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Factor-inhibiting hypoxia-inducible factor (FIH) catalyzes
the B-hydroxylation of an asparagine residue in the C-terminal
transcriptional activation domain of the hypoxia inducible fac-
tor (HIF), a modification that negatively regulates HIF tran-
scriptional activity. FIH also catalyzes the hydroxylation of
highly conserved Asn residues within the ubiquitous ankyrin
repeat domain (ARD)-containing proteins. Hydroxylation has
been shown to stabilize localized regions of the ARD fold in
the case of a three-repeat consensus ankyrin protein, but this
phenomenon has not been demonstrated for the extensive nat-
urally occurring ARDs. Here we report that the cytoskeletal
ankyrin family are substrates for FIH-catalyzed hydroxyla-
tions. We show that the ARD of ankyrinR is multiply hydroxy-
lated by FIH both in vitro and in endogenous proteins purified
from human and mouse erythrocytes. Hydroxylation of the
D34 region of ankyrinR ARD (ankyrin repeats 13—24) in-
creases its conformational stability and leads to a reduction in
its interaction with the cytoplasmic domain of band 3 (CDB3),
demonstrating the potential for FIH-catalyzed hydroxylation
to modulate protein-protein interactions. Unexpectedly we
found that aspartate residues in ankyrinR and ankyrinB are
hydroxylated and that FIH-catalyzed aspartate hydroxylation
also occurs in other naturally occurring AR sequences. The
crystal structure of an FIH variant in complex with an Asp-
substrate peptide together with NMR analyses of the hydroxy-
lation product identifies the 3§ regio- and stereoselectivity of
the FIH-catalyzed Asp hydroxylation, revealing a previously
unprecedented posttranslational modification.
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Factor-inhibiting hypoxia-inducible factor (FIH)* was origi-
nally identified as a negative regulator of the hypoxia induci-
ble factor (HIF), a transcription factor that mediates the hy-
poxia response in animals (1). FIH-catalyzed hydroxylation of
an asparagine (Asn) residue in the C-terminal transcriptional
activation domain (CAD) of human HIF-« reduces the inter-
action between HIF and the transcriptional coactivator pro-
teins p300/CBP (2), thereby reducing the expression of HIF-
regulated genes. The dependence of FIH on oxygen for
catalysis enables it to act as a sensor for hypoxia (3, 4). FIH
not only catalyzes the B-hydroxylation of Asn residues in
HIF-« isoforms but also of ankyrin repeat domain (ARD)-
containing proteins (5-9) (supplemental Scheme 1). In con-
trast to its “switch-like” role in HIF regulation, the role(s) of
Asn hydroxylation of the ubiquitous ARD proteins is un-
known; it has been proposed that the extent of ARD hydroxy-
lation regulates the amount of FIH available for HIF hydroxy-
lation (6, 10).

The ankyrin repeat domain comprises a variable number of
~33 residue ankyrin repeats (ARs) that are arranged into a
helix-loop-helix-B-hairpin/loop conformation (11). ARDs are
predicted to be present in >300 proteins encoded by the hu-
man genome (12) and are involved in a range of processes
including signaling, development, epigenetic regulation, and
cellular structure (13, 14). To date most studies on FIH-cata-
lyzed ARD hydroxylations have involved signaling proteins
(5-9), where several Asn hydroxylation sites have been identi-
fied in vivo, with incomplete and widely varying levels of hy-
droxylation (5-96%) being observed (5, 6, 9). Proteomic (8)
and biochemical analyses (5) suggest that ARD hydroxylation
might be widespread.

Trans-Prolyl-4 hydroxylation of the extracellular matrix
protein collagen occurs extensively in (Pro-Pro-Gly),, motifs
and stabilizes the collagen triple helix structure (15, 16). Crys-
tallization studies on ARD proteins have shown that Asn hy-

*The abbreviations used are: FIH, factor inhibiting HIF; HIF, hypoxia-induc-
ible factor; 20G, 2-oxoglutarate; AR, ankyrin repeat; ARD, AR domain;
CAD, C-terminal transactivation domain of HIF-o; CDB3, cytoplasmic do-
main of band 3; DSC, differential scanning calorimetry; HSQC, heteronu-
clear single quantum coherence; IPAA, 5, 6-isopropylidene-L-ascorbic
acid; TOCSY, total correlation spectroscopy; UPLC, ultra performance lig-
uid chromatography; NOG, N-oxalylglycine; aa, amino acids.
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droxylation does not alter the stereotypical ankyrin fold (6,
17). However, solution studies have revealed that Asn hy-
droxylation stabilizes consensus ARD proteins with respect to
unfolding (17, 18). The question then arises as to whether
ARD proteins that have a structural role in cells undergo Asn
hydroxylation. The human cytoskeletal ankyrin family, which
serve as adapters linking a variety of integral membrane pro-
teins to the spectrin-cytoskeleton, includes three members:
ankyrinR, ankyrinB, and ankyrinG (19). All three ankyrins
contain 24 ARs in their membrane binding domains. Here

we show that peptide fragments derived from ankyrinR,
ankyrinB, and ankyrinG are substrates for FIH. We demon-
strate that the ankyrinR ARD undergoes multiple FIH-cata-
lyzed Asn hydroxylations both in vitro and in vivo. Hydroxyla-
tion of ankyrinR D34 causes its stabilization and may
modulate its interaction with the cytoplasmic domain of band
3 (CDB3). Unexpectedly, we found that FIH catalyzes the as-
partate (Asp) hydroxylation of ankyrinR and ankyrinB. Using
biochemical assays, NMR, and crystallographic analyses, we
show that FIH also hydroxylates Asp residues in other AR
sequences to generate the novel 25,3S-hydroxyaspartate prod-
uct. Taken together the results expand the scope of FIH-cata-
lyzed post-translational modifications.

EXPERIMENTAL PROCEDURES

Plasmid—pGEX-KG D34 (ankyrinR aa 402—827, ARs 13—
24) was a kind gift from P. Michaely (University of Texas
Southwestern Medical Center, Dallas, TX). pGEX-6p1-
ankyrinB (ankyrinB aa 1-959, ARs 1-24) was a generous gift
from V. Bennett (Duke University). pEF1/V5-HIS D34 was
generated by PCR using pGEX-KG D34 as the template.
pEF1/V5-HIS D12 (ankyrinR aa 1-402, ARs 1-12) was gener-
ated by PCR using human fetal cDNA as template. pFLAG-
CMV2 CDB3 (aa 2-379) was generated by PCR using pET-
21a CDB3 (kind gift from Z. Zhang, Fudan University) as the
template. pET28a FIH, pCDNA3 FIH, and pCDNA3 FIH
D201A plasmids were as described previously (6). The FIH
Q239H mutant was generated by standard techniques. The
integrity of all constructs was verified by sequencing.

Peptide Synthesis—Peptides used for in vitro incubation
assays with FIH were prepared using an Intavis Multipep au-
tomated peptide synthesizer using Tentagel-S-RAM resin
(Rapp-Polymere) using standard 9-fluorenylmethoxycar-
bonyl/N,N’-diisopropylcarbodiimide/1-hydroxybenzotriazole
strategy. Final cleavage using 2.5% triisopropylsilane in triflu-
oroacetic acid yielded the peptides as C-terminal amides that
were precipitated in cold ether, re-dissolved in 0.1% trifluoro-
acetic acid in water, and lyophilized. The masses of the pre-
dicted peptide products were confirmed using a Micromass
MALDI-TOF (Waters) mass spectrometer.

