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Prolyl-4-hydroxylase (PHD2) is one of three known 2-oxoglu-
tarate, Fe(II)-dependent oxygenases, which by regulating the
hypoxia-inducible transcription factor (HIF) play an important role
in oxygen homeostasis in humans." Small molecule inhibition of
PHD2, which mainly down-regulates the hypoxic response in
normoxia, has been intensely pursued for the possible treatment of
anemia and ischemic disease.” Insights into the development of
PHD?2 inhibitors have been gained from crystal structures of the
C-terminal catalytic domain in complex with isoquinoline® or
azaquinolone (1)-type compounds. In contrast to crystallographic
data, in solution, 1 binds to PHD?2 in a bimodal fashion. Here we
present a strategy which utilizes the paramagnetic properties of a
complexed metal ion* and requires introduction of only a few
isotopic labels into the protein ('N) and into an inhibitor (*C),
which, in conjunction with the crystallographic data, allowed us,
in a quick and cost-effective way, to obtain both complex structures
of 1.

OH [e]
N X N/\”C/OH
| Hoo
Z
FsC N ril 0
"3CH3
1

For NMR spectroscopy, homogeneous protein samples are
required, yet both expression and purification steps yielded highly
heterogeneous mixtures of apo and multiple holo forms of the
protein. Inductively coupled plasma (ICP) analyses of different
protein samples showed the presence of iron, zinc, and nickel or
cobalt, picked from the purification columns. Consequently, all
NMR samples were prepared by first completely removing all the
divalent metal ions from the protein and then stoichiometrically
adding a single metal ion: Fe**, Co?", or Zn*" and an inhibitor.
Although the nickel ion has the highest affinity (Table S1), it turned
out to be the least useful in obtaining structural information (vide
infra).

All the holo forms of PHD2 have the divalent metal ion
complexed in the same octahedral configuration.®> In the X-ray
structure compound 1 coordinates the metal ion via amide carbonyl
and phenolic oxygens. The appearance of two distinct signals in
19F spectra of 1 (Figure S1) demonstrates two binding modes of
the inhibitor in the solution state. To gain more structural informa-
tion, we introduced two additional '3C spin labels into the N-methyl
and carboxylic groups of the 1. The '3C spectra (Figure S2) show
that, in one orientation of the ligand, the N-methyl group experi-
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ences pronounced paramagnetic relaxation resulting from the close
proximity (<5 A) to the metal center. Since chemical shifts for the
carbonyl resonances in both diamagnetic complexes are almost
degenerate and indicate the same hydrogen bond with Arg383,? it
is conceivable that the alternative complex has the same crystal-
lographic position but the quinoline ring is flipped by 180° around
the C(ring)—C(amide) bond. To further test this hypothesis in a
more quantitative way, we analyzed °F and '*C paramagnetic shifts
in terms of two different orientations of the ligand, the crystal-
lographic (“X”) and the flipped (“F”) one. The integrations of NMR
signals from both complexes showed 2:1 (Fe?") and 3:2 (Co**, Ni**,
and Zn”") ratios in favor of the “X” complex.

Since the molar ratio of both forms is similar for the different
holo forms of the protein we assumed, in analogy to the Ratio
Method,” that the relative spin delocalization mechanism is identical
for the different metal ions. Thus, for a particular ligand nucleus,
the ratios of the contact shifts between two different conformations
should be the same for the different metal ions. In the case of iron
and cobalt complexes this may be expressed by the following
equation:

p _ sPCS p _ <PCS
6X,FC(H) éX,Fc(II) _ 6X,CU(II) éX,Co(H) ( 1)
6[’ _ 5PCS - 6p _ 6PCS

F.,Fe(IT) F,Fe(II) F,Co(II) F,Co(II)

which for the two nuclei case is equivalent to the Ratio Method
(eqs 4—14 of ref 5). The 6P and 6" symbols correspond to the
observed paramagnetic and pseudocontact shifts respectively.

The subscripts designate ligand conformation and metal ion. To
use this equation for optimizing ligand positions, magnetic sus-
ceptibility tensors for both metal ions and both ligand conformations
must be known. These tensors were obtained from protein samples
with "N labeled tryptophans.® Figure 1 shows the overlay of
SN—'H HSQC spectra for ['*N-Trp]-PHD2(Co?") and ["*N-Trp]-
PHD2(Zn>") complexed with 1. The observed doubling of peaks
originates from two different magnetic susceptibility tensors cor-
responding to the “X” and “F” orientation of the ligand. These
tensors, for the Fe(Il) and Co(Il) complexes, were calculated from
the PCSs (Figure 1) and crystallographic coordinates for the protein
(Table 2S). In the case of nickel, the pseudocontact shifts were too
small for accurate determination of the tensor. Thus, the nickel
complex was not included in the analysis.

