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Abstract

HIF prolyl-4-hydroxylase 2 (PHD2) is a non-heme Fe, 2-oxoglutarate (20G) dependent
dioxygenase that regulates the hypoxia inducible transcription factor (HIF) by hydroxylating two
conserved prolyl residues in N-terminal oxygen degradation domain (NODD) and C-terminal
oxygen degradation domain (CODD) of HIF-1a. Prior studies have suggested that the substrate
preference of PHD?2 arises from binding contacts with the 233 loop of PHD2. In this study we
tested the substrate selectivity of PHD2 by kinetic competition assays, varied ionic strength, and
global protein flexibility using amide H/D exchange (HDX). Our results revealed that PHD2
preferred CODD by 20-fold over NODD and that electrostatics influenced this effect. Global
HDX monitored by mass spectrometry indicated that binding of Fe(ll) and 20G stabilized the
overall protein structure but the saturating concentrations of either NODD or CODD caused an
identical change in protein flexibility. These observations imply that both substrates stabilize the
B2p3 loop to the same extent. Under unsaturated substrate conditions NODD led to a higher HDX
rate than CODD due to its lower binding affinity to PHD2. Our results suggest that loop closure is
the dominant contributor to substrate selectivity in PHD2.
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1. Introduction

Oxygen homeostasis in humans and other metazoans is transcriptionally regulated by the
hypoxia inducible factor-1a (HIF-1a)[1, 2], which governs cellular responses to hypoxia,
such as the balance of aerobic/anaerobic metabolism, angiogenesis, and erythropoiesis.
HIF-1a stability is controlled by the HIF-prolyl hydroxylases (PHD1, PHD2 and PHD3 in
humans)[3, 4], which hydroxylate specific Pro residues found in the N- and C-terminal O,-
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dependent degradation domains of HIF-1a: NODD (Pro*92) and the CODD (Pro%64),
leading to proteasomal degradation of HIF-1a[5, 6]. Hydroxylation of either Pro402 or
Pro°64 is sufficient for HIF-1a to bind tightly to pVHL[5, 6], leading to proteasomal
degradation [7]. A key question in this field is substrate selectivity of PHD isoforms toward
the ODD domains, as this determines the stability of HIF-1a. As PHD?2 is thought to be the
primary O,-sensor under normoxic conditions [8], detailed enzymological studies of PHD?2
are important both to understand the chemical mechanisms of prolyl hydroxylation, as well
as to identify the basis for substrate selectivity in PHD2 and related enzymes.

PHD2 is a non-heme Fe(ll), 2-oxoglutarate (20G)-dependent oxygenase that is thought to
follow the consensus mechanism for related oxygenases (Scheme 1) in which substrates
bind in the order of 20G, primary substrate (ODD), then O, [9-11]. Binding of the primary
substrate triggers O binding by inducing the formation of a 5-coordinate Fe(ll) cofactor
[10, 12], and associated changes to local contacts within the active site. Oxidative
decarboxylation leads to formation of a putative Fe(1\VV)O intermediate [13-15] (Scheme 1),
which effects hydroxylation of the target Pro residue (CODD, Pro®%4: NODD, Pro*02) to
complete the cycle. As the half-reactions are sequential, oxidative decarboxylation that is
uncoupled from hydroxylation can occur [16], leading to excessive consumption of 20G in
Some cases.

Cell-based assays have shown that the PHD isoforms exhibit differential selectivity toward
the ODD domains, with PHD2 reacting more rapidly with CODD than NODD in HIF-1a
constructs [17]. Immunoblotting showed CODD hydroxylation prior to NODD
hydroxylation in cell-based assays suggesting some level of synergy between the two sites
[18], however binding assays of very long ODD constructs revealed that CODD bound to
purified PHD2 with roughly ten-fold increased affinity relative to NODD [19], suggesting
that intrinsic binding affinity may explain the apparent hydroxylation order. Due to the
complicated relationship between local and extended ODD sequences on PHD?2 activity [18,
201, we used short peptides (~20 residues) containing the local ODD sequences to test for
local effects on the substrate selectivity of PHD2.