Recombinant Protein Expression and Purification—
AnkyrinR D34 and the ankyrinB ARD were prepared by gluta-
thione affinity and size exclusion chromatography to >90%
purity using buffer containing 20 mm HEPES, pH 7.5, 500 mm
NaBr, 2.5 mm CaCl, (Buffer A). D34-OH was prepared by
co-expression of pGEX-KG D34 and pET-28a FIH in Esche-
richia coli BL21 (DE3). After induction with 0.5 mm isopro-
pyl-B-p-thiogalactoside, the cells were supplemented with a
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final concentration of 40 um Fe(Il), 1.6 mm 2-oxoglutarate
(20G), and 1.2 mm 5,6-isopropylidene-L-ascorbic acid (IPAA)
and were grown for 4 h before harvest. The cells were lysed by
sonication in Buffer A supplemented with 40 um Fe(II), 5 mm
20G, and 1.2 mMm IPAA and incubated at room temperature
for 1 h with stirring. Purification of D34-OH was as for the
unhydroxylated material. CDB3 was prepared as described
(20).

20G Decarboxylation and in Vitro FIH Hydroxylations—
Recombinant D34 was tested for the ability to stimulate FIH-
dependent decarboxylation of '*C-labeled 20G as described
(3). In vitro FIH incubation assay used 20— 60 um FIH, 100 pum
Fe(II), 100 um peptidyl substrate, 1 mm 20G, and 1.2 mm
IPAA. The assay mixtures were incubated at 37 °C for 30 min
before analyses.

Cell Culture and Transfection—HEK293T cells were grown
in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum, 50 IU/ml penicillin, 50 pg/ml streptomy-
cin, and 2mM L-glutamine. Transfection was with FUGENE 6
(Roche Applied Science) according to the manufacturer’s
instructions.

Antibodies, Immunoprecipitation, and GST Pulldown
Assays—Forty-eight hours after transfection cells were lysed
in IP buffer (20 mm Tris'HCI, pH 7.4, 100 mm NaCl, 5 mm
MgCl,, 0.5% (v/v) Igepal CA-630, 1 X Complete protease in-
hibitor mixture (Roche Applied Science)), and V5-D34 affin-
ity purified using anti-V5 antibody resin (Sigma). Immuno-
complexes were washed 3 times in IP buffer before elution in
2X Laemmli buffer and separation by SDS-PAGE. Immunob-
lots were performed using the following HRP-conjugated an-
tibodies at a dilution of 1:5000: anti-HA (Roche Applied Sci-
ence), anti-V5 (AbD Serotec), and anti-FLAG (Sigma). GST
pulldown assays were performed as described (21).

Purification of Endogenous AnkyrinR—Human blood sam-
ples used in this study were provided by a healthy laboratory
donor following written informed consent with ethical ap-
proval from the Mid and South Buckinghamshire Research
Ethics Committee (REC reference 08/H0607/50). Endogenous
ankyrinR was essentially purified from 50 ml of freshly drawn
human blood as described (22). SDS-PAGE gel bands corre-
sponding to the correct size of ankyrinR were excised and
subjected to trypsin or endoproteinase GluC digestion fol-
lowed by MS analyses. Mouse endogenous ankyrinR was puri-
fied following the same protocol except that 5 ml of blood was
isolated from four mice by cardiac puncture.

Mass Spectrometry—Coomassie Blue-stained protein-con-
taining bands were excised and digested with either trypsin
(Promega) or endoproteinase GluC (Roche Applied Science)
essentially as described (8). The resultant digest mixtures
were analyzed by nano-ultraperformance liquid chromatogra-
phy tandem mass spectrometry (nanoUPLC-MS/MS) using a
75-um inner diameter, 25-cm length C18 nano-Acquity™
UPLC™ column (1.7 um particle size; Waters) and a 90-min
gradient of 2—45% solvent B (solvent A: 99.9% H,O, 0.1% for-
mic acid; solvent B: 99.9% acetonitrile, 0.1% formic acid) on a
Waters nanoAcquity UPLC system (final flow rate 250 nl/
min; 6000 —-7000 p.s.i.) coupled to a Q-TOF (quadrupole time-
of-flight) Premier tandem mass spectrometer (Waters). MS
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analyses were performed in data-directed analysis mode (MS
to MS/MS switching at precursor ion counts greater than 10
and MS/MS collision energy dependent on precursor ion
mass and charge state). Raw MS data were processed with
ProteinLynx Global Server software (PLGS Version 2.2.5) in-
cluding de-isotoping. The mass accuracy of the raw data was
calibrated using Glu-fibrinopeptide (200 fmol/ul; 700 nl/min
flow rate; 785.8426 Da [M+2H]*") that was infused into the
mass spectrometer as a lock mass during sample analysis. MS
and MS/MS data were calibrated at intervals of 30 s. For the
identification of endogenous ankyrinR, data-directed analysis-
derived MS/MS spectra (peaklists) were searched against the
UniprotKB/Swissprot data base (release 2010_07, 2010/06/18,
20,355 human sequences and 16,299 mouse sequences) using
the Mascot algorithm (Version 2.2, Matrix Science) on an
in-house server (The Computational Biology Research Group,
University of Oxford) with the following parameters: peptide
tolerance, 0.2 Da; '>C = 1; fragment tolerance, 0.1 Da; trypsin
missed cleavages, 1; instrument type, electrospray ionization-
quadrupole-TOF; variable modifications: M/N/D/HW oxida-
tion, N/Q deamidation, no fixed modifications. The minimum
threshold score/expect cut-off for accepting an individual
MS/MS spectrum was >45/0.013, which assured the presence
of at least 6 —8 consecutive b or y ions covering the post-
translationally modified residue. Assignments of hydroxyla-
tions that were detected by PLGS and Mascot were evaluated
and verified by manual inspection. For quantitative compari-
son of non-hydroxylated versus hydroxylated peptide peaks,
the sum of all MS spectra containing the relevant precursor
ion pairs are shown, and the ratio was calculated by compar-
ing the sum of ion counts for all isotopic peaks of the corre-
sponding precursor ions.

MALDI-TOF MS analyses of synthetic peptides were per-
formed on a Waters Micromass™™ MALDI micro MX™
mass spectrometer in positive ion reflectron mode using
a-cyano-4-hydroxycinnamic acid as the MALDI matrix. In-
strument parameters used were: laser energy, 141%; pulse,
2050 V; detector, 2700V; suppression, 1500. The MALDI data
were analyzed using MassLynx™™ Version 4.1. MS/MS analy-
ses of synthetic peptides was performed on a Synapt™ high
definition mass spectrometry™ (Micromass Ltd) using a
2.1 X 100-mm C18 Acquity UPLC® BEH300 column (1.7-um
particle size; Waters) and a 4-min gradient of 5-50% solvent
B at a flow rate of 0.4 ml/min. LC/MS was performed at trap
CE 6V and transfer CE 4V, and MS/MS was performed at trap
CE 35V and transfer CE 4V.

CD and Differential Scanning Calorimetry (DSC)
Analyses—CD experiments were performed using a Chirascan
Circular Dichroism Spectrometer (Applied Photophysics)
equipped with a Peltier temperature controller. The tempera-
ture inside the cuvette was recorded during the scan and used
in the subsequent analyses. A cuvette with a path length 0.1
cm was used. For thermally induced unfolding, D34 samples
were buffered in 1 mm Tris, 400 mm NaF, pH 7.4, at a protein
concentration of 2.5 um. Thermal denaturation used stepped
ramping at a rate of 1 °C min™ ", and the signal was averaged
over 3 scans at each temperature. For equilibrium unfolding,
aliquots of urea solutions were prepared by dispensing the
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appropriate volumes of 10 M urea solution in buffer (1 mm
Tris, 400 mm NaF, pH 7.4). Protein stock was then added to a
final concentration of 2 um. Samples were incubated at 25 °C
for 16 h before measurement. For native proteins (at 0 M
urea), at least three spectra between 200 and 250 nm were
recorded and averaged to determine whether the spectrum
had the expected shape. At all other urea concentrations, the
ellipticity at 222 nm was recorded, and three points were av-
eraged. The denaturation curves were fitted to a three-state
model described previously (23) using SigmaPlot. DSC scans
were collected using a MicroCal VP DSC Microcalorimeter
(MicroCal, Northampton, MA) at a protein concentration of
20 uM in Buffer A at a scan rate of 1 °C min™*.

