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Background: Loss of function mutations in the EGLNI gene are a cause of erythrocytosis.
EGLNI encodes for prolyl hydroxylase domain protein 2 (PHD2). PHD2 hydroxylates and
downregulates hypoxia-inducible factor-2a (HIF-2a), a transcription factor that regulates
erythropoiesis. While the large majority of erythrocytosis-associated EGLNI mutations occur
within its catalytic domain, rare mutations reside in its zinc finger. This zinc finger binds
a Pro-Xaa-Leu-Glu motif in p23, an HSP90 cochaperone that facilitates hydroxylation of
HIF-a, an HSP90 client. Essentially nothing is known about the specific interactions between
the PHD2 zinc finger and p23.

Results: Here, we characterize an erythrocytosis-associated mutation in the zinc finger,
KS55N, that abolishes interaction with p23. We provide evidence that the affected residue,
Lys-55, interacts with Asp-152 of p23. We also present results that indicate that PHD2 Arg-
32 interacts with p23 Glu-160.

Conclusion: These studies not only reinforce the importance of the PHD2 zinc finger in the
control of erythropoiesis, but also lead to a model in which a peptide motif in p23 binds in
a specific orientation to a predicted groove in the zinc finger of PHD2.

Keywords: EGLN1, erythropoietin, hypoxia inducible factor, prolyl hydroxylase domain
protein 2, polycythemia

Introduction
The HIF pathway critically regulates red cell mass.' Under normoxic conditions,
PHD2 constitutively site-specifically prolyl hydroxylates HIF-2a, providing
a recognition motif for VHL, a component of an E3 ubiquitin ligase complex that
targets HIF-2a for degradation.* ® Under hypoxic conditions, this oxygen-dependent
modification is arrested, leading to the stabilization of HIF-2a and activation of HIF-
20 target genes, including that encoding for ERYTHROPOIETIN (EPO), the central
hormone regulating red cell number. This allows the degree of tissue oxygenation to
dictate the appropriate levels of red cell mass.

It is notable that mutations in the HIF pathway are a cause of erythrocytosis,
a condition characterized by increased red cell mass."” Specifically, loss of function
mutations in EGLNI (which encodes for PHD?2), gain of function mutations in £PAS/
(which encodes for HIF-2a), or loss of function mutations in VHL are all associated
with erythrocytosis. EPAS! and VHL mutations are typically accompanied by
increased EPO levels, while EGLNI-associated erythrocytosis often has normal
EPO levels.® In the case of EGLNI, the majority of mutations described reside within
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the catalytic domain. Where tested using biochemical and
molecular biologic assays, these mutations produce a loss of
function, i.e., a decreased capacity of PHD2 to hydroxylate
HIF-20.°

Subsequent to the discovery of catalytic domain
mutations, we identified and characterized an erythrocy-
tosis-associated loss of function mutation, C42R, in the
zinc finger domain of the EGLN1 gene.” This MYND-
type zinc finger binds to a Pro-Xaa-Leu-Glu (PXLE)
motif found in the HSP90 cochaperone p23.'° This
promotes the recruitment of PHD2 to the HSP90 path-
way and facilitates hydroxylation of HIF-20, a known
client of HSP90. The C42R mutation abolishes the
interaction of PHD2 with p23 and likely disrupts the
integrity of the zinc finger, since Cys-42 is predicted to
be an essential zinc chelating residue.” This mutation,
therefore, does not yield information on the specific
mechanism by which the PHD2 binds to p23. Indeed,
there is essentially nothing known about the specific
contacts made between p23 and PHD2.

Recently, we reported a different PHD2 zinc finger
K55N,
Because it was not functionally studied, it was character-

mutation, associated with erythrocytosis."'
ized as a variant of unknown significance. Here, we show
that the mutation does, in fact, impair PHD2 function and
report additional experiments which provide novel insights

into PHD2 zinc finger binding to p23.

