussion

We have previously provided evidence that a change in a
posttranslational modification in HIF-1a (549-575) regulates
the binding of this region of HIF-1a to VHL (11). Because
HIF-1« is a cytoplasmic protein, this raises the possibility that
there may be an activity in cytoplasmic extracts that can perform
this modification. To address this possibility, GST-HIF-1a (531-
575) was first preincubated in the absence or presence of HeLa
cell cytoplasmic (S100) extracts and then assayed for its capacity
to bind 3>S-labeled in vitro-translated VHL. As shown in Fig. 14,
GST-HIF-1a (531-575) in the absence of S100 pretreatment fails
to bind VHL (lane 2). In marked contrast, preincubation with
S100 promotes its ability to bind VHL (lane 3).

Two potential mechanisms by which S100 pretreatment might
promote VHL binding are by performing a posttranslational
modification of HIF-1a (531-575) that promotes VHL binding,
or by providing a factor that serves to bridge HIF-1a (531-575)
and VHL. To distinguish between these two, the following far
Western analysis was performed. GST-HIF-1a (531-575) was
first preincubated in the absence or presence of S100, subjected
to SDS/PAGE, and then transferred to a membrane. Then,
proteins bound to the membrane were renatured, incubated with
35S-labeled in vitro-translated VHL, washed, and then subjected
to autoradiography. As shown in Fig. 1B, GST-HIF-1« (531-575)
in the absence of S100 pretreatment fails to bind VHL (lane 2),
whereas that which is pretreated binds to VHL (lane 3). Thus,
S100 can induce a posttranslational modification of HIF-1l«
(531-575) that promotes its binding to VHL.

Binding of this HIF-1a fragment to VHL is weakened by
cobalt and hypoxia (11). Therefore, we prepared S100 from
cobalt-treated HeLa cells and compared it with that obtained
from normoxic cells in the experiments described previously.
Compared with S100 from normoxic cells, that from cobalt-
treated cells is defective in its capacity to promote HIF-la
(531-575) binding to VHL (Fig. 14, compare lanes 4 and 3).
Moreover, the far Western analysis indicates that this defect is
caused by an impaired ability to induce the posttranslational
modification of HIF-1a (531-575) that promotes VHL binding
(Fig. 1B, compare lanes 4 and 3).

In additional experiments, we observed essentially the same
results with a shorter HIF-1« fragment encompassing residues
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Fig. 1. A cytoplasmic activity modifies HIF-1a to promote VHL binding. (A)

GST-HIF-1a (531-575) prebound to GSH agarose was preincubated in the
absence or presence of 50 pg of cytoplasmic extract (5100) obtained from
normoxic (N)- or cobalt (Co)-treated HeLa S3 cells for 1 h at 30°C and washed.
Then the resins were incubated with 35S-VHL for 1 h at 4°C, washed, eluted,
and the eluates then were examined by SDS/PAGE and autoradiography. The
position of 355-VHL is indicated. (B) Far Western analysis. GST-HIF-1a (531-575)
prebound to GSH agarose was preincubated in the absence or presence of 50
g of cytoplasmic extract (5100) obtained from N- or Co-treated HelLa S3 cells
for 1 h at 30°C. The resin was washed, eluted, and subjected to SDS/PAGE.
Subsequently, far Western blotting, using in vitro-translated 3°S-labeled VHL,
was performed. The position of GST-HIF-1a (531-575) is indicated. (C-F) GST or
GST-HIF-1a (549-575) (C) or GST-HIF-1a (531-575) (D-F) prebound to GSH
agarose was preincubated in the absence or presence of 90 ug of cytoplasmic
extract (5100) obtained from normoxic HelLa S3 cells for 1 h at 30°C (D-F) or at
16°C or 4°C (E) and washed. The resins then were incubated with 35S-VHL (C-F)
or 33S-VHL P86H (D) for 1 h at 4°C, washed, eluted, and the eluates then were
examined by SDS/PAGE and autoradiography. In E, S100 was preheated at
50°C for 10 min before the preincubation in one sample. In F, either 1 mM
EDTA or 100 uM desferrioxamine (DFO) was included in the preincubation, as
indicated. “In” designates 10% of the input in A and C-F. The recoveries
(Recov) of 35S-VHL (in %) are indicated.