NMR Analyses—The Asp-substrate peptide HLEVVKLLLE-
HGADVDAQDK was hydroxylated (~75%) by incubation
with FIH in the presence of 20G, Fe(II), and IPAA at 37 °C for
4 h. The reaction was quenched by the addition of trifluoro-
acetic acid (2%). Precipitated protein was removed by centri-
fugation, and the hydroxylated product was purified by HPLC
using a Vydac 218TP C18 reversed phase column (250 X 22
mm; particle size, 10—15 um) (Grace Davison Discovery Sci-
ences). The hydroxylated peptide was eluted using a gradient
of acetonitrile in 0.1% trifluoroacetic acid and then lyophi-
lized. To prepare the peptide for NMR analysis the sample
was resuspended in 160 ul of methanol-d, and transferred to
a 3-mm NMR tube. All NMR experiments were performed at
298 K on a Bruker AVIII 700 spectrometer equipped with an
inverse TCI cryoprobe optimized for 'H observation and run-
ning TOPSPIN 2 software. HSQC spectra were collected us-
ing adiabatic 180° CHIRP pulses, and TOCSY experiments
employed the DIPSI-2 isotropic mixing scheme with mixing
times of 120 ms. Spectra are referenced to residual methanol
solvent signals at &;; 3.33 and 6 48.0 ppm.

Bioinformatic Analyses—The SMART, PFAM, and Uniprot
databases were searched for human ankyrin sequences. Se-
quences that were represented incompletely in the electronic
resources were extended to the canonical length of 33 resi-
dues. To eliminate redundancy, AR matching to different en-
tries for identical proteins was removed. Among the 1505 hu-
man AR sequences identified, 1354 ARs have a length of 32,
33, or 34 residues and were selected for the alignment.

Crystallography—The FIH Q239H variant was prepared by
standard methodology and purified as described for wt FIH
(3). Co-crystallization of FIH Q239H with the Asp-substrate
peptide 2, HLEVVKLLLEHGADVDAQDK (purchased from
PeptideSynthetics), used conditions reported for the FIH:
HIF1aCAD complex (25). A dataset for an FIH Q239H-Zn(II)
NOG-Peptide 2 crystal was collected at the Diamond beam-
line 102 with an ADSC Q315 3 X 3 CCD detector and was
processed with HKL2000 (24). The structure was solved by
molecular replacement using PHASER (search model PDB ID
1H2K) and was initially refined with CNS (25). Iterative cycles
of model building in COOT (26) and slow cool-simulated an-
nealing refinement using the maximum-likelihood function
and bulk-solvent modeling in CNS proceeded until the de-
creasing R/R;... no longer converged. PROCHECK (27) was
used to monitor the geometric quality of the model between
refinement cycles and identify poorly modeled areas needing

VOLUME 286+NUMBER 9+MARCH 4, 2011



Ankyrin Asparagine and Aspartate Hydroxylation by FIH

q q

Consensus —G—TﬁLHWAA——GHl—WV—@LL——éA——NL———

Repeat 1 DAATSFLRAARSGNLDKALDHLRNGVDINTCNQ 43 (N39)
Repeat 2 NGLNGLHLASKEGHVKMVVELLHKEIILETTTK 76

Repeat 3 KGNTALHIAALAGQDEVVRELVNYGANVNAQSQ * 109 (N105)
Repeat 4 KGFTPLYMAAQENHLEVVKFLLENGANQNVATE * 142 (N138)
Repeat 5 DGFTPLAVALQQGHENVVAHLINYGTKG K 171
Repeat 6 VRLPALHIAARNDDTRTAAVLLONDPNPDVLSK 204
Repeat 7 TGFTPLHIAAHYENLNVAQLLLNRGSSVNFTPQ * 237 (N233)
Repeat 8 NGITPLHIASRRGNVIMVRLLLDRGAQIETKTK 270
Repeat 9 DELTPLHCAARNGHVRISEILLDHGAPIQAKTK 303
Repeat 10 NGLSPIHMAAQGDHLDCVRLLLQYDAEIDDITL 336
Repeat 11 DHLTPLHVAAHCGHHRVAKVLLDKGAKPNSRAL 369 (N365)
Repeat 12 NGFTPLHIACKKNHVRVMELLLKTGASIDAVTE 402
Repeat 13 SGLTPLHVASFMGHLPIVKNLLQRGASPNVSNV 435 (N431)
Repeat 14 KVETPLHMAARAGHTEVAKYLLONKAKVNAKAK * 468 (N464)
Repeat 15 DDQTPLHCAARIGHTNMVKLLLENNANPNLATT 501 (N497)
Repeat 16 AGHTPLHIAAREGHVETVLALLEKEASQACMTK 534
Repeat 17 KGFTPLHVAAKYGKVRVAELLLERDAHPNAAGK 567 (N563)
Repeat 18 NGLTPLHVAVHHNNLDIVKLLLPRGGSPHSPAW 600
Repeat 19 NGYTPLHIAAKQNQVEVARSLLQYGGSANAESV * 633 (N629)
Repeat 20 QGVTPLHLAAQEGHAEMVALLLSKQANGNLGNK 666 (N662)
Repeat 21 SGLTPLHLVAQEGHVPVADVLIKHGVMVDATTR 699
Repeat 22 MGYTPLHVASHYGNIKLVKFLLQHQADVNAKTK * 732 (N728)
Repeat 23 LGYSPLHQAAQQGHTDIVTLLLKNGASPNEVSS 765 (N761)
Repeat 24 DGTTPLAIAKRLGYISVTDVLKVVTDETSFVLV 798

FIGURE 1. Sequence alignment of the human ankyrinR ARD. The se-
quences of the 24 ARs of human ankyrinR were aligned to the consensus
sequence by Michaely et al. (29). ¥ indicates a non-polar residue. Repeat
numbers are on the left, and amino acid residue numbers on the right. Asn
residues at positions analogous to demonstrated sites of FIH-catalyzed hy-
droxylation are highlighted in bold, and their residue numbers are given in
parenthesis. The sequences of the synthesized peptides are underlined. As-
terisks indicate peptides observed to be FIH substrates (see supplemental
Fig. S1).

attention. The final model was refined with a round of REF-
MAC TLS using the anisotropic thermal motion parameters
derived from TLS motion determination server (28). 90.4% of
the residues in the final model lie within the most favored
regions of the Ramachandran [¢,|] plot and the rest within
the additionally allowed regions. For data collection and re-
finement statistics, see supplemental Table S1. The coordi-
nates for the structure have been deposited in the Protein
Data Bank under accession code 2xum.