Materials and Methods

Plasmids
pcDNA3-HA-PHD2 (1-196), pcDNA5/FRT/TO-3xFlag-
p23, pcDNA3-HA-p23, pEGFP-PHD2 (1-63) R32E, and
pEGFP-PHD2 (1-63) R37E have been described.''?
pcDNA3-HA-PHD2 (1-196) K55N was constructed as
follows. A gene fragment containing the coding sequence of
hemagglutinin (HA) tagged PHD2 (1-196) K55N was
synthesized by IDT. The sequence of this gene fragment
was:  AGGGAGACCCAAGCTTGGTACCATGTACCCG
TACGACGTGCCGGACTACGCAAGCGGGATCCGAA-
TTCTTAAACTCGACATGGCTAATGATAGTGGTGGA-
CCAGGTGGTCCTAGTCCAAGTGAGCGAGACCGGC
AGTACTGTGAGCTCTGTGGTAAGATGGAGAACCTC-
TTAAGATGCAGTAGATGTAGGTCCTCGTTCTACTGC
TGCAAGGAGCATCAGCGACAAGACTGGAAGAAGC
ACAATCTAGTATGTCAAGGTAGTGAAGGTGCTCTA-
GGCCATGGAGTTGGTCCACATCAACATTCTGGACC-
GGCCCCTCCGGCCGCAGTTCCACCACCTAGAGCTG

GTGCACGTGAACCAAGAAAAGCAGCTGCTCGACG-
TGATAATGCTAGCGGAGATGCTGCTAAAGGAAAAG
TAAAAGCTAAGCCTCCTGCAGATCCAGCTGCGGCC-
GCTTCACCTTGTAGAGCAGCCGCCGGTGGACAAGG
ATCTGCTGTAGCTGCAGAAGCTGAACCAGGTAAA-
GAAGAACCTCCTGCACGTTCGTCTCTATTTCAAGA-
AAAAGCTAATCTATATCCACCAAGTAACACTCCTGG
AGATGCACTTAGTCCAGGAGGTGGACTACGTCCTA-
ATGGACAAACAAAACCTCTTCCAGCTCTTAAACTA-
GCTCTCGAGTATCCCTATG. This DNA fragment was
subsequently digested with Hind III/Xho I and subcloned
into pcDNA3-HA generating the final vector pcDNA3-HA-
PHD2 (1-196) K55N.

pcDNA3-HA-PHD?2 (1-196) K55E was constructed in
two steps. First, a gene fragment containing the coding
sequence of hemagglutinin (HA) tagged wild type PHD2
(1-196) was synthesized by IDT. The sequence of this
gene fragment was: AGGGAGACCCAAGCTTGGTACC
ATGTACCCGTACGACGTGCCGGACTACGCAAGCG-
GGATCCGAATTCTTAAACTCGACATGGCTAATGAT-
AGTGGTGGACCAGGTGGTCCTAGTCCAAGTGAGC-
GAGACCGGCAGTACTGTGAGCTCTGTGGTAAGAT-
GGAGAACCTCTTAAGATGCAGTAGATGTAGGTCCT
CGTTCTACTGCTGCAAGGAGCATCAGCGACAAGA-
CTGGAAGAAGCACAAGCTAGTATGTCAAGGTAGT-
GAAGGTGCTCTAGGCCACGGAGTTGGTCCACATC-
AACATTCTGGACCGGCCCCTCCGGCCGCAGTTCC-
ACCACCTAGAGCTGGTGCACGTGAACCAAGAAA-
AGCAGCTGCTCGACGTGATAATGCTAGCGGAGAT-
GCTGCTAAAGGAAAAGTAAAAGCTAAGCCTCCTG-
CAGATCCAGCTGCGGCCGCTTCACCTTGTAGAGC-
AGCCGCCGGTGGACAAGGATCTGCTGTAGCTGCA-
GAAGCTGAACCCGGGAAAGAAGAACCTCCTGCA-
CGTTCGTCTCTATTTCAGAAAAAGCTAATCTATAT-
CCACCAAGTAACACTCCTGGAGATGCACTTAGTC-
CAGGAGGTGGACTACGTCCTAATGGACAAACAA-
AACCTCTTCCAGCTCTTAAACTAGCTCTCGAGTAT-
CCCTATG. This DNA fragment was subsequently
digested with Hind I1I/Xho I and subcloned into pcDNA3-
HA generating the vector pcDNA3-HA-PHD2 (1-196)
WT. Secondly, the two following sequences were
annealed: 5-GTCCTCGTTCTACTGCTGCAAGGAGCA
TCAGCGACAAGACTGGAAGAAGCACGAGCTCGT-
ATGTCAAGGTAGTGAAGGTGCTCTAGGCCACGGA-
G-3' and 5-GTGGCCTAGAGCACCTTCACTACCTTGA
CATACGAGCTCGTGCTTCTTCCAGTCTTGTCGCTG-
ATGCTCCTTGCAGCAGTAGAACGAG-3". This oligo-
nucleotide duplex was subcloned into the PpuM I/BstX
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I site of pcDNA3-HA-PHD2 (1-196) WT generating the
final vector pcDNA3-HA-PHD2 (1-196) K55E.