There are conflicting reports as to the substrate selectivity of PHD2 toward the two ODD
domains, as the reactions of PHD2 with NODD and CODD have been reported with widely
varying rates (K.a/Kn) and Michaelis constants (Ky). Early reports based on 20G
consumption assays were widely divergent in terms of reported Ky, values. Assays using
PHD2 within crude cell lysates indicated a strong preference for CODD (Kmnopp) = 130
MM, Km(copp) = 7 HM) [21]; whereas assays using purified PHDZ2 indicated essentially
equivalent substrate preferences: (Kmnopp) = 44 UM, Kmcopp) = 37 UM) [19]. In
contrast, Op-consumption assays using purified PHD2 indicated a marked preference for
CODD (Km(nopp) = 24 UM, Kpmcoppy) = 2 UM), differing from the results of the 20G
assay [22]. Although the biochemical data indicate that CODD is preferred, the wide
variation in Ky, presents a challenge to understanding how the rates relate to substrate
binding for PHD2.

The large variation in reported values for the Michaelis constants, with Kynopp) values
ranging from 20 — 50 uM and Ky copp) values ranging from 1 - 30 uM [17, 19, 23], is
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largely a reflection of three factors that introduce variation into the kinetic data, two of
which are common to the broad class of 20G oxygenases. First is the inherent difficulty of
measuring turnover for the 20G oxygenases, due to the relatively slow rate of turnover and
the absence of chromophoric substrates. This has led to a reliance in many reports on the
decarboxylation assay that measures the release of 14CO, from [1-14C]20G. Second is the
tendency for 20G oxygenases to uncouple oxidative and reductive half-reactions, leading to
decarboxylation without substrate hydroxylation [24—-26]. This in turn greatly impacts assays
that rely on the rate of CO, liberation or O, consumption, and certainly leads to over-
estimation of turnover rates. Third is the pKa = 7.2 of the Fe2*-OH, group in (Fe
+20G)PHD?2 [23], leading to a significant decrease in activity as pH is increased above the
pKa [27]. Based on these divergent Michaelis constants, and the potential for uncoupled
oxidative decarboxylation to inflate the observed rates, we felt that the substrate preference
and rates could be better defined by directly measuring the formation of hydroxylated
product (ODD®H) using MALDI-TOF [28, 29].

It appears that PHD2 may discriminate NODD from CODD due to a combination of
electrostatics and a conformational change of the 233 loop (Fig. 1). Closure of the 233
loop is essential for tight ODD binding, as shown by the crystal structure of CODD/(Mn
+NOG)PHD?2 [30], and activity assays with chimeric PHD enzymes [7]. Sequence
comparison shows that CODD contains six acidic residues, compared to three for NODD
(Scheme 1), suggesting that electrostatics may be the origin of differential binding - this is
supported by the sequence preference of PHD2 (-AP(Y/F)(1/L)X4(D/E)-) obtained from
yeast two-hybrid binding assays [31]. Further, protease susceptibility assays showed that
CODD/PHD?2 was greatly stabilized relative to NODD/PHD?2, both in terms of the length of
time required for proteolysis as well as in the proteolytic site on the 283 loop stabilized by
ODD binding [32].

The contribution of ODD/PHD2 binding to the catalytic efficiency of PHD2 (k.5/Kp) is not
fully defined, despite its importance to O, sensing. Catalytic efficiency dictates the rate
constant under conditions of low substrate concentration, and provides insight into the basis
for discriminating NODD from CODD. Microscopic steps contributing to ke,/Kpy include
those steps between the diffusional collision with ODD through the first irreversible step —
as a consequence, weaker binding of NODD relative to CODD could constitute the entire
basis for substrate selectivity of PHD2. Furthermore, binding equilibria can contribute to
overall rate-limitation, making understanding the binding ODD/PHD2 process a key factor
in understanding the chemistry of O,-sensing.

