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Proteomics-based Identification of Novel
Factor Inhibiting Hypoxia-inducible Factor (FIH)
Substrates Indicates Widespread Asparaginyl
Hydroxylation of Ankyrin Repeat
Domain-containing Proteins™*s
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Post-translational hydroxylation has been considered an
unusual modification on intracellular proteins. However,
following the recognition that oxygen-sensitive prolyl and
asparaginyl hydroxylation are central to the regulation of
the transcription factor hypoxia-inducible factor (HIF), in-
terest has centered on the possibility that these enzymes
may have other substrates in the proteome. In support of
this certain ankyrin repeat domain (ARD)-containing pro-
teins, including members of the IkB and Notch families,
have been identified as alternative substrates of the HIF
asparaginyl hydroxylase factor inhibiting HIF (FIH). Although
these findings imply a potentially broad range of substrates
for FIH, the precise extent of this range has been difficult to
determine because of the difficulty of capturing transient
enzyme-substrate interactions. Here we describe the use of
pharmacological “substrate trapping” together with stable
isotope labeling by amino acids in cell culture (SILAC) tech-
nology to stabilize and identify potential FIH-substrate in-
teractions by mass spectrometry. To pursue these potential
FIH substrates we used conventional data-directed tandem
MS together with alternating low/high collision energy tan-
dem MS to assign and quantitate hydroxylation at target
asparaginyl residues. Overall the work has defined 13 new
FIH-dependent hydroxylation sites with a degenerate con-
sensus corresponding to that of the ankyrin repeat and a
range of ARD-containing proteins as actual and potential
substrates for FIH. Several ARD-containing proteins were
multiply hydroxylated, and detailed studies of one,
Tankyrase-2, revealed eight sites that were differentially
sensitive to FIH-catalyzed hydroxylation. These findings in-
dicate that asparaginyl hydroxylation is likely to be wide-
spread among the ~300 ARD-containing species in the
human proteome. Molecular & Cellular Proteomics 8:
535-546, 2009.
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Post-translational hydroxylation is well established as a
modification of collagen and other extracellular proteins but
has been considered to be rare in intracellular proteins (1).
Recently, however, hydroxylations of specific prolyl and as-
paraginyl residues have been defined as oxygen-regulated
signals that determine the stability and activity of the HIF'
transcriptional complex. Both reactions are catalyzed by
members of the 2-oxoglutarate (20G)-dependent di-oxygen-
ase superfamily: HIF prolyl hydroxylation by PHD (prolyl hy-
droxylase domain) 1-3 and HIF asparaginyl hydroxylation by
FIH (for a review, see Ref. 2).

Following the identification of the HIF hydroxylases,
searches for alternative (non-HIF) substrates of these en-
zymes have identified certain kB and Notch family members
and ASB4 (ankyrin repeat and SOCS box protein 4) as sub-
strates of FIH (3-6). These intracellular proteins all contain
ARDs, and in each case the target asparagine residues lie
within the ARD. The ARD is one of the most common amino
acid motifs in nature; it is present in over 300 proteins in the
human genome (SMART (simple modular architecture re-
search tool) database (7)) and conserved in all kingdoms of life
(for a review, see Ref. 8). ARDs are composed of a variable
number of 33-residue repeats that individually fold into paired
antiparallel a-helices linked by a B-hairpin type turn. The
hydroxylated asparagine residue is positioned within the hair-
pin loop that links individual repeats.

These findings suggest that asparaginyl hydroxylation
might be much more prevalent in intracellular proteins than
has been appreciated previously, particularly among ARD-

" The abbreviations used are: HIF, hypoxia-inducible factor; 20G,
2-oxoglutarate; AP, affinity purification; ARD, ankyrin repeat domain;
DMOG, dimethyloxalylglycine; FIH, factor inhibiting HIF; MSE, low/
high collision energy MS; UPLC, ultraperformance liquid chromatog-
raphy; SILAC, stable isotope labeling by amino acids in cell culture;
SPA, Sequential Peptide Affinity tag; EGFP, enhanced green fluores-
cent protein; EV, empty vector; tet, tetracycline; PLGS, ProteinLynx
Global Server; IP, immunoprecipitation; DDA, data-directed analysis;
siRNA, small interfering RNA; HEK, human embryonic kidney; AR,
ankyrin repeat; KH, K homology; SAM, sterile alpha motif.
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containing proteins. However, this has not been noted in
proteomics surveys to date. Furthermore the protein associ-
ation methods used so far to identify FIH-associated proteins,
including yeast two-hybrid screens and affinity purification
(AP)-MS technology, have only identified a limited number of
ARD-containing proteins as molecules interacting with FIH (3,
4, 9,10).

Although AP-MS can be a powerful method, potentially
permitting the identification of protein-protein interactions in a
physiological context, the preservation of transient protein
associations such as those between enzymes and substrates
presents a major challenge to this technology. It was thus
possible that important FIH protein-substrate associations
had been overlooked. We therefore sought to improve meth-
ods for identification of such interactions and for the deter-
mination of the extent of FIH-catalyzed hydroxylation in sub-
strate proteins. In analyses of FIH with known HIF, kB, and
Notch receptor substrates we noted that the enzyme-sub-
strate interaction could be stabilized by pretreatment of cells
with dimethyloxalylglycine (DMOG; a cell-penetrant inhibitor
of 20G-dependent oxygenases that is metabolized to the
20G analogue N-oxalylglycine) and defined conditions under
which DMOG could be used as a “substrate trapping” agent.