RESULTS

FIH Hydroxylates Peptide Fragments Derived from Cytoskel-
etal Ankyrins—Sequence analyses of the 24 ARs of human
ankyrinR identified 13 Asn residues at positions analogous to
previously demonstrated sites of FIH-dependent hydroxyla-
tions (5-9) (Fig. 1). To investigate which of these ARs contain
Asn residues that are FIH substrates, we synthesized peptides
spanning the potential hydroxylation sites and tested them in
FIH incubation assays. Peptides corresponding to ARs 3, 4, 7,
14, 19, and 22 of the ankyrinR ARD displayed an increase of
16 Da in mass to varying extents after incubation with FIH
(Fig. 1 and supplemental Fig. S1). MS/MS analyses of the
modified peptides assigned the sites of hydroxylation to Asn
residues corresponding to Asn-105, Asn-233, Asn-464, Asn-
629, and Asn-728 in ankyrinR ARD (supplemental Figs. S2—
$6). We next examined the sequences of the other human
cytoskeletal proteins, ankyrinB and ankyrinG, and found sev-
eral Asn residues located at analogous hydroxylation posi-
tions to ankyrinR (supplemental Figs. S7A and S8A). Synthetic
peptides spanning ankyrinB Asn-58, Asn-124, Asn-656, and
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Asn-755 and ankyrinG Asn-68, Asn-134, Asn-658, Asn-691,
and Asn-757 were all found to be hydroxylated by FIH (sup-
plemental Figs. S7B and S8B). The observations suggested
that the human cytoskeletal ankyrins are potential FIH
substrates.

Ankyrin ARDs Are Multiply Hydroxylated by FIH—To as-
sess whether the residues hydroxylated in the peptide studies
above could also be hydroxylated in the context of an ARD,
we first purified recombinant human ARDs from Escherichia
coli. We were successful in isolating the C-terminal 12 ARs of
ankyrinR (residues 402—827; D34) (29) and the 24 ARs of
ankyrinB (residues 1-959) (30) in sufficient quantity and pu-
rity for further analyses. Initially, we tested whether ankyrinR
D34 stimulates FIH activity using a 20G decarboxylation as-
say (3). Because the activities of some 20G oxygenases are
stimulated by reducing agents including ascorbate (31-33),
we also tested the effect of ascorbate and its analogues on D34
turnover by FIH. D34 promoted higher levels of 20G decar-
boxylation in the presence of ascorbate, IPAA, or b-isoascor-
bate than in their absence (Fig. 24). Hydroxylated D34 mate-
rial was produced by bacterial co-expression of vectors
encoding for GST-tagged D34 and His-tagged FIH, with the
supplementation of exogenous Fe(Il), 20G, and IPAA to the
bacterial cell culture. LC/MS and MS/MS analyses of the pu-
rified D34 assigned sites of hydroxylation to residues Asn-431
(50%), Asn-464 (95%), Asn-629 (88%), Asn-662 (8%), Asn-728
(69%), and Asn-761 (23%) (Fig. 2B, supplemental Figs. S9 -
S14). Interestingly, the Asn-431, Asn-662, and Asn-761 sites
were not found to be hydroxylated in the studies employing
18-residue synthetic peptides (Table 1 and data not shown),
suggesting “catalytically productive” folding within the ARD
promotes hydroxylation at these sites. In addition to the Asn
hydroxylations, an unprecedented FIH-catalyzed aspartate
hydroxylation was identified at Asp-695 (15%) in D34 purified
from bacteria co-expressing FIH (supplemental Fig. S15).

To test whether ankyrinB protein is also an FIH substrate,
we incubated recombinant ankyrinB ARD with FIH under our
standard assay conditions. Consistent with the peptide stud-
ies, trypsinolysis and MS analyses of the reacted ankyrinB ob-
served hydroxylation in the tryptic peptides containing
Asn-58 (68%), Asn-124 (74%), and Asn-656 (71%) (supple-
mental Fig. S16). Interestingly, hydroxylation of an aspartate
residue (Asp-491) was also identified (15%, supplemental Fig.
S$17), suggesting that the ankyrinB ARD is also a substrate for
FIH-catalyzed Asn and Asp hydroxylation.

D34 Is a Substrate for FIH in HEK293T Cells—To test if a
cytoskeletal ARD is an FIH substrate in animal cells, we im-
munopurified V5-tagged D34 from HEK293T cells expressing
endogenous levels of FIH. Under these conditions the expres-
sion level of D34 was significantly higher than that of FIH; as a
result, we identified only ~3% Asn hydroxylation at Asn-728
in D34 (the peptide fragment containing Asn-464 was not
detected; only unhydroxylated forms were detected for the
fragments containing Asn-431, Asn-629, Asn-662, and Asn-
761; data not shown). However, MS analyses of D34 purified
from HEK293T cells overexpressing wild type FIH, but not
the hydroxylase defective FIH D201A variant (34), led to de-
tection of Asn hydroxylations at Asn-431 (54%), Asn-629
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TABLE 1

Summary of the Asn and Asp hydroxylation sites within the ankyrinR
ARD identified by MS analyses of synthetic ankyrinR peptides, of
recombinant D34 co-expressed with FIH in E. coli or HEK293T cells,
and of full-length endogenous ankyrinR purified from human or
mouse erythrocytes

Hydroxylations detected from

OH

AR sequence . D34 D34 AnkyrinR | AnkyrinR
site | 18mer . 3 <
eptide from from from from
P E.coli | 293T | human** | mouse
1 DAATSFLRPARSGNLDKALDHERNGVDIFrcNg x &
2 NELNGELRSKEGHVKMVVEMMHKET ILETTTK x x x
D
3 KB 1 RALAGODEVVREBVNYGANVZAQSO | N105 v 26%, 34% 11570/;‘
o
4 K@ MBAQENHLEVVKFBBENGANORVATE | N138 V¥ 20%, 27% 14%*
5 DA VALOOGHENVVAHIIINYGTKG K x -
6 | VRLPAMEIAARNDDTRTAAVEONDPNPDVLSK x x x
7 TS [ AHYENLNVAQLIINRGS SVRETPO | N233 v 35%, 54% X
8 NE I BSRRGNVIMVRLEDRGAQIETKTK x e
9 DE L EECRARNGHVR T SETIIDHGAPT QAKTK x x x

10 | N@rsErEMBAQGDHLDCVRLEMOYDAEIDDITL

11 | pHLEEvEAHCGHHRVAKVIBIDKGAKPESRAL

12 | NEriamrBCKkNHVRVMELEIKTGAS I DAVTE

X
x =

13 | sELEEEvVEsFMGHLPTVKNEBORGASPRVSNY | N431 X 50% | 54% x x
v

14 | xvEREEMEARAGHTEVAKYEONKAKVIIAKAK | N464 95% -

15 | poOEMECEARI GHTNMVKLIMENNANBELATT | N497 x 7%* l?‘% x X
16 | ABHSREBAREGHVETVLAMMEKEASQACMTK - - -
17 | xE-igv@axyGKVRVAELIERDAHREAAGK x x x x x
18 | NELEEEVEvHENNLDIVKLEPRGGSPHS PAW x x x x x
19 | NEvEEEgBrKONOVEVARSIIOYGGSASAESY | N629 v 88% | 94% x x
20 [ oBvEEEEAoEGHAEMVALIESKOANGELGNK | N662 X 8% - X :
21 | sELEEELVAQEGHVPVADVBIKHGVMVEATTR | N695 x 15% | 16% x x
22 YRS HYGNTKLVKFBOHOADVEAKTK | N728 v 69% | 95% | 6%, 21%* -
23 L8y SEEORAOOGHTDIVTLIIKNGASPYEVSS | N761 x 23% | 30% x x
24 | DErEEA1@KRLGYISVTDVEKVVTDETSFVLY | F795 - x 11% x x

v Hydroxylation was unequivocally assigned by LC/MS and MS/MS analyses.

X The corresponding unhydroxylated tryptic or endoproteinase Glu-C peptide
was detected, but no +16-Da species was observed.

— The corresponding unhydroxylated peptide was not detected.

* A +16-Da mass shift was observed, but the hydroxylated residue was not cov-
ered by MS/MS analyses.