pcDNA3-HA-PHD?2 (1-196) K55D was constructed by
subcloning into the PpuM I/BstX I site of pcDNA3-HA-
PHD2 (1-196) WT a duplex consisting of the following
two oligonucleotides: 5'- GTCCTCGTTCTACTGCTGC
AAGGAGCATCAGCGACAAGACTGGAAGAAGCAC-
GATCTCGTATGTCAAGGTAGTGAAGGTGCTCTAG-
GCCACGGAG-3'" and 5'- GTGGCCTAGAGCACCTTCA
CTACCTTGACATACGAGATCGTGCTTCTTCCAGTC-
TTGTCGCTGATGCTCCTTGCAGCAGTAGAACGAG-
3.

pcDNA3-HA-PHD2 (1-196) R35E was constructed
by subcloning an oligonucleotide duplex into the Afl II/
PpuM 1 site of pcDNA3-HA-PHD2 (1-196) WT. The
duplex consisted of the following two oligonucleotides:
5'-TTAAGATGCAGTGAATGCAG-3' and 5-GACCTG
CATTCACTGCATC-3'. pcDNA3-HA-PHD2 (1-196)
R32E and pcDNA3-HA-PHD2 (1-196) R37E were con-
structed by overlapping PCR. In the first round of PCR,
a 0.2 kb fragment was amplified using either pEGFP-
PHD2 (1-63) R32E or pEGFP-PHD2 (1-63) R37E and
the following primers: 5'-CATGGTCCTGCTGGAGTTC
GTG-3' (EGFP C) and 5-GTGGCCGAGGGCGCC
TTCACTACCTTGACATACA-3". A 0.4 kb fragment
was also amplified using pcDNA3-HA-PHD2 (1-196)
as a template and the following primers: 5-TGTATGT
CAAGGTAGTGAAGGCGCCCTCGGCCAC-3" and 5'-
TAGAAGGCACAGTCGAGG-3' (BGH rev). The two
PCR products were mixed and employed as a template
in the second round of PCR using the EGFP C and BGH
rev primers. The 0.6 kb product was digested with EcoR
I/Xho I and subcloned into pcDNA3-HA.

pcDNAS/FRT/TO-3xFlag-p23 E160R was constructed
by first PCR amplifying a 0.5 kb fragment using pcDNA3-
HA-p23 as a template and the following two oligonucleo-
tides: 5-GTACGGATCCAAATGCAGCCTGCTTCTGC
AAAG-3" and 5-GTACCTCGAGATATCTATCTCAGAT
CTGGCATTTTTTCATCATCAC-3'. The product was cut
with BamH I and Xho I and subcloned into pcDNAS/FRT/
TO-3xFlag generating the final vector pcDNAS/FRT/TO-
3xFlag-p23 E160R.

pcDNAS/FRT/TO-3xFlag-p23 D152K, pcDNAS/FRT/
TO-3xFlag-p23 D153K, and pcDNAS5/FRT/TO-3xFlag-p23
E154K were constructed by first amplifying a 0.5 kb frag-
ment using pcDNAS/FRT/TO-3xFlag-p23 as a template, an
oligonucleotide consisting of the sequence 5-GCGTGTAC
GGTGGGAGGTC-3', and an oligonucleotide consisting of

one of the following sequences: 5-GTACCTCGAGC
TTAAGTTACTCCAGATCTGGCATTTTTTCATCCTTA-
CTGTCTTGTGAATCATCATC-3' (D152K), 5- GTACCT
CGAGTATCGATTACTCCAGATCTGGCATTTTTTCCTT
ATCACTGTCTTGTGAATCATCATC-3' (D153K), or 5'-
GTACCTCGAGCCGCGGTTACTCCAGATCTGGCATT-
TTCTTATCATCACTGTCTTGTGAATCATCATC-3' (E15
4K). The product was cut with BamH I and Xho I and
subcloned into pcDNAS/FRT/TO-3xFlag.

