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Figure 3.14 Kinetic fits for PHD2 at varied pD. All assays include 0.3 uM PHD2,
15 uM ferrous ammonium sulfate, 200 uM oKG, 2 mM ascorbic acid and
ODDD concentrations from 0-50 uM. Product formation was calculated
using the equation [ODDD®"] = y(oppp-oHy X [ODDD], for all initial rates

which comprise the KINEtIC CUNVES. ..........coiiiiiiiiiieiiec e

Figure 3.15 Solvent isotope effects, (DO, triangles, H,O, squares) pK, fits for
PHD2. Data is comprised of full Michaelis-Menten curves for each data
point. Fully protonated form, 2.99 + 0.08, pK, 7.22 £+ 0.03, deprotonated
0.31 £ 0.02. Fully deuterated form 3.3 £ 0.06, pK,7.89 + 0.03,
dedeuterated form 0.34 + 0.04. The observed solvent isotope effect on Kea

1S 0.91 £ 0.03. ..o

Figure 3.16 Kw under various pD’s. All assays include 0.3 puM PHD2, 15 uM
ferrous ammonium sulfate, 200 uM aKG, 2 mM ascorbic acid and ODDD
concentrations from 0-50 uM. Product formation was calculated using the
equation [ODDD®"] = y(oppp-ory X [ODDD]o. The Ky was derived from

fitting the data to the Michaelis-Menten equation.............cccooevvierie e,

Figure 3.17 ket /Km in D20, A) keat/Km using Ky generated from Michaelis-
Menten fits. B) keat/Km using an averaged Ky (1.73 + 0.57) which
assumes little if any fluxuation in the value as the actual Ky is below the

detection limits of data CONECTION ......cooveeeeeee e

Figure 3.18 The solvent viscosity impact on PHD2. Assay includes 0.3 uM
PHD2, 15 uM ferrous ammonium sulfate, 200 uM oKG, 1 mM ascorbate
and 10 uM ODDD. Activity is measured as previously disclosed. A
maximal velocity of 2.07 + 0.05 min™* was obtained for the control assay,
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1

U . oottt e e ———————————

Figure 3.19 The catalytic cycle 0f PHDZ2 .........cccocoiiiiiiieeee e
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CHAPTER 1

OXYGEN SENSING

Introduction

Our atmosphere is 21% oxygen and by mass oxygen is the second most abundant
element of earth at 30% second only to iron at 35%. Iron and oxygen have been
incorporated into the most fundamental workings of life throughout the evolution of the
planet including the enzymes covered by this research. While oxygen is essential for
aerobic life it can also damage it through oxidation and therefore it would seem plausible
that there exist a process which regulates O, homeostasis. Globally the need for oxygen
to sustain the majority of life on earth should be self evident. Yet beyond inhalation of
oxygen into the lungs lies a complex pathway of oxygen regulation and distribution that
is still under discovery. The lack of sustained oxygen regulation within any physiological
system can lead to disastrous effects from cellular oxidative damage due to hyperoxia or
elevated O, levels to cellular and tissue death from hypoxia, defined as a critically low O,
concentration. Our energy needs are regulated via oxygen as it is the final electron
acceptor in aerobic respiration leading to the production of ATP (adenosine-5’-
triphospate), deemed the energy currency of the body. Aerobic respiration generates 29-
30 ATP, whereas anaerobic respiration or glycolysis only generates a net of 2ATP’s,
making aerobic respiration 19 times more efficient’. Normally throughout human
physiology oxygen concentrations vary widely from ~21% in the lungs to as low as ~1%
at the corticomedullary junction of the kidneys. Despite this wide range in which oxygen

must be regulated within any given location of the body, there exists a tightly controlled