Here we describe comparative proteomics screens of un-
treated cells and cells pre-exposed to DMOG, the use of
SILAC to identify preferential DMOG-stabilized interactions
with FIH, and the use of alternating low/high collision energy
tandem MS to provide simultaneous assignment and quanti-
fication of specific sites of FIH-mediated hydroxylation in
target proteins. In total, the work identified 12 ARD-containing
proteins that associate with FIH in a DMOG-enhanced man-
ner. Detailed MS-based characterization of three of these
proteins, Rabankyrin-5, RNase L, and Tankyrase-2, confirmed
that all are FIH substrates and revealed the presence of mul-
tiple hydroxylation sites that are differentially hydroxylated by
FIH, including at least eight sites on Tankyrase-2. The findings
indicate that asparaginyl hydroxylation is a common post-
translational modification, at least among ARD-containing
proteins, and identify these proteins as the largest class of
protein hydroxylation targets known to date.

EXPERIMENTAL PROCEDURES

Proteomics Screens and SILAC Protocol—Human embryonic kid-
ney (HEK) 293 cells stably expressing SPA-tagged FIH (Sequential
Peptide Affinity tag; 3X FLAG epitope tag, tobacco etch virus prote-
ase site, and calmodulin binding peptide (11)) were used in proteom-
ics screens for FIH-co-precipitating proteins. An expression construct
for stable expression of SPA-tagged fusion proteins (pcDNA3/NSPA)
was created by inserting an N-terminal SPA tag (custom synthesis;
GenScript Corp.) into pcDNAS (Invitrogen) via BamHI/EcoRl sites into
which full-length FIH (or EGFP control) cDNA generated by PCR was
subcloned. Sequence-verified constructs were transfected into 293
cells, and stable clones were identified by selection in G418 (1 mg/
ml). Clones expressing the lowest levels of FLAG-transgene were
used in this study. For the screen, SPA-FIH and control cells (SPA-
EGFP) were cultured in the presence or absence of 1 mm DMOG for

16 h. Cells were harvested in IP+ buffer (3), and SPA-tagged com-
plexes were immunopurified with FLAG affinity gel (EZview™, Sigma)
prior to elution (500 mm NH,OH (pH 11), 0.5 mm EDTA), dilution in
Laemmli buffer, and SDS-PAGE analysis. Co-precipitating species
that demonstrated DMOG-inducible capture upon Coomassie Blue or
silver staining were excised and digested with trypsin. Peptides were
analyzed by Tandem MS on a Q-Tof Premier™ instrument (Waters).
This approach led to the identification of RIPK4 (four unique peptides;
Mascot score, 70) and RNase L (four unique peptides; Mascot score,
152).

For the SILAC screen, U20S cells expressing FLAG-FIH (tet-FIH) or
empty vector (tet-EV) under the control of a doxycycline-inducible
promoter were used (3). Two isotopically distinct populations of tet-
FIH cells were created by serial passage in arginine- and lysine-
deficient Dulbecco’s modified Eagle’s medium containing 10% dia-
lyzed fetal bovine serum supplemented with either normal (“light”)
isotopic abundance (0.68 um) L-lysine and (0.54 uM) L-arginine or with
heavy isotopic forms of L-lysine (U-'3Cg; Lys6) and L-arginine (U-
3Ce,"°N,; Arg10) at identical concentrations (SILAC Protein ID and
Quantitation Media kit; Invitrogen). FIH was induced in both popula-
tions after six cell doublings by addition of doxycycline (0.5 ng/ml;
18 h), whereas only the heavy population was exposed to DMOG (1
mwm; 16 h). Cells were harvested in IP+ buffer, quantitated, and
normalized for total protein content. Efficient incorporation of the
heavy label was confirmed by digesting 20 ng of methanol/chloro-
form-precipitated cell lysate with trypsin and analysis by tandem MS;
>99% of peptides assigned by Mascot carried a mass label (data not
shown). FIH complexes were immunopurified from heavy and light
lysates by FLAG affinity gel. The affinity gel was washed, pooled, and
eluted before desalting and digestion with trypsin. Protein(s) binding
in a DMOG-inducible manner was assigned on the basis of an in-
creased ratio of heavy to light peptides as determined by Mascot or
ProteinLynx Global Server (PLGS; Waters). A control (FLAG) immu-
noprecipitation (IP) was performed in parallel on tet-EV cells that were
passaged in light medium and exposed to doxycycline (0.5 png/ml;
18 h) and DMOG (1 mwm; 16 h). This IP provided a list of contaminants
that was subtracted from the FIH screen to define specific FIH
interactors.

Analysis by Nano-UPLC-MSE and -MS/MS Tandem Mass Spec-
trometry—Material was subjected to nano-ultraperformance liquid
chromatography tandem mass spectrometry analysis (nano-UPLC-
MSE or -MS/MS) using a 75-um-inner diameter X 25-cm C,4 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,0, 0.1% formic
acid; solvent B: 99.9% acetonitrile, 0.1% formic acid) on a Waters
nanoAcquity UPLC system (final flow rate, 250 nl/min; 7000 p.s.i.)
coupled to Q-TOF Premier tandem mass spectrometer (Waters). Data
were acquired in high definition low/high collision energy MS (MSF)
mode (low collision energy, 4 eV; high collision energy ramping from
15 to 40 eV, switching every 1.5 s). Alternatively MS analysis was
performed in data-directed analysis (DDA) mode (MS to MS/MS
switching at precursor ion counts greater than 10 and MS/MS colli-
sion energy dependent on precursor ion mass and charge state). All
raw MS data were processed with PLGS software (version 2.2.5)
including deisotoping. For MSE data MS/MS spectra were recon-
structed by combining all masses with identical retention times. The
mass accuracy of the raw data was corrected using Glu-fibrinopep-
tide (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, MSE, and MS/MS data were calibrated at inter-
vals of 30 s. A UniProtKB/Swiss-Prot database (release 55; June 17,
2008; number of human sequence entries, 19,804) was used for
database searches of each run with the following parameters: peptide
tolerance, 15 ppm; fragment tolerance, 0.015 Da; trypsin missed
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cleavages, 1; variable modifications, carbamidomethylation and Met/
Pro/Asn/Lys/Asp oxidation. Assignments of asparaginyl hydroxyla-
tions that were detected by PLGS were evaluated and verified upon
manual inspection. In every case, peptides containing hydroxyaspar-
agine were uniquely assigned to one protein. Each MS/MS spectrum
was processed for deisotoping and deconvolution using MaxEnt3
(MassLynx 4.1), and all assignments are documented by an MS/MS
spectrum included in this study.