549-575 (Fig. 1C, compare lanes 4 and 5). The specificity of this
binding is reinforced by the fact that GST in the absence or
presence of S100 pretreatment fails to bind VHL (lanes 2 and 3).
More compelling, a VHL point mutant (P86H), which abolishes
the ability of VHL to coimmunoprecipitate a similar HIF-1a
fragment after coexpression in reticulocyte lysates (4) or in
COS-1 cells (11), also fails to bind S100-pretreated GST-HIF-1«
(531-575) (Fig. 1D, compare lanes 3 and 6).

These experiments collectively provide evidence that under
normoxic conditions, there is a cytoplasmic activity that modifies
GST-HIF-1a (549-575). Consistent with this finding, preincu-
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bation of GST-HIF-1a (531-575) with the S100 at lower tem-
peratures (16°C or 4°C) results in reduced binding of VHL (Fig.
1E, compare lanes 4 and 5 with lane 3). Furthermore, pretreat-
ment of the S100 for 10 min at 50°C abolishes this activity (Fig.
1E, lane 6), suggesting that it contains a protein component.
Chelating agents such as desferrioxamine (DFO) have been
demonstrated previously to stabilize HIF-1« in vivo. As shown in
Fig. 1F, when GST-HIF-1«a (531-575) is preincubated with the
S100 in the presence of either DFO or EDTA, the ability of
GST-HIF-1a (531-575) to subsequently bind VHL is diminished
over 70% (compare lanes 4 and 5 with lane 3).

To identify residues in HIF-la (549-575) that might be
functionally important, we cotransfected COS-1 cells with a
Flag-VHL expression vector and ones for either wild-type (WT)
or mutant GAL4-HIF-1a (531-575) (Fig. 24). Some cells then
were exposed to hypoxia or cobalt in the presence of the
proteasome inhibitor Cbz-LLL. Then whole-cell extracts were
prepared, the Flag-VHL immunoprecipitated with anti-Flag
Abs, and then the immunoprecipitates examined for the pres-
ence of HIF-1a fragments with anti-GAL4 Abs. As shown in Fig.
2B, WT GALA4-HIF-1a (531-575) coimmunoprecipitates with
VHL (lane 3, top row), and this coimmunoprecipitation is
weakened by both hypoxia and cobalt treatment, as expected
(compare lanes 2 and 4 with lane 3, top row). The small residual
binding seen with hypoxic stimulation (Fig. 2B, lane 2) could be
the result of a small degree of modification occurring either
under hypoxic conditions or during the harvesting of cells.

Among the series of mutants examined, only the P564A and
A563G point mutants are defective in their capacity to coim-
munoprecipitate with VHL (Fig. 2B, lanes 29-31 and 26-28,
respectively; top row). After longer exposure, weak bands are
observed for both mutants, but significantly, this weak coimmu-
noprecipitation is not affected by either hypoxia or cobalt (data
not shown). Other mutants examined, including those that
change the four potential phosphoacceptor residues (S551, T552,
T555, Y565), behave in a manner that is regulated similarly to
that of WT. It should be noted that these results differ in certain
respects from those recently reported in vitro (12, 13). For
example, L562A (12) and Y565A (13) mutants have been shown
to abolish the interaction with VHL in vitro. However, we find
that although an L562A mutant indeed binds more weakly to
VHL than WT (Fig. 2B, compare lanes 3 and 24, top rows),
mutants at these same sites still interact in vivo in a regulated
manner (lanes 23-25 and 32-34, top row). The differences may
relate to the specific residues exchanged, the HIF-1« fragments
used, or differences between in vitro and in vivo behavior. That
being said, these studies identify Pro-564 and Ala-563 as critical
residues in the interaction of HIF-la (531-575) with VHL in
vivo. The data furthermore make it unlikely that the regulated
dissociation might be caused by phosphorylation, glutamine
deamination, or glutamic acid y-carboxylation.