The authenticity of all constructs was confirmed by
Sanger sequencing.

Transfection and Immunoprecipitations
Cell culture, transfections, immunoprecipitations, and
performed as

Western  blotting  were previously

1 12 . . .
d,'*'? except that in the case of coimmunopreci-

describe
pitation experiments examining rescue of PHD2 (1-196)
KS5S5E or PHD2 (1-196) K55D binding to p23, the coim-
munoprecipitation buffer consisted of 10 mM Tris, pH 8.0,
150 mM NaCl, 1% Triton X-100, 0.1% deoxycholate,
0.1% SDS (supplemented with Sigma mammalian cell
protease inhibitor cocktail when used for cell lysis). For
hypoxia experiments, cells were placed in a Heracell 1501

Tri-gas incubator and exposed to 1% 0,/5% CO,.

Results and Discussion

Genetic testing of patients with erythrocytosis for muta-
tions in genes that include EGLNI, EPASI, and VHL has
revealed that some patients have pathogenic mutations in
these genes, while others have variants of unknown
significance.'' Included among the latter is a ¢.165G>C
(p.K55N) mutation in the EGLNI gene,
a heterozygous state in two individuals.''

found in

PHD2 Lys-55 is a conserved residue (Figure 1A, aster-
isk). The K55N mutation is not found in the Exome
Sequencing Project, 1000 Genomes Project, or gnomAD.
We examined the binding of PHD2 (1-196) K55N to p23
by a coimmunoprecipitation assay. Under conditions
where wild type PHD2 (1-196) bound to p23, we found
that the K55N mutation abolished it (Figure 1B, top panel,
compare lanes 2 and 4). We cotransfected HEK293 cells
with a Hypoxia Response Element (HRE) reporter gene
along with expression constructs for wild type or K55N
PHD2, exposed the cells to either normoxia or hypoxia,
and then examined reporter gene activity. The HRE repor-
ter gene contains three copies of the HRE from the human
EPO gene enhancer.'> We observed that K55N PHD2 is
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Figure | Functional characterization of K55N PHD?2. (A) Diagram of PHD2, showing the location of zinc finger (ZF) and prolyl hydroxylase (PH) domains. Sequence of zinc
finger across various metazoan species is shown at top. *= Lys-55 and += Arg-32 (human nomenclature). Shading = zinc chelating residues. (B, D, E, and G) HEK293FT cells
were transfected with constructs for the indicated proteins. Cells were lysed, the Flag-tagged proteins were immunoprecipitated, and the immunoprecipitates examined for
the absence or presence of HA-tagged PHD2 (1-196) by anti-HA Western blotting. Anti-HA and anti-Flag Western blots of lysates are also shown. Positions of molecular
weight markers were as indicated. (C) HEK293FT cells in 96-well plates were transfected using Lipofectamine 2000 with 8 ng of (eHRE)3-Luc, 8 ng of RL-TK (which
expresses Renilla luciferase under the control of the HSV thymidine kinase promoter), and either 0.8 or 2.5 ng of either pcDNA3-Flag-PHD2 or pcDNA3-Flag-PHD2 K55N.
DNA doses were held constant by the addition of pcDNA3. Eight hr after transfection, cells were exposed to 1% O, (HX) or maintained under normoxia (NX) for an
additional 16 hr. All cells were lysed, and luciferase activities were measured and normalized to that of the Renilla luciferase internal transfection control. Shown are means *
SD, n = 3. ** p < 0.01 by student’s t-test. Anti-Flag Western blot of lysates of HEK293FT cells transfected with expression constructs for WT or K55N PHD?2 is also shown.
(F) Diagram of p23. A= Asp-152 and # = Glu-160 (human nomenclature). Shading = P, L, and E of PXLE motif. (H) Top: model of p23 (152-160), which contains a PXLE
motif, bound to the zinc finger of PHD2 (residues 20-59) generated as previously described'? and visualized using Protean 3 (DNASTAR). PHD2 is shown in green, p23 in
yellow. Side chains of PHD2 Lys-55 and Arg-32, and p23 Asp-152, Pro-157, Leu-159, and Glu-160 are shown. Bottom: proposed contacts between residues in the C-terminal
tail of p23 and residues in zinc finger of PHD2. N- and C-termini of the proteins are denoted by NH, and COOH, respectively.
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weakened in its ability to downregulate HRE reporter gene
activity (Figure 1C).