Here we tested the origin of substrate selectivity of PHD2 by direct competition assays,
increased ionic strength, and global protein flexibility for PHD2 upon binding ODD. Our
results indicate that PHD2 prefers CODD by 20-fold over NODD, and that electrostatics
accounts for a portion of this effect. We also performed global hydrogen deuterium
exchange experiments (HDX) with the aim of monitoring possible structural changes upon
binding of each substrate to the enzyme. Our global HDX data reveals that binding of Fe(ll)
and 20G to the enzyme active site stabilizes the overall enzyme structure as reported
previously by proteolysis studies [32], however we noted a crucial difference from that
earlier report. At saturating concentrations of substrate, CODD and NODD gave
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indistinguishable HDX profiles, which strongly suggests that both substrates stabilize the
323 loop to the same extent. This implicates loop closure as the dominant contributor to
selectivity in PHD2.

2. Experimental Procedures

2.1 Materials

All chemicals were purchased from commercial vendors, and used without purification with
the exception of NODD. The sequences of the peptide substrates were derived from the
native HIF-1a395-414 (NODD) and HIF-1a556-574 (CODD) sequences. The sequence of the
NODD peptide used in this work was DALTLLAP#02AAGDTIISLDYG and the CODD
peptide was DLDLEALAP>64YIPADDDFQL. The underlined residues were changed from
the native sequences as follows: NODD (F413Y), CODD (M561A, M568A). The NODD
peptide (desalted) was purchased from EzBiolab (Carmel, IN, USA) and purified by C18
column reversed phase-HPLC using an H,O/CH3CN gradient (5 — 95% CH3CN, 0.1%
TFA), whereas the CODD peptide (99 % purity) was purchased from GL Biochem LTD
(Shanghai).

2.2 Protein expression and purification

Recombinant human PHD2 (corresponding to residues 178-426 of the full-length PHD2
sequence) was expressed and purified as previously reported [23]. PHD2 was expressed with
an N-terminal GST tag (GST-PHD?2) in E. coli BL21(DES3) cells using a pGEX-4T-1 vector
(Stratagene). The GST-PHD?2 fusion was purified using an affinity column (GSTrap, GE
Bioscience), then the GST tag was removed by incubating GST-PHD2 with restriction grade
thrombin for 16 hours at 4 °C. Thrombin was removed by a Hitrap Benzamidine column
(GE Bioscience), and un-cleaved GST-PHD2 and GST was removed with a GSTrap
column. PHD2 was treated with 50 mM EDTA then buffer exchanged into 50 mM HEPES
pH 7.00 and stored at — 20.0 °C. PHD2 purity was checked by SDS-PAGE, and the
molecular weight determined using a QStar-XL hybrid quadrupole-TOF mass spectrometer
(Applied Biosystems).

2.3 Steady-state kinetic assays

All activity assays were performed with saturating concentrations of 20G (100 pM),
(NHg)2Fe(SO4)2 (20 uM), ascorbic acid (1 mM), and 1 pM PHD2 in 50 mM HEPES pH
7.00 at 37.0 °C. Reactions were quenched at different time points with 2:1 ratio of
acetonitrile and 0.2 % trifluoroacetic acid saturated with 4-a-cyano hydroxycinnamic acid.
Samples were then spotted onto a target plate and analyzed by a Bruker Daltonics Omniflex
MALDI-TOF mass spectrometer. Initial rates (Vo) were obtained from the temporal change
in mol fraction of hydroxylated ODD®H (yoppon), as Vo = [ODD]g xoppon /-