For the analysis of MSE-derived SILAC data, PLGS (version 2.2.5)
was used to search against the UniProtKB/Swiss-Prot database (re-
lease 55) with the following parameters: peptide tolerance, 15 ppm;
fragment tolerance, 0.015 Da; carbamidomethylation as a fixed mod-
ification; and [*®C]Lys (+6 Da) and ['3C,"®N]Arg (+10 Da) as variable
modifications. DDA-derived MS/MS spectra (peak lists) were
searched against the UniProtKB/Swiss-Prot database using either
PLGS as described or alternatively using Mascot version 2.2 (Matrix
Science) with the following parameters: peptide tolerance, 0.2 Da;
18C = 1; fragment tolerance, 0.1 Da; missed cleavages, 2; instrument
type, ESI-Q-TOF; variable modifications, carbamidomethylation, me-
thionine/asparagine oxidation, and for SILAC data label Lys +6 Da
and Arg +10 Da. All database searches were restricted to human
species because of the complexity of the searches when combined
with multiple modifications. The interpretation and presentation of
MS/MS data were performed according to published guidelines (12).
In addition, individual MS/MS spectra for peptides with a Mascot
Mowse score lower than 40 (Expect <0.015) were inspected manually
and included in the statistics only if a series of at least four continuous
y or b ions was observed. For the analysis of MSE data using PLGS,
ARD proteins were included when detected with a score above 20
and/or their probability to be present in the mixture was >50% as
calculated by the software. Three other ARD proteins were included
with a probability of less than 50% and a protein score of below 20
because the heavy versus light peptide ratios indicated that they were
DMOG-inducible (Table I). Protein identification was also based on
the assignment of at least two peptides with the exception of Notch2,
which was shown previously to be an FIH substrate (Ref. 4; see
supplemental Fig. S5 for MS/MS assignment).

To assess whether FIH interaction with a detected protein was
inducible by DMOG, the ratios of peptides with incorporated stable
amino acids (Lys6/Arg10 for samples that included DMOG treatment)
versus unlabeled peptides (samples without DMOG treatment) were
examined. In cases where peptide assignments were matching to
more than one protein, the corresponding MS/MS spectra were as-
signed manually. As an internal control, heavy and light tryptic pep-
tides derived from FIH were evaluated for equal mixing of both sample
sets (Table I). The local “in-house” Mascot server used for this study
is supported and maintained by the Computational Biology Research
Group at the University of Oxford.

In Vivo Interaction Assays—Whole cell extracts were prepared in
IP+ buffer with 400 ug of extract as input. FIH pulldowns used FLAG
affinity gel, whereas endogenous IPs used 2 ug of anti-ARD antibody
sourced from the following: anti-Tankyrase (Clone 19A449, Abcam),
anti-RNase L (2E9, Abcam), and anti-Rabankyrin-5 (13) or species/
isotype-matched control IgG (all supplied by Abcam). Immunoblotting
was performed using the same panel of antibodies, including FLAG-
horseradish peroxidase (Sigma) and anti-FIH antibody, which was
raised in the host laboratory and described previously (14). Where
necessary, secondary detection used Trueblot™ horseradish perox-
idase-conjugated antibody (eBioscience).

Expression and Purification of ARD Substrates from 293T Cells—
Plasmids encoding full-length Tankyrase-2 (pFLAG/TNKS2 (15)),
RNase L (pcDNA3/RNase L-GFP (16)), and Rabankyrin-5 (pEYFP/
Rabankyrin-5 (13)) were expressed transiently in 293T cells using
FUGENE 6™ transfection reagent (Roche Applied Science). FIH levels

were modulated by co-transfection of pcDNA3/FIH in a 1:5 ratio with
plasmid encoding the relevant ARD protein or by knockdown of
endogenous FIH with prevalidated siRNA duplexes using Oligo-
fectamine reagent (Invitrogen). Plasmids and siRNA sequences have
been described previously (14). Cells were lysed in IP+ buffer (3), and
ARD substrate was immunopurified using either anti-green fluores-
cent protein antibody (Clone 3E1, Cancer Research UK) coupled to
protein A-agarose (Millipore) or FLAG affinity gel. Samples were
eluted in ammonium hydroxide and either resolved by SDS-PAGE or
desalted by methanol/chloroform precipitation prior to tryptic diges-
tion as described previously (17).

RESULTS

Proteomics Screens Identify Multiple ARD-containing Pro-
teins Binding to FIH in a Substrate-specific Manner—DMOG is
a cell-penetrating precursor of N-oxalylglycine, a 20G ana-
logue that competitively inhibits many 20G-dependent oxy-
genases including FIH (Fig. 1A). To pursue the possibility that
exposure of cells to this compound might stabilize FIH-sub-
strate interactions sufficiently to permit the identification of
novel substrates of FIH we first performed co-immunoprecipi-
tation experiments using cell lines stably expressing SPA-
tagged FIH or control SPA-EGFP. HEK293 cells were trans-
fected with pcDNAS3 encoding FIH with an N-terminal SPA tag
that had been shown not to interfere with FIH enzymatic
activity. Transfectants expressing modestly elevated levels of
SPA-FIH, when compared with endogenous FIH, were selected
for this study. Cells were exposed to DMOG following which
SPA-FIH-associated proteins were purified from cell extracts
and resolved by SDS-PAGE. These experiments demonstrated
that exposure to DMOG (1 mm for a period of 16 h) was suffi-
cient to enhance the capture of FIH-associated species as
revealed by Coomassie Blue staining (Fig. 1B). The two FIH-
associated species that were defined in this way were excised,
digested with trypsin, and analyzed by LC-MS/MS. This re-
vealed the species to be ankyrin repeat and FYVE domain-
containing protein 1 (Rabankyrin-5) and receptor-interacting
serine/threonine-protein kinase 4 (RIPK4), both ARD-containing
proteins with putative target asparagine residues in one or more
of the ankyrin repeats. Further gel-based displays of this type
identified another FIH-associated species that was specifically
observed in material from DMOG-treated cells as the ARD-
containing protein 2-5A-dependent ribonuclease (RNase L).