regulatory system to keep this vital element in check. Leading the regulation of this
pathway is the transcriptional regulator Hypoxia Inducible Factor (HIF) discovered in
1992 as being required for the transcription of erythropoietin (EPO) in humans, which
leads to red blood cell production and subsequently oxygen delivery?. To stress the
significance of this pathway, consider a tumor which by its very nature is hypoxic and
requires O, via the vascular system to sustain its growth and existence; regulate the
system and just possibly, regulate the tumor. There are many other instances in which
hypoxia is a major contributing factor to the pathophysiology of the underlying problem
aside from cancer like stroke and myocardial infarction®. While HIF is the main
transcription factor regulating genes involved in oxygen homeostasis it has its own set of
master controllers which are iron(Il), a-ketoglutarate dependent hydroxylases, Prolyl
Hydroxylase 2 (PHD2) and Factoring Inhibiting Hypoxia Inducible Factor (FIH). These
two enzymes ultimately determine whether or not HIF is able to transcribe genes in
response to O, changes in localized environments. Acquiring knowledge of the oxygen
delivery pathway and its regulators may possibly lead to extensive new ways in which to

combat some of the most prevalent health disorders that plague our existence.

Hypoxia Inducible Factor (HIF)

Variation in oxygen availability requires an adaptive response to cope with these
changes. The variation in oxygen availability may be due to something as simple as a
change in altitude to a disease state within the body. Whatever the underlying cause, HIF
is the key to balancing the system. HIF is comprised of two subunits, the a and the p.

HIF-1p is constitutively expressed while the HIF-1a subunit is tightly regulated through



prevalent oxygen concentration® . It is important to note that there are three isoforms of
HIF, HIF-1, HIF-2 and HIF-3 and it has been determined that the primary oxygen
regulator of the isoforms is HIF-1 and therefore focused upon in this research®®. The
individual domains of the a and  subunits contain a basic-Helix-Loop-Helix and Per-
ARNT-Sim (bHLH-PAS) regions necessary for heterodimerizaiton and DNA binding,
and are located at the amino terminal half of the construct. HIF-1p initially was
identified as the Aryl Hydrocarbon Receptor Nuclear Translocator protein (ARNT), as it
was found to dimerize with the aryl hydrocarbon receptor upon binding of aryl
hydrocarbons as is the case with dioxin®. ARNT domains are typical amongst a vast
family of bHLH-PAS heterodimeric transcription factors. At the carboxy terminus of
HIF-1a lies the C-Terminal Transactivation domain (CTAD) as well as the Oxygen
Dependent Degradation Domain (ODDD)' **. 1t is through the CTAD and the ODDD
domains that transcription leading to over hundred plus genes are regulated via available
oxygen concentrations (Figure 1.1). Some of the key genes regulated via HIF-1 are
responsible for angiogenesis, erythropoiesis, iron regulation, anemia, and energy

metabolism to mention a few.
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Figure 1.1 The domains of HIF1-0/f showing the sites of proline and asparagine
hydroxylation that regulate HIF.

During conditions of normoxia or the state in which a particular tissue, organ, or cell has

adequate O, available as deemed normal for the local environment, HIF-1a is rapidly



degraded with a half-life of less than five minutes®. If the oxygen requirements of the
local environment are not satisfied, hypoxia ensues and HIF-1a is stabilized. As the

oxygen concentration drops a direct relationship with increased HIF-1a levels is

12, 1
dt =,

witnesse In the presence of adequate oxygen two enzymes, prolyl-hydroxylase

domain 2 (PHD2) and factor inhibiting hypoxia inducible factor (FIH) hydroxylate HIF-

la at specific residues, Pro*®?, Pro®®* or Asn®®

respectively. The a-subunit is then either
rapidly degraded through a ubiquitin-proteasome pathway in the case of PHD2 or is
blocked from interaction with specific transcription factors necessary for gene expression

in the case of FIH*°,

HIF Hydroxylases

The HIF hydroxylases are the major regulators of the hypoxic response in humans by
acting upon HIF-1o ultimately determining its ability to regulate genes crucial in the
hypoxia pathway. There are three isoforms of PHD found in humans, (PHD 1,2,3) and a
asparaginyl hydroxylase, FIH. PHD2 and FIH are Fe(ll) aKG dependent dioxygenases
that utilize O,, and couple the hydroxylation of the substrate to the oxidative

decarboxylation of aKG to succinate and CO, (Figure 1.2)% 2.
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Figure 1.2 The consensus mechanism for the HIF hydroxylases



