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ASSAYS, METHODS AND MEANS

FIELD OF INVENTION

[0001] The present invention relates to hydroxylases which
act on hypoxia inducible factor alpha (HIF-a) and which are
involved 1n the regulation of the cellular turnover of HIF.
Compounds, methods and means for the modulation of the
activity of these enzymes are provided.

BACKGROUND OF INVENTION

[0002] The transcription factor HIF (hypoxia inducible fac-
tor) system 1s a key regulator of responses to hypoxia, occu-
pying a central position in oxygen homeostasis 1n a wide
range of organisms (1). A large number of transcriptional
targets have been 1dentified, with critical roles 1n angiogen-
es1s, erythropoiesis, energy metabolism, inflammation, vaso-
motor function, and apoptotic/proliferative responses (1).
The system 1s essential for normal development (2, 3), and
plays a key role in pathophysiological responses to
ischaemia/hypoxia (1). HIF 1s also important in cancer, 1n
which 1t 1s commonly upregulated, and has major effects on
tumour growth and angiogenesis (1). The HIF DNA binding
complex consists of a heterodimer of a and 3 subunits (4).
Regulation by oxygen occurs through hydroxylation of the
a.-subunits, which are rapidly destroyed by the proteasome 1n
oxygenated cells (5, 6, 7). This mvolves binding of HIF-o
subunits by the von Hippel-Lindau tumour suppressor protein
(pVHL) (8), with pVHL acting as the, or part of the, recog-
nition component for a ubiquitin ligase that promotes ubig-
uitin dependent proteolysis through interaction with a spe-
cific sequence or sequences 1n HIF-a-subunits (11, 12, 13,
14). In hypoxia, this process 1s suppressed, so stabilizing
HIF-o and permitting transcriptional activation via the HIFa-

B.

DISCLOSURE OF THE INVENTION

[0003] Investigations by the present inventors have
revealed that the interaction between HIF-¢. and VHL 1s con-
trolled by oxidation of critical proline residues 1n the HIF-c.
protein. In the human HIF-1a protein these are Pro402 and
Pro564, though the equivalent residue(s) exists in other
HIF-o forms and are conserved in C. elegans, indicating that
these are critical components which have been conserved
through evolution.

[0004] The data herein demonstrates that hydroxylation of
proline residues such as Pro564 1in HIF-1o 1s mediated by a
tamily of specific prolyl-hydroxylases, referred to here as the
HIF hydroxylases, which include the C. elegans protein
EGL-9 and the human proteins PHD1-3. These enzymes rec-
ognise a conserved core LXXL AP motif for prolyl hydroxy-
lation. Different members of the family act differentially on
hydroxylation sites within HIF-a and the activity of the
recombinant enzymes 1s directly modulated by oxygen ten-
s10n, 1ron availability and cobaltous 10ns.

[0005] The activity of HIF hydroxylases represents a novel
target for the control of HIF .. By blocking activity, hydroxy-
lation of HIF . will be reduced, leading to the accumulation of
HIF-a 1 cells. This, in turn, will lead to the promotion or
modulation of angiogenesis, erythropoiesis, energy metabo-
lism, inflammation, vasomotor function, and will also atfect
apoptotic/proliferative responses. Thus, mechanisms which
either block, inhibit, reduce or decrease the activity of the HIF
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hydroxylase, and in particular its prolyl-hydroxylase activity,
have therapeutic applications 1n certain target cells.
[0006] Conversely, 1n hypoxic conditions such as those
commonly found 1n tumours, the lack of hydroxylation may
lead to the accumulation of HIFa and the concomitant pro-
motion of angiogenesis and other growth promoting events.
Thus mechanisms which either rescue, stimulate, enhance or
increase the activity of the HIF hydroxylase, and 1n particular
the prolyl-hydroxylase activity of the enzyme, have different
therapeutic applications with respect to certain target cells.
[0007] One aspect of the present invention therefore pro-
vides an assay method for identifying an agent which modu-
lates the 1nteraction of a HIF hydroxylase with a substrate of
the hydroxylase, the method including contacting a HIF
hydroxylase and a substrate of the hydroxylase in the pres-
ence of a test substance; and, determining the interaction or
lack of mteraction of the HIF hydroxylase and the substrate.
[0008] The HIF hydroxylase and the test substance may be
contacted under conditions in which the HIF hydroxylase
normally interacts with the substrate of the hydroxylase.
[0009] Interaction, or lack of interaction, between the HIF
hydroxylase and the substrate may be determined 1n the pres-
ence and/or absence of the test substance. A change, 1.e. an
increase or decrease 1n nteraction in the presence relative to
the absence of test substance being indicative of the test
substance being a modulator of said interaction.
[0010] Interaction may be determined according to any one
of a range of conventional techniques and may include deter-
mining the prolyl hydroxylation of the substrate as described
below. Interaction 1n such assays may be any functional inter-
relation.
[0011] Accordingly, the present invention provides an
assay method for identifying an agent which modulates the
interaction of a hypoxia inducible factor (HIF) hydroxylase
with a substrate of the hydroxylase, the method comprising:
[0012] contacting a HIF hydroxylase and a test substance
in the presence of a substrate of the hydroxylase under
conditions 1 which the hydroxylase interacts with the
substrate 1n the absence of the test substance; and
[0013] determining the interaction, or lack of interaction,
of the hydroxylase and the substrate.
[0014] The present invention also provides the HIF
hydroxylases themselves. Thus 1n accordance with the
present invention, there 1s provided a polypeptide compris-
ng:

[0015] (a)the amino acid sequence of SEQ ID NO: 2, 4,
6 or 8;
[0016] (b) a vanant thereof having at least 60% i1dentity

to the amino acid sequence of SEQ ID NO: 2, 4, 6 or 8
and having HIF hydroxylase activity; or

[0017] (c) a fragment of either thereof having HIF
hydroxylase activity.

[0018] Preferably, a polypeptide of the invention has prolyl
hydroxylase activity.

[0019] The present mvention also relates to polynucle-
otides which encode a polypeptide of the invention. Thus, 1n
accordance with another aspect of the invention, a polynucle-
otide comprises:

[0020] (1) SEQ ID NO: 1, 3, 5 or 7 or a complementary
sequence thereto;

[0021] (11) a sequence which hybridises under stringent
conditions to the sequence defined 1 (1);

[0022] (i11) a sequence which 1s degenerate as a result of the
genetic code to a sequence as defined 1n (1) or (11);
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[0023] (1v) a sequence having at least 60% 1dentity to a
sequence as defined 1n (1); or

[0024] (v)alragmentof any of the sequences (1), (11), (111) or
(1v), and which encodes a polypeptide having hydroxylase
activity or capable of generating antibodies specific for a HIF
hydroxylase.

[0025] The mnvention also relates to expression vectors
comprising a polynucleotide of the invention and antibodies
capable of specifically binding a polypeptide of the invention.
[0026] The mvention also relates to the use of the sub-
stances 1dentified 1n accordance with the assays of the present
invention and to the use of inhibitors of the activity of the
peptides of the invention in the treatment of a condition or
disease associated with altered HIF levels with respect to

healthy (or normal) levels, or a condition 1n which it 1s desir-
able to alter HIF activity.

DETAILED DESCRIPTION OF THE INVENTION

[0027] SEQ ID NO: 1 comprises the nucleotide and
amino acid sequence for PHD]1.

[0028] SEQ ID NO: 2 comprises the amino acid
sequence for PHD].

[0029] SEQ ID NO: 3 comprises the nucleotide and
amino acid sequence for PHD?2.

[0030] SEQ ID NO: 4 comprises the amino acid
sequence alone for PHD2.

[0031] SEQ ID NO: 5 comprises the nucleotide and
amino acid sequence for PHD3.

[0032] SEQ ID NO: 6 comprises the amino acid
sequence alone for PHD3.

[0033] SEQ ID NO: 7 comprises the nucleotide and
amino acid sequence for EGL-9.

[0034] SEQ ID NO: 8 comprises the amino acid
sequence alone for EGL-9.

[0035] SEQ ID NOs: 9 to 16 represent a number of

polypeptides which antagonise the interaction of a HIF .
subunit with VHL.

[0036] SEQID NOs: 17 to 22 represent a number of HIF
hydroxylase sequence motifs.

[0037] SEQ ID NO: 23 provides the amino acid
sequence of pVHL minimal binding domain of HIF-1a.

[0038] SEQ ID NO: 24 provides the amino acid
sequence of pVHL minimal binding domain of HIF-2¢.

[0039] SEQ ID NO: 25 provides the amino acid

sequence of pVHL minimal binding domain of HIF-c.
from X. laevis.

[0040] SEQ ID NO: 26 provides the amino acid
sequence of pVHL minimal binding domain of HIF-a
from D. melanogaster.

[0041] SEQ ID NO: 27 provides the amino acid
sequence of pVHL minimal binding domain of HIF-a
from C. elegans.

[0042] SEQ ID NOs: 28 to 34 represent the amino acid
sequence of a number of synthetic peptides assessed for
their ability to block HIF-1a/pVHL 1nteraction.

[0043] SEQ ID NO: 35 comprises the amino acid-se-
p
quence alone for human HIF-c.

[0044] SEQ ID NO: 36 comprises the amino acid
sequence alone for C. elegans HIF-c.

[0045] SEQ ID NO: 37 comprises the amino acid

sequence ol a portion of HIF-1a which 1s mvolved 1n
VHL dependent ubiquitylation and contains an LxxLLAP
motif.
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[0046] SEQ ID NO: 38 comprises the amino acid
sequence ol a portion of HIF-2a which 1s mvolved 1n
VHL dependent ubiquitylation and contains an LxxLLAP
motif.

[0047] SEQ ID NO: 39 comprises the amino acid
sequence of a second portion of HIF-la which 1s
involved in VHL dependent ubiquitylation and contains
an LxxLAP motif.

[0048] SEQ ID NO: 40 comprises the amino acid
sequence of the predicted jelly roll core of the C. elegans
HIF hydroxylase EGL-9.

[0049] SEQ ID NO: 41 comprises the amino acid
sequence of the predicted jelly roll core of PHD 1.

[0050] SEQ ID NO: 42 comprises the amino acid
sequence of the predicted jelly roll core of PHD 2.

[0051] SEQ ID NO: 43 comprises the amino acid
sequence of the predicted jelly roll core of PHD 3.

[0052] SEQ ID NO: 44 comprises the amino acid
sequence of the predicted jelly roll core of rat SM20.

[0053] SEQ ID NO: 45 comprises the amino acid
sequence of the prolyl-3-hydroylase from Streptomyces.

[0054] SEQ ID NOs: 46 and 47 provide the nucleotide
sequences of two primers used to generate a mutage-
nised ceHIF.

[0055] SEQ ID No: 48 provides the amino acid sequence

of a possible HIF hydroxylase motif.

HIF Hydroxylases

[0056] The present invention relates to a family of novel
hydroxylases, referred to herein as HIF hydroxylases, func-
tional variants thereof and functional fragments of HIF
hydroxylases or of variants thereof. Sequence information for

three human HIF hydroxylases termed PHD polypeptides
(PHD 1, 2 and 3) are provided in SEQ ID NOS: 1, 3 and 3

(nucleotide and amino acid) and 1n SEQ ID NOS: 2, 4 and 6
comprising the corresponding amino acid sequence.
Sequence information for a C. elegans HIF hydroxylase,
EGL-9, 1s provided in SEQ ID NO: 7 (nucleotide and amino
acid) and 1 SEQ ID NO: 8 comprising the corresponding
amino acid sequence. A polypeptide of the imvention thus
consists essentially of the amino acid sequence of SEQ ID
NO: 2, 4, 6 or 8 or a variant of any one of these sequences or
of a fragment of any one of these sequences or variants of the
fragments.

[0057] PHDI, 2 and 3 are 2-oxoglutarate dependent non-
haem 1ron-dependent dioxygenases. These dioxygenases
have hydroxylase activity, and in particular they mediate
hydroxylation HIF 1a. They are related by sequence to non-
haem oxygenases for which crystal structures are known such
as proline-3-hydroxylase (Clifton et al., Eur. J. Biochem.,
2001, 268, 6625-6636). PHD 1, 2 and 3 are related to EGLS
of C. elegans and may also be referred to herein as EGLN 2,
1 and 3 respectively. The PHD 1, 2 and 3 and EGL9 hydroxy-
lases are all considered to be HIF hydroxylases of the inven-
tion. The HIF hydroxylases of the invention, and in particular
the human HIF hydroxylases, may also be referred to as
EGLN polypeptides.

[0058] In a preferred embodiment the HIF hydroxylase of
the invention 1s a prolyl-hydroxylase. Typically the HIF
hydroxylase 1s a human HIF hydroxylase and 1n particular 1t
1s PHD 1, 2 or 3. In a preferred embodiment the various
assays, methods, medicaments and other embodiments of the
invention employ, or are concerned, with a human HIF
hydroxylase and 1n particular PHD 1, 2 or 3.
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[0059] A polypeptide of the mvention may be in 1solated
and/or purified form, free or substantially free ol material
with which 1t 1s naturally associated, such as other polypep-
tides or such as human polypeptides other than that for which
the amino acid sequence 1s encoded by the gene encoding the
HIF hydroxylase and 1in particular the PHD-1, -2 or -3 gene or
(for example 1f produced by expression 1n a prokaryotic cell)
lacking 1n native glycosylation, e.g. unglycosylated.

[0060] It will be understood that the polypeptide may be
mixed with carriers or diluents which will not interfere with
the intended purpose of the polypeptide and still be regarded
as substantially 1solated. A polypeptide in substantially puri-
fied form will generally comprise the polypeptide 1in a prepa-
ration 1 which more than 50% e.g. more than 80%, 90%,
95% or 99%, by weight of the polypeptide in the preparation
1s a polypeptide of the invention. Routine methods can be
employed to purity and/or synthesize the proteins according
to the mvention. Such methods are well understood by per-
sons skilled in the art and, include techniques such as those
disclosed i Sambrook et al, Molecular Cloning: A Labora-
tory Manual, Second Edition, CSH Laboratory Press, 1989,
the disclosure of which 1s included herein 1n its entirety by
way of reference.

[0061] The term ““variant” refers to a polypeptide which

shares at least one property or function with the HIF hydroxy-
lases of SEQ ID NOS: 2, 4, 6 or 8 and 1n particular those of

SEQ ID NOS: 2, 4 or 6. A “fragment” of the mvention also
possesses at least one function or property of the HIF
hydroxylase of SEQ ID NO: 2, 4, 6 or 8 and 1n particular of
SEQ ID NOS: 2, 4 or 6. The HIF hydroxylases of the inven-
tion are hydroxyla ses, that 1s they have the ability to hydroxy-
late an amino acid residue 1n a peptide. Preferably, a polypep-
tide of the invention 1s capable of hydroxylating one or more
prolyl residues of a peptide substrate. In preferred aspects of
the mvention, a HIF hydroxylase, variant or fragment in
accordance with the invention has the ability to hydroxylate
one or more residues of HIF-1q, preferably a prolyl residue of
HIF and 1n particular Pro 564 and/or Pro 402 of HIF-1a or a
peptide analogue of HIF-1a or fragment thereof incorporat-
ing such a prolyl. Preferably, a variant of a HIF hydroxylase
in accordance with the present invention has at least 60%

sequence 1dentity with the amino acid sequence of SEQ 1D
NO: 2, 4, 6 or 8 and 1n particular with that of SEQ ID NO: 2,

4 or 6.

[0062] The present invention also includes active portions,
fragments, derivatives and functional mimetics of the
polypeptides of the invention. An “active portion” of a
polypeptide means a peptide which 1s less than said full length
polypeptide, but which retains hydroxylase activity and in
particular maintains HIP hydroxylase activity, preterably HIF
prolyl hydroxylase activity. Such an active fragment may be
included as part of a fusion protein, e.g. including a binding

L ] it

portion for a different 1.¢. heterologous ligand.

[0063] A “fragment” of a polypeptide generally means a
stretch of amino acid residues of at least about five contiguous
amino acids, often at least about seven contiguous amino
acids, typically at least about mine contiguous amino acids,
more preferably at least about 13 contiguous amino acids,
and, more preferably, at least about 20 to 30 or more contigu-
ous amino acids. Fragments of the HIF hydroxylase sequence
may include antigenic determinants or epitopes useful for
raising antibodies to a portion of the amino acid sequence.
Alanine scans are commonly used to find and refine peptide
motifs within polypeptides, this involving the systematic
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replacement of each residue 1n turn with the amino acid
alamine, followed by an assessment of biological activity.
Such scans may therefore be used 1n the i1dentification of
preferred fragments of the imnvention.

[0064] The polypeptides of the present invention generally
have hydroxylase activity, preferably prolyl hydroxylase
activity. Thus, the invention also relates to such polypeptides,
in particular, for use 1n assays of hydroxylase activity on
substrates such as HIF. The polypeptides may also be used for
hydroxylation of suitable substrates and 1n particular prolyl
hydroxylation of such substrates. A variant or an active frag-
ment of a HIF hydroxylase of the invention may typically be
identified by monitoring for hydroxylase activity as described
in more detail below. In preferred embodiments the HIF
hydroxylase has prolyl hydroxylase activity such as prolyl-
4-hydroxylase activity.

[0065] Such HIF hydroxylases may be a eukaryotic
polypeptide, preferably a mammalian polypeptide, more
preferably a human polypeptide.

[0066] A HIF hydroxylase preferably has HIF prolyl
hydroxylase (HPH) activity and preferably recognises and/or
has specificity for the substrate amino acid sequence motif
LXXLXP, 1n particular LXXLAP, or LXXLRP where X 1s
any amino acid 1.e. hydroxylates the proline residue of the
LXXLXP or LXXLAP motif of a polypeptide which com-
prises this sequence.

[0067] A HIF hydroxylase preferably contains a {3-barrel
jelly roll structure consisting of a minimum of eight strands.
Typically, the jelly roll structure may have eight strands. FIG.
9 shows an alignment of various HIF hydroxylases with the
locations of the eight p-barrel strands of the jelly roll motif
indicated. A diagram of the jelly roll structure 1s shown 1n

FIG. 10.
10068]

HXD[X],H

Preferred HIF hydroxylases comprise the sequence;

where X 1s any amino acid and n 1s between 1 and 200, 20 and
150 or 30 and 100 amino acids, for example 10, 20, 30, 40, 30,
60, 70, 80, 90 or 100 amino acids.

[0069] Inespecially preferred embodiments, the HXD por-
tion of the motif1s located on the second strand of the jelly roll
motif of the HIF hydroxylase and the remaining H 1s on or
close to the second strand of the motif.

[0070] In some enzymes related to the PHD 1, 2 and 3
enzymes 1solated, such as clavaminic acid synthase, the HXD
motif 1s replaced by a HXE motif. Thus the invention also
encompasses HIF hydroxylases which have i place of a
HXD motif a HXE motif. This may be because the HIF
hydroxylase normally has such a motif, or alternatively,
because the HXD motif originally present has been replaced
by a HXE motif. Thus for any of the HXD motifs described
herein, the invention also encompasses enzymes with a motif
where the Aspartic acid residue has been replaced with a

Glutamic acid residue.
[0071] A suitable HXD[X], H motitf may comprise the resi-

dues Hi1s487, Asp489 and His 548 with reference of the Egl-9
sequence. A suitable HIF hydroxylase may thus comprise or
include the sequence;

HXD[X]scH

[0072] Amino acid residues described herein are numbered
according to the EGL-9 sequence (G15923812), unless oth-

erwise stated. Sequences of the catalytic regions of EGL-9
and other HIF hydroxylases are shown 1n FIG. 9. It will be
appreciated that because of variations in sequence, the
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equivalent or corresponding residues in other HIF hydroxy-
lase sequences may have different numbers. Reference herein
to a residue numbered according to the EGL-9 sequence 1s
understood to include the equivalent residue 1n other HIF
hydroxylases.

[0073] Preferred HIP hydroxylases may comprise one or
more of the following residues; Metd73, Asp494, Tyr502,

Leu517, Pro332, Asp543, Val550, Arg537.

[0074] Such a preferred polypeptide may comprise the fol-
lowing amino acid sequence;

M (X) [3HXD (X) 4D (X) 7Y (X) 4L (X) 4P (X) ;oD (X) 4HXV (X) (R

where X 1s any amino acid residue.

[0075] Especially preferred HIF hydroxylases may addi-
tionally comprise one or more of the following residues;

Argd69, Tyrd77, Pro478, Gly479, Asnd80, Gly481, Tyr584,
Val585, Vald88, Asnd90, Prod91, Gly495, Argd96, Cys497,
Thr499, 1le501, Tyr503, Asn505, Trp508, Asp509, Gly514,
Gly515, Phe520, Pro521, Glu522, Asp535, Arg536, Leus37,
Phe539, Trp541, Ser542, Arg544, Arg545, Asn546, Pro547,
Glu549, Pro552, Ala559, Thr561, Val562, Trp563, Tyr564,
Asp566, Glu569, Arg570, Ala573, Ala575, Lys576, Lys578.

[0076] Such an especially preferred polypeptide may, for
example, comprise the following amino acid sequence;

RXXXMXXXYP GNGXXYVXHV DNPXXDGRCX TXIYYXNXXW
D (X),,GGXLX XFPE (X)PX XDRLXFXWSD RRNPHEVXP (X},

RXAXTVWYXD XXERXXAXAK XK

where X 1s any amino acid residue.

[0077] In other preferred embodiments one or more of the
tollowing variations of the above sequence may be present.
Residue 478 may be Asn, residue 485 may be Ile, residue 496
may be Lys, residue 497 may be Val, residue 515 may be Ser,
residue 520 may be Tyr, residue 530 may be Ile, Val or Met,
residue 536 may be Lys, residue 537 may be Ile, residue 539
may be Ile, residue 546 may be Thr, residue 559 may be Ser,
residue 560 may be Ile, Met or Leu, residue 561 may be Cys
and/or residue 564 may be Phe.

[0078] A suitable HIF hydroxylase may comprise a
polypeptide sequence selected from the group consisting of
SM20 (NCBI Acc No: NP071334), EGL-9 (GI5923812),
CG1114 (AAFS2030),Clort12 (NP0O71334), EGLN1/PHD2
(211457146), EGLN2/PHD1 (g11457148), EGLN3/PHD3
(2114547150), FALKOR (g113649965), and FLI21620
(BAB15101) as shown in Table 1.

[0079] A polypeptide of the mvention may further com-
prise an amino acid sequence which shares greater than about
60% sequence 1dentity with one of the above amino acid
sequences, preferably greater than about 70%, more prefer-
ably greater than about 80%, more preferably greater than
about 90%, most preferably greater than about 95%. Suitable
sequences have prolyl hydroxylase and 1n particular HIF pro-
lyl hydroxylase activity.