** Two independent blood samples from the same laboratory donor were used to
isolate endogenous ankyrinR, and the ratios are shown for each preparation. MS
analysis of the same sample was performed twice, and the variation observed
between the two biological replicates was greater than the analytical repeats.

(94%), Asn-728 (95%), and Asn-761 (30%) as well as Asp hy-
droxylation at Asp-695 (16%) (supplemental Figs. S18 -S23).
Oxidation of a phenylalanine residue (Phe-795) of D34 was
also identified (11%) (supplemental Fig. S24). Although its
biological relevance is unclear, the fact that this modification
was not modulated by FIH overexpression (supplemental Fig.
$24) and was not present in D34 purified from E. coli (data
not shown) suggests that other mammalian oxygenases may
target ankyrinR.

Endogenous AnkyrinR Is Hydroxylated—W e next investi-
gated the hydroxylation status of endogenous ankyrinR.
AnkyrinR was purified from human erythrocytes essentially as
described by Bennett and Stenbuck (22) and resolved by SDS-
PAGE analysis (Fig. 34). MS analyses of the in-gel tryptic di-
gests identified ankyrinR (Swiss-Prot accession number
P16157) with a Mascot score of 8864 and a sequence coverage

of 57% (132 peptides assigned). Consistent with the in vitro
peptide studies (Table 1), Asn-105 (26 —34%), Asn-138 (20—
27%), and Asn-233 (35-54%) in endogenous ankyrinR were
sufficiently hydroxylated to be assigned by MS/MS analyses
(Fig. 3, B and C, and supplemental Figs. S25-S27). Consistent
with the analyses of E. coli purified D34, Asn-728 was also
likely hydroxylated (6 —21%) in endogenous ankyrinR because
a +16-Da mass peak eluted just before the unhydroxylated
tryptic peptide (supplemental Fig. S25C and data not shown).
These elution characteristics are consistent with Asn hy-
droxylation as described previously (5, 6, 8), although MS/MS
data for the hydroxylated fragment containing Asn-728 were
not obtained due to insufficient signal intensity. Asn hydroxy-
lation of other sites detected in material purified from
HEK293T cells or E. coli was not detected (Table 1). To inves-
tigate whether ankyrinR ARD hydroxylation is a conserved
phenomenon in animals, we purified mouse endogenous
ankyrinR (Swiss-Prot accession number Q02357, Mascot
score 3711, sequence coverage 43%, 61 peptides assigned) as
for the human protein. Although the reduced purification
scale hampered analyses, hydroxylation of 1 Asn residue, Asn-
105 (15-17%), was also identified in mouse ankyrinR (supple-
mental Fig. S28). Interestingly, sequence alignment of mam-
malian ankyrinR ARDs indicates that the other hydroxylation
sites identified in this study are also well conserved (supple-
mental Fig. S29).

In addition to Asn hydroxylations, an oxidation was de-
tected at Trp-1454 within the regulatory domain of ankyrinR
isolated from the human. MS analyses revealed both +16-
and +32-Da mass shifts at this tryptophan residue (supple-
mental Fig. S30). Although the regioselectivity of the apparent
tryptophan oxidation was not assigned from the MS data, this
observation is consistent with previous reports of oxidation of
tryptophan to hydroxytryptophan and N-formylkynurenine
residues (35—40). The biological significance of the observed
Trp-1454 oxidation is unknown.

Hydroxylation Increases the Conformational Stability of
D34—Previously we showed that Asn hydroxylation increases
the conformational stability of the ankyrin-fold of an artificial
consensus ARD (17, 18). To determine whether FIH-catalyzed
hydroxylation increases the conformational stability of a natu-
ral and structurally important ARD, we investigated the effect
of hydroxylation on the stability of D34 using circular dichro-
ism (CD) and DSC. CD monitored thermal denaturation fol-
lowed by ellipticity changes at 222 nm revealed sigmoidal un-
folding curves with a single sharp transition for both D34 and
D34-OH (Fig. 4A). The thermal denaturation was irreversible,

FIGURE 2. Recombinant D34 is hydroxylated by FIH. A, D34 promotes FIH-dependent 20G decarboxylation in the presence of ascorbate or its analogues.
Assays were carried out in triplicate. B1-B6, LC/MS spectra of trypsin or endoproteinase Glu-C digested fragments derived from D34 purified from E. coli or
D34 purified from E. coli cells co-expressing FIH are shown. B1, LC/MS spectra showing the non-hydroxylated (IM+H]" = m/z 972.5) and hydroxylated
(IM+H]I" = m/z 988.5) forms of the 427-436 (GASPNVSNVK) tryptic peptide containing Asn-431 are shown. B2, LC/MS spectra showing the non-hydroxy-
lated (IM+4H]** = m/z 530.0) and hydroxylated (IM+4H]** = m/z 534.0) forms of the 452-469 (VAKYLLQNKAKVNAKAKDD) endoproteinase Glu-C peptide
containing Asn-464 are shown. B3, LC/MS spectra showing the non-hydroxylated (IM+3HI*" = m/z 1297.2) and hydroxylated (IM+3H]** = m/z 1302.6)
forms of the 620-657 (SLLQYGGSANAESVQGVTPLHLAAQEGHAEMVALLLSK) tryptic peptide containing Asn-629 are shown. B4, LC/MS spectra showing the
non-hydroxylated (IM+2H]** = m/z 458.2) and hydroxylated (IM+2HI*" = m/z 466.2) forms of the 658 -666 (QANGNLGNK) tryptic peptide containing
Asn-662 are shown. B5, LC/MS spectra showing the non-hydroxylated (IM+3H1** = m/z 461.9) and hydroxylated (IM+3H]*" = m/z 467.2) forms of the
719-730 (FLLQHQADVNAK) tryptic peptide containing Asn-728 are shown. B6, LC/MS spectra showing the non-hydroxylated (IM+2H]*>* = m/z 964.9) and
hydroxylated (IM+2H1** = m/z 972.9) forms of the 756-775 (NGASPNEVSSDGTTPLAIAK) tryptic peptide containing Asn-761 are shown. See supplemental
Figs. S9-S14 for MS/MS assignments of hydroxylation to residues Asn-431, Asn-464, Asn-629, Asn-662, Asn-728, and Asn-761, respectively.
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FIGURE 3. Human erythrocyte ankyrinR is hydroxylated. A, SDS-PAGE analysis shows the purification of endogenous ankyrinR from a human. Isolated
erythrocyte ghosts were washed using Triton X-100, the remaining pellet was extracted using 2 m KCl, and the supernatant from the KCl extraction was dia-
lyzed to remove the salt. Lane 1, M, marker; lane 2, erythrocyte ghost; lanes 3 and 4, dialyzed supernatant from the KCl extraction. The arrow indicates where
ankyrinR was identified by tryptic digestion and MS analyses. B, the LC/MS spectrum shows the unhydroxylated (IM+2H]** = m/z 817.9) and hydroxylated
(IM+2H1** = m/z 825.9) forms of the 96-110 tryptic peptide containing Asn-105. C, MS/MS assignment of hydroxylation at Asn-105 in the 96-110 tryptic
peptide in human endogenous ankyrinR is shown. A +16-Da mass shift is observed in the y ion series appearing at y,, corresponding to fragments contain-

ing Asn-105.

precluding a deeper thermodynamic analysis of the data.
Therefore, we report only the apparent T, values here. The
T,, value for D34 was 52.2 °C, whereas a value of 55.3 °C was
observed for D34-OH, suggesting that the hydroxylated pro-
tein is thermally more stable. In keeping with this proposal,
thermal denaturation analyses monitored by DSC revealed a
clear stabilizing effect for D34-OH compared with D34 (T, =
50.3 °C for D34 and 53.6 °C for D34-OH) (Fig. 4B).