The overall reaction for the HIF hydroxylases involves a shift from a six coordinate
resting enzyme to a five coordinate state that is primed for reaction with oxygen. Once
aKG binds, two water molecules are displaced and as substrate docks it is thought that
this triggers release of the last water molecule opening a coordination site available for
oxygen chemistry to occur. Once active the enzyme couples the hydroxylation of
substrate where one of the oxygen atoms is inserted into succinate, resulting from
oxidative decarboxylation of aKG, and the second oxygen atom is incorporated into the
product, i.e. substrate. Some studies report a lower Ky for O, with respect to PHD2 than
for FIH, but in general the Ky for O, for both enzymes is higher than ambient oxygen
concentrations. This high level of Ky indicates that relatively small changes in O,
concentrations can have a significant impact on PHD2 and FIH activity’® ?. This
difference in Ky for the HIF hydroxylases also suggests that once PHD2 has been
suppressed by insufficient O, HIF-1a is able to escape degradation, however FIH still
remains active altering its transcriptional activity?* . For example, in 1% O, FIH is still
active while PHD is fully suppressed, this seemingly supports that FIH is the primary O,
sensor under hypoxic conditions?®. Another factor regarding the true Ky of oxygen for
these enzymes is that it ranges with varied substrate length and at the current time success
has not been achieved in expressing full length HIF-1o and so synthetic peptides are

employed for substrate-enzyme interaction and kinetic studies®.

Prolyl Hydroxylase Domain 2 (PHD2)
Initially discovered in C. elegans the prolyl hydroxylases (PHD1, PHD2, PHD3) have

been determined to be the key oxygen regulatory enzymes along with an asparaginyl



hydroxylase, factor-inhibiting HIF (FIH) in humans. Each of the PHD’s differs in the
amount of their mRNA but all have a ubiquitous mode of expression?’. Despite there
being three isoforms each of which must have specific roles it was determined by siRNA
research that the silencing of PHD2 was enough to fully stabilize HIF1a and thereby was
deemed the primary O, sensor of the PHD’s?®. PHD2 is an iron(ll), a-ketoglutarate
dependent enzyme belonging to the dioxygenase family which utilize molecular oxygen
in the oxidative decarboxylation of a-ketoglutarate to succinate and CO, release coupled
to hydroxylation of their target substrate. PHD2 targets two proline residues within the
HIF-1a domain, Pro*® in the NODD (N-terminal Oxygen-Dependent Degradation

Domain) and Pro*®*

in the ODDD (Oxygen Dependent Degradation Domain). The
hydroxylation of either or both triggers the degradation of HIF-1a via a ubiquitin ligase
pathway. It should also be noted that prolyl hydroxylation is substantially more sensitive

than asparaginyl hydroxylation to inhibition by iron chelators and transition metal ions

402 564 803(29)

and that the order of suppression of hydroxylation follows as Pro™>Pro™">Asn
When PHD2 hydroxylates HIF-1a the end result is proteosomal degradation, which is
vastly different than the result of asparaginyl hydroxylation which alters transcriptional
activity. PHD2 is commonly located in the cytoplasm and is suggested to be the
dominant isoform of the three under normoxic conditions with the highest level of

expression occurring across a range of cell types®®2.

Factor Inhibiting Hypoxia Inducible Factor (FIH)
HIF-1a’s second major regulator is FIH. FIH hydroxylates Asn®® of the CTAD domain

on the B-carbon which is independent of the prolyl hydroxylase modifications in the