These results suggested that Rabankyrin-5, RIPK4, and
RNase L might be substrates for FIH and that the differential
capture of FIH-associated proteins in complexes precipitated
from DMOG-treated versus untreated cells might be developed
as an efficient way of defining novel FIH substrates. Neverthe-
less the display of associated proteins by SDS-PAGE and sub-
sequent MS analysis involves losses associated with in-gel
digestion and extraction that may limit the sensitivity of this
technique for captured species of low abundance.

To counter this limitation we developed a gel-free system
for identifying differentially captured species using SILAC.
This approach used stably transfected U20S cells expressing
N-terminal FLAG-tagged FIH under tetracycline control (tet-
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FiGc. 1. Substrate trapping with DMOG identifies ARD proteins as novel FIH interactors. A, reaction scheme for FIH-dependent
hydroxylation and its inhibition by 20G analogues. FIH-mediated hydroxylation of substrate (R) is coupled to the oxidative decarboxylation of
20G in a reaction that consumes molecular oxygen and that generates succinate and CO,. Analogues of 20G, e.g. N-oxalylglycine (and the
cell-penetrant diester form DMOG) in which a secondary amine has been substituted for a methylene group at the 20G 3-position,
competitively inhibit FIH activity. B, identification of ARD-containing proteins by affinity purification/SDS-PAGE. Coomassie Blue stain of
preparative anti-FLAG immunoprecipitations from HEK293 cells stably expressing SPA-tagged FIH (SPA tandem affinity tag: 3X FLAG
tag-tobacco etch virus cleavage site-calmodulin binding peptide) or SPA-tagged EGFP (control) is shown. Addition of 1 mm DMOG for 16 h
stabilized interactions with two proteins of ~95 and 130 kDa in an FIH-dependent manner. Tandem MS of tryptic digests assigned the 95-kDa
species as RIPK4 and the 130-kDa species as Rabankyrin-5. C, synopsis of the SILAC work flow. Two isotopically distinct populations of
FLAG-tagged FIH-inducible U20S cells (tet-FIH) were prepared by passaging cells in either normal medium (Lys0/Arg0) or medium containing
heavy isotopes (Lys6/Arg10) for 7 days using standard SILAC procedures. Both populations were treated with doxycycline (Dox) for 18 h (to
induce FIH expression), but only the heavy population of cells was exposed to 1 mm DMOG for 16 h. Lysates were prepared, and FIH
complexes were immunopurified using FLAG affinity agarose. The agarose gel was washed, pooled, and eluted before desalting and digestion
with trypsin. To improve the assignment of peptides, MS/MS data were collected on a Q-TOF tandem mass spectrometer in both DDA and
data-independent (MSF) modes. An increased ratio of heavy (H) to light (L) peptides (i.e. above the ratio observed for the bait peptides)
suggested that the protein was binding in a DMOG-sensitive and substrate-specific way. To distinguish between constitutive interactions and
contaminants in the SILAC screen, a second control (FLAG) IP was performed in mock transfected cells (tet-EV) grown in normal medium
supplemented with doxycycline and DMOG. In-solution digests of material eluted from the control IP were subjected to identical MS/MS
analyses and compared against the protein lists generated from the SILAC experiment.

FIH cells) or a control U20S cell line expressing an empty
vector instead of FLAG-FIH (tet-EV cells) (see Fig. 1C for the
SILAC work flow). Cells were grown in either normal (light)
medium or medium supplemented with heavy isotopes of
lysine and arginine (“heavy”) for 7 days and then treated with
doxycycline to induce FLAG-FIH expression. Heavy isotope-
labeled tet-FIH cells, but not unlabeled tet-FIH cells, were
then exposed to DMOG. FLAG-FIH complexes were immu-
nopurified from both lysates using FLAG affinity resin, pooled,

digested with trypsin, and analyzed by LC-MS/MS. FIH-pro-
tein interactions that were enhanced by DMOG were identified
from an increased ratio of heavy to light peptides defined
using the Mascot search engine. To distinguish DMOG-induc-
ible species that were unrelated to FIH complexes, the FLAG
immunopurification was performed on extracts of DMOG-
treated tet-EV cells, and the material was analyzed by LC-MS/
MS. These protein lists were subtracted from equivalent lists
generated from the SILAC experiment on tet-FIH cells to
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TABLE |
Identification of FIH-interacting ARD protein candidates using a SILAC-based proteomics screen