The urea-induced equilibrium unfolding of D34 monitored
by CD analyses revealed the presence of a possible intermedi-
ate state as indicated by a shoulder in the sigmoidal denatur-
ation curves (Fig. 4C). The denaturation data were fitted to a
three-state model as described by Werbeck and Itzhaki (23).
D34-OH displayed a similar unfolding pattern to D34; how-
ever, it was shifted to higher urea concentrations, character-
ized by an increase of ~0.4 M in the midpoint of unfolding for
both the native to the intermediate state (N — I) and the in-
termediate to the unfolded state (I — U) transitions (Fig. 4C),
indicating that D34-OH is more resistant to urea-induced
denaturation than D34. Taken together, these data suggest
that FIH-catalyzed hydroxylations increase the stability of the
D34-fold.

7654 JOURNAL OF BIOLOGICAL CHEMISTRY

Hydroxylation Reduces the Affinity of D34 with CDB3—To
investigate whether the increased conformational stability
conferred by hydroxylation could modulate a known protein-
protein interaction of ankyrinR, we studied its interaction
with band 3. The ankyrinR ARD interacts with the cytoplas-
mic domain of band 3 (CDB3), thereby linking the erythrocyte
membrane bilayer to the spectrin-based cytoskeleton, which
in turn regulates the mechanical and morphological proper-
ties of the erythrocyte membrane (41, 42). The D34 region of
the AnkyrinR ARD contains a high affinity binding site for
band 3 and recapitulates the binding properties of the full
ARD (43), whereas the D2 region (ARs 7—12) also contains
a band 3 binding site of lower affinity (41). To test for an
effect of D34 hydroxylation on its interaction with CDB3,
we co-expressed V5-tagged D34 and FLAG-tagged CDB3
(aa 2-379) in HEK293T cells in the presence and absence
of overexpressed FIH. Immunoprecipitation of V5-tagged
D34 followed by immunoblotting for the presence of asso-
ciated FLAG-CDB3 showed that the extent of interaction
between D34 and CDB3 was significantly reduced upon
overexpression of wild type FIH but not the hydroxylase-
defective FIH D201A mutant (Fig. 4D), consistent with a
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FIGURE 4. Biophysical effects of D34 hydroxylation. A-C, hydroxylation increases the conformational stability of D34. Data are representative of two inde-
pendent experiments. A, temperature-induced denaturation of D34 (blue) and D34-OH (red) monitored by CD spectroscopy at 222 nm is represented as the
percentage of the original signal at 20 °C. The midpoint of the unfolding transitions (T,,,) was 52.2 °C for D34 and 55.3 °C for D34-OH. B, DSC monitored tem-
perature induced denaturation data for D34 and D34-OH after base-line correction and normalization is shown. The melt temperatures obtained were

50.3 °C for D34 and 53.6 °C for D34-OH. C, shown is urea-induced equilibrium unfolding of D34 and D34-OH (open circles) fitted to a three-state model (23)
(solid line) using SigmaPlot. The midpoints of unfolding (D5,) was obtained from the curve fit as follows: D54 \_, = 1.5 M for D34 and 1.8 m for D34-OH;

Dsq iy = 3.0 M for D34, and 3.5 m for D34-OH. D, hydroxylation reduces the interaction of D34 with CDB3. Immunoblot analyses of the interaction of D34
with CDB3 in the presence or absence of FIH overexpression is shown. V5-tagged D34 was immunopurified from HEK293T cells co-expressing FLAG-CDB3
(aa 2-379) in the presence or absence of wild type or D201A HA-tagged FIH. The resultant complexes were immunoblotted for CDB3, D34, and FIH. IP, im-
munoprecipitate. E, hydroxylation does not alter the interaction between D12 and CDB3. Immunoblot analyses of the interaction of D12 with CDB3 in the
presence or absence of FIH overexpression are shown. V5-tagged D12 was immunopurified from HEK293T cells co-expressing FLAG-CDB3 (aa 2-379) in the
presence or absence of wild type or D201A HA-tagged FIH. The resultant complexes were immunoblotted for CDB3, D12, and FIH. Cp, specific heat capacity
at constant pressure; F,,,,, apparent fraction of unfolded protein.

role for FIH-dependent hydroxylation in modulating the
ankyrinR/CDB3 interaction. In contrast, overexpression of
FIH did not modulate the affinity of CDB3 for D12 (aa
1-402, ARs 1-12), which encompasses the D2 region that
is a second ankyrinR-CDB3 interaction site (41) (Fig. 4E).
To investigate whether the effect of FIH on binding of D34

MARCH 4, 2011+VOLUME 286+NUMBER 9

to CDB3 was direct, we performed pulldown assays using
GST-tagged non-hydroxylated (GST-D34) and hydroxy-
lated D34 (GST-D34-OH) to capture His-tagged recombi-
nant CDB3 in vitro. Consistent with a direct role for FIH-
mediated hydroxylation in reducing the affinity of
ankyrinR for CDB3, significantly less CDB3 was pulled
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FIGURE 5. FIH is an aspartate hydroxylase. 20-Residue synthetic peptides derived from naturally occurring or consensus AR sequences were incubated in
the absence or presence of FIH under standard assay conditions. The desalted incubation products were subjected to LC/MS and MS/MS analyses. A, LC/MS
spectra of the non-hydroxylated (IM+3H]** = m/z 721.4) and hydroxylated (IM+3H]** = m/z 726.8) forms of the consensus ankyrin peptide HLEVVKLL-

LEAGADVDAQDK are shown. B, LC/MS spectra of the non-hydroxylated (IM+2H]** = m/z 1031.5) and hydroxylated ([IM+2H]*"

m/z 1039.5) forms of a

synthetic peptide derived from the human ARD protein GTAR (Swiss-Prot accession number 075179, aa 1365-1384, HLDVVQLLVQAGADVDAADN).

C, LC/MS spectra of the non-hydroxylated (IM+2H]>* = m/z 1048.5) and hydroxylated (IM+2H]>* = m/z 1056.5) forms of a synthetic peptide derived from
the human ARD protein MASK (Swiss-Prot Accession Q8IWZ3, aa 1337-1356, HFDVVQLLVQAGADVDAADN) are shown. D, MS/MS assignment of hydroxyla-
tion to the Asp residue at the conserved hydroxylation position in the consensus AR peptide shown in A is shown.

down by GST-D34-OH than GST-D34 (supplemental Fig.
S31).

FIH-catalyzed Asp Hydroxylation of ARDs May Be a Com-
mon Modification—Bioinformatic analyses of 1505 human
AR sequences obtained from the SMART and PFAM data-
bases revealed that, after asparagine, aspartate is the second
most commonly occurring residue at the conserved FIH-cata-
lyzed hydroxylation position, with 475 occurrences for aspar-
agine and 240 for aspartate (supplemental Fig. S32). To inves-
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tigate the possibility that FIH catalyzes the Asp hydroxylation
of other ARs, we placed an Asp residue in an ankyrin peptide
with a consensus sequence (Peptide 1, HLEVVKLLLEAGAD-
VDAQDK) (17, 44) and tested it as an FIH substrate. A
+16-Da mass increase was indeed observed after incubation
of Peptide 1 with FIH under standard assay conditions, and
MS/MS analyses of the modified peptide assigned hydroxyla-
tion to the target Asp residue (Fig. 5, A and D). To compare
the efficiency of the FIH-catalyzed Asp versus Asn hydroxyla-
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FIGURE 6. FIH-catalyzed Asp hydroxylation occurs at the B-position. Hydroxylated Peptide 2 (HLEVVKLLLEHGADVDAQDK) was produced by incubation
with FIH under standard assay conditions (hydroxylated to ~75% as assessed by MALDI-TOF analyses), purified by reverse phase HPLC, and analyzed by
NMR spectroscopy. a, shown is the a-proton region of the '*C,"H one-bond correlation spectrum (HSQC) of the Asp-substrate Peptide 2 in methanol-d, with
amino acid assignments indicated (Gly residue not included; GIn and Glu resonances have not been differentiated; *, assignments may be interchanged
owing to 'H overlap). b, shown is the 1*C,"H one-bond correlation spectrum (HSQC) of the HPLC-purified incubation product (both unhydroxylated and the
hydroxylated peptide are present). Resonances arising from the a- and B-hydrogens of the hydroxylated Asp residue are indicated, and the 'H,"H correla-
tion arising from the three-bond coupling between these is apparent in the TOCSY spectrum (inset).