ODDD®**®, This event prevents the interaction of HIF-1a with the transcriptional co-
activator p300 also known as CREB-binding protein. The end result of this
hydroxylation is the halting of all p300 dependent transcription, but not the degradation
of HIF-1a as is the case with prolyl hydroxylation. FIH like PHD2 is also commonly
found in the cytoplasm. It should be noted that the distribution of PHD2 and FIH does
differ depending on the mitigating circumstances of the local biology. For example, it
has been demonstrated that the PHD’s are strongly expressed in the cytoplasm of normal
bronchial epithelium and weakly in fetal lung bronchial epithelium, while expression is
nuclear in the chondrocytes®’. FIH expression is strongly expressed in the cytoplasm of
normal bronchial epithelium and nuclear expression exists in the bronchial cartilage. FIH
in sharp contrast to PHD displays a strong expression in the fetal bronchial epithelium
highlighting the differential regulation upon the same substrate between the two
enzymes®’. The contrasting outcomes on HIF-1a regulation by the HIF hydroxylases is

demonstrated in Figure 1.3.
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Figure 1.3 The pathway of HIF-1a as directed by the HIF hydroxylases PHD2 and FIH.
In the presence of O, FIH hydroxylates HIF-1a on Asn803 blocking interaction with the
transcription factor P300, halting all P300 dependent transcription. PHD2 hydroxylates
either Pro402 or Pro 564, or both leading to proteosomal degradation by signaling the
binding of the von Hippal Lindau protein (pVVHL) part of ubiquitin ligase complex. In
the absence of O, HIF-1a is able to dimerize with the B-subunit triggering transcriptional
activity. Figure courtesy of Saban, E*®,

The Oxygenase Family of Enzymes
Members of the oxygenase super-family of enzymes are found throughout prokaryotes
and eukaryotes and execute a variety of chemistry. The reactions catalyzed in this family
include ring opening/closing, desaturations, eliminations, halogenations, epoxidations

3942 These reactions have significant

and focal to this research, hydroxylation reactions
roles in the biosynthesis of collagen, antibiotics, alkylated DNA repair, secondary
metabolites generated from plants and microbial sources, and key to this work, cellular
oxygen sensing®® ***°. By studying related enzymes in this family it may be possible to
gain further insight and knowledge about the less well understood mechanisms of other

oxygenase enzymes like PHD2 and FIH. A simplified version of the hydroxylation

reaction executed by members of this family including FIH and PHD2 is depicted below



in which aKG and O; are utilized in conjunction with substrate generating succinate, CO;

and product.

oKG + 0, + RH —2™  succinate +CO, + ROH

The aKG dependent enzymes inclusive of PHD2 and FIH are part of a subfamily of the
non-heme iron(ll) containing superfamily of enzymes. These enzymes possess a
His,Asp/Glu facial triad about their iron core and catalyze a vast array of reactions.
Heme containing enzymes possess four coordination sites occupied by the porphyrin of
heme and a fifth coordination site occupied by one proximal residue thereby leaving only
one available site for the binding of O,. In contrast, the non-heme class involves an iron
coordination environment formed from three endogenous protein ligands leaving three
coordination sites available for cofactors and substrates. This non-heme superfamily can
be subdivided into multiple classes which include the extradiol cleaving catechols
dioxygenaes, a-ketoglutarate dependent dioxygenases, tetrahydropterin dependent
hydroxylases, bacterial prolyl hydroxylases and biosynthetic oxidases®® 4.

Examination of these enzymes may provide insightful information regarding the HIF

hydroxylases as key intermediates for FIH and PHD2 have yet to be isolated.

Related Oxygenase Enzymes of Interest

Extradiol Cleaving Catechol Dioxygenaese

The extradiol cleaving catechol dioxygenases perform ring cleavage reactions of aromatic

50-52

compounds The best understood of these enzymes is homoprotocatechuate 2,3-

dioxygenase (HPCD). In an effort to gain mechanistic insights to this class of enzymes



an alternative and slow reacting substrate was employed for HPCD, 4-nitrocatechol, a
compound also employed for purposes of the body of work contained within this thesis.
The knowledge gained from this work was the revealing of three distinct intermediates
generated during the catalytic cycle (Figure 1.4).
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Figure 1.4 Catalytic mechanism of extradiol catechols dioxygenase