[0080] In one embodiment the invention provides a
polypeptide having a least 60% sequence 1dentity with the
amino acid sequence encoded by the PHD2 (EGLN1) gene.

[0081] Further aspects of the present invention relate to
methods for identifying HIF hydroxylases. Such a method
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may comprise; screening a database for an open reading
frame encoding a polypeptide comprising the sequence;

M (X) 3HXD (X) 4D (X) 7Y (X) 4L (X) 4P (X) ;oD (X) JHXV (X) (R

expressing said open reading frame to produce said polypep-
tide; and,

determining the ability of said polypeptide to hydroxylate a
prolyl or other residue of HIF polypeptide as described
herein. Crystallographic mformation may also be used to
identify other HIF hydroxylases, for use in subsequent assays
of HIF hydroxylase activity.

[0082] In an alternative aspect of the present invention, a
HIF hydroxylase of the invention may be a variant which does
not show the same activity as the HIF hydroxylase, but is one
which 1nhibits a function of the wild type polypeptide. For
example, a modified or variant HIF hydroxylase may be one
which competes for HIF hydroxylase substrates but which
does not lead to prolyl hydroxylation of such substrate. Such
variants may be used in the various embodiments of the
invention.

Amino Acid Sequence Identity

[0083] A polypeptide may comprise an amino acid
sequence which shares greater than about 60% sequence
identity with a polypeptide sequence described or referenced
herein, greater than about 70%, greater than about 80%

greater than about 90%, greater than about 95%, or greater
than about 98%.

[0084] Foramino acid “homology”, this may be understood
to be 1dentity e.g. as determined using the algorithm GAP (as
described below).

[0085] Amino acid identity 1s generally defined with refer-
ence to the algorithm GAP (Genetics Computer Group, Madi-
son, Wis.). GAP uses the Needleman and Wunsch algorithm
to align two complete sequences that maximizes the number
of matches and minimizes the number of gaps. Generally, the
default parameters are used, with a gap creation penalty=12
and gap extension penalty=4. Use of GAP may be preferred
but other algorithms may be used, e.g. BLAST, (which uses
the method of Altschul et al. (1990) J. Mol. Biol. 2135: 405-
410), gapped BLAST, PSI-BLAST, (Altshul S. (1997)
Nucleic Acid Res. 17 3389-33402), FASTA (which uses the
method of Pearson and Lipman (1988) PNAS USA 85: 2444-
2448), or the Smith-Waterman algorithm (Smith and Water-
man (1981) J. Mol Biol. 14'7: 195-197). Generally, the default
parameters are used, with a gap creation penalty=12 and gap
extension penalty=4.

[0086] Sequence comparison may be made over the full-
length of the relevant sequence shown herein, or may more
preferably be over a contiguous sequence of about or greater
than about 20, 25, 30, 33, 40, 30, 67, 133, 167, 200, 233, 267,
300, 333, 400 or more amino acids, compared with the rel-
evant amino acid sequence.

[0087] Where default parameters or other features of these
programs are subject to revision, 1t 1s to be understood that
reference to the programs and their parameters are as of the
priority date of the instant application.

[0088] Substitutions made to polypeptides of the invention
may include conserved substitutions, for example according
to the following table, where amino acids on the same block
in the second column and preferably 1n the same line 1n the
third column may be substituted for each other:
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ALIPHATIC Non-polar GAP
ILV
CSTM
NQ
Polar-charged DE
KR H

FWY

Polar-uncharged

AROMATIC

Alternatively, any amino acid may be replaced by a small
aliphatic amino acid, preferably glycine or alanine.

[0089] Inaddition, deletions and 1insertions (e.g. from 1 to 5
subject to a maximum of 40% of the amino acids) may also be
made. Insertions are preferably insertions of small aliphatic
amino acids, such as glycine or alanine, although other inser-
tions are not excluded.

[0090] Vanant polypeptides may also modified in any of
the ways described herein for polypeptides of the mvention.
This includes for example “reverse” C-terminal to N-terminal
sequences, synthetic amino acids, glycosylated peptides,
phosphorylated peptides, addition of metal 10ons such as 1ons
of calcium, zinc, 1ron or manganese modified side chains and
labelling. Polypeptides may be provided in the form of mol-
ecules which contain multiple copies of the polypeptide (or
mixtures of polypeptides). For example, the amino group of
the side chain of lysine may be used as an attachment point for
the carboxy terminus of an amino acid. Thus two amino acids
may be joined to lysine via carbonyl linkages, leading to a
branched structure which may in turn be branched one or
more times. By way of example, four copies of a polypeptide
of the mvention may be joimned to such a multiple antigen
peptide (MAP), such as a MAP of the structure Pep,-Lys,-
Lys-X, where Pep 1s a polypeptide from the HIF hydroxylase
or variant thereof (optionally 1n the form of a heterologous
fusion), Lys 1s lysine and X 1s a terminal group such as
3-alanine which provides for jomning of the MAP core to a
solid support such as a resin for synthesis of the Pep,-MAP
peptide and which may be removed from the support once
synthesis 1s complete.

[0091] Other multiple polypeptide structures may be
obtained using the MAP cores described 1n: Lu et al, 1991,
Mol Immunol, 28, 623-30; Briand et al, 1992, J Immunol
Methods, 156, 255-65; Ahlborg, 1995, J Immunol Methods,
179, 269-73.

[0092] Where multimers of the invention are provided, they
may comprise different polypeptides of the mvention or be
multimers of the same polypeptide.

[0093] Except where specified to the contrary, the polypep-
tide sequences described herein are shown 1n the conventional
I-letter code and 1n the N-terminal to C-terminal orientation.
The amino acid sequence of polypeptides of the invention
may also be further modified to include non-naturally-occur-
ring amino acids or to increase the stability of the compound
in vivo. When the compounds are produced by synthetic
means, such amino acids may be mtroduced during produc-
tion. The compound may also be modified following either
synthetic or recombinant production.

[0094] Polypeptides of the mmvention may also be made
synthetically using D-amino acids. In such cases, the amino
acids may be linked 1n a reverse sequence 1n the C to N
orientation. 3-amino acids (or higher homologues) may also
be used.

[0095] A number of side-chain modifications for amino
acids are known 1n the art and may be made to the side chains
of polypeptides of the present invention. Such modifications
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include for example, modifications of amino groups by reduc-
tive alkylation by reaction with an aldehyde followed by
reduction with NaBH_,, amidination with methylacetimidate
or acylation with acetic anhydride.

[0096] The guanidino groups of arginine residues may be
modified by the formation of heterocyclic condensation prod-
ucts with reagents such as 2,3-butanedione or glyoxal. Sul-
phydryl groups may be modified by methods such as car-
boxymethylation, tryptophan residues may be modified by
oxidation or alkylation of the indole ring and the 1imidazole
ring of histidine residues may be modified by alkylation.
[0097] The carboxy terminus and any other carboxy side
chains may be blocked 1n the form of an ester group, €.g. a
C,_galkyl ester.

[0098] Theaboveexamples of modifications to amino acids
are not exhaustive. Those of skill in the art may modily amino
acid side chains where desired using chemistry known per se
in the art.

[0099] Polypeptides may be made synthetically or recom-
binantly, using techniques which are widely available 1n the
art. Synthetic production generally involves step-wise addi-
tion of mdividual amino acid residues to a reaction vessel in
which a polypeptide of a desired sequence 1s being made.

Polynucleotides

[0100] The mvention also includes nucleotide sequences
that encode for a HIF hydroxylase or a variant or fragment
thereof as well as nucleotide sequences which are comple-
mentary thereto. In particular, the invention provides nucle-
otide sequences which encode a human HIF hydroxylase or a
fragment or vanant of a human HIF hydroxylase as well as
nucleotide sequences complementary to any ol these
sequences: The nucleotide sequence may be RNA or DNA
including genomic DNA, synthetic DNA or cDNA. Prefer-
ably the nucleotide sequence 1s a DNA sequence and most
preferably, a ¢cDNA sequence. The invention also encom-
passes PNA (protein nucleic acid) molecules comprising the
sequences of the invention. Nucleotide sequence information
for human PHD 1, 2 and 3 1s provided 1n SEQ ID NOs: 1, 3
and 5 respectively. Nucleotide sequence information 1s pro-
vided in SEQ ID NO: 7, for the EGL-9 polypeptide of C.
elegans. Such nucleotides can be 1solated from cells or syn-
thesised according to methods well known 1n the art, as
described by way of example in Sambrook et al, 1989.
[0101] Typically a polynucleotide of the invention com-
prises a contiguous sequence of nucleotides which 1s capable
of hybridizing under selective conditions to the coding
sequence or the complement of the coding sequence of SEQ)
ID NO: 1,3, 5 or 7 and 1n particular to the coding sequence or
the complement of SEQ ID NO: 1, 3 or 5.

[0102] A polynucleotide of the invention can hybridize to
the coding sequence or the complement of the coding
sequence of SEQ ID NO: 1, 3, 5 or 7, and 1n particular to the
coding sequence or the complement of SEQ ID NO: 1,3 or 3,
at a level significantly above background. Background
hybridization may occur, for example, because of other
cDNAs present in a cDNA library. The signal level generated
by the mteraction between a polynucleotide of the mnvention
and the coding sequence or complement of the coding
sequence of SEQ ID NO: 1, 3, 5 or 7 1s typically at least 10
told, preferably at least 100 fold, as intense as interactions
between other polynucleotides and the coding sequence of
SEQ ID NO: 1, 3, 5 or 7. The intensity of interaction may be
measured, for example, by radiolabelling the probe, e.g. with
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>?P, Selective hybridisation may typically be achieved using
conditions of medium to high stringency. However, such
hybridisation may be carried out under any suitable condi-
tions known 1in the art (see Sambrook et al, 1989. For
example, 1 high stringency 1s required suitable conditions
include from 0.1 to 0.2xSSC at 60° C. up to 65° C. If lower
stringency 1s required suitable conditions mnclude 2xSSC at
60° C.

[0103] Thecoding sequence of SEQIDNO:1,3,50r7 may
be modified by nucleotide substitutions, for example from 1,
2or3to 10, 25, 50 or 100 substitutions. The polynucleotide of
SEQ ID NO: 1, 3, 5 or 7 may alternatively or additionally be
modified by one or more insertions and/or deletions and/or by
an extension at either or both ends. A polynucleotide may
include one or more itrons, for example may comprise
genomic DNA. The modified polynucleotide generally
encodes a polypeptide which has HIF hydroxylase activity,
typically which has hydroxylase activity and in particular
prolyl hydroxylase activity. Alternatively, a polynucleotide
encodes a ligand-binding portion of a polypeptide or a
polypeptide which modulates HIF hydroxylase activity.
Degenerate substitutions may be made and/or substitutions
may be made which would result in a conservative amino acid
substitution when the modified sequence 1s translated, for
example as shown 1n the Table above.

[0104] A nucleotide sequence which 1s capable of selec-
tively hybridizing to the complement of the DNA coding
sequence of SEQ ID NO: 1, 3, 5 or 7 will generally have at
least 60%, at least 70%, at least 80%, at least 88%, at least
90%, at least 95%, at least 98% or at least 99% sequence
identity to the coding sequence of SEQ ID NO: 1,3, 50r 7
over aregion of at least 20, preferably at least 30, for instance
at least 40, at least 60, more preferably at least 100 contiguous
nucleotides or most preferably over the full length of SEQ ID
NO: 1, 3, 5 or /. Preterably the nucleotide sequence encodes
a polypeptide which has the same domain structure as a HIF
hydroxyvlase as described 1n more detail above.

[0105] For example the UWGCG Package provides the
BBSTFIT program which can be used to calculate homology
(for example used on 1ts default settings) (Devereux et al
(1984) Nucleic Acids Research 12, p 387-395). The PILEUP
and BLAST algorithms can be used to calculate homology or
line up sequences (typically on their default settings), for

example as described 1 Altschul (1993) J. Mol. Evol. 3:290-
300; Altschul et al (1990) J. Mol. Biol. 215:403-10.

[0106] Software for performing BLAST analyses 1s pub-
licly available through the National Centre for Biotechnology
Information (htt://www.ncbi.nlm.nih.gov/). This algorithm
involves first identitying high scoring sequence pair (HSPs)
by identitying short words of length W 1n the query sequence
that either match or satisiy some positive-valued threshold
score T when aligned with a word of the same length 1n a
database sequence. T 1s referred to as the neighbourhood
word score threshold (Altschul et al, 1990). These 1nitial
neighbourhood word hits act as seeds for initiating searches to
find HSPs containing them. The word hits are extended 1n
both directions along each sequence for as far as the cumu-
lative alignment score can be increased. Extensions for the
word hits 1n each direction are halted when: the cumulative
alignment score falls ofl by the quantity X from 1ts maximum
achieved value; the cumulative score goes to zero or below,
due to the accumulation of one or more negative-scoring
residue alignments; or the end of either sequence 1s reached.

The BLAST algorithm parameters W, T and X determine the
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sensitivity and speed of the alignment. The BLAST program
uses as defaults a word length (W) of 11, the BLOSUMG62
scoring matrix (see Henikoffand Hemkodl (1992) Proc. Natl.
Acad. Sci. USA 12: 109153-10919) alignments (B) of 30,
expectation (E) of 10, M=3, N=4, and a comparison of both
strands.

[0107] The BLAST algorithm performs a statistical analy-
s1s of the similarity between two sequences; see e.g., Karlin
and Altschul (1993) Proc. Natl. Acad. Sci. USA 90: 5873-
5787 and Altschul and Gish (1996) Methods Enzymol. 266:
460-480. One measure of similarity provided by the BLAST
algorithm 1s the smallest sum probability (P(IN)), which pro-
vides an indication of the probability by which a match
between two nucleotide or amino acid sequences would occur
by chance. For example, a sequence 1s considered similar to
another sequence 11 the smallest sum probability 1n compari-
son of the first sequence to the second sequence 1s less than
about 1, preferably less than about 0.1, more preferably less
than about 0.01, and most preferably less than about 0.001.
[0108] Anycombination ofthe above mentioned degrees of
sequence 1dentity and minimum sizes may be used to define
polynucleotides of the invention, with the more stringent
combinations (1.e. higher sequence identity over longer
lengths) being preterred. Thus, for example a polynucleotide
which has at least 90% sequence 1dentity over 25, preferably
over 30 nucleotides forms one aspect of the invention, as does
a polynucleotide which has at least 95% sequence 1dentity
over 40 nucleotides.

[0109] The nucleotides of the invention may comprise a
label for example, they may be radiolabelled or fluorescently
labelled. The label may be such that 1t 1s only visualised on
hybridisation to a complementary nucleic acid. For example,
the label may be quenched until hybridisation. The nucle-
otides of the mnvention may be immobilised to a support such
as a membrane or as a microarray.

[0110] The nucleotides according to the mvention have
utility in production of the proteins according to the inven-
tion, which may take place in vitro, 1n vivo or ex vivo. Accord-
ingly, the mvention provides a polypeptide encoded by a
polynucleotide of the invention and 1n particular encoded by
SEQ ID NO: 1, 3, 5 or 7. The mvention includes a PHD
polypeptide encoded by PHD gene, 1n particular by the PHD
1, 2 or 3 genes. The invention also provides fragments of such
polypeptides which have HIF hydroxylase activity and in
particular prolyl hydroxylase activity.

[0111] The nucleotides may be involved 1in recombinant
protein synthesis or indeed as therapeutic agents 1n their own
right, utilised 1n gene therapy techmiques. Nucleotides
complementary to those encoding HIF hydroxylase, or anti-
sense sequences, or interfering RNA may also be used 1n gene
therapy.

[0112] The present invention also includes expression vec-
tors that comprise nucleotide sequences encoding the pro-
teins of the invention. Such expression vectors are routinely
constructed 1n the art of molecular biology and may for
example involve the use of plasmid DNA and appropriate
initiators, promoters, enhancers and other elements, such as
for example polyadenylation signals which may be necessary,
and which are positioned 1n the correct orientation, in order to
allow for protein expression. Other suitable vectors would be
apparent to persons skilled in the art. By way of further
example 1n this regard we refer to Sambrook et al. 1989.

[0113] Polynucleotides according to the invention may also
be inserted into the vectors described above 1n an antisense
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orientation 1n order to provide for the production of antisense
RINA. Antisense RNA or other antisense polynucleotides may
also be produced by synthetic means. Such antisense poly-
nucleotides may be used as test compounds 1n the assays of
the imnvention or may be usetul in a method of treatment of the
human or animal body by therapy.

[0114] Polynucleotides ofthe invention may also be used to
design double stranded RNAs for use in RNA 1nterference.
Such RNA comprises short stretches of double stranded RNA
having the same sequence as a target mRNA.. Such sequences
can be used to inhibit translation of the mRINA. Alternatively,
small fragments of the gene encoding a HIF hydroxylase may
be provided, cloned back to back in a plasmid. Expression
leads to production of the desired double stranded RNA. Such
short interfering RNA (s1RNA) may be used for example to
reduce or inhibit expression of a HIF hydroxylase of the
invention, 1n assays or 1n a method of therapy. The invention
also relates to such siRNAs. Such siRNAs may be designed to
inhibit groups of HIF hydroxylases of the invention by basing
theirr sequences on regions ol conserved sequence in the
encoding genes of the hydroxylases. Alternatively, the siR-
NAs may be made specific to a particular HIF hydroxylase by
choosing a sequence unique to the encoding gene of the
particular hydroxylase gene to be inhibited.

[0115] Preferably, a polynucleotide of the invention 1n a
vector 1s operably linked to a control sequence which 1s
capable of providing for the expression of the coding
sequence by the host cell, 1.e. the vector 1s an expression
vector. The term “operably linked” refers to a juxtaposition
wherein the components described are 1n a relationship per-
mitting them to function 1n their intended manner. A regula-
tory sequence, such as a promoter, “operably linked” to a
coding sequence 1s positioned 1n such a way that expression
of the coding sequence 1s achieved under conditions compat-
ible with the regulatory sequence.

[0116] The vectors may be for example, plasmid, virus or
phage vectors provided with a origin of replication, option-
ally a promoter for the expression of the said polynucleotide
and optionally a regulator of the promoter. The vector may be
an artificial chromosome. The vectors may contain one or
more selectable marker genes, for example an ampicillin
resistance gene 1n the case of a bacterial plasmid or a resis-
tance gene for a fungal vector. Vectors may be used 1n vitro,
for example for the production of DNA or RNA or used to
transiect or transform a host cell, for example, a mammalian
host cell. The vectors may also be adapted to be used 1n vivo,
for example 1n a method of gene therapy.

[0117] Promoters and other expression regulation signals
may be selected to be compatible with the host cell for which
expression 1s designed. For example, yeast promoters include
S. cerevisiae GAL4 and ADH promoters, S. pombe nmtl and
adh promoter. Mammalian promoters include the metal-
lothionein promoter which can be induced in response to
heavy metals such as cadmium. Viral promoters such as the
SV40 large T antigen promoter or adenovirus promoters may
also be used. An IRES promoter may also be used. All these
promoters are readily available 1n the art.

[0118] Mammalian promoters, such as [p-actin promoters,
may be used. Tissue-specific promoters are especially pre-
terred. Inducible promoters are also preferred. Promoters
inducible by hypoxic conditions may, for example, be
employed. Viral promoters may also be used, for example the
Moloney murine leukaemia virus long terminal repeat

(MMLYV LTR), the rous sarcoma virus (RSV) LTR promoter,
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the SV40 promoter, the human cytomegalovirus (CMV) IE
promoter, adenovirus, HSV promoters (such as the HSV IE
promoters), or HPV promoters, particularly the HPV
upstream regulatory region (URR). Viral promoters are
readily available 1n the art.

[0119] The vector may further include sequences flanking
the polynucleotide giving rise to polynucleotides which com-
prise¢ sequences homologous to eukaryotic genomic
sequences, preferably mammalian genomic sequences, or
viral genomic sequences. This will allow the introduction of
the polynucleotides of the invention into the genome of
cukaryotic cells or viruses by homologous recombination. In
particular, a plasmid vector comprising the expression cas-
sette flanked by viral sequences can be used to prepare a viral
vector suitable for delivering the polynucleotides of the
invention to a mammalian cell. Homologous recombination
may also be used to disrupt or mutate endogenous sequences
in cells encoding HIF hydroxylases. Other examples of suit-
able viral vectors include herpes simplex viral vectors and
retroviruses, including lentiviruses, adenoviruses, adeno-as-
sociated viruses and HPV viruses. Gene transier techniques
using these viruses are known to those skilled 1n the art.
Retrovirus vectors for example may be used to stably inte-
grate the polynucleotide giving rise to the polynucleotide into
the host genome. Replication-defective adenovirus vectors
by contrast remain episomal and therefore allow transient
CXPression.

[0120] The i1nvention also includes cells that have been
modified to express a HIF hydroxylase of the invention. Such
cells include transient, or preferably stable higher eukaryotic
cell lines, such as mammalian cells or insect cells, using for
example a baculovirus expression system, lower eukaryotic
cells, such as yeast or prokaryotic cells such as bacterial cells.
Particular examples of cells which may be modified by inser-
tion of vectors encoding for a polypeptide according to the
invention include mammalian thymic epithelial cells, fibro-
blasts, HEK293T, U20S, CHO, HelLa, BHK, 3T3 and COS

cells.

[0121] A polypeptide of the invention may be expressed 1n
cells of a transgenic non-human animal, typically a mammal,
preferably a rodent, more preferably a mouse. The animal
may be a larger animal such as a pi1g or sheep. A transgenic
non-human animal expressing a polypeptide of the invention
1s 1ncluded within the scope of the mvention. Also included
are transgenic animals expressing an antisense RNA, siRNA
or ribozyme designed to inhibit expressions of a polypeptide
of the invention. The transgenic animals of the invention may
have a gene encoding an endogenous HIF hydroxylase dis-
rupted or mutated. For example, the endogenous HIF
hydroxylase may be rendered mactive and lack hydroxylase
actvity.

Antibodies

[0122] According to another aspect, the present invention
also relates to antibodies, specific for a polypeptide of the
invention. Such antibodies are for example usetul 1n purifi-
cation, 1solation or screening methods involving immunopre-
cipitation techniques or, indeed, as therapeutic agents 1n their
own right. Antibodies may be raised against specific epitopes
of the polypeptides according to the mnvention.

[0123] Antibodies may be used to impair HIF hydroxylase

function. An antibody, or other compound, “specifically
binds™ to a protein when it binds with preferential or high
aifinity to the protein for which 1t 1s specific but does not
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substantially bind or binds with only low affinity to other

proteins. A variety of protocols for competitive binding or

immunoradiometric assays to determine the specific binding
capability of an antibody are well known 1n the art (see for

example Maddox et al, J. Exp. Med. 138, 1211-1226, 1993).