In complementary studies, we incubated GST-HIF-1a (549-
575) with S100, mixed this modified GST-HIF-1a (549-575)
with in vitro-translated Flag-VHL prepared from reticulocyte
lysates, and immunoprecipitated the GST-HIF-1a (549-575)-
VHL complex. The GST moiety was subsequently cleaved from
HIF-1a (549-575) by using Factor Xa protease, and the Flag-
VHL [containing bound HIF-1«a (549-575) peptide] was eluted
with Flag peptide. Immunoblotting of the eluate confirmed
cleavage of the GST-HIF-1« (549-575) fusion protein (Fig. 3B,
compare lanes 2 and 4) and the specificity of the binding
(compare lanes 3 and 4). The eluate was subsequently submitted
for matrix-assisted laser desorption time of flight (MALDI-
TOF) MS. As shown in Fig. 34, a control untreated HIF-1a
(549-575) sample yields an atomic mass unit (amu) of 3732,
consistent with its sequence. In contrast, the most prominent
peak obtained by MALDI-TOF MS of S100-treated HIF-1a
(549-575) has an amu of 3748 (Fig. 3C); the weaker signal
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Fig. 2.

The in vivo interaction with VHL is altered by select HIF-1a mutants. (A) The sequence of WT HIF-1a residues 549-575 is shown at the top with conserved

residues (see ref. 11) indicated by shading. Mutants are indicated below. (B) COS-1 cells were cotransfected with an expression vector for Flag-VHL and those
for GAL4-HIF-1« (531-575) with the indicated mutations. In a control transfection (—V), the Flag-VHL vector was omitted. Twenty-four hours after transfection,
all cells were treated with Cbz-LLL, and cells were additionally exposed for 2.5 h to 1% O (H) or 100 uM cobalt chloride (Co), or were maintained under normoxic
conditions (N). Cells were lysed, the Flag-VHL was immunoprecipitated with anti-Flag Abs, and then the immunoprecipitates were analyzed for the presence of
the GAL4-fusion proteins by immunoblotting with anti-GAL4 Abs (top rows). Aliquots of the whole-cell extracts were also analyzed by immunoblotting with
anti-GAL4 Abs (bottom rows). Shown are representative results of three to four independent experiments.

obtained with this peptide probably reflects a lower yield,
consistent with results obtained by immunoblotting (Fig. 3B,
compare lanes 2 and 4). The significant finding is that this peak
has a mass that is 16 amu higher than that of a control peptide.

To pursue this further, COS-1 cells were transfected with an
expression construct for FlagGAL4-HIF-1a (550-575). Subse-
quently, some cells were exposed to cobalt whereas others were
mock-treated. Then the FlagGAL4-HIF-1a (550-575) was im-
munoprecipitated and treated with Factor Xa protease to lib-
erate the HIF-1a (550-575) peptide. The latter then was ana-
lyzed by MALDI-TOF MS. With the sample obtained from
normoxic cells (Fig. 3D), a peak is observed at 3575 amu, the
mass expected for unmodified HIF-1a (550-575). More signif-
icantly, another peak is observed at 3591 amu, a mass that is 16
amu higher. Equally important, this peak is substantially dimin-
ished when the cells are exposed to cobalt (Fig. 3E).

A change in mass of 16 amu is consistent with either a
hydroxylation or an oxidation modification. The latter can occur
on methionine residues; however, mutation of the sole con-
served methionine (M568A) has no effect on the regulated
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binding of HIF-1a (531-575) to VHL (Fig. 2, lanes 38—40, top
row). Protein hydroxylation, in contrast, has been shown to occur
on either lysine or proline residues (20). No lysines are present
in HIF-1a (549-575), and there is only one conserved proline,
Pro-564, mutation of which abolishes the regulated interaction of
HIF-1a (531-575) with VHL (Fig. 2, lanes 29-31, top row);
mutation of a nonconserved Pro-567, in comparison, is without
effect (Fig. 2, lanes 35-37, top row). We therefore hypothesized
that Pro-564 might be hydroxylated under normoxic conditions.