Intermediate one is a Fe(l1)-O, complex that determined the Fe-O bond length to be 2.4 A
and that the 4-nitrocatechol ring is not planar, suggesting that iron is maintained in the
Fe(l1) state and that substrate gives one electron to activate oxygen. Intermediate two is a
Fe(l1)-peroxo-substrate complex whereby oxygen attacks the C2 of 4-nitrocatechol
generating a peroxo bridge. The third intermediate found is the Fe(lIl)-product complex.
The resulting data from these crystallized intermediates provides evidence regarding key
residues with the active site which form hydrogen bonds that aid in the stabilization of

the deprotonated substrate and in promoting heterolytic dioxygen bond cleavage*® ***8,
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Tetrahydropterin Dependent Hydroxylases

The tetrahydropterin dependent hydroxylases generate hydroxylated aromatic amino acid
residues through the donation of two-electrons from tetrahydropterin. In this example
which is believed to be similar to the HIF hydroxylases, the binding of substrate and
cofactor at iron generates an open coordination site for the binding and subsequent
reaction of oxygen. Once bound, oxygen forms a peroxo-bridge from the Fe(ll) to the
cofactor. Heterolytic O, bond cleavage generates a 4a-hydroxypterin and a Fe(IV)=0

intermediate species®®

. Upon the formation of the highly reactive Fe(1V)=0 species it
is then able to abstract a hydrogen from the nearby substrate, as is believed to be the case
with the HIF hydroxylases. This hydroxyl group proceeds through a rebound mechanism

to a radical substrate and the completion of the cycle ending in the hydroxylated product

(Figure 1.5)%.
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Figure 1.5 Aromatic amino acid hydroxylase mechanism
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a-Ketoglutarate, Iron (11) Dependent Oxygenases

Taurine:a KG dioxygenase (TauD)

TauD is a taurine (2-Aminoethanesulfonic acid), aKG dependent dioxygenase from E.
coli that catalyzes the oxygenolytic release of sulfite from taurine utilizing aKG,
molecular oxygen and Fe(ll), producing succinate, CO, and sulfite as by-products of the
reaction®. In a reaction quite similar to that of PHD2, studies of TauD have provided
great insight into the potential workings of the HIF hydroxylases as they are in the same
sub-family of enzymes. In particular, TauD revealed a highly reactive Fe(IV)=0
intermediate and provided evidence for the hydrogen abstraction by a non-heme ferryl

complex® ®,

TauD also revealed a secondary oxygen activation mechanism. In the
absence of prime substrate TauD performs a self-hydroxylation reaction which renders
the enzyme dead®™. This auto-hydroxylation reaction has also been witnessed in FIH and
questions whether or not this is a safety-net mechanism guarding from oxidative damage

by the oxygen sensing HIF hydroxylases®®. This mechanism has not been supported in

PHD2 but it is suspected.
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Figure 1.6 The hydroxylation reaction of TauD®

Collagen Prolyl-4-Hydroxylase (P4H)

Collagen Prolyl-4-hydroxylase is also a aKG, iron(II)-dependent dioxygenase that cross-
links human collagen helices in the connective tissues by hydroxylating proline
generating the formation of 4-hydroxyproline residues. Without this vital enzyme
collagen is unable to fold into its natural triple helical molecules. A direct result from
lack of P4H activity is the development of scurvy, a disease associated with lack of
vitamin C (ascorbate) that cumulates in weak connective tissues leading to open lesions.
Interestingly enough, ascorbate is believed to help maintain the Fe(ll) state in these
enzymes as oxidation to Fe(lll) renders the enzyme inactive. PHD2 like P4H also
requires ascorbic acid for repetitive turnover. The reaction catalyzed by P4H is depicted

in Figure 1.7.
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Figure 1.7 Reaction catalyzed by P4H

The prolyl hydroxylase enzymes catalyze the most prevalent posttranslational
modifications in humans by the formation of 4-hydroxyproline, this is in no small part

because collagen is the most abundant protein found in the body®®.