Such immunoassays typically involve the formation of com-

plexes between the specific protein and 1ts antibody and the

measurement of complex formation.

[0124] Antibodies of the invention may be antibodies to

human polypeptides or fragments thereof. For the purposes of

this invention, the term “antibody™, unless specified to the
contrary, includes fragments which bind a polypeptide of the
invention. Such fragments include Fv, F(ab") and F(ab'), frag-
ments, as well as single chain antibodies. Furthermore, the
antibodies and fragment thereof may be chimeric antibodies,

CDR-grafted antibodies or humanised antibodies.

[0125] Antibodies may be used 1n a method for detecting

polypeptides of the invention in a biological sample, which

method comprises:

[0126] I providing an antibody of the invention;

[0127] Ilincubating a biological sample with said antibody
under conditions which allow for the formation of an anti-
body-antigen complex; and

[0128] III determining whether antibody-antigen complex
comprising said antibody 1s formed.

[0129] A sample may be for example atissue extract, blood,
serum and saliva. Antibodies of the invention may be bound to
a solid support and/or packaged into kits 1n a suitable con-
tainer along with suitable reagents, controls, instructions, etc.
Antibodies may be linked to arevealing label and thus may be
suitable for use 1n methods of 1n vivo HIF hydroxylase imag-
ng.
[0130] Antibodies of the imnvention can be produced by any
suitable method. Means for preparing and characterising anti-
bodies are well known 1n the art, see for example Harlow and
Lane (1988) “Antibodies: A Laboratory Manual”, Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.
For example, an antibody may be produced by raising anti-
body 1n a host animal against the whole polypeptide or a
fragment thereotf, for example an antigenic epitope thereof,
herein after the “immunogen™.
[0131] A method for producing a polyclonal antibody com-
prises immumnising a suitable host animal, for example an
experimental animal, with the immunogen and 1solating
immunoglobulins from the animal’s serum. The amimal may
therefore be inoculated with the immunogen, blood subse-
quently removed from the animal and the IgG fraction puri-
fied.
[0132] A method for producing a monoclonal antibody
comprises 1immortalising cells which produce the desired
antibody. Hybridoma cells may be produced by fusing spleen
cells from an 1noculated experimental animal with tumour
cells (Kohler and Milstein (1975) Nature 256, 495-497).
[0133] An immortalized cell producing the desired anti-
body may be selected by a conventional procedure. The
hybridomas may be grown 1n culture or injected intraperito-
neally for formation of ascites fluid or into the blood stream of
an allogenic host or immunocompromised host. Human anti-
body may be prepared by in vitro immunisation of human
lymphocytes, followed by transformation of the lymphocytes
with Epstein-Barr virus and in transgenic mice enabling pro-
duction of human antibodies.

[0134] For the production of both monoclonal and poly-
clonal antibodies, the experimental animal 1s suitably a goat,
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rabbit, rat or mouse. If desired, the 1 mmunogen may be
administered as a conjugate in which the immunogen 1is
coupled, for example via a side chain of one of the amino acid
residues, to a suitable carrier. The carrier molecule 1s typically
a physiologically acceptable carrier. The immunogen may,
for example, be administered with an adjuvant. The antibody
obtained may be 1solated and, 1f desired, purified.

Assays

[0135] Our data shows that hydroxylation of HIF-ca. 1s
mediated by a hydroxylase enzyme which has specificity or
selectivity for HIF-c.. The enzyme responsible are referred to
as HIF hydroxylases and include EGL-9 and PHD1, 2 and 3.
The action of HIF hydroxylases, and in particular human HIF
hydroxylases, represent a novel target for the control of HIF ¢
By blocking HIF hydroxylase activity, this will reduce
hydroxylation of HIF-a and thus lead to the accumulation of
HIF-o 1n cells. This 1 turn will lead to the activation of
systemic local defences against hypoxia or 1schaemia that
may include the promotion of angiogenesis, erythropoiesis,
energy metabolism, inflammation, vasomotor function, and
will also affect apoptotic/proliferative responses.

[0136] We describe below 1n more detail a number of dif-
ferent assays that may be carried out to identify modulators of
HIF hydroxylase activity and in particular of prolyl hydroxy-
lase activity, or which affect regulation of HIF-c. levels 1n a
cell and hence which affect HIF mediated activity. Some of
these assays utilise HIF polypeptides and VHL polypeptides,
and 1n particular HIF hydroxylases in accordance with the
present invention. Typically, the assays may utilise a human
HIF hydroxylase such as PHD 1, 2 or 3 or a fragment or
variant of a human HIF hydroxylase. In a preferred embodi-
ment an enzyme with HIF prolyl-hydroxylase activity may be
used. These components are described 1n more detail below.
Each of these components, where required may be provided
either 1n purified or unpurified form, for example, as cellular
extracts or by purification of the relevant component from
such extracts. Alternatively, the relevant component can be
expressed using recombinant expression techniques and puri-
fied for use in the assay. Alternatively, the components may be
expressed recombinantly 1n a cell for use 1n cell based assays.

[0137] TTypically, a polynucleotide encoding the relevant
component 1s provided within an expression vector. Such
expression vectors are routinely constructed in the art and
may for example mvolve the use of plasmid DNA and appro-
priate 1mitiators, promoters, enhancers and other elements,
such as for example polyadenylation signals which may be
necessary and which are positioned in the correct orientation
in order to allow full protein expression. Suitable vectors
would be very readily apparent to those of skill in the art, such
as those described 1n more detail herein with reference to the
HIF hydroxylases. Promoter sequences may be inducible or
constitutive promoters depending on the selected assay for-
mat. The promoter may be tissue specific. Examples of pro-
moters and other flanking sequences for use 1n the expression
vectors are described 1n more detail herein with reference to
the HIF hydroxylases of the invention and 1n particular to the
human HIP hydroxylases of the invention.

HIF Polypeptides and Peptide Analogues

[0138] The assays of the present invention may use a sub-
strate of a HIF hydroxylase and in particular a prolyl contain-
ing substrate of the enzyme. In particular, such substrates may
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be used 1n assays to monitor for the activity of a modulator of
HIF hydroxylase activity. The substrate may be a HIF
polypeptides or peptide analogue thereotf. Typically, a HIF
polypeptide will be used as the substrate.

[0139] Any suitable substrate in which a residue, preferably
a proline residue, 1s hydroxylated by a HIF hydroxylase of
SEQ ID NO: 2, 4, 6 or 8 may be used and 1n particular one
which 1s hydroxylated by the HIF hydroxylase of SEQ 1D
NO: 2,4 or 6. Inpreterred embodiments of the invention, such
a substrate 1s a HIF polypeptide such as a HIF-1o or HIF-2¢
subunit protein or fragment of either or peptide analogue of
the subunit or fragment. Preferably, the HIF-a. peptide con-
veys an oxygen regulated response. More preferably, the
HIF-a peptide 1s capable of oxygen regulated binding to
pVHL. Preferably, such HIF polypeptides, fragments or pep-
tide analogues incorporate a proline residue equivalent to Pro
564 and/or Pro 402 as defined with reference to HIF-1a. The
proline equivalent to Pro 564 and/or Pro 402 of HIF-1a may
be determined by aligning the HIF variant, fragment or ana-
logue to the sequence of HIF-1a to obtain the best sequence
alignment and i1dentifying thereby the proline equivalent to
Pro 564 and/or Pro 402 of HIF-1la. In the assays of the
invention the hydroxylation of one or both of these prolines
may be determined.

[0140] A HIF polypeptide may be of eukaryotic origin, 1n
particular a human or other mammalian, HIF-c. subunit pro-
tein or fragment thereof. Alternatively, the polypeptide may
be of C. elegans origin. In those assays which monitor for
hydroxylation of HIF-a through 1ts interaction with and sub-
sequent destruction by VHL, the HIF polypeptide has the
ability to bind to a wild type full length pVHL protein, such
that the binding 1s able, 1n a normoxic cellular environment, to
target the HIF-¢. subunit for destruction 1.e. the polypeptide
comprises a pVHL binding domain.

[0141] A number of HIFa subunit proteins have been
cloned. These include HIF-1¢, the sequence of which 1s avail-
able as Genbank accession number U22431, HIF-2¢., avail-
able as Genbank accession number U81984 and HIF-3a,
available as Genbank accession numbers AC007193 and
ACO79154. These are all human HIF o subunit proteins and
all may be used in the invention. HIF-o subunit proteins from
other species, including murine HIF-1a (accession numbers
AF003695, U59496 and X95580), rat HIF-1a (accession
number Y09507), murine HIF-2a(accession numbers
U81983 and D89787) and murine HIF-3¢. (accession number
AF060194) may also be used 1n the mvention. Other mam-
malian, vertebrate, invertebrate or other homologues may be
obtained by techniques similar to those described above for
obtaining pVHL homologues.

[0142] One HIF-a protein of particular interest 1s the C.
elegans HIF-a. subunit protein. The HIF-a/VHL system of
regulation 1s conserved 1n C. elegans, so that the C. elegans
system may be used 1n assays of the present invention.

[0143] There are a number of common structural features
found 1n the two HIF-a subunit proteins 1dentified to date.
Some of these features are 1dentified 1n O’ Rourke et al (1999,
I. Biol. Chem., 227; 2060-2071) and may be involved in the
trans-activation functions of the HIF-c. subunit proteins. One
or more of these common structural features are preferred
teatures of the HIF polypeptides.

[0144] Fragments of HIF-1a or peptide analogues prefer-
ably include proline residue 402 and/or 564 (U22431), which
are hydroxylated by HIF prolyl hydroxylases. Suitable frag-
ments may include or consist of residues 344-698, particu-
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larly residues 364-678, more particularly residues 364-638 or
384-638 and still more particularly residues 364-598 or 394-
598. Other suitable fragments may 1nclude or consist of resi-
dues 549-632 and even more particularly the N-terminal
region thereol which interacts with the VHL protein. C-ter-
minal fragments may include residues 549 to 582 and in
particular residues 556-574. Other suitable fragments com-
prise or consist of residues 344-417, more preferably 380-
41°7. Such a region, or 1ts equivalent in other HIF-a subunit
proteins, 1s desirably present in the HIFa polypeptides
described herein. The substrates used 1n the assays of the
invention may typically comprise residues 549 to 582 of the
human HIF-1a. sequence.

[0145] Vanants of the above HIF-a subunits may be used,
such as synthetic variants which have at least 45% amino acid
identity to a naturally occurring HIF-o subunit (particularly
to a human HIF-a subunit such as, for example HIF-1a),
preferably at least 50%, 60%, 70%, 80%, 90%, 93% or 98%
identity. Such variants may include substitutions or modifi-
cations as described above with respect to HIF hydroxylases.
Amino acid activity may also be calculated as described
above with reference to HIF hydroxylases.

[0146] HIF fragments may also include non-peptidyl tunc-
tionalities and may be optimised for assay purposes such that
the level of identity 1s lowered. Such functionalities may be
covalently bound such as sugars or non-covalently bound
such as metal 10ns.

[0147] HIFa polypeptides as described herein may be frag-
ments of the HIF-a subunit protein or variants as described
above, provided that said fragments retain the ability to inter-
act with a wild-type pVHL, preferably wild-type human
pVHL. When using protemnogenic amino acid residues, such
fragments are desirably at least 20, preferably at least 40, 30,
75, 100, 200, 2350 or 400 amino acids 1n si1ze. Desirably, such
fragments 1include proline residue 402 and/or 564. Some pre-
terred fragments include the region 556-574 found in human
HIF-1a or 1ts equivalent regions in other HIF-a subunit pro-
teins, e.g. 517-542 of HIF-2a.. Optionally, the fragments also
include one or more domains of the protein responsible for
trans-activation. Reference herein to a HIF-a polypeptide or
HIF-o. subunit protein includes the above mentioned mutants
and fragments or other HIF-a fragments which are function-
ally able to bind VHL protein unless the context 1s explicitly
to the contrary.

[0148] Cell based assays of the present invention may
involve upregulation of an endogenous HIF-c. or expression
of a HIF-a. by recombinant techniques and 1n particular of

HIF-1c.

VHL

[0149] Some assays 1n accordance with the present mven-
tion utilise VHL and in particular monitor the interaction
between hydroxylated HIF and VHL and the subsequent
destruction of HIF-o. The VHL may be any suitable mam-
malian VHL, particularly human VHL. It may be a C. elegans
VHL. Human VHL has been cloned and sources of the gene
can be readily identified by those of skill in the art. Its
sequence 1s available as Genbank accession numbers
AF010238 and L15409. Other mammalian VHLs are also
available, such as murine VHL (accession number U123570)
and rat (accession numbers U14746 and S80345). Non-mam-
malian homologues include the VHL-like protein of C.

elegans, accession number FO8G12.4. VHL gene sequences
may also be obtained by routine cloning techniques, for
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example by using all or part of the human VHL gene sequence
as a probe to recover and to determine the sequence of the
VHL gene 1n other species. A wide variety of techniques are
available for this, for example PCR amplification and cloning
of the gene using a suitable source of mRNA (e.g. from an
embryo or a liver cell), obtaining a ¢cDNA library from a
mammalian, vertebrate, invertebrate or other source, e.g a
CcDNA library from one of the above-mentioned sources,
probing said library with a polynucleotide of the invention
under stringent conditions, and recovering a cDNA encoding,
all or part of the VHL protein of that mammal. Suitable
stringent conditions include hybridization on a solid support
(filter) overnight incubation at 42° C. 1n a solution containing
50% formamide, 5xSSC (750 mM NaCl, 75 mM sodium
citrate), 50 mM sodium phosphate (pH7.6), 5xDenhardt’s
solution, 10% dextran sulphate and 20 ug/ml salmon sperm
DNA, followed by washing 1n 0.2xSSC at from about 50° C.
to about 60° C.). Where a partial cDNA 1s obtained, the full
length coding sequence may be determined by primer exten-
s10n techniques.

[0150] A further approach 1s to use the above-identified
sequences as query sequences to search databases for
homologous gene sequences or partial gene sequences (par-
ticularly ESTs). Matches identified may be examined and
where an actual or putative VHL sequence 1s found, the gene
recovered by physical cloning using, for example PCR and

RACE-PCR based on the sequence of the match.

[0151] Although wild-type VHL 1s preferred, mutants and
variants of VHL which still retain the ability to interact
directly with the HIF-a subunit may also be used. Examples
of VHL mutants are well known 1n the art and include mutants

described by Stebbins et al (Science, 1999, 284; 55-61) which
have changes to the Elongin C interacting interface.

[0152] Mutants and other variants will generally be based
on wild-type mammalian VHLSs and have a degree of amino
acid 1dentity which 1s desirably at least 70%, preferably at
least 80%, 90%, 95% or even 98% homologous to a wild type
mammalian VHL, preferably to human VHL.

[0153] It 1s not necessary to use the entire VHL proteins
(including their mutants and other variants) for assays of the
invention. Fragments of the VHL may be used provided such
fragments retain the ability to interact with the target domain
of the HIFa subumit. Optionally, the fragment may include the
Elongin C interacting interface domain. Fragments of VHL
may be generated in any suitable way known to those of skall
in the art. Suitable ways include, but are not limited to, recom-
binant expression of a fragment of the DNA encoding the
VHL Such fragments may be generated by taking DNA
encoding the VHL, 1dentifying suitable restriction enzyme
recognition sites either side of the portion to be expressed,
and cutting out said portion from the DNA. The portion may
then be operably linked to a suitable promoter in a standard
commercially available expression system. Another recom-
binant approach 1s to amplify the relevant portion of the DNA
with suitable PCR primers. Small fragments of the VHL (up
to about 20 or 30 amino acids) may also be generated using
peptide synthesis methods which are well known 1n the art.
Generally fragments will be at least 40, preferably at least 50,
60, 70, 80 or 100 amino acids 1n size.

[0154] Particularly preferred fragments include those
which are based upon the beta domain located within the
fragment 63-156 of the 213 amino acid human VHL protein,
or the equivalent domain 1n other variants. In a preferred
embodiment, such domains will have at least 70%, preferably
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80%, 90%, 95% or even 98% degree of sequence 1dentity to
the 64-156 fragment of human VHL. Fragments of this region
and its variants may be used. These fragments may be 135-80
amino acids in length, for example from 20 to 80, such as
30-60 amino acids in length. Fragments may include the
regions 71-90 or 90-109 of human VHL or their equivalents in
the above described vanants. Desirably, the wild-type
sequence of the beta domain 1s retained.

[0155] One fragment which may be used 1s that 1n which up
to 53 of the N-terminal residues, e.g. from 1 to n wherein n 1s
an integer of from 2 to 53, have been deleted, the rest of the
protein being wild-type.

[0156] The ability of suitable fragments to bind to the HIF o
subunit (or fragment thereol) may be tested using routine
procedures such as those described 1in the accompanying
Examples relating to intact VHL. Reference herein to a VHL
protein includes the above mentioned mutants and fragments
which are functionally able to bind the HIF a subunit unless
the context 1s explicitly to the contrary.

Hydroxylases

[0157] In a number of the assays in accordance with the
present mvention, hydroxylase enzyme 1s provided. In pre-
ferred embodiments, the hydroxylase enzyme 1s a HIF
hydroxylase 1n accordance with the present invention. The
enzyme 1s preferably a prolyl hydroxylase. In a particularly
preferred embodiment of the mnvention the HIF hydroxylase
used comprises:

[0158] (a)the amino acid sequence of SEQ ID NO: 2, 4,
6 or 8;
[0159] (b) a vanant thereof having at least 60% i1dentity

to the amino acid sequence of SEQ ID NO: 2,4, 6 or 8
and having HIF hydroxylase activity; or

[0160] (c) a fragment of either thereof having HIF
hydroxylase activity.

[0161] Suchhydroxylase enzymes, and inparticular prolyl-
hydroxylases such as for example 4-prolyl hyrdroxylase, are
obtainable from extracts of mammalian cells, including
immortalised mammalian cells 1n culture such as HelLa, RCC
or CHO-K1 cells, primary cells, tissues or primary cell
lysates (e.g. rabbit reticulocyte or human placental lysates).
Cell extracts may be prepared 1n accordance with standard
techniques available in the art by reference to the accompa-
nying examples. Assays may alternatively be carried out as
cell based assays 1n which hydroxylase enzyme 1s expressed
endogenously.

[0162] In a preferred embodiment of any one of the assays
in accordance with the present invention, the assay utilises a
HIF hydroxylase, typically a human HIF hydroxylase, and 1n
particular a PHD hydroxylase of the present invention. Such
hydroxylases may be upregulated before or during the course
of the assay. Alternatively, the enzyme may be expressed
recombinantly, and the HIP hydroxylase of the invention
1solated from such recombinant expression systems in puri-
fied or unpurified form for use in the assays. Alternatively,
cells may be provided which have been transformed or trans-
tected with expression vectors expressing a HIF hydroxylase
in accordance with the present invention. Such methods pro-
vide assays for substances that inhibit, promote or otherwise
modulate the individual activities of HIF hydroxylases in
either a specific or a general manner. The methods may also
be used to 1dentily substances that inhibit, promote or other-
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wise modulate the activities of a group of HIF hydroxylases
such as, for example, all of PHD 1, 2 and 3 or any two of the
three enzymes.

[0163] The assays of the invention may use an EGLN
polypeptide such as EGLNI1 (211457146), EGLN2

(211457148), EGLN3 (gi14547150), FLJ21620 (BAB15101)
or Clorf12 (NP0O71334).

[0164] Ingeneral, the HIF hydroxylases ofthe invention are
iron dependent, that 1s they typically require ferrous (Fell)
ions for activity. Accordingly, the assays of the invention will
typically include ferrous compounds, unless the purpose of
the assay 1s to determine the effect of the absence of ferrous
ions or 1t 1s desired to carry out control reactions where no
ferrous 1ons are present.

Assay Methods

[0165] The present invention provides an assay method for
identifyving an agent which modulates the interaction of a
hypoxia inducible factor (HIF) hydroxylase with a substrate
of the hydroxylase, the method comprising:

[0166] contactinga HIF hydroxylase and a test substance
in the presence of a substrate of the hydroxylase under
conditions 1 which the hydroxylase interacts with the
substrate 1n the absence of the test substance; and

[0167] determining the interaction, or lack of interaction,
of the hydroxylase and the substrate. The interaction of
the hydroxylase with the substrate may be determined

by measuring the hydroxylase activity of the hydroxy-
lase.

[0168] The interaction between hydroxylase and substrate
refers to physical interaction or to functional interaction. The
interaction may therefore be measured by any suitable
method, including binding of the hydroxylase to a substrate,
the activity of the hydroxylase on the substrate, or any activity
related to the action of the hydroxylase on the substrate, such
as the levels of co-factors or by-products used or produced 1n
the hydroxylation reaction, or downstream efiects mediated
through hydroxylation of the substrate.

[0169] In another aspect of the present invention, there 1s
provided an assay for an inhibitor of HIF-a destruction or
HIF-o transcription inactivation comprising providing HIF-o
or a peptide analogue thereof; incubating HIF-a or the pep-
tide analogue with a test substance under conditions which
allow for hydroxylation of HIF-o 1n the absence of the test
substance, and monitoring for hydroxylation of HIF-a. Pret-
erably, HIF-a or the peptide analogue thereof includes a
prolyl residue such as Pro 564 and/or Pro 402 of HIF-a or an
equivalent prolyl in a peptide analogue, and said assay 1is
carried out under conditions which allow for hydroxylation of
Pro 564 and/or Pro 402 1n the absence of the test substance,
and monitoring for hydroxylation of Pro 564 and/or Pro 402.

[0170] In afurther aspect, there 1s provided an assay for an

inhibitor of VHL -mediated HIF-o destruction, which com-
Prises

[0171] providing a HIF-¢, or fragment thereof which

includes a VHL-binding portion, together with its cog-

nate prolyl-hydroxylase under conditions suitable for

the hydroxylation of a proline residue i1n the HIF-c.
VHL-binding domain;

[0172] providing a putative modulator of hydroxylation;
and
[0173] determining whether the amount of hydroxyla-

tion of said proline residue has been modulated by said

Oct. 2, 2014

putative modulator. In one embodiment of the invention

the cognate prolyl-hydroxylase 1s a prolyl-4-hydroxy-

lase.
[0174] Conversely, 1n hypoxic conditions such as those
commonly found in tumours, the lack of hydroxylation of
HIF, and in particular of proline hydroxylation, may lead to
the accumulation of HIFa and the concomitant promotion of
angiogenesis and other growth promoting events. Alterna-
tively, 1n 1schaemic/hypoxic conditions in which normal lev-
cls of HIF activity are present, 1t may also be desirable to
increase existing HIF activity. Thus mechanisms which either
upregulate a HIF hydroxylase, increase the activity of a HIF
hydroxylase, rescue or bypass the hydroxylase are a target in
such cells.