2.4 Global hydrogen deuterium exchange (HDX) kinetics of PHD2

Global HDX experiments were measured with an ABI QStar-XL mass spectrometer. PHD2
(50 uM) was pre-incubated in 10 mM NH4OAc at pH 7.00 on ice with the cofactor and
substrates as indicated: MnSQOg4 (200 uM), 20G (1.0 mM), and CODD or NODD (0 — 500
uM). Mn?* was used as a structural mimic of Fe2* in order to avoid spurious oxidation. The
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HDX reactions were initiated by diluting 3 pL of PHD2 samples with 27 uL 10 mM
NH4O0Ac (in D,0) pD 7.00 at 25 °C, with aliquots quenched by injecting onto an HPLC
loop at various time points from 15 second to 60 minutes. Solution pD was determined by
adding 0.4 to the pH meter reading (pD = pHpeter + 0.4). HDX aliquots (20 pL) were
injected and buffer exchanged using a C18 HPLC column with a 0.1 % formic acid (pH 2.5)
mobile phase. The HPLC column, injection loop, and mobile phases were kept in an ice bath
to minimize amide back exchange during sample workup. PHD2 was eluted with a 10
minute gradient, (H,O/CH3CN, 0.1% formic acid), and was directly sprayed into an ABI
QsStar-XL for determination of global deuterium incorporation level. Data was analyzed
using the Bioanalyst software.

During analysis of HDX samples some amide hydrogens can back exchange with the HPLC
solvent, leading to an apparent loss of deuteration. In order to correct for back exchange
occurring during the LC steps, the deuterium content of PHD2 at each quench point was
corrected through comparison with the mass of a non-deuterated sample (mg) and the mass
of a fully deuterated PHD2 sample (myqp). The fully deuterated protein was prepared by
incubation in D,O for a day at 37.0 °C followed by 10 minutes at 70 °C. The number of
exchangeable backbone amides (D) was then calculated by subtracting the number of Pro
residues (12) and the N-terminus from of the total number of exchangeable amides on PHD2
(N = 236).

D=N X (mebs—mg)/(Mm100—mg)

The number of deuterons retained (D) was analyzed as a function of exchange time by
fitting D to three pools of amides (A) that exchange at fast (Kgast = 20 min~1), medium (Kmeg
=1 min™1), and slow (Kgjow = 0.05 min~1) rates. Amides that were not exchangeable on the
60 min timescale were taken as the frozen pool of amides (Atrgzen = N — Atot)-

Atot :Afast kfast +Amed kmed +Aslow kslow

3.1 PHD2 shows a preference for CODD over NODD in the presence of both substrates

PHD2 hydroxylates Pro*%2(NODD) and Pro®%4(CODD) of HIF-1a, however, reports
conflict as to the relative substrate preference. Some reports indicated that both Pro residues
were hydroxylated at a similar rate, whereas other reports suggested that CODD was
hydroxylated at a faster rate than NODD. In order to determine the substrate selectivity of
PHD?2 activity assays were performed under competitive conditions in the presence of 20
UM total substrate, but with a varying ratio of NODD:CODD. As we directly monitored
hydroxylation via MALDI, both CODD and NODD could be measured simultaneously. The
initial rates for hydroxylation of both ODDs were plotted as a function of varied mole
fraction of NODD (Figure 2). As xnopp Was increased, the initial rate for CODD
hydroxylation decreased from 1.3 min~1 to 0.8 min~1; conversely, the initial rate for NODD
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hydroxylation increased from 0.04 min~2 to 0.6 min~1. The initial rates at yyopp = 0.5 for
CODD (Vo/E = 0.76 + 0.02 min~1) and NODD (vo/E = 0.03 + 0.02 min~1) exhibit a high
level of precision. This data shows that PHD2 preferentially hydroxylated CODD in the
presence of NODD even at elevated mole fraction of NODD (Figure 2).