The Bacterial Proline/Prolyl 4-Hydroxylases (P4H)

A key difference in the bacterial prolyl 4-hydroxylases is that hydroxy-proline is
generated from a free proline versus a peptidyl proline®’. As these enzymes catalyze the
hydroxylation of free proline they are deemed proline hydroxylases instead of prolyl.
There are prolyl hydroxylases found in bacteria like anthrax-P4H that binds to a (GPP)1
collagen-like peptide. These enzymes lend themselves as informative to the overall
mechanism underlying their close relatives, the prolyl hydroxylases. They are members
of the non-heme iron(Il), aKG, dioxygenase family that require molecular oxygen but
have less stringent requirements for substrate than the prolyl version®®. The structural
analysis of the bacterial P4H’s have yielded information about charged residues that play
integral roles in the binding of substrate, providing a framework for similar studies on
PHD2 and FIH.

All the prolyl and proline hydroxylases utilize O,, aKG and iron(I). The activity of
these enzymes is known to increase in magnitude with the addition of ascorbate,
presumably acting as a reducing agent maintaining iron in the 2* state. They all contain a

14



highly conserved iron binding motif with rare exceptions. Sequence homology amongst
these enzymes is almost nonexistent and yet they share a similar three-dimensional

structure classified as the p-barrel jelly roll fold (Figure 1.8).

Figure 1.8 Example of the B-barrel jelly roll fold for the prolyl hydroxylases FIH and
PHD2 and including a zoomed view of their iron(Il) facial triad (PDB 1H2M, 2G19).
Figure created with PyMol.

Based upon knowledge gained from the aforementioned enzymes and their isolated
intermediates a mechanism for the HIF hydroxylases is proposed in Figure 1.9. In PHD2
only the accumulation of an Fe(ll) species has been witnessed and precisely which Fe(ll)

form that is has not been resolved®’.
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Proposed Mechanism for the HIF Hydroxylases
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Figure 1.9 Proposed mechanism of the HIF hydroxylases PHD2 and FIH. Mechanism
begins with 6 coordinate iron, aKG displaces two H,0 molecules, substrate binding
triggers last H,O molecule to exit opening a site for O, activation. The subsequent steps
are proposed and have yet to be supported until the release of hydroxylated substrate and
a regeneration of the resting state enzyme.

Of interest in this mechanism are the steps that involve aKG binding and the docking of
substrate. When substrate docks it is proposed to release the last H,O molecule opening a
site for oxygen activation. At this point in the reaction there exists an opportunity to halt
activity by the introduction of inhibitors which could bind similarly to aKG. Excluding

the ability of oKG from binding by mimicking it in the form of an inhibitor may lead to

16



novel therapeutic treatments in the future. This possibility is currently under exploration
and had yielded informative information regarding the potential to selectively inhibit
PHD2 and/or FIH which will be a topic of discussion within this thesis. A secondary
topic up for discussion regarding the mechanism of PHD?2 is to gain a more robust picture
of the individual steps involved in the mechanism, specifically rate-limiting steps that are
essential to catalytic turnover. Exploration of this latter topic can in turn be used to

further the first aim of selective inhibition of the HIF hydroxylases.
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CHAPTER 2

SELECTIVE INHIBITION OF THE HIF HYDROXYLASES PHD2 AND FIH

Introduction

The potential for treatment of various disease states via the inhibition of the HIF
hydroxylases is a current goal amongst researchers. The ability to reduce sensitivity to
hypoxia through possible preconditioning towards hypoxia may provide novel therapies
for the treatment of ischemic disorders such as stroke and heart attacks. These enzymes
play pivotal roles in the inflammatory response, anemia, metabolism, red blood cell
production and vascularization to mention a few and are prime for therapeutic targeting
in which myriad diseases could be ameliorated. PHD2 and FIH share a similar structure
and utilize the same cofactors, even acting upon the same substrate. They do however
have their differences with respect to the docking of co-factors and the coordination
environment surrounding the active sites of each that should allow for selective
inhibition.