[0175] The invention also provides an assay for a promoter
of hydroxylation of HIF-a, for example prolyl hydroxylation
at Pro 564 and/or Pro 402 which comprises providing HIF-a
or a peptide analogue; incubating HIF-o. or the peptide ana-
logue under hypoxic conditions or conditions under which
hydroxylation of HIF-c. does not occur 1n the absence of the
test substance, and momitoring for hydroxylation of HIF-c. or
the peptide analogue thereof, such as at Pro 564 and/or Pro

402.

[0176] Accordingly, there 1s provided an assay for a pro-
moter of hydroxylation of a proline residue in HIF -, which
COmMprises;
[0177] providing HIF-o, or fragment thereof which
includes a VHL-binding portion, under hypoxic condi-

tions, said HIP-a or fragment thereof containing a pro-
line residue 1n the VHL-binding domain;

[0178] providing a putative hydroxylation promoting
agent; and
[0179] determining whether said agent provides for

hydroxyvlation of said proline.

[0180] In the experiments described herein, HIF hydroxy-
lases, and 1n particular PHD polypeptides, have been found to
hydroxylate HIF-a at one or more proline residues within the
pVHL binding domain. This hydroxylation mediates pVHL
binding. Accordingly, the present invention provides an assay
for a modulator of HIF hydroxylase activity comprising con-
tacting a HIF hydroxylase and a substrate of the hydroxylase,
preferably a prolyl-containing substrate, 1in the presence of a
test substance; and, determiming the hydroxylase activity of
the HIP hydroxylase, and in particular the prolyl hydroxylase
thereof.

[0181] Such an assay may be used to 1dentify inhibitors of
HIF hydroxylase activity and are thus preferably carried out
under conditions under which hydroxylation, and in particu-
lar prolyl hydroxylation, takes place in the absence of the test
substance. As an alternative, the assays may be used to look
for promoters ol hydroxylase activity, for example, by look-
ing for increased hydroxylation of the proline substrate com-
pared to an assay carried out 1n the absence of a test substance.
Alternatively, the assays may be carried out under conditions
in which hydroxylation 1s reduced or absent, such as under
hypoxic conditions and monitoring for the presence of or
increased hydroxylation under such conditions.

[0182] Such an assay method may by virtue of using a
specific HIP hydroxylase polypeptide be specific for inhibi-
tors or promoters of the activity of that polypeptide and may
by way of comparison be used to define inhibitors or activa-
tors that are specific for that HIF hydroxylase and not active or
less active on a different HIF hydroxylase. In particular, such
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assays may be used to identily inhibitors or activators specific
for a particular human HIF hydroxylase such as PHD 1, 2 or
3.

[0183] An assay method for obtaiming an agent which
modulates the activity of a HIF hydroxylase may include:

[0184] contacting an HIF hydroxylase polypeptide and a
substrate thereot, such as an HIFa polypeptide 1n the
presence ol a test substance; and,

[0185] determining the hydroxylase activity of said HIF
hydroxylase,

[0186] preferably the prolyl hydroxylase activity, or
HIF-o hydroxylase activity thereof.

[0187] In one embodiment the assay method may be for
obtaining an agent which modulates the activity of an EGLN
polypeptide and comprise:

[0188] contacting an EGLN polypeptide and a test com-
pound in the presence of an HIF polypeptide under con-
ditions 1n which the EGLN polypeptide normally cataly-
ses prolyl hydroxylation of said HIP polypeptide; and

[0189] determining the HIF prolyl hydroxylase activity
of said EGLN polypeptide.

[0190] Such assays may be performed under conditions 1n
which the HIP hydroxylase/ELGN polypeptide normally
catalyses hydroxylation and, 1n particular prolyl hydroxyla-
tion of a HIFa polypeptide. Suitable conditions may include
pH 6.6 to 8.5 1n an appropriate bulfer (for example, Tris.HCI
or MOPS) 1n the presence of 2-oxoglutarate, dioxygen and
preferably ascorbate and ferrous 1ron.

[0191] Reducing agents such as dithiothreitol or tris(car-
boxyethyl)phosphine may also be present to optimise activ-
ity. Other enzymes such as catalase and protein disulphide
1somerase may be used for the optimisation of activity. The
enzymes, such as protein disulphide 1somerase, may be added
in purified or unpurified form. Further components capable of
promoting or facilitating the activity of protein disulphide
1Isomerase may also be added.

[0192] In an alternative embodiment, the invention pro-
vides an assay method for 1dentifying an agent which modu-
lates the interaction of a EGLN polypeptide and a HIF
polypeptide comprising;:

[0193] contacting an EGLN polypeptide and a test com-
pound 1n the presence of an HIF polypeptide, under
conditions in which the EGLN polypeptide normally
interacts with the HIF polypeptide; and

[0194] determining the interaction of said HIF polypep-
tide and said EGLN polypeptide.

[0195] The present invention also provides an assay
method for the i1dentification of a HIF hydroxylase and in
particular for the 1dentification of a HIF prolyl hydroxylase.
The method typically comprising:

[0196] (a) providing a test polypeptide;

[0197] (b) bringing into contact a HIF polypeptide and
the test polypeptide under conditions in which the HIF
polypeptide 1s hydroxylated by a HIF hydroxylase; and

[0198] (c) determining whether or not the HIF polypep-
tide 1s hydroxylated.

[0199] In one embodiment the assay method may, 1n step
(b), bring the HIF polypeptide and test polypeptide into con-
tact under conditions 1 which the HIP polypeptide 1s
hydroxylated by a PHD (EGLN) polypeptide.

[0200] Typically, libraries of test polypeptides may be
screened to identily a HIF hydroxylase, for example an
expression library from a particular species or tissue may be
screened or one produced under a particular set of conditions.
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Alternatively, candidate HIF hydroxylases identified on the
basis of criteria such as sequence homology or a particular
protein structure may be assessed and their hydroxylase activ-
ity confirmed.

[0201] The HIP polypeptide used in the screening may be
any of those described herein. It may be a human HIF
polypeptide or a homolog from another species such as, for
example, ceHIF. It may be from the species the library of test
polypeptides 1s dertved from. The hydroxylation of the HIF
polypeptide, and 1n particular the hydroxylation of proline,
may be identified by any of the methods discussed herein. For
example hydroxylation may be confirmed by using a func-
tional assay based on the effect of the hydroxylation on the
HIF polypeptide, such as 1ts decreased stability.

[0202] Once a HIF hydroxylase has been 1dentified 1t may
be further characterised by, for example, assessing whether or
not 1t 1s ihibited by compounds such as dimethyloxalolylg-
lycine (DMOG) a precursor or pro-drug for oxalolylglycine.
The etfect of the HIF hydroxylase on HIF stability in the
organism or tissue the hydroxylase 1s 1identified from may be
assessed. The identified hydroxylase may be used in the same
way as the other hydroxylases of the invention and in particu-
lar 1n the assays and therapeutic applications of the invention.
[0203] The present nvention also provides an assay
method for identitying alternative substrates of a HIF
hydroxylase of the invention. Thus polypeptides or polypep-
tide analogues which can be hydroxylated and 1n particular
have proline residues hydroxylated may be 1dentified. The
assay method typically comprises:

[0204] (b) contacting a test polypeptide with a HIF
hydroxylase of the invention under conditions which
HIF would normally be hydroxylated by the hydroxy-
lase;

[0205] (c¢) determining whether the polypeptide 1s

hydroxylated.

[0206] TTypically, hydroxylation and i1n particular prolyl
hydroxylation of the test substance may be confirmed using
any of the methods discussed herein.

[0207] The present invention also provides an assay
method for identitying a polypeptide or polypeptide analogue
capable of specifically interacting with a HIF hydroxylase of
the invention and 1n particular which 1s capable of specifically
binding to the active site of the HIF hydroxylase in a manner
which mimics or resembles the binding of the normal sub-
strate of the enzyme. The method typically comprises:

[0208] (a) contacting a test polypeptide with a HIF
hydroxvlase of the invention under conditions which
HIF would bind to the hydroxylase;

[0209] (b) determiming whether the test polypeptide or

analogue binds the hydroxylase.

[0210] The binding of the test polypeptide to the hydroxy-
lase may be confirmed by any of the techniques discussed
herein. In one embodiment binding of the polypeptide to a
HIF hydroxylase may identified by looking for co-immuno-
precipitation of the test polypeptide with the hydroxylase.
The ability of the test polypeptide to inhibit binding of HIF to
the hydroxylase may also be used.

[0211] The alternative polypeptide substrates and the
polypeptides 1dentified as being capable of specifically bind-
ing the hydroxylases of the invention may be used in the assay
methods of the mvention, for example, to 1dentily modula-
tors. Those polypeptides capable of preventing the normal
interaction of HIF with a hydroxylase of the invention may
also be used therapeutically.
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[0212] The assays of the mvention may also comprise
moditying the agent identified. The assays may also comprise
formulating the identified agent mnto a pharmaceutical com-
position. Typically, such pharmaceutical compositions may
be for the treatment of a condition associated with increased
or decreased HIF levels or activity.

Methods for Monitoring Modulation

[0213] The precise format of any of the screening or assay
methods of the present invention may be varied by those of
skill in the art using routine skill and knowledge. The skilled
person 1s well aware of the need to additionally employ
appropriate controlled experiments. The assays of the present
invention may involve monitoring for hydroxylation of a
suitable substrate (in particular monitoring for prolyl
hydroxylation), monitoring for the utilisation of substrates
and co-substrates, monitoring for the production of the
expected products between the enzyme and 1ts substrate.
Assay methods of the present invention may also mvolve
screening for the direct interaction between components 1n
the system. Alternatively, assays may be carried out which
monitor for downstream etlects such as binding and subse-
quent destruction of HIF by VHL, alterations to the levels of
HIF 1n the system and downstream etiects mediated by HIF
such as HIF mediated transcription using suitable reporter
constructs or by monitoring for the upregulation of genes or
alterations 1n the expression patterns of genes know to be
regulated directly or indirectly by HIF.

[0214] Various methods for determining hydroxylation are
known 1n the art and are described and exemplified herein.
Any suitable method may be used for determining activity of
the HIF hydroxylase such as by substrate or co-substrate
utilization, product appearance such as peptide hydroxylation
or down-stream effects mediated by hydroxylated or non-
hydroxylated products.

[0215] Our finding that the Pro564 residue of HIF-1a 1s
hydroxylated by a prolyl-hydroxylase provides the basis for
assay methods designed to screen for inhibitors or promoters
of this process. Any suitable method may be used to monitor
for hydroxylation of HIF-1a or a HIF polypeptide or ana-
logue thereot. Assays may be carried out to monitor directly
for hydroxylation of the relevant proline residue or another
position. Alternatively, assays may be carried out to monitor
for depletion of co-factors and co-substrates. Alternatively,
such assays may monitor the downstream etlects of hydroxy-
lation of HIF or indeed 1inhibition of hydroxylation of HIF, for
example, by monitoring the interaction between HIF and
VHL levels of HIF protein or HIF mediated transcription.
Alternatively, reporter gene constructs driven by HIF regu-
lated promoters may be used. Assays are also provided for the
identification of enhancers of the activity of the HIF hydroxy-
lase and 1n particular of the HIF prolyl hydroxylase activity of
these enzymes. The assay may be used to identily an enhancer
a human HIP hydroxylases and, in particular, of PHD 1,2 or 3.
Such enhancers may be used to reduce HIFa activity.

[0216] In one embodiment, to perform an assay for an
inhibitor of VHL-mediated HIF-ca destruction a suitable sub-
strate of the HIF hydroxylase 1s provided. This may be HIF-a
or a fragment thereof which includes a VHL binding portion
and which included the Pro364 and/or Pro 402 residue 1is
provided. The substrate may not be hydroxylated at the
Pro564 and/or Pro 402 position. This may be achieved by
providing synthetic polypeptide substrates, or by producing,
HIP-a polypeptides 1n bacterial cells, insect cells or mamma-
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lian cells or 1n 1n vitro transcription and translation systems.
Alternatively, assays may be carried out over a selected time
course such that the substrate 1s produced during the course of
the assay, imitially in un-hydroxylated form.

[0217] The substrate, enzyme and potential inhibitor com-
pound may be incubated together under conditions which, in
the absence of inhibitor provide for hydroxylation of Pro564
and/or Pro 402, and the effect of the inhibitor may be deter-
mined by determining hydroxylation of the substrate. This
may be accomplished by any suitable means. Small polypep-
tide substrates may be recovered and subject to physical
analysis, such as mass spectrometry or chromatography, or to
functional analysis, such as the ability to bind to VHL (or
displace a reporter molecule from VHL) and be targeted for
destruction. Such methods are known as such 1n the art and
may be practiced using routine skill and knowledge. Deter-
mination may be quantitative or qualitative. In both cases, but
particularly in the latter, qualitative determination may be
carried out in comparison to a suitable control, €.g. a substrate
incubated without the potential inhibitor.

[0218] Inhibitor compounds which are identified in this

manner may be recovered and formulated as described above
for polypeptides of the invention.

[0219] Another assay of the mnvention 1s for a promoter of
hydroxylation of HIF-a subunits. Typically, a HIF-a subunit
or portion thereot 1s prepared as described above, and 1ncu-
bated under hypoxic conditions. By “hypoxic”, 1t 1s meant
less than 5%, preferably less than 3%, more preferably less
than 1%, end preferably less than 0.5%, such as less than
0.1% O,. The HIF-¢. subunit i1s incubated with a cell extract
which includes the HIF hydroxylase as described above,
optionally further in the presence of a source of ferrous (Fell)
ions and/or ascorbate. A suitable concentration of ferrous 10ns
1s 1n the range of from 1 to 500 uM, such as from 25 to 250 uM
and 1n particular from 50-200 uM. Ferrous 1ons may be sup-
plied 1n the form of ferrous chloride, ferrous sulphate, and the
like. Ascorbate may be provided in the form of a salt, such as
sodium ascorbate, and 1n a concentration range of from 0.1 to
10 uM, such as from 1 to 5 uM. Another cofactor 1s c.-keto-
glutarate, which may also be supplied 1n the form of a salt at
a range ol from 0.1 to 5 uM, such as from 1 to 5 uM.

[0220] In thus embodiment of the invention, the substrate
will be mncubated 1n the presence of a potential hydroxylation
promoting agent, and the effect of the agent determined, by
determining the hydroxylation of the Pro564 and/or Pro 402.
As with the assay of the other aspect of the invention
described above, determination may be quantitative or quali-
tative, and 1n either case determined relative to a suitable
control.

[0221] The nteraction between the polypeptides may be
studied 1n vitro by labelling one with a detectable label and
bringing 1t into contact with the other which has been 1mmo-
bilised on a solid support. Suitable detectable labels include
>>S, which may be incorporated into recombinantly produced
peptides and polypeptides. Recombinantly produced pep-
tides and polypeptides may also be expressed as a fusion
protein containing an epitope which can be labelled with an
antibody.

[0222] Fusion proteins may, for example, incorporate six
histidine residues at either the N-terminus or C-terminus of
the recombinant protein. Such a histidine tag may be used for
purification of the protein by using commercially available
columns which contain a metal 1on, either nickel or cobalt

(Clontech, Palo Alto, Calif., USA). These tags also serve for
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detecting the protein using commercially available mono-
clonal antibodies directed against the six histidine residues

(Clontech, Palo Alto, Calif., USA).

[0223] The protein which 1s immobilized on a solid support
may be immobilized using an antibody against that protein
bound to a solid support or via other technologies which are
known per se. A preferred 1n vitro interaction may utilise a
fusion protein including glutathione-S-transferase (GST).
This may be immobilized on glutathione agarose beads. In an
in vitro assay format of the type described above, a test
compound can be assayed by determining 1ts ability to dimin-
1sh the amount of labelled peptide or polypeptide which binds
to the immobilized GST-fusion polypeptide. This may be
determined by fractionating the glutathione-agarose beads by
SDS-polyacrylamide gel electrophoresis. Alternatively, the
beads may be rinsed to remove unbound protein and the
amount of protein which has bound can be determined for
example, by counting the amount of label present 1n a suitable
scintillation counter.

[0224] Thus, assays i accordance with the present mven-
tion may 1ivolve monitoring for the interaction between VHL
and HIF. The interaction between HIF and VHL 1s mediated
by hydroxylation of HIF. The VHL-HIF interaction leads to
ubiquitylation of HIF. Assays to monitor for test substances
which interfere with the interaction between HIF and VHL,
and 1n particular which imterfere with hydroxylation of HIF
may be monitored by any suitable method using HIF associ-
ated regulation. For example, 1n assay systems making use of
recombinant HIF hydroxylase in accordance with the present
invention, or in which HIF hydroxylase expression 1s upregu-
lated within a cell, the effect of test substances can be moni-
tored through monitoring the levels of HIF 1n the cell. Alter-
natively, transcription and expression of genes known to be
upregulated or down regulated by the presence of HIF could
be monitored. In particular, upregulation of HIF regulated
genes would demonstrate inhibition of prolyl hydroxylation
whereas down regulation would suggest enhancement or pro-
motion of prolyl hydroxylation.

[0225] In alternative embodiments, reporter constructs
may be provided in which promoters mediated by HIF are
provided operably linked to a reporter gene. Any suitable
reporter gene could be used, such as for example enzymes
which may then be used 1n colorometric, fluorometric, tluo-
rescence resonance or spectrometric assays.

[0226] HIF hydroxylase 1s a 20G dependent oxygenase

which catalyses the following reaction, in which R 1s HIF .
and ROH singly 1s hydroxylated HIF.;

O

_I_
HO,C /\)]\COZH

20G
200G oxygenase', Fe(1l)

CO,H
RH ROH 150 C/\/
1
Succinate
02 COQ

[0227] Typically, the hydroxylation i1s prolyl hydroxyla-
tion. The hydroxylase may catalyse more than one hydroxy-
lation of HIF-c.
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[0228] Inthe assay methods described herein, typically the
HIF hydroxylase and the substrate of the hydroxylase are
contacted in the presence of a co-substrate, such as 2-oxoglu-
tarate (20G). The hydroxylase activity of the HIF hydroxy-
lase may be determined by determining the turnover of the
co-substrate. This may be achieved by determining the pres-
ence and/or amount of reaction products, such as hydroxy-
lated substrate or succinic acid. The amount of product may
be determined relative to the amount of substrate. Typically,
in such embodiments the substrate may be an HIF-o. polypep-
tide and, for example, the product measured may be hydroxy-
lated HIF-a. polypeptide.

[0229] HIFa prolyl hydroxylase activity may be deter-
mined by determining the turnover of said 20G to succinate
and CO,, as described in Myllyharju J. et al EMBO J. 16 (6):
1173-1180 (1991) or as in Cunliffe C. J. et al Biochem. J. 240
617-619 (1986), or other suitable assays for CO,, bicarbonate
or succinate production. These methods may be used 1n the
assays ol the invention and in particular to assess the HIF -
prolyl hydroxylase activity of the HIF hydroxylase of the
invention, including that of human HIF hydroxylases and 1n
particular of PHD or EGLN polypeptides of the invention.
Such assays can be modified to high throughput format and
the mnvention encompasses such high throughput assays for
hydroxylase activity.

[0230] Altematively, the end-point determination may be
based on conversion of HIF o or peptide fragments (including
synthetic and recombinant peptides) dertved from HIF o 1nto
detectable products. Peptides may be modified to facilitate
the assays so that they can be rapidly carried out and may be
suitable for high throughput screening.

[0231] For example, reverse phase HPLC (C-18 octadecyl-
silane column), as exemplified herein, may be used to sepa-
rate starting synthetic peptide substrates for HIF hydroxylase
from the hydroxylated products, as the latter have a shorter
retention time 1n the column. Modifications of this assay or
alternative assays for HIF hydroxylase activity may employ,
for example, mass spectrometric, spectroscopic, and/or fluo-
rescence techniques as are well known 1n the art (Masimirem-
bwa C. et al Combinatorial Chemistry & High Throughput
Screening (2001) 4 (3) 245-263, Owicka 1. (2000) J. Biomol.
Screen. 5 (5) 297-305, Gershkovich A et al (1996) J. Bio-
chem. & Biophys. Meths. 33 (3) 135-162, Kraalt G. et al
(1994) Meths. Enzymol. 241 70-86). Fluorescent techniques
may employ versions of the substrate modified 1n such as way
as to carry out or optimise spectroscopic or fluorescence
assays.

[0232] For example, HIFa polypeptide may be immobil-
1sed e.g. on a bead or plate, and hydroxylation of the appro-
priate residue detected using an antibody or other binding
molecule which binds the pVHL binding domain of HIFa
with a different aifinity when a proline residue such as proline
402 or proline 564 1s hydroxylated from when the residue 1s
not hydroxylated. Such antibodies may be obtained by means
of standard techniques which are well known in the art, e.g.
using a hydroxylated HIFa. peptide.

[0233] Binding of a molecule which discriminates between
the hydroxylated and non-hydroxylated form of a HIFa.
polypeptide may be assessed using any technique available to
those skilled 1n the art, which may 1involve determination of
the presence of a suitable label.

[0234] Assays may be used to screen for inhibitors of HIF
hydroxylase and in particular for inhibitors of HIF prolyl
hydroxylase (HPH) activity 1n a similar way to that described
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for the human prolyl hydroxylase imnvolved 1n collagen bio-
synthesis (CPH) (Cunliffe et al. Biochemical J. 240 611-619

(1986); Cunliffe C I et al. Biochem. J. 239 311-315 (1986),
Franklin'T Jand Hitchen M Biochem. J. 261: 127-130 (1989)
Franklin T J. et al. Biochemical Society Transactions 19 (4):
812-815 (1991)).

[0235] HIF prolyl-hydroxylase activity of a HIF hydroxy-
lase polypeptide may be determined by determining the
hydroxylation of one or more proline residues of the substrate
of the HIF hydroxylase used, which will typically be a HIF o
polypeptide. Preferably, the hydroxylation of one or more
proline residues within the pVHL binding domain of the
HIF-a polypeptide, for example, proline 402 and/or proline
564. For convenience, these proline residues are referred to
herein as Pro402 and Pro564 or position 402 and position
564. It will be understood that this terminology is also applied
to polypeptides which contain far fewer than 564 residues,
and to other HIF-a. 1soforms where the equivalent proline
residue may occur at a slightly different position.

[0236] Assay methods of the present invention may also
take the form of an 1n vivo assay. The 1n vivo assay may be
performed 1n a cell line such as a yeast strain in which the
relevant polypeptides or peptides are expressed from one or
more vectors introduced 1nto the cell.