3.2 Columbic forces are essential in substrate preference of PHD2

Crystallography showed the ODD-binding surface of PHD2 contained several basic residues
whereas the ODD substrates contain acidic residues flanking the LXXLAP motif suggesting
that electrostatics may be important in binding substrates to PHD2. In order to test the role
of electrostatics in PHD2 substrate recognition, activity assays were performed in the
presence of varied NaCl concentration. The initial rates of PHD2 were measured as a
function of varying ODD concentration in the presence and in the absence of 200 mM NacCl,
then the rate constants kot and ke,/Kp Were determined by fitting the data to the Michaelis-
Menten equation (Table 1).

In the absence of added NaCl, the ke,i/Ky value for CODD (1.0 uM~tmin1) was 25 fold
higher than keai/Kyv for NODD (0.04 uM~Imin~1) showing that PHD2 was more reactive
toward CODD than NODD (Fig. 3 and Table 1). The addition of 200 mM NacCl did not alter
the keat/Kp value of NODD (0.05 uM~Imin1) but decreased the k.,/Kp for CODD (0.3
uM~Imin=1), indicating that attractive columbics were operative in CODD/PHD2 binding,
but not in NODD/PHD?2 binding. A fuller investigation of the ionic strength dependence was
not pursued.

3.3 NODD and CODD bind equivalently to PHD2

Global amide HDX was used to test solvent protection of PHD2 upon binding NODD and
CODD. Apo PHD2 (no added substrate or cofactor) and (Mn+20G)PHD2 were analyzed as
reference states, in which Mn(I1) was used as a isosteric replacement for Fe(ll) as was done
previously for PHD2 crystallography [30]. Solvent protection of NODD/(Mn+20G)PHD2
and CODD/(Mn+20G)PHD2 was measured under conditions of both low (20 pM) and high
(50 uM) ODD concentrations to observe the effects of the ODD/PHD2 binding equilibrium.
Amide HDX timecourses (Fig. 4) for PHD2 in different cofactor/substrate bound states were
fitted by binning the amides into three pools (A,) based on average exchange rates: fast (Kgast
=20 min~1), intermediate (Kpeg = 1 min™1), slow (Kgjow = 0.05 min~1); the remaining amides
were inaccessible to D,0O solvent.

Amide exchange occurs from solvent-exposed amides, which are those located in transiently
unfolded or unstructured regions of the protein. Solvent-protected amides are those that are
either buried within a tightly structured core of the protein, or else are located at a
macromolecular binding surface. The key pool for interpreting the PHD2 conformational
change are the inaccessible amides (Afrozen), as these are either buried in the folded core of
the PHD2, or protected from solvent by ODD binding.

Solvent protection for PHD2 increased upon cofactor binding, as seen comparing (Mn
+20G)PHD?2 to apo PHD2. The frozen amide population increased from Aggzen = 26 in Apo
PHD2 to Afgzen = 59 in (Mn+20G)PHD?2, indicating that the core of the PHD2 had become
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more tightly structured upon binding cofactor (Table 2). This is likely due to the stabilizing
effect of metal and 20G binding, which connects several strands of the -barrel [30, 33].

Binding of NODD or CODD under saturating conditions (50 uM) led to equivalent increases
in the froze amide pool when compared with (Mn+20G)PHD2 (Table 2). The 50 uM
NODD/(Mn+20G)PHD2 sample exhibited an appreciable increase in the frozen amide pool
(Afrozen = 70), which is most likely due to solvent protection at the binding interface. A
nearly identical increase in the frozen amide pool was observed for the 50 yM CODD/(Mn
+20G)PHD2 sample (Atgzen = 73). The small difference in the frozen amide pool between
the NODD and CODD samples (AAgrozen = 3) is within experimental uncertainty, and
strongly suggests that both NODD and CODD bind to the same surface of PHD2, stabilizing
the 23 loop to equivalent extents.