The results of the optimizations based on eq 1 (see SI for the
details) are listed in Table 1. The calculations separated the
paramagnetic shifts for the ligand into pseudocontact and contact
contributions. With regard to the structures of the two complexes,
the calculated rmsd values are very small and indicate that “X”
and “F” conformations (Figure S3) are the only possible solutions.
Similar results were obtained with the Ratio Method,? assuming
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Table 1. Analysis of Paramagnetic Shifts for 1 Complexed to PHD2 in Two Different Orientations and in the Presence of Different Metal

lons
complex type: ligand in “X” position ligand in “F” position
shifts/ppm metal ion CFs CH;, co CFs CH;, co

paramagnetic Fe*" —2.8 1.5 5.1 2.2 17.3 7.1

(experimental)” Co**" 6.9 7.4 —24.2 5.05 51.1 —22.8
NiZ* 0.65 0.5 —3.5 —0.65 19.9 —3.5

pseudocontact” Fe?t —1.05 £ 0.3 10.6 = 1 4+05 0.6 £ 0.25 —18.8 + 4.4 55+ 0.7
Co** 6.8 £0.2 10.7 £ 1 —225+19 51+£02 38 £35 —20.5 £22

contact Fe?™ —1.8+03 -91+1 1.1 £0.5 1.6 £0.2 362 £ 4.5 1.6 £ 0.7
Co** 0.1 £0.2 33+ 1 —1.7+2 —0.1 £0.2 13.1 +£34 —234+22

rmsd* 0.1 £0.05 A 0.1 £0.1 A

@ 1F and "*C paramagnetic shifts in 1 complexed with different holo forms of the catalytic domain of PHD2. The experimental paramagnetic shifts
were obtained from the differences of the corresponding chemical shifts for the paramagnetic complexes (Fe**, Co**, Ni**) and the diamagnetic
complex with Zn>". The measurement error is less than 0.15 ppm. ” The separation of the paramagnetic shifts into the pseudocontact and contact
contributions was based on eq 1. The pseudocontact shifts were calculated from the magnetic susceptibility tensors obtained from the HSQC spectra of
[N-Trp]-PHD2 samples (SI Table S2). © Corresponds to rmsd values between the optimized and the crystallographic “X” or the flipped “F” positions of

the ligand (Figure S3).
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Figure 1. "'N—'H HSQC spectrum of ['*N-Trp]-PHD2,73-493 in complex
with 1 and Zn** (black) or Co** (magenta). The cross-peaks corresponding
to the same tryptophan residue in both spectra are connected with the dotted
line. Spectral assignments were obtained from the magnetic susceptibility
tensor calculations (Supporting Information (SI)).

identical ratios of contact shifts for each system differing only in
the metal ion (data not shown). However, only in the case of
assumptions underlying eq 1, the calculated contact shifts are
consistent with the observed paramagnetic shifts for the nickel
complex (Table 1), which are predominantly contact in nature.

Interestingly, the contact shifts are significantly larger in the case
of the ferrous complex, which represents a more efficient mecha-
nism of electron delocalization in this case, and are consistent with
quantum mechanical calculations for the effects of iron substitution
by cobalt or nickel in prolyl hydoxylases.®

In summary, we have demonstrated how NMR spectroscopy of
paramagnetic complexes can complement crystallographic studies
and enhance structure-based design efforts with respect to inhibitors
for prolyl hydroxylases. As described, the NMR methodology
efficiently extended the scope of the crystallographic method into
the solution state where the azaquinolone inhibitors bind simulta-

neously in two different orientations. The knowledge of the
alternative ligand orientation in the solution state opened new
avenues for inhibitor design.

Although, in this case, the complexity of the system rendered
its own solution, the simplified approach, where the contact
contributions to the paramagnetic shifts could be neglected, allowed
the determination of complex structures with a number of inhibitors
for which no crystals were obtained. For these studies, cobalt
complexes appeared to be superior to ferrous complexes due to
the larger anisotropy of the magnetic susceptibility tensors and
resilience to oxidataion.
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Supporting Information Available: Protocols for protein expres-
sion, purification and metal removal, synthesis of '3C labeled 1;
Experimental and computational details; Calorimetric affinities of
different metal ions; '°F and '3C spectra of 1 in complexes; magnetic
susceptibility tensors and numerical values for the experimental and
calculated PCSs for the Fe*" and Co?" complexes. Complete ref 3.
This material is available free of charge via Internet at http:/
pubs.acs.org.
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