C. elegans Assay Systems

[0237] Our finding that the HIF-VHL 1interaction 1s con-
served in C. elegans provides a system to study the interaction
in an 1n vivo environment, and 1ts consequences.

[0238] Thus 1n a further aspect, the mvention provides an
assay for a modulator of HIF-VHL 1interaction, said method
comprising;

[0239] providing a C. elegans which has wild-type HIF
and VHL genes 1 normoxic or hypoxic conditions
(wherein hypoxic conditions are as defined above);

[0240] exposing said C. elegans to a potential modulator
of the HIF-VHL interaction; and

[0241] determining the extent to which the modulator
promotes or decreases the interaction between HIF and
VHL 1n said C. elegans.

The determining may comprise immunoprecipitating one or
other of the HIF and VHL components and then determining,
¢.g. by antibody detection, the amount of the other of the HIF
and VHL component which 1s associated with the immuno-
precipitated protein. Radiolabelling of one of the two proteins
may allow determination of the amount of VHL or HIF cap-
tured. Alternatively, a reporter gene may be linked to a HIF-
responsive promoter, and the amount of HIF 1n the subject C.
elegans determined by measuring the activity of a reporter
gene product, such as green tluorescent protein, luciferase,
chloramphenicol acetyl transierase, beta-galactosidase, and
the like.

[0242] In alternative aspects of the invention, the source of
2-oxoglutarate dependent dioxygenase and 1n particular the
prolyl-hydroxylase of the ivention 1s a HIF hydroxylase
according to the imvention. Such polypeptides may be 1ntro-
duced using recombinant systems so as to allow for the assay
of inhibitory, augmenting, blocking or other modulating
activities that show differential effects among the said HIF
hydroxylase.

In Vivo Assays

[0243] The assays may be carried out using cell based,
organ based or whole animal assays conducted 1n vivo. Such
assays may utilize the endogenous expression of the HIF
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hydroxylase nucleotides and/or polypeptides. In other forms
of the invention, upregulation of specific endogenous HIF
hydroxylases may be achieved by stimulators of the expres-
s1on thereof. Such stimulators may be growth factor such as
platelet derived growth factor or angiotensin 11, or chemicals
such as phorbol esters that are known to upregulate specific
HIP hydroxylases. In another form of the invention, nucle-
otide constructs may be introduced into cells or transgenic
amimals to increase production of one or more specific HIF
hydroxylases. Alternatively nucleotide constructs may be
introduced into cells so as reduce or abrogate expression of
one or more specific HIF hydroxylases. Appropriate methods
that include but are not limited to homologous recombination,
antisense expression, ribozyme expression and RNA 1nterfer-
ence are outlined herein and known by those skilled 1n the art.

[0244] Tissue culture cells, organs, animals and other bio-
logical systems, obtained by the aforementioned forms of the
invention, may be used to provide a further source of a HIF
hydroxylase, or may be used for the assay, or especially
comparative assay, ol the activity of test substances may
inhibit, augment, block or otherwise modulate the activity of
specific HIF hydroxylases.

[0245] The activity of the HIF hydroxylases may be
assayed by any of the aforementioned methods or by cell,
tissue, or other assays conducted in vivo that measure the
cifects of altered activity of the HIF hydroxylases. A pre-
ferred form of these assays measures the level of a HIF-o

polypeptide or the level of activity of a HIF-a. polypeptide
that 1s a substrate for the PHD polypeptide.

[0246] Thelevel of a HIF-a peptide may measured by such
methods as immunoblotting, immunoprecipitation, or other
immunological methods using specific antibodies and meth-
ods that are known to those skilled 1n the art. The amounts and
the activity of HIF-a peptides can be related to each other but
are not necessarily related to each other. Therefore 1n a further
form of the invention, the activity of a HIF-a peptide that 1s a
target for a HIF hydroxylase 1s assayed by measurement of
transcriptional activity or another property of the said HIF-c.
polypeptide.

[0247] HIF-a polypeptides are known to form complexes
with other molecules that include other HIF subunits and
co-activator molecules such p300. In this form HIF com-
plexes activate hypoxia response elements that are found in
the promoters and/or enhancers of endogenous genes that are
regulated by the said HIF complexes. Such hypoxia response
clements may also be 1solated and operationally linked to
reporter genes so as to assay the activity of the HIF complex
through detection and/or quantitation of the reporter gene or
its product. Therefore in a further form of the invention the
activity of a HIF-a. polypeptide that 1s regulated by its cognate
HIF hydroxylase will be assayed by measuring the effects of
the HIF complex on the expression of an endogenous gene or
reporter gene that 1s functionally linked to a HIF binding
hypoxia response element. Examples of endogenous genes
that are regulated 1n this way are to be found in the role of the
aryl hydrocarbon nuclear translocator (ARNT) 1n hypoxic
induction of gene expression, see for example, Studies 1n
ARNT-deficient cells. S. M. Wood, J. M. Gleadle, C. W. Pugh,
O. Hankinson, P. J. Ratcliffe. Journal of Biological Chemaistry
271 (1996) 15117-15123, and Hypoxia inducible expression
of tumor-associated carbonic anyhydrases, C. C. Wykoitf, N.
I. P. Beasley, K. I. Turner, J. Pastorek, A. Sibtain. G. D.
Wilson, H. Turley, K. Talks, P. H. Maxwell, C. W. Pugh, P. J.
Ratcliffe, A. L. Harris. Cancer Research 60 (2000) 7075-
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7083. Examples include but are not limited to glucose trans-
porter 1soform 1, phosphoglycerate kinase-1, carbon anhy-
drase 1soform 9, vascular endothelial growth factor. Each of
said genes contains one or hypoxia response elements that
may be 1solated and operationally linked as single or multiple
copies to a reporter gene for the measurement of activity of a
HIF-a polypeptide that varies 1n accordance with the activity
of a HIF hydroxylase.

[0248] The activity of genes or gene products that are regu-
lated by a HIF-a. polypeptide 1n accordance with the activity
of a HIF hydroxylase affects cellular, organ, and animal
physiology 1n a manner that provide further aspects of the
invention. Thus a further embodiment of the invention pro-
vides for assays that utilise a specific functional response that
1s regulated in accordance with the activity of a HIF-a
polypeptide 1n accordance with the activity of a HIF hydroxy-
lase. Such responses include the uptake rate of glucose or
glucose analogues that are not metabolized, the ingrowth of
blood vessels by angiogenesis, the activity of a carbonic
anhydrase enzyme. It 1s recognised that many other responses
that operate at a cellular or systemic level are controlled by the
activity of a HIF-a. polypeptide 1n accordance with the activ-
ity of a HIF hydroxylase and may be utilized as assays of the
said HIF hydroxylase activity in further aspects of the inven-
tion.

[0249] A HIF-a polypeptide that 1s a substrate for a HIF
hydroxylase may be fused to a further polypeptide so as to
cause the activity of the said HIF hydroxylase to regulate the
activity of the fusion peptide. Accordingly a further form of
the mvention provides for the assay of the activity of a fusion
polypeptide. In the preferred form such a fusion polypeptide
may contain the whole of part of a HIF-a. polypeptide, for
example human HIF-1ca residues 344-698, 344-417, 334-
698, 652-826, or 775-826 linked to a heterologous transcrip-
tion factor and expressed together with its cognate DNA
response element. The Gal4 DNA binding domain including,
the amino acids 1-143 together with the Gal binding upstream
activating sequence (UAS) 1s an example of such a transcrip-
tion factor and cognate DNA response element whose opera-
tion can be assayed by those skilled 1n the art.

[0250] In a preferred embodiment, the assays discussed
herein relate to, or utilise, human HIF hydroxylases and in

particular PHD 1, 2 or 3. These may also be referred to as
EGLN polypeptides.

Test Compounds

[0251] Compounds which may be screened using the assay
methods described herein may be natural or synthetic chemi-
cal compounds used 1n drug screening programmes. Extracts
of plants, microbes or other organisms, which contain several
characterised or uncharacterised components may also be
used.

[0252] Combinatonial library technology (including solid
phase synthesis and parallel synthesis methodologies) pro-
vides an efficient way of testing a potentially vast number of
different substances for ability to modulate an interaction.
Such libraries and their use are known 1n the art, for all
manner of natural products, small molecules and peptides,
among others. The use of peptide libraries may be preferred in
certain circumstances.

[0253] Potential mhibitor compounds may be polypep-
tides, small molecules such as molecules from commercially
available combinatorial libraries, or the like. Small molecule
compounds which may be used include 2-oxoglutarate ana-
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logues, or HIF-a analogues, or those that incorporate features
of both 2-oxoglutarate and afifect HIF-a, which inhibit the
action of the enzyme. We have found in particular that com-
pounds dimethyl-oxalylglycine, N-oxalylglycine and N-o0x-
alyl-2S-alanine and certain thiols all act as inhibitors of the
HIF-o hydroxylase. N-oxalyl-2R-alanine, an enantiomer of
N-oxalyl-2S-alanine, 1s also an inhibitor of HIF hydroxylase
and may be used 1n the invention. Thus the invention provides
the use of a compound which acts as a hydroxylase inhibitor,
and 1n particular prolyl hydroxylase inhibitor for the manu-
facture of a medicament for the treatment of a condition in a
patient which requires the promotion of cell growth, such as
angiogenesis. The mvention also provides a method of treat-
ment ol a patient sulfering from a condition which 1s treatable
by promoting cell growth, which comprises adminmistering to
said patient an elffective amount of a HIF hydroxylase inhibi-
tor. Such inhibitors include dimethyl-oxalylglycine, N-0x-
alylglycine and N-oxalyl-25-alanine, and salts thereof. More
generally, such imnhibitors include other N-oxalyl-amino acid
compounds and salts thereof; wherein the amino acids are
either naturally occurring amino acids or synthetic amino
acids with a side chain which provides for the compound to
act as an inhibitor. Such side chains include hydrocarbyl side
chains containing a carbon chain which may be straight or
branched, optionally including one or two heteroatoms such
as N, O or S, and optionally substituted by a group such as
halogen (particularly fluoro, chloro, bromo or 10do), thiol,
hydroxy, methoxy, amino, mono- or di1-C1-3 alkyl amino or
nitro. Salts include pharmaceutically acceptable salts such as
sodium, potassium, magnesium and the like.

[0254] Potential promoting agents may be screened from a
wide variety of sources, particularly from libraries of small
compounds which are commercially available. Oxygen-con-
taining compounds may be included in candidate compounds
to be screened, for example 2-oxoglutarate analogues.

CPH Inhibitors

[0255] Inhibitors of the 2-OG dependent enzyme collagen
prolyl hydroxylase (CPH) are well known 1n the art and have
been previously proposed for use in the treatment of lung
fibrosis, skin fibrosis (scleroderma), atherosclerosis and other
conditions associated with collagen biosynthesis. Inhibitors
of parahydroxyphenylpyruvate oxygenase (a non-haem oxy-
genase employing ferrous iron as a co-factor) such as trike-
tones are used as herbicides (Lee D. et al (1998) Pestic. Sci.
54(4)377-384).

[0256] The present inventors have now found that certain of
these CPH inhibitors also ihibit the biological activity of
HIF hydroxylases and in particular the ability of the HIF
hydroxylase to catalyse prolyl hydroxylation of HIF (HPH
activity).

[0257] Another aspect of the present mvention therefore
provides the use of a CPH inhibitor or modified CPH 1nhibitor
which inhibits the biological activity of a HIP hydroxylase,
and 1n particular its HPH activity, 1in the manufacture of a
medicament for use in the treatment of a condition associated
with reduced or suboptimal HIF levels or activity, for example
ischaemia, wound healing, auto-, allo-, and xeno-transplan-
tation, systemic high blood pressure, cancer, and intflamma-
tory disorders. In one embodiment a CPH inhibitor which
inhibits the biological activity of a human HIF hydroxylase
such as a PHD polypeptide (EGLN polypeptide) may be used.
[0258] CPH inhibitors which inhibit HIF hydroxylases, and

in particular the prolyl hydroxylase activity (HPH activity) of
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a HIF hydroxylase, may be modified to generate selective
inhibitors of HIF hydroxylases and in particular of HPH
activity. Further, the discovery allows for the development of
collagen prolyl hydroxylase inhibitors that do not inhibit HIP
hydroxylases, and in particular HPH, by the use of compara-
tive screening assays.

[0259] Another aspect of the present imnvention therefore
provides the use of a modulator of a HIF hydroxylase 1n the
manufacture of a medicament for the treatment of a condition
associated with reduced HIF levels or activity as described
above and below.

[0260] Such an modulator may be a selective inhibitor. A
selective inhibitor 1s an inhibitor which shows a greater level
of inhibition of a HIF hydroxylase than on other enzymes
including collagen proly hydroxylase. In particular, a selec-
tive mhibitor 1s one which inhibits HPH activity relative to
CPH activity as described above.

HPH Modulators

[0261] Various methods and uses of modulators which
inhibit, potentiate, increase or stimulate hydroxylation of
HIF-a by HIF hydroxylase are provided as further aspects of
the present invention.

[0262] The purpose of disruption, interference with or
modulation of the hydroxylation of HIF-la by a HIF
hydroxylase may be to modulate cellular functions such as
anglogenesis, erythropoiesis, energy metabolism, inflamma-
tion, matrix metabolism, vasomotor function, and apoptotic/
proliferative responses and pathophysiological responses to
ischaemia/hypoxia, all of which are mediated by HIFa, as
discussed above and further below.

[0263] A test compound which increases, potentiates,
stimulates, disrupts, reduces, interferes with or wholly or
partially abolishes hydroxylation of HIF-a polypeptide and
which may thereby modulate HIF hydroxylation activity,
may be 1dentified and/or obtained using the assay methods
described herein.

[0264] Agents which increase or potentiate hydroxylation,
and 1n particular prolyl hydroxylation of HIF, may be ident-
fied and/or obtained under conditions which, 1n the absence of
a positively-testing agent, limit or prevent hydroxylation.
Such agents may be used to potentiate, increase, enhance or
stimulate the function of a HIF hydroxylase, and may have an
elfect on cells under hypoxic conditions such as those found
in tumours, 1n which the lack of hydroxylation leads to the
accumulation of HIFo and the concomitant promotion of
angiogenesis and other growth promoting events.

[0265] Theterm ‘agent’ includes a compound having one of
the formulae I to XXVIII as described herein in particular a
compound shown in Table 3.

[0266] Methods of determining the presence of, and
optionally quantiiying the amount of HIF hydroxylase 1n a
test sample may have a diagnostic or prognostic purpose, €.g.
in the diagnosis or prognosis ol any medical condition dis-
cussed herein (e.g. a proliferative disorder such as cancer) or
in the evaluation of a therapy to treat such a condition.
[0267] Invarious aspects, the present invention provides an
agent or compound 1dentified by a screening method of the
invention to be a modulator of HIFa hydroxylation e.g. a
substance which inhibits or reduces, increases or potentiates
the hydroxylase activity of a HIF hydroxyvlase.

[0268] Following identification of a modulator, the sub-
stance may be purified and/or investigated further (e.g. modi-
fied) and/or manufactured. A modulator may be used to
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obtain peptidyl or non-peptidyl mimetics, e.g. by methods
well known to those skilled 1n the art and discussed herein. A
modulator may be modified, for example to increase selec-
tively, as described herein. It may be used 1n a therapeutic
context as discussed below.

[0269] Agents according to the present invention, which
are useful in modulating the hydroxylation of HIF-a and
therefore the modulation of HIF’s intracellular levels and
hence one or more of 1ts cellular functions, may modulate the
hydroxylase activity of the HIF hydroxylase. Such agents
may specifically inhibit the ability of the HIF hydroxylase,
and 1n particular of a PHD polypeptide, to hydroxylate the
appropriate residue of HIF-a. Assays and screens for such
agents are provided as described above 1n accordance with the
present invention, along with the agents themselves and their

use 1n modulating the hydroxylation and thereby the function
of HIF-a.

[0270] An agent able to inhibit hydroxylation of HIF-c by
a HIF hydroxylase may include a substance able to atfect the
catalytic properties of the enzymatically active site of the
hydroxylase. An inhibitor of hydroxylation may interact with
the HIF hydroxylase within the active prolyl hydroxylase
domain, for example within the HXD[X] H or jelly roll
motifs described herein or in the HXE[X] H motifs. Residues
within this domain are involved in interaction with HIF-c and
catalysis of the hydroxylation. An inhibitor may, for example,
interact with His358 or ARG 557 of the EGLN2/PHDI1
sequence using the EGL9 numbering system or the equivalent
residue of other HIF hydroxylases, or may interact with resi-
dues 1n the region between residues 369 and 389 or other
residues of the jelly roll motif of the PHD1 sequence or the
equivalent residues of other HIF hydroxylases. Residues out-
side of the domain may also be mvolved in interacting with
HIF-o and agents which interfere with such interaction may
also affect the hydroxylation as discussed elsewhere herein.
Alternatively or additionally, the inhibitor may bind 1n such a
way as to ihibit dioxygen binding. For example, 1t 1s appre-
ciated that dioxygen may approach the iron in the HIF
hydroxylase from a different direction to the HIF-c. substrate
and 1n particular through a tunnel through the centre of the

jelly roll motif. Inhibitors may bind to residues within or at

the entrance to this tunnel.

[0271] Further aspects of the present invention relate to
methods for modulating the amount of HIF polypeptide 1n a
cell. Such a method may comprise contacting the cell with a
substance which inhibits the hydroxylase activity of a HIF
hydroxylase and 1n particular 1ts prolyl hydroxylase activity.

[0272] A suitable substance 1s an agent as described herein.
A substance which 1s a selective HIF hydroxylase inhibitor
may be used in such a method. A selective HIF hydroxylase
inhibitor 1s an 1nhibitor which inhibits the biological activity
of a HIF hydroxylase but does not inhibit biological activity
of a collagen prolyl hydroxylase, as described herein and 1n
particular one which ihibits HPH activity of a HIF hydroxy-
lase but not CPH activity of a collagen prolyl hydroxylase.

Examples of HPH Modulators

[0273] Compounds which modulate 20G oxygenases, 1n
particular collagen 4-prolyl hydroxylase, may be usetul as
modulators of HIF prolyl hydroxylase, or may be used as
‘lead” compounds which may be modified and/or optimised
to develop modulators of HIF prolyl hydroxylase, in particu-
lar selective modulators.
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[0274] Some of these compounds generally possess the
formula:
RI-A*B*C*D(R?), (A)

where the group R' is capable of forming an electrostatic
interaction with the side chain of the arginine which together
with other residues binds the 5-carboxylate of 2-oxoglutarate
during catalysis, A*B 1s a chain of two atoms which are,
independently, carbon, oxygen, nitrogen or sulphur, which
chain can be functionalised, y 1s O or 1 and C*D 1s a chain of
two atoms which are, independently, carbon, oxygen, nitro-
gen, or sulphur, which chain can be functionalised, A, B, C
and D being linked to one another by single and/or double
and/or triple bonds, such that when v 1s 0 or 1 at least one of
the atoms of which 1s capable of chelating with a metal group
and when vy is 1 said chain is attached to R* which is capable
of chelating with a metal group. Generally at leastone of A, B,
C and D 1s not carbon. Typical chains include C—N—C—C,
C—C—C=0 and C—0O—C—~C. The chain atoms can form
part of a ring, such as pyrolidine and tetrahydro-pyran, and
unsaturated derivatives thereof including pyridine and pyran
or partially hydrogenated pyrans. The rings can be fused.
When y=0 C and/or D 1s attached to, for example, —S, —0,
—SH or—OH. Typically R'1s an acid group such as carboxy-
late, —SO,H, —B(OH), or —PO.H,. Typical values for R”
include —SH, —OH, —CO,H, —SO,H, —B(OH), or
—PO,H,, —NHOH, —CONHR’, —CONHOR?,
— CONR’OH and —CONR’OR” where R” is a branched or
straight chain alkyl group of 1 to 6 carbon atoms which can be
functionalised. Preferred compounds will have typical values
for more than one group, for example for all groups.

[0275] One class of compounds which have been found to
modulate the activity of HIFa. hydroxylases and 1n particular
their prolyl hydroxylase activity are oxalo-amino acid deriva-
tives, including oxalo dertvatives having one of the following,

general formulae (I to IV), for example compounds having
the formula V, VI or VII;

R/ Y

PPN

HO,C N

H

CO,H

N-oxalo inhibitors for in vitro use

11

R! Y
HO,C )J\
g2 r‘q CO,H
H
111
R! Y
RX(O=C))\1~‘J)J\C(=O)XR
H

N-oxalo inhibitors for 1in vivo use

R! Y
M(O=)C\R2)\N)k
|

H

IV

C(=0)XR
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-continued

v
O
HOgC/\l\‘I)I\CCQH
H
(N-oxalyl glycine)

VI

Me O

Hozc)\liq)kcozﬂ
H

(N-oxalyl alanine)
such as oxalyl-L-alanine (IS70) as well as oxalyl-D-alanine (IS71)

VII
O

A

HO,C N CO,H

H

(N-oxalyl valine)

where R' and R may independently be H, a branched or
straight C, to C, alkyl chain, especially methyl, which can be
functionalised, e.g. as —C,H,CO,C,Hx, any natural amino
acid side chain such as alanine, valine and glutamic acid, a 4
to 7 membered heterocyclic ring optionally containing 1 or 2
N, S, O or P atoms or a 5 or 6 membered aromatic ring,
optionally containing 1 or 2 N, O or S atoms, such as phenyl
or naphthyl which may be fused to another ring or a said alkyl
chain substituted by a said aromatic ring;

R*is C1 to C6 alkyl chain which may be functionalised such
that R*is (CR'R") where n=1 to 6 and where the R* groups
may be the same or different and are as defined above or R” is
absent:

X1s NH, NR", where R" 1s OH, a branched or straight C, to C
alkyl chain which can be functionalised, or O 1.e. XR 1s
O-alkyl having a branched or straight C, to C, alkyl chain,
especially MeO, which can be functionalised; and,

YisOorS.

[0276] The said alkyl groups and chains are typically func-
tionalised by fluorine, alcohol, thiol, a carboxylic acid, phos-
phonic or phosphinic acid, sulphonic acid or other chelating
group, 1n the case of the chains typically via an alkyl group.
[0277] Formula I is further exemplified by compound 1S3
and oxalylglycine (IS2), Formula II 1s by oxaloylamino-L-
alamine, and Formula 111 by compounds IS1 and dimethylox-
aloylglycine (MMOG) 1n Table 3 as well as the methyl esters
of methyloxalyl-L-alamine (IS80) and methyloxalyl-D-ala-
nine (IS81), methyloxalyl-L-alanine (IS68) and methoxalyl-

D-alanine (IS69), diethyl N-methoxyoxalyl-L-glutamate
(IS12), -oxalyl-L-glutamate (IS13), oxalyl S-alanine (IS70)
and oxalyl R-alanine (IS71).