In contrast, the binding of NODD or CODD at low concentrations (20 pM) led to different
frozen amide pools relative to (Mn+20G)PHD?2 (inset, Fig. 4). The large difference in
frozen amide population for 20 yM NODD binding relative to 20 uM CODD binding
(AAgrozen = 14) is well outside of experimental uncertainty, and indicates a difference in
binding equilibrium. This is most likely due to the stronger binding of CODD (Ky = 1 M)
relative to NODD (Kp = 14 uM), and the position of the ODD + PHD2 binding equilibrium.

One observation worth noting is the change in the number of amides undergoing exchange
on particular timescales (Afast and Ameg) Upon ODD binding. It was found that saturating
[ODD] had the general effect of redistributing amides from faster pools into slower pools —
in particular, incubating (Mn+20G)PHD2 with 50 uM ODD decreased the number of fast
amides (Asast), but increased the number of amides undergoing intermediate exchange

(Amed)-

4. Discussion

The substrate selectivity of PHD2 has been the subject of confusing literature reports, which
have been clarified with the present work using purified PHD2 and short ODD peptides.
Most prior reports indicated that CODD was preferred over NODD, however the Michaelis
constants (Ky) and catalytic efficiency of PHD2 (k.5/Kn) have been subject to variations of
~10-fold. These variations likely arose from complications with the various assays used to
measure turnover. We used kinetic assays that directly measure the formation of
hydroxylation product (ODD®H) to avoid potential complications from uncoupled
oxidations or side-reactions that may impede the 20G assay. Our amide HDX approach
directly measured solvent protection upon binding NODD or CODD, in order to compare
the binding footprints of these two substrates.

Our kinetics data indicate that PHD2 prefers the CODD substrate by ~20-fold over the
NODD substrate (Table 1, keot/Kny). Further, this substrate preference is sufficient to explain
the relative order of hydroxylation observed in longer ODD constructs [17, 18, 20], without
the need to invoke any sort of sequential cross-communication between the ODD segments
in HIF-1a. These observations were in good agreement with the Ky, values obtained by the
O,-consumption assay [22], but differed significantly from those obtained by the 20G assay
[19, 21]. It appears that the 20G assays suffer from non-ideal behavior at low substrate

J Inorg Biochem. Author manuscript; available in PMC 2014 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Pektas and Knapp

Page 8

concentrations leading to inflated Ky. This may be due to uncoupling of oxidative
decarboxylation or from non-enzymatic decarboxylation, contributing to the observed rates
of 20G turnover. By measuring ODD®H formation directly, the MALDI assay used herein
avoided these complications, and is recommended for steady-state Kinetics assays.

Direct competitive experiments under varying CODD:NODD ratios (Fig. 2) indicated that
PHD2 prefers to hydroxylate CODD, even at low CODD:NODD ratio — consequently,
CODD should be hydroxylated first under physiological conditions. This is as expected
based solely on the catalytic efficiency of PHD2 toward these two substrates (Table 1).
These results are in accord with a prior competition assay [19], however our results were
obtained at low concentrations of substrate ((NODD] + [CODD] = 20 uM), corresponding to
conditions appropriate for discussing catalytic efficiency.

The substrate preference of PHD?2 is a direct product of the catalytic efficiency (keat/Km) of
this enzyme, which is largely a result of differential substrate binding. A minimal kinetic
model for catalysis at sub-saturating ODD includes diffusional encounter and release (k; and
ko), a kinetically coupled 233 loop closure (k3 and ky4), and then subsequent steps including
the oxidative decarboxylation. Our results, combined with existing structural and protease
susceptibility data [30, 32], indicate that there are two coupled steps necessary for substrate
binding: diffusional encounter (k1) and f2p3 loop closure (ks).