tions, we tested consensus ankyrin peptides containing either
an Asn or an Asp residue at the conserved hydroxylation posi-
tion under the same assay conditions. Both the 20-residue
DVNA and DVDA motif-containing AR peptides were >90%
hydroxylated under the assay conditions used; however, when
the N-terminal two residues were truncated, the 18-residue
DVDA AR peptide was hydroxylated to only ~12%, whereas
the 18-residue DVNA AR peptide was >90% hydroxylated
(supplemental Fig. S33). These results suggest that within the
same sequence background, the FIH-dependent hydroxyla-
tion of the Asn residue is more efficient than that of Asp resi-
due. Consistent with this proposal we found that the FIH
D201G variant, which retains Asn hydroxylation activity, did
not catalyze (<5%) the hydroxylation of an Asp-containing
peptide with the same sequence frame under standard incu-
bation conditions (supplemental Fig. S34). To investigate if
FIH also hydroxylates Asp residues in other naturally occur-
ring ARs besides ankyrinR, we screened for synthetic peptides
derived from naturally occurring ankyrin repeat sequences as
substrates for FIH-dependent Asp hydroxylation (supplemen-
tal Table S2). The peptide fragments derived from the ARD
protein GTAR (Gene Trap Ankyrin Repeat, Swiss-Prot
075179, aa 1365-1384, HLDVVQLLVQAGADVDAADN)
and the ARD protein hMASK (Multiple Ankyrin repeats Sin-
gle KH domain, Swiss-Prot Q8IWZ3, aa 1337-1356, HFDV-
VQLLVQAGADVDAADN) both displayed a +16-Da mass
shift after reaction with FIH (Fig. 5, B and C). MS/MS analyses of
the modified GTAR ;45_;35, peptide assigned hydroxylation to
the aspartate residue (Asp-1380) at the predicted hydroxyla-
tion position (supplemental Fig. S35). Although unequivocal
MS/MS assignment for hydroxylation of hAMASK, 55, ;354 Was
not obtained, the sequence of this peptide only differs by one
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residue from the GTAR;;45_;354 Peptide; thus, hydroxylation
is likely at an analogous position. These observations raise the
possibility that FIH could potentially catalyze Asp hydroxyla-
tion in naturally occurring ARDs.

FIH-catalyzed Asp Hydroxylation Occurs on the B-Carbon—
To investigate the regiochemistry of FIH-catalyzed Asp-
hydroxylation, we analyzed the hydroxylated and non-hy-
droxylated forms of an Asp-substrate peptide using NMR
spectroscopy. In a separate line of work we found that replac-
ing the alanine residue at the —5 position relative to the hy-
droxylation site of the consensus AR sequence with a histi-
dine residue (17) increases the efficiency of FIH-catalyzed
hydroxylations.® Therefore, to optimize hydroxylation we
synthesized the corresponding 20-residue AR peptide HLEV-
VKLLLEHGADVDAQDK (Peptide 2) and assessed the *H
and *3C chemical shift changes between the unmodified pep-
tide substrate and the HPLC-isolated incubation product by
two-dimensional "*C,"H HSQC and 'H,"H TOCSY experi-
ments (Fig. 6). In the HSQC spectrum of the modified Peptide
2 in d,-methanol (hydroxylated to ~75%), two distinctive cor-
relations were observed that could be ascribed to a B-hy-
droxylated aspartate residue and assigned to the « (&;; 4.661,
8. 58.39 ppm) and B (8 4.741, 6. 69.97 ppm) positions. A
resolved 'H doublet (J = 4.7 Hz) was observed for the 3-pro-
ton that correlated to the hidden a-proton in the two-dimen-
sional TOCSY experiment (Fig. 6b, inset), again consistent
with the pattern expected for hydroxylation of the B-carbon.
The ">C chemical shifts in the hydroxylated aspartate corre-
late well with those observed previously for -hydroxy aspara-

M. Yang, unpublished data.
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FIGURE 7. Binding of an Asp-substrate peptide at the FIH active site. A, shown is a stereoview derived from the crystal structures of the FIH Q239H-Peptide
2-Zn(I1)’NOG and the FIH-HIF(aa 786 -826) Fe(ll) NOG complexes. NOG is a 20G analog, and Zn(ll) substitutes for Fe(ll). In the FIH Q239H-Peptide 2 complex struc-
ture, His-239 of variant FIH adapts a very similar position to that of GIn-239 in wt FIH such that Ne2 of His-239 is positioned to hydrogen bond to 082 of the sub-
strate Asp residue in Peptide 2 (Ne2 His-239-052 Asp, 2.88 A). A water molecule (not shown) with =50% occupancy coordinates at the metal center (H,O-Zn(ll), 2.2
R). The partial occupancy of this metal-coordinating water molecule may reflect the propensity of FIH to undergo a transition between 6- and 5-coordination states
as observed for a structurally related dioxygenase (53). B, surface representation of the FIH Q239H-Peptide 2-Zn(l)-NOG complex at the N-terminal substrate bind-
ing site (Site 1) of FIH Q239H. Peptide 2 adopts a slightly different conformation compared with the HIF fragment (root mean square deviation for Ca 0.62 A, PDB ID
1H2K). G, shown is a stick representation of the superimposed Peptide 2 (yellow), HIF-1aCAD (salmon, residues 795-806), and notch1 (red, residues 1936 -1945)

substrates when bound to FIH.

gine (a, 56.26; 3, 72.22 ppm in D,0) (45) and for a reference
sample of B-hydroxy aspartic acid («, 57.86; 3, 71.54 ppm in
D,O, pD 9).

Crystal Structure of an Asp-Substrate Peptide Bound to FIH—
To investigate the structural basis of the FIH-catalyzed Asp
hydroxylation, we attempted to co-crystallize wild type FIH
with the Asp-substrate Peptide 2. However, initial attempts
did not yield a structure of FIH in complex with the Asp-sub-
strate peptide. Examination of the FIH-HIF1aCAD complex
structure reveals an important hydrogen-bonding interaction
between the HIF1aCAD substrate Asn amide and the side
chain amide of GIn-239 of FIH (46). We hypothesized that the
hydroxylated Asp residue binds in a similar manner but that
the interaction is weaker due to the acidity of the aspartate
side chain. Therefore, we produced a FIH variant in which
GIn-239 is substituted with a histidine residue and showed
that it also displays aspartate hydroxylase activity against Pep-
tide 2 (supplemental Fig. S36). Co-crystallization of FIH
Q239H with Peptide 2 led to a structure for FIH Q239H in
complex with Zn(II), N-oxalylglycine (NOG), and the sub-
strate peptide at the enzyme active site (refined to 2.2 A reso-
lution, supplemental Table 1). Except for the N-terminal 15
residues, the overall FIH Q239H structure is very similar to
that reported for wt FIH (root mean square deviation for Cat
0.22 A, PDB ID 1H2K). The substrate Asp residue in Peptide
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2 appears to be positioned at the FIH Q239H active site by
hydrogen bonds to His-239 and neighboring Arg-238, in a
similar manner as Asn-803 in the HIF1«CAD and Asn-1945
in the Notch 1 substrate peptides (Fig. 7). Overall, although
we cannot be certain that wild type FIH binds Asp residues in
the same manner as FIH Q239H, the observations suggest
that it is likely that the FIH-catalyzed Asp hydroxylation also
forms the 25,3S-hydroxylated product (supplemental Scheme
S2).