[0278] These compounds may obtained by synthesis as
described 1n Cunliffe et al (1992) J. Med. Chem. 35 26352-
26358.

[0279] The present mventors have found that N-oxalo

derivatives of amino acids, which are known to inhibit col-
lagen prolyl-hydroxylase (CPH), inhibit the modification of
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HIF-a by HIF hydroxylase and in particular by inhibiting
their prolyl hydroxylase activity (HPH). This leads to reduced
pVHL binding and increased cellular HIF levels.

[0280] N-oxaloglycine has been found to be an inhibitor of
both CPH and HPH. However, (RS)—N-oxaloalanine 1s a
poor inhibitor of CPH compared to N-oxaloglycine and (S)
oxaloalanine 1s a preferred inhibitor of HIF hydroxylase, and
in particular of HPH activity, as described below. (S)-0x-
alovaline has little or no activity as an HPH 1nhibitor.

[0281] Selectivity for particular HIF hydroxylase may be
increased or enhanced by modification of the oxaloglycine
backbone. N-Oxalo amino acid derivatives may be converted
into methyl or ethyl ester form for use as a ‘pro drug’ as
described 1n E. Baeder et al. (1994) Biochem. J. 300.525-530

and exemplified 1n Table 2.

[0282] Another class of compounds of interest for use 1n the
modulation of HIF hydroxylases, and 1n particular of HPH

activity, are hydroxamic acid derivatives of the general for-
mulae (VIII-XII):

VIII

(fI{
HOYNYO
CO,H
OPCIIl
(Alahopcin)
IX
()}I
RVN
RIH
C(=—0O)XR
X
ORIV
—N O
Rfﬂ
Xl
ORIV
RVN;/[
RIH
XII
O RWI
RWH O N O
RY RIV
R# R C(=—O)XR
RV RVI
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XIII
O Rfo
Rffﬂf O N O
RY RIV
RY R C(=0)XR
XIITA
OH
RS N O
Rff
Rfff RW
RIV RV

where R to R"* may independently be H, OH, a branched or
straight C, to C alkyl chain, optionally with 1, 2, 3,4 or 5 halo
substitutions, which can be functionalised, a 4 to 7 membered
heterocyclic ring optionally containing 1 or 2 N, S, O or P
atoms, or a 5 or 6 membered aromatic ring, optionally con-
taining 1 or 2 N, O or S atoms which may be fused to another
ring or a said alkyl chain substituted by a said aromatic ring,
such that R™/ can also be NH, or a salt thereof such as HC, or
NHR™ where R is acy], such as unsubstituted or substituted
alkanoyl such as acetyl or phenoxyacetyl; and,

XR is OH, NH, or NHR*, where R* is OH, a branched or
straight C, to C, alkyl chain, or O-alkyl having a branched or
straight C, to C, alkyl chain.

[0283] Preferred compounds are those where R 1s methyl or

benzyl and/or R” is hydrogen and/or R is NH, or
NHCOCH,OH-

[0284] Hydroxamic acids may be obtained as described 1n
Walter M. W. et al (1999) Bioorg. Chem. 27 (1): 35-40.

[0285] Hydroxamic acids, including cyclic and natural
products such as alahopcin (Higashide E, et al (1993) 1.
Antibiotics 38: 285-295), are known to be inhibitors of CPH
and are theretore of interest for the inhibition of HIF hydroxy-
lases and 1n particular of HPH. Modulators based on these
compounds, which are specific for HPH, may be developed
using the methods described within.

[0286] Compounds offormula X are exemplified by benzo-
hydroxamic acid and compounds of formula XI, which are a
sub-class of formula X, are exemplified by compounds

NK45, NK46, NK47 and NK84 1n Table 3.

[0287] Another class of compounds of interest for use in the
modulation of HIF hydroxylases, and 1n particular of HPH
activity, are hydroxylated aromatic compounds including cat-
echols, phenanthrolines and hydroxanthroquinones, includ-
ing hydroxyanthroquinones of the formulae;

X1V
OH O

HO /\
-
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-continued
XV
Rl
HO R?
\‘)\/
HO/ Y\ R3
R4
XVA

RS
RT\)\/RQ
A

R 1
R O ‘ .
= \( R 10
Rl 1
R3 \ Rﬁ
R4 R’

where R’ to R” may independently be H, a branched or

straight C, to C, alkyl chain, OH, O-alkyl having a branched
or straight C, to C alkyl chain optionally containing 1 or 2 N,
O or S atoms, COOH, a branched or straight C, to C, alkyl
ester (alkoxycarbonyl), a 4 to 7 membered heterocyclic ring
optionally containing 1 or 2 N, S, O or P atoms or

a 5 or 6 membered aromatic ring, optionally containing 1 or
more N, O or S atoms, which can be fused to another ring, or
a said alkyl chain substituted by a said aromatic ring, and

0
x

represents or

F

N~

~

Dihydroxybenzoate (EDB), as shown in Table 3, and 3,4-
dihydroxybenzoic acid (protocatechuic acid) are examples of
a compound of formula XV.

These compounds of formula XIV are known CPH 1nhibitors
(Franklinetal (2001) Biochem. J. 353:333-338, Cunliffe et al
Biochem I. (1986) 239(2) 311-313, Franklin et al (1989)
Biochem. J. 261 (1) 127-130). Modulators based on these
compounds which are specific for HPH may be developed

using the methods described within. Specific compounds of
formula XVA 1nclude:

R1
/\‘ /OH
=0 O\ \\““‘i \/\OH
\OH
OH O

(racemate or single stereo isomers)

20
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R2?
/\‘ _on
AN \”/\OH
OH O
OH 3
~
HO\<P/\;:/ X OH
OH O
R4
/\‘ _oH
NN N

%
§

OH

(racemate or single stereo 1somers)

Thus typically R/, R®, R’, R® and R” are hydrogen and R*, R*,
R” and R'® are OH.

Another class of compounds of interest for use in the modu-
lation of HIF hydroxylases, and in particular of HPH activity
are N-containing heterocyclic compounds which have one of
the following general formulae:

XVI: 3-hydroxyquinolone-2-carboximide derivatives

RZ R!
R OH
X
/
R* If CONHAB
R> Om

where R' to R> may be H, a branched or straight C, to C alkyl
chain such as Me, a 4 to 7 membered heterocyclic ring option-
ally containing 1 or more N, S, O or P atoms, or a 5 or 6
membered aromatic ring, optionally containing 1 or more N,
O or S atoms, which can be fused to another ring, or a said
alkyl chain substituted by a said aromatic group,
A=substituted alkylene, B—CO,H, NHSO,CF;, tetrazolyl,
imidazolyl or 3-hydroxyisoxazolyl, and m 1s O or 1.

XVII: pyridine and pyridine N-oxide derivatives

Rfff
Rff Rf ¥
\ \
-
NI S RV
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-continued
XVIII

RIH

Rff Rf |24
B

Z XR
Y

Om O

where R’ to R’Y may independently be H, a branched or
straight chain alkyl of from 1 to 6 C atoms, a halogen group
(1.e. fluoro-, chloro-, bromo- or10do-), a carboxylate group, a
4 to 7 membered heterocyclic ring optionally containing 1 or
more N, S, O or P atoms, a 5 or 6 membered aromatic ring,
optionally containing 1 or more N, O or S atoms which can be
tused to another ring or a said alkyl chain substituted by a said
aromatic ring, or a C(—0O)XR group as defined below,

X 1s O, NH, NR, where R 1s H, OH, a branched or straight
chain alkyl of from 1 to 6 C atoms which can be functiona-
lised, alkoxy containing a branched or straight chain alkyl of
from 1 to 6 C atoms which can be functionalised, a 4 to 7
membered heterocyclic ring optionally containing 1 or 2 N, S,
O or P atoms, a 5 or 6 membered aromatic ring, optionally
contaiming 1 or 2 N, O or S atoms which can be fused to
another ring, such that RX 1s typically straight or branched C
to C, alkoxy, and m 1s O or 1.

XIX:

CONHR

f\’\

—CON} |

X

where R”is as defined in EP0114031:1.e. C, to C, alkyl chain,
such as C,H,, which may be substituted with an alkoxy group
with a C, to C, alkyl chain such as methyl and the CONHR,
groups are typically i the 2 and 4 positions. Thus R' 1s
typically methoxyethyl.

[0288] Compounds of formula XVII and XVIII are exem-
plified by 2,5-(CR8), 2,4-(C9), 2,3-(C10) and 3.,4-(C11)-pyri-
dine dicarboxylic acids, and compounds of the formula XIX
are exemplified by the compounds IS4, IS5, IS6, IS7, IS8 and
IS9 1n Table 3.

[0289] Another suitable N containing heterocycle may
have the formula;

XX
H
O N\/\/OMe
B
I'\ \
| i
\ o N\/\/OME
|
O O
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-continued
XXI: Pyridylcarbonyl glycines and derivatives

NHAB

where X—0, Y—N or CR,, m=0 or 1, A=substituted alky-
lene, B—CO,H, NHSO,CF, tetrazolyl, imidazolyl or 3-hy-
droxyisoxazolyl, R1, R2 and R3 may independently be H,
OH, halo, cyano, CF;, NO,, CO,H, alkyl, cycloalkyl,
cycloalkoxy, aryl, aralkynyl, alkynylcarbonyl, alkylcarbony-
loxy, carbamoyl, alkynyloxyalkyl, alkenyloxy, alkoxyalkoxy,
alkynyl, retinyloxycarbonyl, alkenyloxycarbonyloxy, where
R"and R or R* and R°>—(CH,,),, in which 1-2 CH, groups of

the saturated or C:C unsaturated chain may be replaced by O,
S, SO, SO, or imino, 0=3-5, R4=H.

XXII: 3-alkoxypyridine-2-carboxamide derivatives

OR?

Xy

where A, B and R* as defined in WO097/41103: A=(substituted
alkylene), B=(modified) carboxy, tetrazolyl, imidazolyl,
3-hydroxyisoxazolyl, R4 —H, OH, halo, cyano, CF,, NO,,
CO,H, alkyl (e.g. branched or straight chain C1-C6 alkyl),
cycloalkyl, cycloalkylalkyl, cycloalkylalkoxy, cycloalkoxy-
alkyl, aryl, aralkyl, aralkoxy, hydroxyalkyl, alkenyl, alkynyl,
alkynyloxyalkyl, alkoxycarbonyl, alkylcarbonyloxy, arylcar-
bonyloxy, cinnamoyl, alkenylcarbonyl, arylcarbamoyl or
aralkoxycarbonyloxy.

[0290] Various-containing heterocycles and derivatives are
known to be inhibitors of CPH. Their mechanism of action 1s
believed to be via bidentate chelation of the aromatic nitrogen
(or1ts N-oxide) and a carbonyl group located at the 2-position

on the heterocyclic ring. Suitable compounds are described 1n
Bickel et al Hepatology 28(2) 404-411, DE-A-1974628, EP-

A-0846685, WO-A-9741103, EPO78365871, DE-A-
19504226, EP-A-0673932, EP-A-0673931 and EP-A-
0673930.

[0291] Analogues of these compounds, appropriately deri-
vatised for pharmaceutical use, may be made selective for
HIP hydroxylases, and in particular for HPH activity, using
the methods described herein.

[0292] 2.4-diethylpyridine dicarboxylate 1s a known CPH
inhibitor (Frledman L. et al (2000) PNAS 97 (9) 4736-47741)
which was found not to inhibit HPH. This provides indication
that selective HIF hydroxylase inhibitors, and 1n particular
selective HPH inhibitors, are possible.

[0293] Another class of compounds of interest for use in the

modulation of HIF hydroxylases, and 1n particular of HPH

activity, have the general formulae (XXV-XXVII, XXVIIIA
and XXVIIIB):

XXV

2
N/ \CONHAB

R RZ Y RV R¥

HO,C M

N SR2Y
I!I Rﬂf Rf |4
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-continued
XXVI:
Rf Rff Y RV RVI
><N SH
RX(O=C) |
T I
m RZ R
XXVII (M6635):
O
H

where R, R’ to R"* may independently be H, a branched or
straight C, to C, alkyl chain, a 4 to 7 membered heterocyclic
ring optionally containing 1 or 2 N, S, O or P atoms, a S or 6
membered aromatic ring, optionally containing 1 or2 N, O or
S atoms, which can be fused to another ring, or a said alkyl
chain substituted by a said aromatic ring, preferably H or
methyl, R20 1s hydrogen or acyl typically aromatic acyl such
as benzoyl.

X 1s NH, NR", where R" 1s OH, Me, alkyl, OMe, Oalkyl with
a C, to C, alkyl chain,

and
YisOorS.
[0294]
XXVIII:
21
[A*B*C*D] —(S%zH such as
XXVIIIA:
NH SH
(P ‘( 5
CO.H O O=——N R
HY
CO-H

where A*B*C*D* are as defined for formula (A), R*' is
hydrogen or acyl, typically aromatic acyl such as benzoyl, R
1s as defined for formula III, n1s from 1 to 5, x1s from 1 to 5
and v 1s from 1 to 5, such that the resulting methylene chains
can be functionalised by one or more groups as defined for R
or by NH,, such as glutathione (gamma-glutamyl-cysteinyl-
glycine) (C16) and cysteinyl-glycine (CO166).

[0295] These compounds may be obtained from commer-
cial sources (for example, Sigma Chemical Co.) or prepared
using standard methodology.

[0296] N-(Mercaptopropionyl)glycine and glutathione
have been found to be inhibitors of HPH. This provides indi-
cation that appropriately Tunctionalised thiols may be imhibi-
tors ol 20G dependent oxygenases. N-(Mercaptopropionyl)
glycine was not an inhibitor of clavaminate synthase from
Streptomyces claviigerus under standard assay conditions,
demonstrating that this family of compounds can be selective
tor different 20G oxygenases. Modification of N-(mercapto-
propionyl)glycine may improve selectivity for HPH. These
compounds may be made into useful pharmaceutical agents

22
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by conversion into their ester ‘pro drug’ forms. These are
commonly methyl or ethyl esters although others are pos-
sible.

[0297] N-(Mercaptopropionyl)glycine and glutathione are
structurally related to L-o(a-aminoadipoyl)-L-cysteinyl-D-
valine (ACV) which 1s the substrate of 1soepenicillin-N-syn-
thase (IPNS). IPNS 1s an oxidase which 1s closely related to
the 20G dependent oxygenases by sequence and structure,
although 1t does not use a 20G co-substrate. Glutathione 1s
important 1n maintaining the correct redox potential nside
cells and the observation that 1t 1s an 1inhibitor of HPH may
have physiological relevance.

[0298] Compounds of Formula XXVIII include N-(3-mer-
captopropanoyl)-L-alanine (IS37) and the corresponding D
1somer (IS38) as well as N-(3-benzoylthiopropionoyl)-L-ala-
nine (IS20) and the corresponding D 1somer (IS21).

Other compounds include:

XXIXA
OR® O R/
RZ )-I\ OH
== N
‘ H
O
R3 \ N R5
R4
XXIX
O R/
OR®
| OH
E'E N
H
O

where R' 1s H, a branched or straight C, to C, alkyl chain
which can be functionalised, any natural amino acid side
chain for example of glutamic acid, a 4 to 7 membered het-
erocyclic ring optionally containing 1 or 2 N, S, O or P atoms
or a S or 6 membered aromatic ring, optionally containing 1 or
2 N, O or S atoms which may be fused to another ring or a said
alkyl chain substituted by a said aromatic ring and each of R*
to R®, which may be the same or different, is as defined for R"
or is NH, or OR” where R’ is as defined for R' and E repre-
sents a monocyclic ring system such as thiophene or pyran
and E' 1s absent or forms with E a bicyclic ring system such as
naphthalene or indole, E' typically being benzene. The ring or
rings can be functionalised at any of their carbon atoms with
a group as defined for R'. Typical compounds include 2-hy-
droxy-hippuric acid, N(2-hydroxy-benzoyl)-glycine (C14)
and N-benzoyl-glutamic acid (C15).

[0299] Where appropriate the acids can be 1n the form of
salts, eg. sodium salts.

[0300] Peptide fragments derived from the sequence of a
HIF hydroxylase or an HIF-a. polypeptide form another class
of compounds which may have modulating activity. Nucleic
acid encoding such peptides, vectors and host cells containing
such nucleic acid, and methods of expressing nucleic acid
encoding such peptides are further aspects of the present
invention. In a preferred embodiment such fragments are
fragments of human HIP hydroxylases and in particular of

any of PHD 1, 2 or 3.

[0301] A suitable modulator may be an analogue of HIF .,
the prime substrate for HIF prolyl hydroxylation by HIF
hydroxylase, and may act, for example, as a competitive
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inhibitor of HIF o, or through another mechanism, such as by
irreversibly modifying the HIF hydroxylase. Uncoupled oxi-
dation of the co-substrate 20G may still occur 1n the event of
competitive inhibition of HIF-c.

[0302] A suitable fragment of an HIFo polypeptide may
comprise a proline residue which 1s hydroxylated by a HIF
hydroxylase in the full-length polypeptide, and which 1s,
itsell capable of being hydroxylated by a HIF hydroxylase,
for example a fragment containing a proline residue which
corresponds to proline residue 402 or 564 of the human HIF-
la sequence. Smaller fragments, and analogues and variants
of these fragments may similarly be employed, e.g. as 1den-
tified using techniques such as deletion analysis or alanine
scanning.

[0303] Knowledge of the HIFa sequence, 1n particular the
identity of the residues which are hydroxylated, therefore
allows an 1nhibitor to be designed with a proline analogue 1n
the position of hydroxylation to inhibit the hydroxylation
reaction.

[0304] Inparticular, a modulator, such as an inhibitor, may
include a peptide fragment of HIFa or analogue thereof 1n
which the proline residue which undergoes hydroxylation,
¢.g. proline 564, 1s replaced by a proline analogue which 1s
not a HIF hydroxylase substrate, such as 5-oxaproline, 3.4-
dehydroproline and 4-thiaproline (Wu et al (1999) J. Am.
Chem. Soc. 121(3)587-388, DE-A-3818850). The proline
inhibitor analogues may be modified such that they also bind
to the 2-oxoglutarate binding residues of the hydroxylase.

[0305] Examples of proline analogues are;
XXIII
Rf Rﬂ
O
\
X—N R
\
R
XXIV:
Rﬂ Rf
Rﬂf O
RIV N
‘ XR
R

where one of Y or X—0O (oxaprolines) and the other 1s
—CR'R"- or Y=—S (4-thiaprolines) where one of X and 'Y 1s

C=0 or —SO, or —P(=0)O(H) and the other 1s
—CRTR"—,,

and R is a peptide or peptide analogue and R, R, R” are H, a
branched or straight C, to C, alkyl chain, a 4 to 7 membered
heterocyclic ring optionally containing 1 ormore F, N, S, O or
P atoms, a 5 or 6 membered aromatic ring, optionally con-
taining 1 or more N, O or S atoms, which can be fused to
another ring.

[0306] Peptides or peptide analogues suitable for use 1n
accordance with the present invention tend to be short, and
may be about 40 amino acids 1n length or less, preferably
about 35 amino acids 1n length or less, more preferably about
30 amino acids 1n length, or less, more preferably about 25
amino acids or less, more preferably about 20 amino acids or
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less, more preferably about 15 amino acids or less, more
preferably about 10 amino acids or less, or 9, 8,77, 6, 5 or less
in length. Peptides according to the present invention may be
about 10-40 amino acids in length, about 5-10, about 10-15,
about 10-20, about 10-30, about 20-30, or about 30-40 amino
acids 1n length. Peptides which are HIF fragments generally
include one or more of the relevant proline residues.

[0307] A peptide modulator which 1s a derivative of a pep-
tide for which the specific sequence 1s disclosed herein may
be 1n certain embodiments the same length or shorter than the
specific peptide. In other embodiments the peptide sequence
or a variant thereof may be included 1n a larger peptide, as
discussed above, which may or may not include an additional
portion of HIF hydroxylase or HIF-1 polypeptide. 1, 2,3, 4 or
5> or more additional amino acids, adjacent to the relevant
specific peptide fragment of the HIF hydroxylase or HIF-1
polypeptide, or heterologous thereto may be included at one
end or both ends of the peptide.

[0308] Peptides may be modified, for example, for use as
pharmaceuticals, for example by replacing amide bonds and/
or using D rather than La-amino acids or 3-amino acids or by
using conformational restraints.

[0309] Examples of potential HIF hydroxylase inhibitors,
and 1n particular of HPH activity, of the classes described
above are shown 1n Table 3.

[0310] In the formulae described herein, a branched or
straight C, to C, alkyl chain may be a methyl, ethyl, propyl,
butyl, 1so-butyl, see-butyl, tert-butyl, pentyl, neopentyl tert-
pentyl or a primary, secondary or tertiary hexyl group. Pret-
erably the alkyl group 1s methyl or ethyl while the preferred
heterocyclic rings are pyrolidine or tetrahydropyrane and the
aromatic rings are benzene, naphthalene or pyridine.

[0311] Without being limited to any particular mechanism,
analysis of the structure of IPNS complexed to Fe(Il) and
ACV, together with the structural relationship between
N-(mercaptopropionyl) glycine, 200G, and N-oxaloglycine,
provides indication that the former inhubits HIF hydroxylase
and 1n particular HPH activity via a complex in its thiol binds
to the Fe(Il) and the carboxylate to the same residues as the

S-carboxylate of 20G.

HPH Selectivity

[0312] A number of distinct HIP hydroxylases with HIF

prolyl hydroxylase activity exist in humans and it may be also
be advantageous to modulate these selectively, as single tar-
gets, or 1in selected groups as well as an entire family. Agents
which modulate HIF hydroxylase activity and in particular
HIF prolyl hydroxylase activity are therefore preferably spe-
cific 1.e. they have an increased or enhanced efiect on a HIP
hydroxylase relative to other 20G dependent oxygenases as
defined below, 1in particular collagen prolyl hydroxylases
(CPH). Such agents may be specific for a particular human
HIF hydroxylases and in particular PHD 1, 2 or 3.

[0313] Assay methods as described herein may therefore
further comprise contacting the test compound with one or
more 20G dependent oxygenases under conditions in which
said 20G dependent oxygenases are normally active and
determining activity of said oxygenases.

[0314] A differencen activity inthe presence relative to the
absence of test compound 1s indicative of the test compound
modulating the activity of the one or more 20G dependent
0Xygenases.

[0315] A test compound which provides increased or
enhanced modulation of a HIF hydroxylase, relative to the
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one or more 200G dependent oxygenases shows selectivity or
specificity for the HIF hydroxylase.