Protein Accgssmn no. Protel: MS/MS mode Sequence Peptides Heavy® Lighte
(Swiss-Prot) score coverage total
%
Factor inhibiting HIFY QINWTE 3652 DDA 77 129 63 66
Rabankyrin-5° Q9P2R3 491 DDA 12 9 9 0
138 MSE 25 18 18 2
Ankyrin repeat and KH domain-1 Q8IWz3 90 DDA 2 6 5 1
Tankyrase-2° Q9H2K2 51 DDA 2 3 3 0
41 MSE 10 12 9 3
Ankyrin repeat domain-52 Q8NB46 37 MSE 11 11 6 5
Notch2 Q04721 22 DDA 1 1 1 0
Ankyrin repeat domain-27 Q96NW4 21 MSE 7 6 4 2
Ankyrin repeat and SAM domain-1 Q92625 21 MSE 4 3 2 1
Ankyrin repeat domain-609 Q9BZ19 16 MSE 30 12 10 2
Ankyrin repeat domain-359 Q8N283 13 MSE 19 23 15 8
IkBe? Q14164 11 MSE 8 6 5 1
2 Mascot (DDA), PLGS (MSF).
b Derived from sample treated with DMOG.
¢ Derived from untreated sample.
9 Bait protein used as internal standard for an equal ratio of heavy to light peptides.
¢ FIH interaction of this protein confirmed in this study.
" Shown previously to be on FIH substrate (4).
9 Including peptide/protein probabilities of <50% as calculated by PLGS.
define specific FIH-interacting proteins binding in an DMOG- A B a
a s
inducible manner (Table I). As an internal control for the quan- 5% o £ 5%
titation, we confirmed the equivalent retrieval of the FIH bait %% =2
protein for which the ratio of heavy to light peptides was ~1 N T EaEeEtMot Rabankyrm_5| - — :: IF;IaHbankyrin-s
(63 heavy:66 light). : y_ PUNEE :
Rabankyrin-5 and a further nine ARD-containing proteins ' <& IP: Tankyrase - e

were identified as binding to FIH in a DMOG-inducible man-
ner. These were: ankyrin repeat and KH domain-1, Tankyrase-
2, ankyrin repeat domain-containing protein-27, Notch2,
ankyrin repeat domain-containing protein-52, ankyrin repeat
and SAM domain-1, ankyrin repeat domain-containing pro-
tein-60, ankyrin repeat domain-containing protein 35, and
IkBe. Thus, including RNase L and RIPK4, in total the work
identified 12 ARD-containing proteins as species interacting
with FIH in a DMOG-inducible manner.

Validation of MS Assignments by Immunoblotting—To val-
idate the MS assignments we next performed immunopre-
cipitation-immunoblotting experiments, focusing on novel
FIH-interacting proteins for which immunoprecipitating an-
tibodies are available (Rabankyrin-5, RNase L, and
Tankyrase-2). This enabled us first to assay for FLAG-FIH
capture using the tet-FIH cells used in the SILAC proteom-
ics screen (Fig. 2A) and second to assay for interaction
between endogenous FIH and endogenous ARD proteins in
untransfected U20S cells (Fig. 2B). In each case the inter-
action was confirmed, and immunoprecipitation of the en-
dogenous ARD-containing protein captured endogenous
FIH in a DMOG-inducible manner. The interaction between
FIH and Tankyrase-2 was particularly striking with endoge-
nous Tankyrase-2 co-precipitating the largest amount of

IB: RNaseL | I &

IB: FLAG == |B: RNasel

== |B: FIH

om IP: RNaseL

FiG. 2. Interactions between FIH and Rabankyrin-5, RNase L,
and Tankyrase-2 in cells. A, ARD-containing proteins interact with
FIH. FLAG-tagged FIH-inducible U20S cells (FIH) or the parental line
(EV) were treated with 0.5 ug/ml doxycycline in the presence or
absence of DMOG for 18 h prior to FLAG IP and anti-FLAG or
anti-Rabankyrin-5/RNase L/Tankyrase immunoblotting (/B). For all
putative substrates, addition of 1 mm DMOG for 16 h stabilized
FIH-ARD interactions. B, co-immunoprecipitation of endogenous FIH
with RNase L, Rabankyrin-5, and Tankyrase. Anti-ARD IPs (anti-
Rabankyrin, anti-Tankyrase, and anti-RNase L) and not control IPs
(species/isotype-matched control 1gG) co-precipitate endogenous
FIH in U20S cells. For all putative substrates, addition of 1 mm DMOG
to cells for 16 h stabilized FIH-ARD complexes.

FIH and a significant percentage of the total cellular pool of
Tankyrase-2 co-precipitating with FLAG-FIH in a DMOG-
dependent manner.

The Ankyrin Repeats of Rabankyrin-5, Tankyrase-2, and
RNase L Are Hydroxylated in Vivo—We next sought to test
whether these ARD-containing proteins might be hydroxyla-
tion substrates for FIH. A generic strategy was used in which
the full-length proteins (Rabankyrin-5, Tankyrase-2, and
RNase L) were expressed in 293T cells, immunopurified using
an epitope tag, digested with trypsin, and subjected to
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Fic. 3. RNase L, Rabankyrin, and Tankyrase-2 are hydroxylated in vivo. MS/MS assignment of asparaginyl hydroxylation in ARD
substrates that were immunopurified from transfected 293T cells under physiological levels of FIH is shown. A, MS/MS of the tryptic peptide
HGAVVNVADLWK (M + 2H]** = m/z 662.86) in Tankyrase-2 assigns hydroxylation at Asn-586; a mass identical to a hydroxyasparagine-
containing fragment is observed in the b ion series at the b6 ion. Where present, y° indicates a y ion with a loss of a water molecule (for Asn-706
and Asn-739 spectra, see supplemental Fig. S1, A and B, respectively). B, MS/MS spectra of the tryptic peptide NALIHALLSSDDSDVEAITH-
LLLDHGADVNVR (M + 4H]** = m/z 860.70) in RNase L assigns hydroxylation at Asn-233; a mass identical to a hydroxyasparagine-containing
fragment is observed in the y ion series at the y3 ion. C, MS/MS spectra of the tryptic peptide DGQTPLHLAASWGLEETVQCLLEFGAN-
VNAQDAEGR derived from Rabankyrin-5 in the non-hydroxylated m/z 1299.64 (M + 3H]®) () and hydroxylated m/z 1304.97 (M + 3H]*") state
(i); a +16-Da shift appears in the b and y ion series of ii at b29 and y8, corresponding to fragments containing Asn-797. Both peptides carry

a carbamidomethylated cysteine modification.