Since lysine is a basic residue, this raises the possibility
that it interacts with an acidic residue(s) in p23.
Examination of a modeled three-dimensional structure of
the PHD2 zinc finger bound to a p23 (152-160) peptide'?
suggests that Lys-55 is a surface residue in the vicinity of
the following acidic residues in p23: Asp-152, Asp-153,
and Glu-154. We first mutated PHD2 Lys-55 to glutamic
acid and find, as with the K55N mutation, that it abolished
interaction with p23 (Figure 1D, top panel, compare lanes
2 and 4). We then tested whether the impaired interaction
with p23 could be rescued by D152K, D153K, or E154K
mutations in p23. We observed evidence of partial rescue
with the D152K mutation (Figure 1D, top panel, lane 5)
but not with the other mutations. The D152K mutation
partially rescued a K55E, but not a K55D, mutation in
PHD2 (Figure 1E, top panel, compare lanes 5 and 8),
suggesting specificity for this rescue. Collectively, the
data provide evidence that Lys-55 of PHD2 ordinarily
contacts Asp-152 of p23.

These data also indicate that the p23 peptide binds in
a specific orientation to the PHD2 zinc finger, and predicts
that the C-terminal Glu of the PXLE motif (p23 Glu-160,
Figure 1F) may be positioned in the vicinity of basic residues
that include PHD2 Arg-32, Arg-35, and Arg-37. To test
whether p23 Glu-160 forms such a critical ionic interaction,
we first mutated p23 Glu-160 to Arg, and found that it abol-
ished interaction with PHD2 (Figure 1G, top panel, compare
lanes 2 and 3). We then examined the binding of p23 E160R to
PHD2 R32E, R35E, and R37E, and found that only the first of
these PHD2 mutations showed evidence of partial rescue of
p23 E160R binding (top panel, compare lanes 6, 7, and 8).
PHD2 R32E itself did not bind to wild type p23 (lane 5). These
results, therefore, provide evidence that Glu-160 of p23 ordi-
narily forms a salt bridge with Arg-32 of PHD2.

Taken together, these findings strengthen the proposal that
zinc finger mutations in PHD?2 are a cause of erythrocytosis in
humans. Importantly, these results now provide evidence for
critical ionic interactions between PHD2 Lys-55 and p23
Asp-152, and PHD2 Arg-32 and p23 Glu-160 (Figure 1H,
top). We found evidence for the rescue of a binding defect
arising from a K5S5E PHD2 mutation by a p23 D152K muta-
tion, and rescue of a binding defect arising from a p23 E160R
mutation by an R32E PHD2 mutation. In both instances, the
rescue was partial, perhaps due to unfavorable interactions
between the mutated residues and neighboring amino acids
on the same protein.

Mutagenesis and modeling studies indicate that addi-
tional critical interactions are likely contributed by the Pro
and Leu of the PXLE motif, and GIn-47 and Trp-51 of
PHD2.'"'? In the structure of the MYND-type zinc fingers
of ETO and BS69 bound to PXL-containing peptides,'*'* the
residues that correspond to GIn-47 and Trp-51 in PHD2
make contacts with the Pro of the PXL motif and the non-
polar residue immediately preceding this Pro, respectively.
This suggests that Gln-47 and Trp-51 of PHD2 may, there-
fore, make similar contacts with p23 Pro-157 and Met-156,
respectively (Figure 1H, bottom). In summary, these studies
provide additional evidence for an important role for the
PHD?2 zinc finger in HIF regulation, and furthermore provide
insights into how specificity is achieved in the interaction of
PHD2 with its PXLE ligand.
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