As CODD has 6 negatively charged residues and NODD has only 3 negatively charged
residues, we thought it likely that electrostatic attraction to PHD2 would be more
pronounced for CODD than for NODD. We observed that adding 100 mM NaCl decreased
the catalytic efficiency of PHD2 toward CODD (kg5i/Kpm) by ~ 3-fold, but had no effect on
the reaction with NODD (Table 1). This is most likely due to an increase in the rate of
substrate release (k) for CODD at elevated [NaCl]; nevertheless, this did not equalize the
substrate affinity. We note that CODD remained ~ 7 fold better as a substrate than NODD,
even at 100 mM NacCl, which suggests that a subsequent step may further discriminate these
two substrates. This subsequent step is most likely to be closure of the 233 loop to adopt a
catalytically competent conformation, as seen crystallographically [30]. Notably, PHD2
binding kinetics using substrates very similar to those used herein showed that NODD and
CODD bound to PHD2 with identical rates, but NODD release was ~ 8 times faster than
CODD in the presence of elevated [NaCl] [19]. This difference in binding affinity is in
excellent agreement with the difference in catalytic efficiency toward the two substrates,
which indicates that binding is the principle origin of substrate selectivity in PHD2.

Previously, protease susceptibility revealed greater protection of the f233 loop from protease
digestion for CODD/PHD2 than for NODD/PHD2 [32], which was interpreted to indicate
that CODD bound to a larger surface of PHD2 than NODD. In contrast, our global amide
HDX data shows that both NODD and CODD protect PHD2 to identical extents, suggesting
that these substrates bind to identical surfaces. This discrepancy arises, in our opinion, from
the weaker binding equilibrium for NODD/PHD2 than for CODD/PHDZ2, as shown by the
amide protection data shown in Fig. 4. It is likely that the NODD/PHD?2 binding equilibrium
was not saturated in the earlier report [32], leading to a detectable fraction of substrate-free
PHD2 during the protease digestion assay.
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The closed conformation of the 283 loop in the CODD/PHD2 structure [30] suggested that
loop closure plays a role in catalysis. We tested the relative ability of CODD and NODD to
induce the closed conformation of this loop at low and high [ODD] concentrations with
(Mn2*+20G) constituted PHD2 using global amide HDX/MS. The reasons for using Mn2*
in the place of Fe* were several-fold: Mn2* was used as an isosteric replacement for Fe2*
in an earlier crystallographic study [30]; both metal ions possess a similar charge/size ratio;
and Mn2* is air-stable, thereby avoiding any potential oxidation of the metal center during
the amide HDX experiment. Amide HDX is uniquely capable of testing ODD/PHD2
binding, reporting on changes in solvent access upon ODD binding. NODD or CODD led to
identical solvent protection when both were present at saturating concentrations (50 M)
(Fig. 4). The simplest interpretation of this data is that closing of the 3233 loop of PHD2 is
kinetically coupled to ODD binding.

In contrast, the use of moderate ODD concentrations (20 pM) revealed differences in solvent
protection (Fig. 4). These differences are simply the result of the tighter binding of CODD
(Kpm = 1.2 uM), than of NODD (Kp = 14 uM); as CODD/PHD? is saturated under this
condition, whereas NODD/PHD?2 is not saturated — CODD/PHD?2 is fully protected from
solvent whereas NODD/PHD?2 is only partially protected. As both NODD and CODD
induce identical amide protection when fully saturating, it is very likely that the substrate
selectivity of PHD2 does not arise from altered ODD/PHD2 contacts, as previously
suggested [32], but rather from CODD being able to push the equilibrium for 3233 loop
closure forward.

The number of amides exchanging on an intermediate timescale (Apeg) increased from ~ 30
to ~ 48 when ODD was bound to (Mn+20G)PHD?2 (Table 2). Notably, this appears to be
more than a simple slowing of a large population of amides, as the pool undergoing slow
exchange (Aglow) increases to an insignificant extent upon ODD binding. We propose that a
conformational change in the PHD2/ODD adduct that occurrs on this intermediate timescale
(Keonf ~ kmed = 1 min™1), leading to the increased pool of intermediate amides. As this
timescale is remarkably similar to the rate of turnover under saturation (kgg = 1.1 min™1),
such a conformational change could be partially rate-limiting. When considered in light of
the conformational change by the 3283 loop induced by substrate binding [30], we think it
very likely that a decrease in the rate of f283 loop closure leads to this change in amide
exchange.