MS/MS analysis on a Q-TOF tandem mass spectrometer to
acquire data with high mass accuracy. To obtain optimal
sequence information for the accurate assignment of aspar-
aginyl hydroxylation, data were collected by conventional
DDA methods. Using this approach, we demonstrated that all
three proteins were hydroxylated in vivo. Hydroxylation was
sufficiently abundant that three sites of hydroxylation could be
unequivocally assigned in the ARD of Tankyrase-2 (Asn-586,
Asn-706, and Asn-739), and one site each could be assigned
in the ARD of RNase L (Asn-196) and Rabankyrin (Asn-797)
(see Fig. 3 for MS/MS assignments of Asn-586 in Tankyrase-2

(A), Asn-196 in RNase L (B), and Asn-797 in Rabankyrin-5 (C);
for other assignments, see supplemental Fig. S1).

Multiple and Preferential Hydroxylation Sites in Tankyrase-
2—The ARD of Tankyrase-2 is extensive; it is composed of 19
full repeats (and two capping half-repeats) with a periodicity
derived from an insertion of approximately 22 amino acids
within every fourth ankyrin repeat (15). The extended, degen-
erate, fourth repeat subdivides the ARD into five clusters of
four ankyrin repeats (ARs) each. Sequence analysis of the
Tankyrase-2 ARD placed 13 asparagine residues (in both
classical and degenerate ARs) in positions that were analo-
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Fic. 4. Quantitative mass spectrometric analysis of Tankyrase-2 hydroxylation and assignment by data-independent MS/MS (MSF).
Parallel MS/MS assignment and quantitation of Asn-739 hydroxylation in Tankyrase-2 that was immunopurified from transiently transfected
293T cells are shown. A, MS/MS (MSF) spectra of the parental m/z 578.26 (M + 2H]?") () and hydroxylated m/z 586.26 (M + 2HJ?>") (ii)
YNACVNATDK tryptic peptide; a +16-Da shift is observed at the y5 ion corresponding to fragments containing Asn-739 (see supplemental Fig.
S1B for unambiguous assignment of Asn-739 hydroxylation by DDA MS/MS). Both parent and hydroxylated ions are carbamidomethylated
cysteine-modified. B, extracted ion chromatograms for parent and hydroxylated YNACVNATDK ions m/z 578.26 and m/z 586.26, respectively.
Data derived from UPLC-MSE chromatography runs illustrating the relative abundance of hydroxylation at Asn-739 (46% OH) under

endogenous levels of FIH are shown.

gous to proven sites of FIH-dependent hydroxylation (e.g.
p105 and kB« (3)).

Given the incomplete coverage of Tankyrase-2 achieved by
MS/MS analysis in the DDA mode, we hypothesized that the
protein may contain additional sites of asparagine hydroxyla-
tion presumably of a lower abundance than the three identi-
fied thus far. We therefore sought to obtain more comprehen-
sive MS data coverage using a Q-TOF mass spectrometer
capable of acquiring data in an alternative MS/MS mode,
which collects both precursor and fragment mass spectra
simultaneously by alternating between high and low collision
energy (referred to as MSF (18, 19)). This parallel acquisition
mode increased peptide sequence coverage considerably
and also enabled us both to assign and quantitate hydroxy-
lation in a single chromatographic run.

The mass accuracy of the Q-TOF mass spectrometer (5
ppm or lower) coupled with a highly reproducible nano-UPLC
system enabled us to assign the parental and hydroxylated
ions at two sites, namely Asn-586 and Asn-739 (Fig. 4A for

parental and hydroxylated Asn-739 peptides; Asn-586 data
not shown). Consistent with the data collected in DDA mode,
analysis of the LC-MS data derived from the MSF run dem-
onstrated that hydroxylation of Asn-586 and Asn-739 was an
abundant modification at 46 and 49%, respectively (data not
shown and Fig. 4B). In this experiment, we were unable to
detect the parental peptide containing the third site of hy-
droxylation (Asn-706). However, MSE acquisition enabled us
to assign unhydroxylated peptides corresponding to several
other potential sites (Asn-203, Asn-427, and Asn-518).

We have observed that peptides bearing methionine oxida-
tions elute significantly earlier than the unoxidized parental
peptide under our chromatographic conditions.? By contrast,
the effect of asparaginyl hydroxylation on retention time is
minimal. The difference in retention time combined with
MS/MS of the unoxidized ion enabled us to distinguish pep-
tides bearing methionine oxidation from those bearing aspar-

2 M. E. Cockman, unpublished observations.
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aginyl oxidation. To determine whether the peptides contain-
ing Asn-203, Asn-427, and Asn-518 co-eluted with putative
hydroxylated ions (i.e. peptides carrying an additional mass of
16 Da) that were below the threshold of detection for MS/MS
sequencing, we interrogated the raw LC-MS data. In support
of a fourth site of asparaginyl hydroxylation, co-eluting pep-
tides with masses corresponding to hydroxylated Asn-427
were observed in the LC-MS data. Based on the peak inten-
sity, this corresponded to ~17% Asn-OH (supplemental Fig.
S2). In contrast to Asn-427, there were no detectable +16-Da
ions (.e. <5% Asn-OH) co-eluting with the Asn-203- and
Asn-518-containing peptides, indicating that these sites are
not significantly hydroxylated by endogenous FIH (data not
shown). Taken together, these data suggest that at least four
sites in the ARD of Tankyrase-2 are hydroxylated to differing
extents in vivo. Interestingly all of these sites are located
within classical ARs and are characterized by the presence of
non-polar, aliphatic amino acid residues (leucine or valine) at
the —8 position.