This hypothesis was tested in several ways. First, WT or P5S64A
GST-HIF-1a (531-575) was first preincubated with S100 and
then assayed for its capacity to bind 3°S-labeled in vitro-
translated VHL. In contrast to WT GST-HIF-1a (531-575), the
mutant GST-HIF-1a (531-575) fails to bind VHL (Fig. 44,
compare lanes 3 and 5). Thus, this mutation abolishes the
binding of VHL to HIF-1« (531-575) not only in vivo but in vitro
as well. Second, we cotransfected COS-1 cells with expression
vectors for VHL and ones for WT or P564A full-length HIF-1a.
After stimulation with cobalt, the protein level of WT HIF-1« is
stabilized (Fig. 4B, compare lanes 1 and 2). In contrast, that of
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Fig. 3. Cytoplasmic extracts induce a change in the mass of HIF-1«a (549-575). (A) GST-HIF-1a (549-575) was cleaved with Factor Xa protease to release HIF-1a
(549-575), which then was subjected to MALDI-TOF MS. The amu of the main peak, 3732, is indicated. (B and C) GST-HIF-1a (549-575) (20 ng) was treated with
S100 (810 ng) from normoxic Hela S3 cells for 1 h at 30°C. Then in vitro-translated Flag-VHL (100 nl) was added for 1 h at 4°C, and the Flag-VHL-GST-HIF-1«
(549-575) complex was immunoprecipitated by using 10 ul of anti-Flag (M2) agarose (Sigma). The immunoprecipitates were treated with Factor Xa protease
to cleave the GST moiety, followed by treatment (with no intervening washes) with 40 ug of Flag peptide to elute the Flag-VHL-HIF-1a (549-575) peptide
complex. (B) Aliquots of GST-HIF-1a (549-575) before immunoprecipitation (lanes 1 and 2) and the eluate after immunoprecipitation (lanes 3 and 4) were
subjected to SDS/PAGE and immunoblotting by using anti-GST Abs (lanes 2 and 4, respectively). Samples from a control reaction prepared by using a mock in
vitro translation reaction instead of the in vitro-translated Flag-VHL are shown (lanes 1 and 3). The asterisk denotes slower migrating GST species obtained after
Factor Xa proteolysis that represents GST lacking HIF-1« (549-575). Position of molecular weight marker is shown to the left. “Input” represents 1% of the total
GST-HIF-1a (549-575). (C) The eluate was subjected to MALDI-TOF MS. The amu of the most prominent peak, 3748, is indicated. (D and E) COS-1 cells were
transfected with pcDNA3-FlagGAL4-HIF-1a (550-575). Twenty-four hours after transfection, all cells were treated with Cbz-LLL, and cells were either maintained
under normoxic conditions (D) or exposed for 2.5 h to 100 uM cobalt chloride (E). Cells were lysed, the FlagGAL4-HIF-1« (550-575) was immunoprecipitated with
anti-Flag Abs, and then the immunoprecipitates were treated with Factor Xa protease. The cleaved HIF-1« (550-575) peptide was subjected to MALDI-TOF MS.
The amu of two peaks at 3575 and 3591 are indicated.

HIF-1a P564A is significantly higher in the absence of cobaltand ~ Therefore, we next preincubated GST-HIF-1a (531-575) with
not particularly stimulated by cobalt (lanes 3 and 4). S100 in the absence or presence of either iron or ascorbic acid.

Known prolyl hydroxylases are dioxygenases with cofactor  As shown in Fig. 4C, preincubation in the presence of either of
requirements for iron, ascorbic acid, and a-ketoglutarate (20).  these compounds reproducibly augments the ability of the S100

A GST-HIF-1a B C n D

(531-575) — HIF-1a (549-575)

In WT P564A HA-HIF-1a S100 =+ + + In =  WT PS64Hyp
—_— WT P564A FeSO, R —

S100 - - 4 Co = b i df ascorbate . S100 - =4 - 4

==
L HAHIF-1o s mesens  35s-viL BREREE  sso.vi NN

Recov: (%) 1 (2’7'37 Of 055 1 2 34 Recov(%) 0.1 6 16 12 Recov(%) 0.20.40.5 4 1616
1 2 3 45 12 3 4 56 7