Although the rate-limiting step for PHD2 turnover remains to be identified, this step
precedes decarboxylation when ODD is saturating, as no oxidized intermediates were
observed in the pre-steady state [34], and a slightly inverse solvent isotope effect on kgy was
observed [23]. The results reported herein suggest that the kinetically coupled closing of the
2p3 loop may limit the rate of turnover under conditions of low ODD concentration. This
has important ramifications for the physiological function of PHD2, for two key reasons.
First, it indicates that CODD is hydroxylated before NODD simply due to the catalytic
efficiency of PHD2 toward these substrates. Second, it suggests the potential to regulate
PHD?2 function by post-translational modifications that alter the charge of either the ODDs
or the 23 loop of PHD2 (eg: phosphorylation), as this would directly impact the ability
PHD2 to bind the ODD.
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Fig. 1.
Structure of (Mn+NOG)PHD2 bound to CODD [30] showing the p233 loop (red) and
CODD (cyan).
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Fig. 2. Substrate selectivity of PHD2 under competitive condition

PHD2 (1 uM), 20G (100 uM), ODD (2-18 uM; 20 uM total), (NH4)2Fe(SO4)2 (20 uM) and
ascorbic acid (1 mM) in 50 mM HEPES pH 7.00 at 37 °C. (CODD (O), NODD (@)).

J Inorg Biochem. Author manuscript; available in PMC 2014 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Pektas and Knapp

Page 15

0 NaCI(CODD
1.0 o O NaclCoD) o

0.8 —
100 mM NaCl(CODD)

0.6 —

v/E, min

100 mM NaCI(NODD)

0.4 —

0 NaCI(NODD)

0.2 —

OO F—T—TTT T "T T 1
0 2 4 6 8 10 12 14 16

[ODD], pM

Fig. 3. The effect of 200 mM NacCl on the kinetics of ODD hydroxylation by PHD2
PHD2 was incubated with saturating 20G (100 uM), (NHg4)2Fe(SO4)2 (20 uM), and ascorbic

acid (1 mM), but varied ODD (0 — 50 uM) in 50 mM HEPES pH 7.00 at 37.0 °C. CODD,
(O) no NaCl added and (@) 100 mM NaCl added. NODD, (2) no NaCl added and () 100
mM NaCl added.
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Fig. 4. Global amide HDX kinetics of PHD2

(m) PHD2 (5 uM) in 10 mM NH4OAc pH 7.0, (O) PHD2 (5 uM), MnSOy4 (20 uM), and
20G (100 pM) (@) PHD2 (5 uM), MnSO, (20 uM) 20G (100 pM), and NODD (50 pM),
(a) PHD2 (5 uM), Mn(SOy) (20 pM), 20G (100 uM), and CODD (50 pM). Inset: low
concentration conditions, [NODD] or [CODD] = 20 pM.
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Scheme 1.
Consensus mechanism and ODD sequences.
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Table 1
Steady state Kinetic constants for PHD2 using CODD or NODD

Substrate peptide Keat (MIN7Y) kel Ky (UM Imin7Y) Ky (M)
CODD (0 mM NacCl) 1.13+0.05 1.0+0.1 1.0+0.3
CODD (+100mM NaCl) 1.2+0.1 0.30 +0.06 42+12
NODD (0 NaCl) 0.61 +0.06 0.04 £0.01 14+3
NODD (+ 100 mM NaCl) 0.62 +0.04 0.05+0.01 11+3

Fixed concentrations of 20G (100 uM), (NH4)2Fe(SO4)2 (20 uM), ascorbic acid (1 mM), and ambient O2 (217 uM), but varied ODD (0 — 50 uM)
in 50 mM HEPES pH 7.00 at 37.0 °C
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