FIH-dependent Hydroxylation of the Tankyrase-2 ARD—
Because endogenous Tankyrase-2 readily captured signifi-
cant quantities of endogenous FIH we considered it possible
that endogenous FIH becomes limiting when Tankyrase-2 is
overexpressed (to levels that are amenable to MS analysis) in
293T cells. To address this, we co-expressed FIH with
Tankyrase-2 in 293T cells. To maximize peptide coverage,
immunopurified Tankyrase-2 was digested directly (in solu-
tion) with trypsin and subjected to nano-UPLC-MSE or DDA
MS/MS analysis. Collectively from three independent experi-
ments, we were able to detect 10 of the 13 peptides contain-
ing asparagine residues of interest at least once. Strikingly of
the 10 peptides detected, we were able to assign asparaginyl
hydroxylation in eight of them. Therefore, under conditions
where FIH is not limiting, there are at least eight hydroxylation
sites in the Tankyrase-2 molecule (supplemental Fig. S3, A-E,
for the MS/MS assignments of Asn-203, Asn-271, Asn-427,
Asn-518, and Asn-671, respectively). Of interest, three of the
novel sites (Asn-203, Asn-518, and Asn-671) are located
within a degenerate AR sequence that lacks the leucine res-
idue at the —8 position, indicating that FIH can tolerate certain
substitutions at this position. However, based on the quanti-
tative data where we were unable to detect significant hy-
droxylation at Asn-203, Asn-518, or Asn-671 of Tankyrase-2
derived from transfected cells expressing endogenous FIH, it
seems likely that the leucine residue is preferred.

To exclude the possibility that hydroxylation of asparaginyl
residues at these sites occurs independently of FIH, we used
siRNA to knock down FIH in 293T cells. In every site that was
examined in Tankyrase-2, hydroxylation was suppressed below
the limit of detection, indicating that asparaginyl hydroxylation
of ARD-containing proteins is FIH-dependent as exemplified by
LC-MS data derived from MSF of Asn-427 (Fig. 5).
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FiG. 5. FIH-dependent hydroxylation at Asn-427 in Tankyrase-2.
Extracted ion chromatograms of m/z 513.27 and m/z 518.60 corre-
sponding to unmodified and hydroxylated forms of the tryptic
Tankyrase-2 peptide VNALDNLGQTSLHR (M + 3H]**). Nano-UPLC-
MSE chromatography analysis illustrating the relative abundance of
hydroxylation at Asn-427 following FIH intervention: FIH RNA inter-
ference knockdown (lower panel; <1%), endogenous levels of FIH
(middle panel; ~7%), and FIH overexpression (upper panel; ~70%) is
shown.

Multiple Hydroxylation Sites in the ARD of Rabankyrin-5—
Analysis of Tankyrase-2 revealed a large number of sites
that are differentially susceptible to FIH-catalyzed hydroxy-
lation. Because many other ARD-containing proteins includ-
ing Rabankyrin-5 contain very extensive arrays of ARs, we
analyzed Rabankyrin-5 using the same approach. The ARD
of Rabankyrin-5 comprises 21 ARs, 11 of which contain
asparagine residues in structurally conserved positions
analogous to proven sites of FIH-mediated hydroxylation.
MS/MS analyses following the tryptic digestion of immuno-
purified Rabankyrin-5 in solution achieved ~80% sequence
coverage and detected nine of the 11 asparagine-contain-
ing peptides of interest. In material from cells co-trans-
fected with plasmids expressing both Rabankyrin-5 and
FIH, a further three sites (in addition to Asn-797; Fig. 3C)
were shown to be hydroxylated, namely Asn-316, Asn-485,
and Asn-752 (see supplemental Fig. S4, A-C, for respective
MS/MS assignments).
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DISCUSSION

Affinity purification allied to mass spectrometry is a power-
ful method that has been successfully applied to the charac-
terization of discrete protein-protein interactions and large
interaction networks (20). Despite the high sensitivity of MS, a
limitation of affinity purification in protein discovery is in the
identification of transient interactions exemplified by those
between an enzyme and substrate. In the present study we
describe a proteomics approach that has led to the identifi-
cation of several novel substrates of the asparaginyl hydrox-
ylase FIH. A key component in the success of our strategy
was the use of DMOG as a substrate-trapping agent.

Combining the substrate trapping methodology with SILAC
and in-solution digestion provided the most efficient method
for identifying FIH substrates. From a single AP experiment
we were able to identify 10 ARD substrates that were all
binding in a DMOG-inducible manner. Although this approach
was more successful than gel-based methods in terms of
identifying substrates from a single experiment, a further re-
finement could be beneficial. Because we digested the immu-
nopurified material in solution, the most abundant peptides
were derived from the FIH “bait.” In fact over 160 FIH tryptic
peptides were identified by MS/MS. It is conceivable that a
large excess of bait peptides could have masked less abun-
dant peptides derived from additional substrates. Prefraction-
ation strategies may thus enhance the detection of substrate-
derived peptides. The utility of combining SILAC with
substrate trapping by DMOG is not restricted to FIH because
the agent inhibits all 20G oxygenases for which it has been
tested (21), and in other experiments we have found that
DMOG greatly stabilizes interactions between HIF-a subunits
and the HIF prolyl hydroxylase enzymes.? Thus the method-
ology we describe might be used to reveal substrates for
other enzymes among more than 60 known and predicted
20G-dependent oxygenases encoded in the human genome
(22).

At present the mechanism by which DMOG promotes in-
teraction between FIH and protein substrates is not entirely
clear. It is possible that the effect is kinetic, i.e. inhibition of
catalysis prolongs otherwise transient interactions between
enzyme and substrate. Alternatively because the affinity of
FIH for hydroxylated ARD proteins is much lower than that for
unhydroxylated ARD proteins it is possible that increased
interaction reflects the accumulation of unhydroxylated spe-
cies that bind FIH more tightly (4). It is also interesting that our
data and those of others reveal variation in enhancement of
FIH-substrate interactions by DMOG (compare Tankyrase and
RNase L; Fig. 2A and Ref. 10) raising the possibility that there
are additional FIH substrates that do not behave in this way
and might be detected in the absence of DMOG pretreatment.