[0316] 20G dependent oxygenases may 1include {for
example, clavaminte synthase, deacetoxycephalosporin C
synthase, collagen-prolyl-4-hydroxylase, collagen prolyl-3-
hydroxvlase, lysyl hydroxylase, aspartyl hydroxylase,
phytanoyl coenzyme A hydroxylase or gamma-butyrobetaine
hydroxylase. 20G dependent oxygenases may be mamma-
lian, preferably human polypeptides.

[0317] The structures of various 2-OG oxygenase enzymes
have been reported; oxygenase clavaminic acid synthase
(Zhang 7. et al (2000) Nature Structural Biol. 7 127-133),
deacetoxycephalosporin C synthase (Lloyd et al (1999) 1.
Mol. Biol. 287 943-960), cephalosporin synthase (Valegard
K. etal (1998) Nature 394 805-809), 1sopenicillin N-synthase
(Roach P. (1993) Nature 375 700-704) and 20G dependent
oxygenases (Schofield, C. & Zhang, 7. (1999) Curr. Opin.
Struct. Biol. 9 722-731).

[0318] The assays of the invention may also be used to
identify agents which are: selective for HIF hydroxylases,
and 1n particular HPH activity, but not for other 20G depen-
dent oxygenases; agents which are selective for HIF hydroxy-
lase, and 1n particular HIF prolyl hydroxylase activity, com-
pared to other hydroxylases and prolyl hydroxylases; and
agents which are specific for a particular HIF hydroxylase.
The assays may be used to identily agents selective for a
particular human HIF hydroxylase, such as for example spe-
cific for an enzyme with the amino acid sequence of SEQ 1D
NO: 2, or SEQ ID NO:; 4 or SEQ ID NO: 6.

[0319] The mvention provides for the use of such selective
inhibitors of HIF hydroxylases in the manufacture of a medi-
cament for the treatment of a condition associated with
reduced HIF levels of activity.

[0320] In alternative aspects of the present invention, the
assays can be used to establish whether agents which have
been 1identified as inhibitors or activators of other 20G depen-
dent oxygenases are specific for such oxygenases, or at least
do not affect HIF hydroxylase and in particular HIF prolyl
hydroxylase activity of the polypeptides of the present inven-
tion. In particular, the assays may be used to establish that
such agents do not atfect human HIF hydroxylases. Thus, the
assays may be carried out using agents which have been
identified as mhibitors of a 20G dependent oxygenase, such
as collagen prolyl hydroxylase to identity whether such an
agent 1s specific for collagen prolyl hydroxylase and 1s not
active or shows reduced activity against HIF hydroxylases
and 1n particular their prolyl hydroxylase activity.

Assay Formats

[0321] A screeming or assay method may include puritying
and/or 1solating a test compound, agent, or substance of inter-
est from a mixture or extract, 1.¢. reducing the content of at
least one component of the mixture or extract, €.g. a compo-
nent with which the test substance 1s naturally associated. The
screening or assay method may include determining the abil-
ity of one or more fractions of a test mixture or extract to
modulate the hydroxylase and 1n particular the prolyl activity
of the HIF hydroxylase, and typically these activities in rela-
tion to HIF-c.

[0322] The purification and/or 1solation may employ any
method known to those skilled 1n the art. An agent or com-
pound obtained and/or i1dentified using an assay method
described herein may be modified, for example to increase
selectivity for a HIF hydroxylase relative to other 20G depen-
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dent oxygenases such as CPH or to increase selectivity for a
particular HIF hydroxylase relative to other HIF hydroxy-
lases.

[0323] The approach of moditying a class of compounds
containing specific functional groups to be selective for par-
ticular enzymes 1s well-known, for example the ihibition of
specific serine proteases by differently modified trifluoroke-

tones, chloromethylketones, beta lactams, or other generic
serine protease inhibitors (Walker B. & Lynas J. (2001) Cell.

Mol. Life Sci. 58(4) 596-624, Rai1 R. (2001) et al Curr. Med.
Chem. 8 (2) 101-119, Marquis R. (2000) Ann. Rep. Med.
Chem. 35 309-320, Lebon, F. & Ledecq, M. (2000) Curr.
Med. Chem. 7 (4) 455-477).

[0324] Selectivity for a particular HIF hydroxylase can be
achieved by performing assays as described herein with a
plurality of different HIF hydroxylases. The preferential or
selective modulation of the HIF hydroxylase activity, and 1n
particular the prolyl hydroxylase activity, of one or more HIF
hydroxylases relative to the other HIF hydroxylase by a test
compound may thereby be determined. Similarly, selectivity
for the PHD family of HIF hydroxylases can be achieved by
performing assays as described herein with a plurality of
different 2-oxoglutarate dependent oxygenases 1.. a panel of
related enzymes. The preferential or selective modulation of
the HIF prolyl hydroxylase activity of one or more PHD
polypeptides relative to the activity of other 2-oxoglutarate
dependent oxygenases by a test compound may thereby be
determined.

[0325] Structural information, including primary sequence
data and 3D information such as crystallographic data, may
also be used to 1dentily structural differences between HIF
hydroxylases and other 2-oxoglutarate dependent oxygena-
ses. These differences may be used to design compounds
which selectively or preferentially modulate HIP hydroxy-
lases as described herein relative to other 2-oxoglutarate
dependent oxygenases.

Structural Analysis and Rational Drug Design

[0326] Secondary structural analysis predicts that the HIF
hydroxylases fold to produce a common jelly roll structure
that positions a non-haem 1ron co-ordinating HXD[X] H
motif at the catalytic site.

[0327] Kinetic and time resolved crystallographic studies
of the catalytic mechanism among members of this class of
oxygenase have indicated ordered binding of Iron (1I), 2-oxo0-

glutarate, and prime substrate (Zhang et al, (2000) supra;
Zhou et al (1998) J. Am. Chem. Soc. 120 13539-13540).

[0328] Binding of the latter ‘primes’ the enzyme for revers-
ible binding of dioxygen, probably by displacing a water
molecule from the 1ron. Weak binding at the 1ron centre 1s
associated with a cofactor requirement for 1ron (II). The activ-
ity of the recombinant enzyme requires 1ron, and 1s directly
inhibited by cobaltous 1ons by substitution at the catalytic
center. A mutation (EGLN2/PHD1; H338A) that 1s predicted
to abrogate 1ron binding, but not otherwise alter the 3-dimen-
sional structure was observed to completely ablate enzyme
activity,

[0329] Structural analysis and sequence studies show that
SM20 comprises an iron atom at 1ts active site 1n complex
with residues His313 and Asp315 (Acc No: af229245 or
0111320937). Related enzymes clavaminate synthase (CAS)
and deacetoxycephalosporin C synthase (DAOCS) also show
iron coordination at the active site as shown 1n FIG. 8.
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[0330] An mnhibitor may form a mono-, di-, or tri-dentate
complex with the coordinate 1ron atom to inhibit the activity
of the enzyme. Examples of such inhibitors include the
hydroxamates and hydroxyanthroquinones described herein.
The coordination of an inhibitor to the 1ron atom may be
determined by spectroscopic analysis or crystallography.

[0331] As noted above, an agent may be peptidyl, e.g. a
peptide which includes a sequence as recited above, ormay be
a Tunctional analogue of such a peptide.

[0332] As used herein, the expression “functional ana-
logue” relates to peptide variants or organic compounds hav-
ing the same functional activity as the peptide in question,
which may interfere with the hydroxylation and 1n particular
the prolyl hydroxylation of HIFa by a HIF hydroxylase.
Examples of such analogues include chemical compounds
which are modelled to resemble the three dimensional struc-
ture of the substrate of the HIF hydroxylase (HIFa) 1n the
contact area or in the pVHL binding domain, and 1n particular
the arrangement of the key amino acid residues, including
proline 564.

[0333] In a further aspect, the present invention provides
the use of a HIFa. polypeptide, 1n particular a peptide frag-
ment which undergoes hydroxylation by a HIF hydroxylase,
in a method of designing a peptide or non-peptidyl mimetic,
which mimetic 1s able to interact with the HIF hydroxylase
active site and modulate the hydroxylation of a proline resi-
due 1.e. proline 402 or 564 of HIFa, by the HIF hydroxylase.
[0334] Accordingly, the present invention provides a
method of designing a mimetic, for example of a HIFc.
polypeptide, which modulates the hydroxylation of a proline
residue by a HIF hydroxylase, said method comprising:
[0335] (1) analysing a substance to determine the amino
acid residues essential and important for biological activity to
define a pharmacophore; and,

[0336] (1) modelling the pharmacophore to design and/or
screen candidate mimetics which modulate the hydroxylation
as described.

[0337] Suitable modelling techniques are known in the art.
This includes the study of the bonding between a HIF
hydroxylase and HIF-o and the design of compounds which
contain corresponding functional groups arranged in such a
manner that they could reproduce that bonding.

[0338] The 1ron atom at the HIF hydroxylase active site 1s
normally hexacoordinate (but can be pentacoordinate during,
catalysis). The amino acid sequence provides three ligands so
there are three positions vacant for binding to inhibitors.
Inhibitor molecules may therefore be designed to coordinate
with the 1ron atom at these three positions.

[0339] The designing of mimetics to a known pharmaceu-
tically active compound 1s a known approach to the develop-
ment of pharmaceuticals based on a “lead” compound, for
example a compound as described heremn. This might be
desirable where the active compound 1s difficult or expensive
to synthesise or where 1t 1s unsuitable for a particular method
of administration, for instance, HIF-c. or HIF hydroxylase
and 1n particular peptides derived from them may not be well
suited as active agents for oral compositions as they tend to be
quickly degraded by proteases in the alimentary canal.

[0340] There are several steps commonly taken in the
design of a mimetic from a compound having a given target
property. Firstly, the particular parts of the compound that are
critical and/or important 1n determining the target property
are determined. In the case of a peptide, this can be done by
systematically varying the amino acid residues in the peptide,
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¢.g. by substituting each residue in turn. These parts or resi-
dues constituting the active region of the compound are
known as 1ts “pharmacophore”.

[0341] Once the pharmacophore has been found, its struc-
ture 1s modelled according to 1its physical properties, e.g.
stereochemistry, bonding, size and/or charge, using data from
a range of sources, €.g. spectroscopic techniques, X-ray dii-
fraction data and NMR. Computational analysis, similarity
mapping (which models the charge and/or volume of a phar-
macophore, rather than the bonding between atoms) and other
techniques can be used in this modelling process.

[0342] In a variant of the above approach, the three-dimen-
sional structure of a ligand and 1ts binding partner are mod-
clled. This can be especially useful where the ligand and/or
binding partner change conformation on binding, allowing
the model to take account of this 1n the design of the mimetic.

Polypeptide Inhibitors of the Invention.

[0343] The invention also provides a polypeptide of SEQ
ID NO: 9 DLDLEMLAP*YIPMDDDFQL wherein P* 1s
4-hydroxy proline. Such peptides may be provided in an
1solated form. The invention also provides variants of SEQ ID
NQO:9, as defined above. Variants will retain the ability to
antagonise the interaction of a HIF-¢ subunit with VHL. This
means that the presence of the variant 1n a cell will lead to an
increase 1n HIF-a. subunit protein compared to the amount of
HIF-a subunit protein present in the absence of the polypep-
tide.

[0344] Particular examples of such substitutions include
the following:

SEQ ID NO: 10
DLDLEMLAP*YISMDDDFEQL;

SEQ ID NO: 11
DLDLEMLLP*YIPMDDDEQL;

SEQ ID NO: 12
DLDLEMLVP*YIPMDDDFEQL;

SEQ ID NO: 13
DLDLEMIAP*YIPMDDDFEQL;

SEQ ID NO: 14

DLDLEMIAP*YIPMEDDFEQL:; ,
and

SEQ ID NO: 15
DLDLEMLVP*YISMDDDEQL.

[0345] The mnvention also provides an 1solated polypeptide
which 1s a vanant of SEQ ID NO: 9, wherein such vanants
comprise from 1 to 4 amino acid substitutions of any amino
acid apart from P*, said variant retaining the ability to antago-
nise the interaction of a HIF-o subunit with VHL.

[0346] A particular polypeptide of the latter type 1s:
(SEQ ID NO: 16}
PFSTQDTDLDLEMLAPYIPMDDDFQLRSFDQLSP;
[0347] or vanants thereof as defined for SEQ ID NO:9
above; and
[0348] polypeptides consisting of from 35 to 50 amino

acids which contain SEQ ID NO:16.

[0349] Fragments ofthese polypeptides which retain the P*
residue, and which are at least 6, preferably at least 10, such
as at least 12 or at least 15 amino acids in length are also a
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turther aspect of the invention, and are also referred to herein
as polypeptides of the invention. Preferably these fragments
retain the motif LXP*, e.g. LAP*, and more preferably the
fragments retain the motif LXXLXP*, e.g. LXXLAP*. “X”
means any amino acid. In particular, such a polypeptide has or
includes the sequence LAP*YIP. Thus the mvention also
relates to a peptide comprising or having the sequence LAP
YIP and having the ability to antagonise the interaction
between HIF and VHL. Such peptides may be formulated or
used as described for peptides of SEQ ID NO:9.

[0350] We have also found that a second proline residue 1n
HIF-1ca.1s subject to hydroxylation. Our findings 1indicate that
residue 402 which shares a common motif of “LXXLAP”
with the site of hydroxylation at position 564. Our findings
indicate that this site. Polypeptides of at least 8, e.g. at least
10, at least 12, at least 15 or at least 18 amino acids, up to no
more than 50, such as no more than 35 or no more than 20
amino acids, based upon the sequences of this region also
form a further aspect of the ivention. Such polypeptides
include those 1 which proline at 402 1s hydroxylated. Sub-
stitutions, modifications, purification, 1solation and/or syn-
thesis may be carried out as described for HIF hydroxylases
described above.

[0351] The hydroxylated peptides 1n accordance with the
present invention can be used 1n assays to monitor for agents
which mhibit the interaction between VHL and HIF. In accor-
dance with this aspect of the invention, a hydroxylated
polypeptide as described above 1s incubated with VHL or a
HIF binding region thereof 1n the presence of a test substance
and the interaction between the hydroxylated polypeptide and
the VHL polypeptide 1s monitored. The polypeptides may
also be used as displacement probes in high throughput
assays for inhibitors.

[0352] These polypeptides of the present invention may be
prepared as a pharmaceutical preparation. Such preparations
will comprise the polypeptide together with suitable carriers,
diluents and excipients. Typically, they will comprise the
polypeptide together with a pharmaceutically acceptable
polypeptide. Such formulations form a further aspect of the
present invention.

[0353] Formulations may be prepared suitable for any
desired route of administration, including oral, buccal, topi-
cal, intramuscular, intravenous, subcutaneous and the like.

[0354] Formulations for topical administration to the skin
may include igredients which enhance the permeability of
the skin to the polypeptides. Such formulations may be in the
form of ointments, creams, transdermal patches and the like.

[0355] Formulations for administration by injection (1.m.,
1.v., subcutaneous and the like) will include sterile carriers
such as physiological saline, optionally together with agents
which preserve or stabilise the polypeptide. Albumin may be
a suitable agent.

[0356] Formulations of polypeptides 1n particular may be
used 1n methods of treatment 1schaemic conditions, such as
organ 1schaemia, such as 1s manifest 1n coronary, cerebrovas-
cular and peripheral vascular isuificiency. Any 1schaemia 1s
a therapeutic target. The therapy may be applied in two ways;
tollowing declared tissue damage, e.g. myocardial infarction
(in order to limit tissue damage), or prophylactically to pre-
vent 1schaemuia, e.g. promotion of coronary collaterals 1n the
treatment of angina. Additionally, vasomotor control 1s sub-
ject to regulation by HIF. Activation of HIF might affect
systemic vascular resistance and hence systemic blood pres-
sure.

Oct. 2, 2014

[0357] Polypeptides may also be used 1n combination with
promoters of angiogenesis. These include vascular endothe-
l1al growth factor and other angiogenic growth factors such as
basic fibroblast growth factors and thymidine phosphorylase
and pro-angiogenic and might be used in combination
therapy. Other compounds which might concervably be used
in combination are 2-deoxy ribose and prostaglandin E.

[0358] In administering polypeptides of the invention to a
subject, the doses will be determined at the discretion of the
physician, taking into account the needs of the patient and
condition to be treated. Generally, doses will be provided to
achieve concentrations at a desired site of action that are from
0.1 uM to 1 uM, for example 1n the 1-10 uM range.

Therapeutic Applications

[0359] A compound, substance or agent which is found to
have the ability to affect the hydroxylase activity of a HIF
hydroxylase, and 1n particular its prolyl hydroxylase activity,
has therapeutic and other potential 1n a number of contexts, as
discussed. For therapeutic treatment, such a compound may
be used 1n combination with any other active substance, e.g.
for anti-tumour therapy another anti-tumour compound or
therapy, such as radiotherapy or chemotherapy.

[0360] An agent identified using one or more primary
screens (e.g. 1n a cell-1ree system) as having ability to modu-
late the HIFa. hydroxylation activity of a HIF hydroxylase
may be assessed further using one or more secondary screens.
A secondary screen may involve testing for an increase or
decrease 1n the amount of HIF-a or HIF activity, for example
as manifest by the level of a HIF target gene or process present
in a cell 1n the presence of the agent relative to the absence of
the agent.

[0361] A HIF hydroxylase or a HIF polypeptide may be

used 1n therapies which include treatment with full length
polypeptides or fragments thereof, or otherwise modified
polypeptides (e.g. to enhance stability or ensure targeting,
including 1n conjunction with other active agents such as
antibodies.

[0362] Generally, an agent, compound or substance which
1s a modulator according to the present invention 1s provided
in an 1solated and/or purified form, 1.e. substantially pure.
This may include being 1n a composition where it represents
at least about 90% active ingredient, more preferably at least
about 95%, more preferably at least about 98%. Any such
composition may, however, include inert carrier materials or
other pharmaceutically and physiologically acceptable
excipients, such as those required for correct delivery, release
and/or stabilisation of the active agent. As noted below, a
composition according to the present invention may include
in addition to an modulator compound as disclosed, one or
more other molecules of therapeutic use, such as an anti-
tumour agent.

Products Obtained by Assays of the Invention

[0363] The mnvention further provides compounds obtained
by assay methods of the present invention, and compositions
comprising said compounds, such as pharmaceutical compo-
sitions wherein the compound 1s 1n a mixture with a pharma-
ceutically acceptable carrier or diluent. The carrier may be
liquid, e.g. saline, ethanol, glycerol and mixtures thereot, or
solid, e.g. 1n the form of a tablet, or 1n a semi-solid form such
as a gel formulated as a depot formulation or 1n a transder-
mally administrable vehicle, such as a transdermal patch.
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[0364] The invention further provides a method of treat-
ment which includes administering to a patient an agent
which interferes with the hydroxylation of the target residue
of an HIFa polypeptide by a HIF hydroxylase. Such agents
may include inhibitors of hydroxylase activity, typically of
prolyl hydroxylase activity and 1n particular these activities in
relation to HIF. Examples of mnhibitors of HIP prolyl
hydroxylase activity include, for example compounds of
structures 1 to XXVIII as described herein. Exemplary pur-
poses of such treatment are discussed elsewhere herein.

[0365] The mvention further provides various therapeutic
methods and uses of one or more substances selected from (1)

a HIF hydroxylase which 1s able to bind to HIF-1; (11) a
modulator identified by a screening method of the present

invention; (111) a mimetic of any of the above substances
which can bind to HIF-1 or a HIF hydroxylase, or the
polypeptide 1nhibitors of the mnvention.

[0366] The therapeutic/prophylactic purpose of such a
method or use may be the modulation of the level of HIF o in
a cell by modulation, e.g. disruption or interference, of the
hydroxylation of HIFa, which may occur for example at
proline 402, 564 or other proline residue. Hydroxylation of
HIFa promotes pVHL binding which leads to ubiquitin
dependent proteolysis of HIF . as described above.

[0367] The therapeutic/prophylactic purpose may be
related to the treatment of a condition associated with reduced
or suboptimal or increased HIF levels or activity, or condi-
tions 1n which have normal HIF levels, but where an modu-
lation 1n HIF levels such as an increase or decrease in HIF
levels 1s desirable such as:

(1) 1schaemic conditions, for example organ 1schaemia,
including coronary, cerebrovascular and peripheral vascular
isuificiency. The therapy may be applied i two ways; fol-
lowing declared tissue damage, e.g. myocardial infarction (1n
order to limit tissue damage), or prophylactically to prevent
1schaemia, e.g. promotion of coronary collaterals 1n the treat-
ment of angina.

(11) wound healing and organ regeneration
(111) auto-, allo-, and xeno-transplantation.
(1v) systemic blood pressure

(v) cancer; HIFa 1s commonly up-regulated 1n tumour cells
and has major effects on tumour growth and angiogenesis.

(v1) inflammatory disorders.

(vi1) pulmonary arterial blood pressure, neurodegenerative
disease.

Pharmaceutical Compositions

[0368] Invarious further aspects, the present invention thus
provides a pharmaceutical composition, medicament, drug or
other composition for such a purpose, the composition com-
prising one or more agents, compounds or substances as
described herein, including HIF hydroxylase inhibitors and in
particular inhibitors of their HIF prolyl hydroxylase (HPH)
activity such as compounds of formulae I to XXVIII, the use
of such an composition 1n a method of medical treatment, a
method comprising administration of such a composition to a
patient, e.g. for treatment (which may include preventative
treatment) of a medical condition as described above, use of
such an agent compound or substance 1n the manufacture of a
composition, medicament or drug for administration for any
such purpose, e.g. for treatment of a condition as described
herein, and a method of making a pharmaceutical composi-
tion comprising admixing such an agent, compound or sub-
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stance with a pharmaceutically acceptable excipient, vehicle
or carrier, and optionally other ingredients.

[0369] Inoneembodimentthe method for providing a phar-
maceutical composition may typically comprise:

[0370] (a)identifyinganagent by an assay method of the
invention; and

[0371] (b) formulating the agent thus identified with a
pharmaceutically acceptable excipient.

[0372] The pharmaceutical compositions of the invention
may comprise an agent, polypeptide, polynucleotide, vector
or antibody according to the invention and a pharmaceutically
acceptable excipient.

[0373] The agent may be used as sole active agent or 1n
combination with one another or with any other active sub-
stance, ¢.g. for anti-tumour therapy another anti-tumour com-
pound or therapy, such as radiotherapy or chemotherapy.

[0374] Whatever the agent used 1n a method of medical
treatment of the present mvention, administration 1s prefer-
ably 1n a “prophylactically effective amount” or a “therapeu-
tically effective amount™ (as the case may be, although pro-
phylaxis may be considered therapy), this being suificient to
show benefit to the individual. The actual amount adminis-
tered, and rate and time-course of administration, will depend
on the nature and severity of what 1s being treated. Prescrip-
tion of treatment, e.g. decisions on dosage etc, 1s within the
responsibility of general practitioners and other medical doc-
tors.