Fig.4. Hydroxylation of Proline-564 of HIF-1a promotes its binding to VHL. (A) GST-HIF-1« (531-575) or GST-HIF-1a (531-575) P564A prebound to GSH agarose
was preincubated in the absence or presence of 90 ug of cytoplasmic extract (5100) obtained from normoxic HeLa S3 cells for 1 h at 30°C and washed. Then the
resins were incubated with 35S-VHL for 1 h at 4°C, washed, eluted, and the eluates then were examined by SDS/PAGE and autoradiography. (8) COS-1 cells were
cotransfected with pcDNA3-FlagVHL and either pcDNA3-HA-HIF-1a WT or pcDNA3-HA-HIF-1a P564A. Twenty-four hours after transfection, some cells were
stimulated for 2.5 h with 100 uM cobalt chloride. Cells were lysed, and aliquots of the lysate were examined by immunoblotting with anti-HA Abs. The position
of HA-HIF-1«a is indicated. (C) GST-HIF-1a (531-575) prebound to GSH agarose was preincubated in the absence or presence of 90 ug of Hela cytoplasmic extract
(S100) supplemented with either 100 wM FeSO4 or 5 mM ascorbic acid, as indicated, for 1 h at 30°C, and washed. Then the resins were incubated with 355-VHL
for 1 h at 4°C, washed, eluted, and the eluates then were examined by SDS/PAGE and autoradiography. (D) Agarose (SulfoLink) was either mock-treated or
coupled to peptides corresponding to HIF-1a (549-575) or HIF-1a (549-575) P564Hyp. The resins (10 wl) were preincubated in the absence or presence of 90 ug
of cytoplasmic extract (5100) obtained from normoxic HeLa S3 cells for 1 h at 30°C, and washed. Then the resins were incubated with 3°S-VHL for 1 h at4°C, washed,
eluted, and the eluates then were examined by SDS/PAGE and autoradiography. In A and C-D, the positions of 355-VHL and its recovery (Recov; in %) are
indicated. “In"" designates 10% of the input.

9634 | www.pnas.org/cgi/doi/10.1073/pnas.181341498 Yu et al.



to render GST-HIF-1« (531-575) competent to bind VHL by at
least 2-fold (compare lanes 4 and 5 with lane 3). These results
therefore add support to the notion that proline hydroxylation of
HIF-1a might be necessary for VHL binding.

To test this possibility directly, peptides corresponding to WT
or P564Hyp HIF-1a (549-575) were synthesized and coupled to
agarose. Then these peptides were preincubated in the absence
or presence of S100 and examined for their capacity to bind
35S-labeled in vitro-translated VHL. As shown in Fig. 4D, in the
absence of S100 preincubation, the WT peptide fails to bind
VHL (lane 4); in contrast, when preincubated with S100, binding
is observed as expected (lane 5). The more significant finding is
observed with the P564Hyp HIF-1a (550-575) peptide. In this
case, binding is readily detectable and is observed in the absence
or presence of S100 preincubation (lanes 6 and 7). Importantly
then, the P564Hyp substitution in HIF-1« is sufficient by itself
to promote binding to VHL.

Our data collectively provide evidence that HIF-1« binding to
VHL is regulated by hydroxylation at Pro-564 of HIF-la. A
model consistent with the data is that under normoxic condi-
tions, this modification facilitates the binding of HIF-1« to VHL.
Under conditions such as cobalt treatment or hypoxia, this
modification is inhibited, leading to a weakened binding between
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the two. This model is consistent with the observation that
HIF-1a protein levels respond to hypoxia or reoxygenation
within minutes (21).

The only known mammalian prolyl hydroxylases are the
prolyl-4-hydroxylases (types I and II), which hydroxylate proline
residues in collagen (20). Because these related enzymes reside
in the lumen of the endoplasmic reticulum, they might not be
expected to act on HIF-1«, a cytoplasmic protein. Therefore, this
finding indicates that the HIF-1a hydroxylation is likely to be
catalyzed by a distinct enzyme. Nonetheless, that these known
prolyl hydroxylases contain iron at their active sites and catalyze
a reaction requiring molecular oxygen suggests mechanisms by
which cobalt and hypoxia might inhibit HIF-1« hydroxylation. In
the former case, cobalt might substitute for an iron at the active
site; in the latter, the low oxygen concentration might constitute
a subsaturating substrate concentration. The data presented
here indicate that there is no need to invoke additional mech-
anisms that promote the dissociation of HIF-la from VHL
under hypoxic conditions.
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