DISCUSSION

AnkyrinR is considered a “structural” protein that functions
as an adapter linking the spectrin-based cytoskeleton to the
erythrocyte membrane by interaction with spectrin and a
range of integral membrane proteins including the anion ex-
changer (19). Our combined results arising from studies with
synthetic peptides and recombinant protein purified from
bacteria and human cells as well as endogenous protein puri-
fied from mice and a human, provide evidence that the mem-
brane binding domain of ankyrinR is subject to multiple FIH-
catalyzed hydroxylations. FIH is conserved in mammals,
which implies that the multiple hydroxylations that we have
identified are likely to be conserved in ankyrinR (supplemen-
tal Fig. S29). The results also indicate that other cytoskeletal
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ankyrins are likely to be hydroxylated by FIH both at Asn and,
possibly, Asp residues.

Analyses of the identified hydroxylation sites of D34 in light
of a crystal structure (29) reveals that the hydroxylated Asn
and Asp residues are dispersed across the convex surface of
D34 (supplemental Fig. S37). Evidence for the importance of
the sequence of individual ARs in determining substrate se-
lectivity comes from the lower levels of hydroxylation for Asn
residues with a prolyl residue at the —1 position relative to
the target Asn residue (Table 1). However, although the pres-
ence of a —1 prolyl residue appears to block hydroxylation in
18-residue peptides, there was clear evidence for Asn hy-
droxylation at Asn-431 (present in a SPNV motif) and Asn-
761 (present in a SPNE motif) in recombinant D34, demon-
strating that, at least within the context of ARD proteins, FIH
can be very tolerant of the residues within individual ARs.

The observation that FIH can catalyze the hydroxylation of
Asp residues at the same conserved hydroxylation position as
observed for Asn hydroxylations significantly expands the
potential scope of FIH-catalyzed hydroxylations in vivo. The
fact that we observed FIH-catalyzed Asp hydroxylation both
in ankyrinR and ankyrinB suggests that this modification may
occur in multiple proteins, although the available evidence
suggests that it is less prevalent than Asn hydroxylation. In-
deed, in ARDs aspartate is the second most common residue
at the target hydroxylation position after asparagine (supple-
mental Fig. S32), suggesting that FIH-catalyzed Asp hydroxy-
lation of ARDs could be common. Previous studies on the
selectivity of FIH with respect to hydroxylation of the HIF-1«
C-terminal transcriptional activation domain have found that
substitution of an Asp residue for the hydroxylated Asn resi-
due (Asn-803) does not allow for hydroxylation (3), at least
with a peptide fragment of HIF-1«a. Consistent with this, we
did not observe hydroxylation of the 18-residue D34 peptide
fragment containing Asp-695 despite clear evidence for hy-
droxylation at this site within the ARD. The collected results
support the proposal that both the sequence of individual
ankyrin repeats and secondary/tertiary structure consider-
ations play roles in determining whether particular Asn or
Asp residues in an ARD protein are substrates for FIH.

Another 20G oxygenase, the epidermal growth factor
(EGF) Asp/Asn hydroxylase (3-Asp/Asn hydroxylase (AspH
or BAH)) has been found to catalyze B-hydroxylation of both
Asp and Asn residues in EGF-like domains (47, 48). This en-
zyme produces hydroxy-Asp/Asn residues with the 25, 3R-
stereochemistry (49). In contrast, FIH produces B-hydroxyas-
paragine residues with the 25, 3S-stereochemistry (45). NMR
analysis of a hydroxylated Asp-substrate peptide indicates
that hydroxylation occurs at the 3-carbon position of the tar-
get Asp residue. Crystallographic analyses with the FIH
Q239H variant demonstrate that the hydroxylated Asp resi-
due adopts a similar conformation at the FIH active site as the
hydroxylated Asn residue in ARDs and in HIF-1aCAD, sup-
porting the proposal that FIH catalyzes 3S-hydroxylation of
Asp residues. 3S-Hydroxylation of aspartic acid has not been
previously identified as a post-translational modification.

The observation that FIH-catalyzed hydroxylation of D34
results in stabilization of its conformation supports the pro-
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posal based on work with consensus ARD proteins (17, 18)
that Asn hydroxylation stabilizes the ARD folds of naturally
occurring proteins. The combined crystallographic (17), NMR
(18) and CD/DSC analyses reveal that hydroxylation does not
change the stereotypical ARD-fold but causes stabilization via
a process involving formation of a new hydrogen bond with
the side chain of the residue at the —2 position relative to the
hydroxylated asparagine. In all but one of the ankyrinR/D34
Asn residues observed to be hydroxylated by FIH, an ap-
propriate residue at the —2 position for hydrogen bonding
with the introduced alcohol was present. The exception
(Asn-464) is present in a KVN sequence and was observed
to be hydroxylated to a high level in recombinant D34, al-
though we were unable to determine whether this site is
hydroxylated in vivo due to limitations of the proteomic
analyses. Thus, it is reasonable to propose that the stabiliz-
ing effect of hydroxylation on D34 results from the same
mechanism proposed for the consensus ARD-proteins.
However, for the consensus ARD proteins the hydroxyla-
tion occurred to a high level (>90%) at one or two sites. In
contrast, it is likely that the hydroxylation-induced stabili-
zation observed for D34, at least in vitro, results from mul-
tiple hydroxylations. These results raise the possibility of
ankyrin repeat hydroxylation not only regulating the struc-
ture of localized region of ARD proteins and, hence, pro-
tein-protein interactions involving specific regions but of
multiple hydroxylations “fine-tuning” the overall biophysi-
cal properties of ARD-proteins, including the spring-like
behavior of some ARDs, a property proposed to be associ-
ated with mechano-transduction (30, 50).

Hydroxylation of ARD proteins has been previously
shown to weaken their protein-protein interactions with
FIH (6), a property that may regulate the amount of FIH
available to hydroxylate HIF-a. To test whether the multi-
ple incomplete hydroxylations observed for ankyrinR have
the potential to modify a known protein-protein interac-
tion, we investigated the effect of FIH-catalyzed hydroxy-
lation on the binding of D34 and D12 regions to band 3.
Treatment with FIH (but not a catalytically inactive vari-
ant) reduced the binding of D34, but not D12, to CBD3.
Interestingly, these observations suggest that the conse-
quences of AR hydroxylation within subdomains of the
same ARD can be different. Together with experimental
analyses (43), structural models for the interaction of
ankyrinR with CDB3 tetramer (29) imply that the D34 re-
gion is more important for binding than the D12 region. It
is possible that FIH-catalyzed multiple hydroxylations of
D34 have a greater effect on CDB3 binding than that of
D12, at least in part because the D34 hydroxylation sites
make closer contact with CDB3. Although the physiologi-
cal significance of the observed reduction in CBD3 binding
to hydroxylated D34, if any, is unclear, the results demon-
strate the potential for multiple, but incomplete, ARD hy-
droxylations to modulate protein-protein interactions. In
this regard, it is also of interest that recent work has shown
that the extent of folding of the ARD protein IkBa regu-
lates its binding to the transcriptional activator nuclear
factor kB (51, 52).
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