Comparisons of PHD2 and FIH Active Sites

The target for selective inhibition of these enzymes is their iron-centered active site
which does pose some challenges as these sites are highly conserved in PHD2 and FIH?"
072 Both active sites possess a 2-His/1-Asp facial triad about the iron center and both
enzymes are dependent on the same cofactors for activity and target the same substrate,
HIF1-a, albeit at different locations. Key differences between PHD2 and FIH are with
respect to their Fe(Il) and aKG binding sites. While both possess the HXD/E..H facial
triad the binding in PHD2 is tighter, with affinities for the binding of iron, (~0.01-0.03

18



uM) for PHD2 and (~0.5 pM) for FIH™. This fact may partially be explained by the
smaller active site of PHD2. The orientation of the aspartate ligand in FIH is different
than PHD?2, it coordinates to the iron and to the backbone of the substrate while in PHD2
the aspartate ligand coordinates to the iron and a well resolved water molecule in the
crystal structure. Measurement of the active site pockets reveals that for the non-
substrate bound form of PHD2 the pocket size ranges between 319-355A% (PDB’s 2G 1M,
2G19, 30UJ, 2HBT, 2HBU) and that of FIH 1005-1222 A® (PDB’s 1H2N, 1MZE,
1MZF, 2CGN). In the presence of substrate the active site pocket shrinks in both
enzymes but far more drastically in FIH, 242-497 A® (PDB’s 1H2M, 1H2L, 1H2K)
versus PHD2 167-344 A® (PDB’s 3HQR, 3HQU). Thus each enzyme in theory should
produce a differential response to an identical inhibitor. This difference coupled with the
fact that and they share virtually no sequence homology despite sharing similar structures
lends itself to the possibility of selective inhibition. Another key difference is that FIH
requires a dimeric state for catalysis while PHD2 functions in a monomeric state. FIH
can also be catalytically active with only the two histidines bound to the iron’*. The
PHD2 pocket is actually deeper than that of FIH and predominantly hydrophobic in
nature consisting of residues 11e*°, Met?®, Ala®*, Tyr*®, Tyr 3% Thr*?*, 11e%%", Tyr®®,
Leu*®, Phe®®, val*”®, Ala®*°, Thr*®’ and Trp®*°. This hydrophobicity may function to
help guard PHD2 from possible oxidative damage that could arise from Fenton chemistry
about the iron center’®. FIH also exhibits a similar hydrophobicity in its shallower active
site pocket, the contributing residues are from, 11e?*®, Met?*®, Ala®*, Tyr®® Tyr 3%, Thr*®,
1e®*", Tyr®?, Leu®®, Phe®®®, val*’®, Ala*®®, Thr®®*’, and Trp**. PHD2 appears to involve

an induced fit mechanism that results in almost completely blocking the active site as a
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loop closes over the entrance upon substrate binding” "

. Other key differences in the
enzymes have to do with specific residues that make up the second coordination sphere
about the iron core and contribute to hydrogen bonding networks about the iron and aKG
binding sites. Of particular interest is GIn**" in FIH which has its mirror in PHD2’s
Ala®'.  The longer side chain in FIH is in position to clash with certain aromatic
inhibitors like {[(4-hydroxy-8-iodoisoquinolin-3-yl) carbonyl] amino} acetic acid which
was employed for the crystallization of PHD2’®.  This compound has proven a viable
inhibitor of PHD2 while not impacting the activity of FIH, presumably due to an inability
to gain access to the iron due to steric clash. A residue of interest in PHD2 is Val*"®
which forms a steric clash with the p-enantiomer of N-oxylylglycine (NOG). PHD2 and
FIH are also members of separate subfamilies of the a-KG oxygenases dictated by the
location and function of their C-terminal helices relative to their active sites. In FIH
these helices are required for dimerization, while PHD2 does not dimerize for catalytic

activity®>. This coupled with the abovementioned differences between these enzymes

lays the framework for ferreting out selective inhibitors of each.

Known Inhibitors

It has been found that N-oxylylglycine (NOG) and dimethyl N-oxalylglycine (DMOG)
have the capability to inhibit both enzymes’’. This inhibition is achieved through
bidentate binding to the iron, as 