[0375] Anagentor composition may be administered alone
or 1n combination with other treatments, either simulta-
neously or sequentially dependent upon the condition to be
treated, e.g. as described above.

[0376] Pharmaceutical compositions according to the
present invention, and for use 1n accordance with the present
invention, may include, in addition to active ingredient, a
pharmaceutically acceptable excipient, carrier, builer, stabi-
liser or other materials well known to those skilled 1n the art.
In particular they may include a pharmaceutically acceptable
excipient. Such materials should be non-toxic and should not
interiere with the efficacy of the active ingredient. The precise
nature of the carrier or other material will depend on the route
of administration, which may be oral, or by injection, e.g.
cutaneous, subcutaneous or intravenous.

[0377] Pharmaceutical compositions for oral administra-
tion may be in tablet, capsule, powder or liquid form. A tablet
may include a solid carrier such as gelatin or an adjuvant.
Liquid pharmaceutical compositions generally include a lig-
uid carrier such as water, petroleum, animal or vegetable oils,
mineral o1l or synthetic oil. Physiological saline solution,
dextrose or other saccharide solution or glycols such as eth-
ylene glycol, propylene glycol or polyethylene glycol may be
included.

[0378] For intravenous, cutaneous or subcutaneous 1njec-
tion, or 1jection at the site of affliction, the active ingredient
will be 1n the form of a parenterally acceptable aqueous
solution which 1s pyrogen-iree and has suitable pH, 1sotonic-
ity and stability. Those of relevant skill in the art are well able
to prepare suitable solutions using, for example, 1sotonic
vehicles such as Sodium Chloride Injection, Ringer’s Injec-
tion, Lactated Ringer’s Injection. Preservatives, stabilisers,
butlfers, antioxidants and/or other additives may be included,
as required.

[0379] Liposomes, particularly cationic liposomes, may be
used 1n carrier formulations. Examples of techniques and
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protocols mentioned above can be found in Remington’s
Pharmaceutical Sciences, 16th edition, Osol, A. (ed), 1980.
[0380] The substance or composition may be administered
in a localised manner to a particular site or may be delivered
in a manner in which 1t targets particular cells or tissues, for
example using intra-arterial stent based delivery.

[0381] Targeting therapies may be used to deliver the active
substance more specifically to certain types of cell, by the use
of targeting systems such as antibody or cell specific ligands.
Targeting may be desirable for a variety of reasons, for
example if the agent 1s unacceptably toxic, or if 1t would
otherwise require too high a dosage, or 11 1t would not other-
wise be able to enter the target cells.

[0382] In a further embodiment the mvention provides for
the use of an agent of the mvention 1n the manufacture of a
medicament for the treatment of a condition associated with
increased or decreased HIF levels or activity. The condition
may, for example, be selected from the group consisting of
ischaemia, wound healing, auto-, allo-, and xeno-transplan-
tation, systemic high blood pressure, cancer, and intlamma-
tory disorders.

Gene Therapy

[0383] The HIF hydroxylases of the present invention can
be used to promote or enhance hydroxylation of HIF-o in
target cells. Such promotion of hydroxylation may therefor
facilitate ubiquitination and subsequent destruction of HIF -
and thus reduce accumulation of HIF-a in cells. This will be
ol assistance in reducing angiogenesis and eflect other apo-
ptotic and proliferative responses in target cells. Thus, in
accordance with this aspect of the invention a nucleic acid
encoding a HIF hydroxylase may be provided to target cells in
need thereof.

[0384] Where the substances are peptides or polypeptides,
they may be produced 1n the target cells by expression from an
encoding nucleic acid mtroduced into the cells, e.g. from a
viral vector. The vector may be targeted to the specific cells to
be treated, or it may contain regulatory elements which are
switched on more or less selectively by the target cells.
[0385] Nucleic acid encoding a substance e.g. a peptide
able to modulate, e.g. interfere with, prolyl hydroxylation of
HIFa by a HIF hydroxylase, may be used in methods of gene
therapy, for instance 1n treatment of individuals, e.g. with the
aim of preventing or curing (wholly or partially) a disorder.
[0386] Nucleic acid encoding a HIF hydroxylase as
described herein may also be used in the anti-sense regulation
of the HIF hydroxylase activity and in particular, of the HIF
prolyl hydroxylase activity within a cell.

[0387] Down-regulation of expression ofa gene encoding a
HIF hydroxylase may be achieved using anti-sense technol-
ogy, or RNA interference.

[0388] In using anti-sense genes or partial gene sequences
to down-regulate gene expression, a nucleotide sequence 1s
placed under the control of a promoter 1n a “reverse orienta-
tion” such that transcription yields RNA which 1s comple-
mentary to normal mRNA ftranscribed from the *“sense”
strand of the target gene. See, for example, Smith et al, (1988)
Nature 334, 724-726. Antisense technology 1s also reviewed
in Flavell, (1994) PNAS USA 91, 3490-3496.

[0389] The complete sequence corresponding to the
reverse orientation of the coding sequence need not be used.
For example, fragments of sufficient length may be used. Itis
a routine matter for the person skilled in the art to screen
fragments of various sizes and from various parts of the
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coding sequence to optimise the level of anti-sense inhibition.
It may be advantageous to include the mitiating methionine
ATG codon, and perhaps one or more nucleotides upstream of
the mitiating codon. A further possibility is to target a con-
served sequence of a gene, e.g. a sequence that 1s character-
1stic of one or more genes, such as a regulatory sequence.

[0390] The sequence employed may be 500 nucleotides or
less, possibly about 400 nucleotides, about 300 nucleotides,
about 20G nucleotides, or about 100 nucleotides. It may be
possible to use oligonucleotides of much shorter lengths,
14-23 nucleotides, although longer fragments, and generally
even longer than 500 nucleotides are preferable where pos-

sible.

[0391] Anti-sense oligonucleotides may be designed to
hybridise to the complementary sequence of nucleic acid,
pre-mRNA or mature mRNA, interfering with the production
of a HIF hydroxylase encoded by a given DNA sequence (e.g.
either native polypeptide or a mutant form thereot), so that 1ts
expression 1s reduce or prevented altogether. Anti-sense tech-
niques may be used to target a coding sequence, a control
sequence of a gene, e.g. 1n the 3' flanking sequence, whereby
the anti-sense oligonucleotides can interfere with control
sequences. Anti-sense oligonucleotides may be DNA or RNA
and may be of around 14-23 nucleotides, particularly around
15-18 nucleotides, 1n length. The construction of antisense
sequences and their use 1s described 1n Peyman and Ulman,

Chemical Reviews, 90:543-584, (1990), and Crooke, Ann.
Rev. Pharmnnacol. Toxicol., 32:329-376, (1992).

[0392] Itmay be preferable that there 1s complete sequence
identity in the sequence used for down-regulation of expres-
sion of a target sequence, and the target sequence, though
total complementarity or similarity of sequence 1s not essen-
tial. One or more nucleotides may differ in the sequence used
from the target gene. Thus, a sequence employed 1n a down-
regulation of gene expression in accordance with the present
invention may be a wild-type sequence (e.g. gene) selected
from those available, or a mutant, derivative, variant or allele,
by way of 1nsertion, addition, deletion or substitution of one
or more nucleotides, of such a sequence.

[0393] The sequence need not include an open reading
frame or specily an RNA that would be translatable. It may be
preferred for there to be suilicient homology for the respec-
tive sense RNA molecules to hybridise. There may be down
regulation of gene expression even where there 1s about 5%,
10%, 153% or 20% or more mismatch between the sequence
used and the target gene.

[0394] Other approaches to specific down-regulation of
genes which may be used to modulate HIF hydroxylase
expression are well known, including the use of ribozymes
designed to cleave specific nucleic acid sequences.
Ribozymes are nucleic acid molecules, actually RNA, which
specifically cleave single-stranded RNA, such as mRNA, at
defined sequences, and their specificity can be engineered.
Hammerhead ribozymes may be preferred because they rec-
ognise base sequences of about 11-18 bases 1n length, and so
have greater specificity than ribozymes of the Tetrahymena
type which recognise sequences of about 4 bases 1n length,
though the latter type of ribozymes are useful 1n certain cir-
cumstances. References on the use of ribozymes include Mar-
schall, et al. Cellular and Molecular Neurobiology, 1994,
14(35): 523; Hasselhotl, Nature 334: 385 (1988) and Cech, J.
Amer. Med. Assn., 260: 3030 (1988).

[0395] Vectors such as viral vectors have been used 1n the
prior art to mntroduce nucleic acid into a wide variety of
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different target cells. Typically the vectors are exposed to the
target cells so that transtection can take place 1n a suificient
proportion of the cells to provide a useful therapeutic or
prophylactic effect from the expression of the desired pep-
tide. The transtected nucleic acid may be permanently 1ncor-
porated 1nto the genome of each of the targeted cells, provid-
ing long lasting effect, or alternatively the treatment may have
to be repeated periodically.

[0396] A variety of vectors, both viral vectors and plasmid
vectors, are known 1n the art, see U.S. Pat. No. 5,252,479 and
WQ0O93/07282. In particular, a number of viruses have been
used as gene transier vectors, including papovaviruses, such
as SV40, vacciia virus, herpesviruses, including HSV and
EBYV, and retroviruses. Many gene therapy protocols in the
prior art have used disabled murine retroviruses.

[0397] As an alternative to the use of viral vectors in gene
therapy other known methods of introducing nucleic acid into
cells includes mechanical techniques such as microinjection,
transier mediated by liposomes and receptor-mediated DNA
transier.

[0398] Receptor-mediated gene transfer, in which the
nucleic acid 1s linked to a protein ligand via polylysine, with
the ligand being specific for a receptor present on the surface
of the target cells, 1s an example of a technique for specifically
targeting nucleic acid to particular cells.

[0399] Invarious further aspects, the present invention thus
provides a pharmaceutical composition, medicament, drug or
other composition for use 1n a method of treating a medical
condition described above, the composition comprising an
1solated nucleic acid molecule as described herein, the use of
such an composition in a method of medical treatment, a
method comprising administration of such a composition to a
patient, e.g. for treatment (which may include preventative
treatment) of a medical condition as described above, use of
such an agent compound or substance in the manufacture of a
composition, medicament or drug for administration for any
such purpose, e.g. for treatment of a condition as described
herein, and a method of making a pharmaceutical composi-
tion comprising admixing such an agent, compound or sub-
stance with a pharmaceutically acceptable excipient, vehicle
or carrier, and optionally other ingredients.

[0400] A peptide or other substance having an ability to
modulate or interfere with the prolyl hydroxylation of the
residue of HIF-a by a polypeptide, or a nucleic acid molecule
which encodes a peptide having that ability, may be provided
in a kit, e.g. sealed 1n a suitable container which protects 1ts
contents from the external environment. Such a kit may
include instructions for use.

Use of Polypeptides

[0401] Another aspect of the present invention provides the
use of a HIF hydroxylase as described herein or a fragment
thereot for the hydroxylation, and in particular the prolyl
hydroxylation, of an HIF polypeptide, or a proline-containing
substrate of HIF hydroxylation.

[0402] Another aspect of the present invention provides a
method of producing a HIF hydroxylase comprising:

(a) causing expression from nucleic acid which encodes a HIF
hydroxylase 1n a suitable expression system to produce the
polypeptide recombinantly;

(b) determining the prolyl hydroxylation of an HIFa. polypep-
tide by said recombinantly produced polypeptide. The
polypeptide expressed by the method may be a PHD (EGLN)
polypeptide.
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[0403] Suitable expression systems are well-known in the
art. HIF hydroxylases may be expressed 1in a prokaryote, such
as Il. coli, lower eukaryote such as S. cerevisiae or a higher
cukaryotic cell, such as a mammalian cell e.g. a CHO or COS
cell.

[0404] Prolyl hydroxylation of an HIFa polypeptide, 1n
particular within the pVHL binding domain, such as residue
402 or 564, may be determined as described herein.

[0405] Another aspect of the present invention provides an
assay method for identifying/obtaining a HIF hydroxylase,
and 1n particular a HIF o prolyl hydroxylase, comprising,

(a) providing a test polypeptide,

(b) bringing into contact an HIFa polypeptide and the test
polypeptide under conditions 1n which the HIFa polypeptide
1s hydroxylated by a HIF hydroxylase; and

(¢) determiming hydroxylation and in particular the prolyl
hydroxylation of the HIFa polypeptide.

[0406] A HIF hydroxylase polypeptide according to the
present invention can also be used to identify additional sub-
strates of HIF hydroxylases. For example, peptides which
have either previously been demonstrated to be hydroxylated
by other hydroxylases, or other peptides may be brought into
contact with a HIF hydroxylase according to the present
invention and monitoring for hydroxylation of such peptides.
Any suitable conditions may be selected including the provi-
sion of agents and co-factors known to enhance hydroxyla-
tion by the hydroxylases of the present mnvention. In a pre-
terred aspect, prolyl containing substrates are contacted with
a HIF hydroxylase of the present invention, and hydroxyla-
tion of the prolyl residue 1s monitored. Hydroxylation of the
substrate may be momitored by any suitable method including
monitoring levels of co-factors or by products of hydroxyla-
tion.

[0407] Themvention also provides a method of modulating
the amount of HIF polypeptide 1n a cell comprising contact-
ing the cell with a substance which inhibits the 4-prolyl
hydroxylase activity of a HIF hydroxylase such as, for
example, an EGLN polypeptide. The substance may, for
example, be an agent of the invention. In a preferred embodi-
ment, the substance inhibits the biological activity of HIF
hydroxylase, such as, for example an EGLN polypeptide, but
does not inhibit biological activity of a collagen prolyl
hydroxylase.

[0408] Various further aspects and embodiments of the
present invention will be apparent to those skilled in the art in
view ol the present disclosure.

[0409] Certain aspects and embodiments of the invention
will now be illustrated by way of example and with reference
to the figures described below.

FIGURES

[0410] FIG. 1. Analysis of the minimal pVHL binding
domain of HIF-1a.. A. Left panel; sequence alignment of the
minimal pVHL binding domain from HIF-la and HIF-2q,
with HIF-a genes from other organisms. B. Summary of the
ability of synthetic polypeptides to block the HIF-1o/pVHL
interaction before and after exposure to reticulocyte lysate
supplemented with Fe(Il). Treated and untreated polypep-
tides were added to a mixture of HIF-1a. and pVHL.HA
IVITs that was then assayed for interaction by anti-HA
immunoprecipitation. Substituted residues are underlined.
Y * denotes phosphotyrosine.

[0411] FIG. 2. Amino acid sequences of human HIF-1o and

C. elegans HIF. Identical amino acids are boxed in black. The
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PAS domains are indicated. The VHL minimal binding region
defined 1n studies of human HIF-1a 1s indicated.

[0412] FIG. 3A Line up of the indicated amino acids of the
indicated HIF alpha chains showing conservation of the Lxx-
LAP motif 1n all three domains demonstrated to be involved
in VHL dependent ubiquitylation.

[0413] FIG. 3B U20S cells were transiently co-transtected
with plasmids encoding the indicated Gal-Hif-1 alpha-VP16
sequences 1n combination with pUAS-tk-luc (a Gal 4
upstream activating sequence dependent luciferase reporter
gene plasmid). Luciferase activities were determined 1n
extracts made from transfected cells maintained for 48 hours,
cither enftirely in normoxia (white bars) or with hypoxic
stimulation for the last 16 hours. (black bars). Low normoxic
activity (explicable by rapid destruction of the fusion protein)
1s seen when the Gal-Hii-VP16 fusion protein contains wild
type Hif-1 alpha amino acids 344-417 but not when the
sequence bears the P402 A mutation or 1s truncated to amino
acid 400.

[0414] FIG. 4 The CHO mutant cell line Kal3 (deficient in
Hif alpha subunit activity) was co-transfected with pcDNA3

expression plasmids encoding wild type full length Hit-1
alpha (HIF-1), full length Hif-1 alpha bearing the P402A

mutation (P402A), full length Hif-1 alpha bearing the P564G
mutation (P564G) or full length Hif-1 alpha bearing the
double mutation (P402A+P564(G) 1in combination with a
hypoxia response element dependent luciferase reporter gene
construct. Luciferase activities were determined 1n extracts
made from transfected cells maintained for 48 hours, either
entirely 1n normoxia (white bars) or with hypoxic stimulation
tor the last 16 hours (black bars). The individual mutations
showed showed slightly enhanced normoxic activity com-
pared with the wild type sequence but the combined mutant
showed constitutive activity i normoxia with no further
induction by hypoxia.

[0415] FIG. 5 shows a schematic of the on-bead modifica-
tion assay used to assay for HIF prolyl hydroxylase activity.
[0416] FIG. 6 shows the effect of dimethyl oxalyl glycine
on HIF activity in Hep3B and U20S cell lines.

[0417] FIG. 7 shows the effects of forced expression of
EGLN2 (PHD 1) or a naturally occurring splice variant lack-
ing amino acids 369-389 (PHD4) on the action of HIF 1n cells
incubated 1n atmospheres containing 20% or 2% oxygen.
[0418] FIG. 8 shows views derived from the active sites of
clavaminate synthase and deacetoxycephalosporin C syn-
thase.

[0419] FIG. 9 shows sequence alignments of the predicted
jelly roll cores of HIF-PHs. Sequences shown are C elegans
EGL-9 (462-580), Human EGLNI1(288-403), Human
EGLN2 (462-580), Human EGLN3 (111-225), rat SM20
(226-341). Also shown 1s the Streptomyces sp. Prolyl-3-hy-
droxylase (P30OH). The residues of the 2-His-1-Asp motif are
indicated by arrows, as 1s the arginine proposed to bind the
S-carboxylate of 2-oxoglutarate (Mukherji et al (200.1)
Chem. Comm. 11 972-973).

[0420] FIG. 10 shows a topographical diagram of the con-
served jelly roll core (strands 1 to 8) of 2-oxoglutarate depen-
dent, showing the approximate location of the conserved
2-histidine-1 carboxylate 1ron binding ligands and 2 oxoglu-
tarate binding basic residue (Arg 557) used to identily can-
didate HIF-PHs. Numbering refers to the positions in the
EGL-9 sequence.

[0421] FIG. 11 shows an HPLC elution profile of absor-
bance at 218 nm of the hydroxylation of a synthetic peptide by
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purified PHDI1. Synthetic HIF-1a (B19Pro) peptide was
treated with MBP/PHD1 in the presence or absence of 2-0xo-
glutarate and the products analysed by HPLC as described.
Top curve shows results of incubation in the absence of 1ron
(II), upper middle curve shows incubation in the absence of
aK@G, lower middle shows incubation with all cofactors
present. Positions of peaks corresponding to hydroxylated
and unhydroxylated B19Pro standards are shown in the bot-
tom panel. Appearance of hydroxlated peptide coincides with
the ability to interact with pVHL.

[0422] FIG. 12 shows an HPLC analysis of the hydroxyla-
tion of proline 621 of HIF-1 by EGL-9. E. coli were co-
transformed with a plasmid expressing either His ,GalHIF-1
(590-713) or a mutant (P621G) denvative and plasmids
expressing MBP/AEGL-9 or MBP alone. Retrieved

His GalHIF-1 was analysed by HPLC for 4-hydroxyproline

as shown.

[0423] FIG. 13 shows NODD and CODD expression plas-
mids enhance HRE reporter gene activity. (a) Proposed model
for peptide effects on HIFa-VHL interaction. Degradation 1s
prevented by the NODD and CODD polypeptides competing
for prolyl hydroxylation and/or VHL binding, thereby block-
ing subsequent ubiquitination. (b) Transiections of the N-ter-
minal or C-terminal ODD (HIF-1a aa343-417 or aa549-82)
led to increased HRE-dependent luciferase activity compa-
rable to hypoxic levels. In contrast, no induction was seen

tollowing transtections with corresponding sequences bear-
ing P402A or P564G mutations. RLU: Relative Light Unaits.

(¢) Use of a CHO cell line, lacking HIFa chains (KA-13), or
its stable HIF-1a transfectant (KH-1) shows dependence of
the observed HRE response on HIF-1a expression. (d) and

(¢), Amino acids 390-410 for the NODD and amino acids
556-72 tor the CODD were the shortest active domains

defined. (1), Sequence alignment of human and mouse HIF-
1o NODD and CODD domains.

[0424] FIGS. 14 A and B show dose-response curves for

oxaloglycine as well as oxalyl R and S-alanine, FIGS. 15 to
20 show the relative HIP-PH activity for a variety of inhibi-
tors.

EXAMPLES

Example 1

Oxygen Regulated Modification by Enzymatic
Prolyl Hydroxylation Targets HIF-o. to the Von
Hipoel-Lindau Ubiquitylation Complex

[0425] In this example 1t 1s shown that the interaction
between pVHL and a specific domain of the HIF-1a subunit
1s regulated by enzymatic hydroxylation of a proline residue
(HIF-1a P564) 1n a manner that 1s dependent on oxygen and
iron. An absolute requirement of the enzyme for dioxygen as
a co-substrate and 1ron as a co-factor suggests a direct mecha-
nism of cellular oxygen sensing.

[0426] In previous studies of the HIF-a/pVHL interaction
we found that treatment of cells with cobaltous 10ns and 1ron
chelators prevented the HIF-o/pVHL association suggesting
that the oxygen sensing mechanism might impinge directly
on this protein interaction (8). Surprisingly, these studies
indicated that the HIF-a/pVHL complex could be retrieved
intact from hypoxic cells. Given the rapidity of pVHL depen-
dent proteolysis of HIF-a. 1n oxygenated cells, we considered
that re-oxygenation of cell extracts during cell lysis might
have promoted the observed HIF-o/pVHL interaction in
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vitro. To test this we repeated pVHL co-immunoprecipitation
experiments in extracts of °°S-methionine/cysteine labelled
cells exposed to hypoxia and harvested 1n a hypoxia work
station using deoxygenated bulfers, or exposed to hypoxia
and harvested conventionally (18).

[0427] Experiments were performed on stably transtected
renal carcinoma cells expressing hemagglutinin (HA) tagged

VHL (RCC4/VHL.HA)(11). RCC4 cells, which lack pVHL,
were used as a control RCC4/VHL.HA cells were labelled
with °°S-amino acids in the presence of the proteasomal
inhibitor MG132, either 1n normoxia or hypoxia for 4 hrs.
Cells were lysed on ice, either in the hypoxic workstation or
on the bench. RCC4 cells were also similarly labelled and
lysed and both labelling and lysis were carried out under
normoxic conditions. pVHL and associated proteins were
captured with anti-HA antibody. As reported previously (8),
anti-HA imm<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>