Another experimental approach that facilitated the discov-
ery of novel asparaginyl hydroxylation sites in FIH substrates
was the use of a recently developed MS data acquisition

method (MSF (18, 19)). MSF allows the collection of 5-10
times more precursor ions and fragmentation data when com-
pared with data-directed acquisition modes because of a
sequential low and high collision energy data acquisition cy-
cle, resulting in significantly higher protein sequence cover-
age (Table I). Data collection in low collision energy mode can
be used for the quantification of peak ion intensities, and data
collected in high collision mode provide fragmentation infor-
mation that can be used for protein identification, both of
which can be obtained from a single chromatography run.
Allied to the data-directed MS/MS analysis, which generates
optimized MS/MS spectra for precise assignment of post-
translational modifications, the two MS/MS modes have pro-
vided complementary approaches toward identifying and
characterizing novel FIH substrates.

Prior to this study a limited repertoire of ARD-containing
proteins had been assigned as in vivo substrates of FIH,
namely p105 and IkBa (3), Notch1 (4, 6), and ASB4 (5). This
work has identified Rabankyrin-5, RNase L, and Tankyrase-2
as novel ARD substrates and a further eight proteins as pre-
sumed substrates. Together with the definition of an FIH
recognition consensus that conforms to that of the ankyrin
repeat (23), these data strongly suggest that FIH-catalyzed
intracellular asparaginyl hydroxylation is a common post-
translational modification that likely extends to many of the
~300 ARD-containing proteins encoded by the human ge-
nome (8). FIH-dependent hydroxylation may also extend to
other proteins. Notably we have identified several non-ARD-
containing proteins as binding to FIH in a DMOG-inducible
manner,? but as yet it is unclear whether these species bind
FIH directly or as part of a ternary complex with ARD-con-
taining proteins.

Alignment of the 13 newly assigned asparagine residues
hydroxylated by FIH with established sites of hydroxylation
reveals a largely degenerate FIH consensus motif with only
the target asparagine showing absolute conservation (Fig.
6A). Notably the acidic residue (glutamate/aspartate) at the
—2 position, which was conserved in previously assigned
substrates, is not present in three of the four sites that were
readily hydroxylated in Tankyrase-2 and is, therefore, clearly
not an absolute requirement for FIH activity. However, signif-
icant conservation was observed at distinct positions, namely
—8 (leucine), —3 (alanine), and —1 (valine) positions (see Fig.
6B for logo representation).

FIH has been crystallized with Notch1 peptide substrates,
providing an insight into how AR substrates bind FIH (4). Very
few side-chain interactions were observed between Notch
and FIH, compatible with the degenerate FIH consensus.
However, a distinct interaction was observed with the leucine
—8 residue of Notch1 that was buried in a hydrophobic
pocket on the surface of FIH. The importance of this interac-
tion is supported by the current data with leucine at —8 being
the most conserved residue outside the target asparagine.
Hydroxylation was observed at sites bearing non-conserva-
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tive substitutions at the —8 position when FIH was overex-
pressed; for example Asn-518 of Tankyrase-2 contains a ly-
sine residue at the —8 position (supplemental Fig. S3D). This
was not the case when ARD-containing proteins were ex-
pressed in cells without exogenous FIH, indicating that al-
though the leucine residue is not absolutely required for FIH-
dependent catalysis it is likely to be important under
physiological conditions.

At present, the precise role of FIH-dependent hydroxylation
of ARD-containing proteins is unclear. FIH has been shown to
hydroxylate the ARD within the intracellular domain of the
Notch receptor (4, 6) and, in certain circumstances, to antag-
onize Notch signaling (6). Notch hydroxylation sites lie within
protein domains that are involved in the formation of higher
order complexes at paired DNA binding sites (24), and it has
been proposed that hydroxylation might affect assembly of
these complexes (6). FIH has also been shown to hydroxylate
the ARD of ASB4; wild type ASB4, but not a hydroxylation site
mutant, is able to regulate vascular differentiation (5). This has
led to the proposal that oxygen-regulated vascular differenti-
ation, promoted by ASB4, is regulated by ARD hydroxylation
(5). Nevertheless the complexity of these pathways means
that the role of FIH-dependent hydroxylation events has not
yet been defined with complete clarity. Given the functional
diversity among the FIH-target ARD proteins that our present
study has identified, including characterized or predicted
roles in endocytosis/macropinocytosis (Rabankyrin-5 (13)),
antiviral immunity (RNase L (25)), and vesicle trafficking/te-
lomere regulation (Tankyrase-2 (26)), we believe that a generic
signaling role for ARD hydroxylation is unlikely. However, it is
possible that the modification is used in signaling by specific
ARD proteins. Interestingly hypoxia has been implicated in

telomere regulation (27), and it is possible that hydroxylation
of Tankyrase-2 could contribute to this phenomenon.

The best characterized signaling role for FIH-dependent
hydroxylation is in regulation of the association between the C
terminus of HIF-«a subunits and p300/CREB-binding protein
co-activators. Previous work in cells has defined cross-com-
petition between HIF-a and Notch receptor ARDs for FIH-
mediated Asn hydroxylation, which modulates the HIF tran-
scriptional response (4, 6). Taken together with the current
work, which indicates that cells contain numerous FIH-de-
pendent hydroxylation sites, the data suggest that it is likely to
be the hydroxylation status of the ARD pool rather than any
one individual ARD protein that provides the effective
competition.

In recent work, we have demonstrated that hydroxylation
can enhance the stability of certain ARDs, including both
natural® and synthetic ARDs (28), which are designed around
the consensus repeat. Although the biological function of
these changes in thermodynamic stability is unclear, it is of
interest that mutational studies of the ARD-containing protein
IkBa have indicated that precisely tuned stability is important
for the proper function of the ARD as a protein-protein inter-
action domain (29). It is therefore possible that FIH-dependent
hydroxylation serves to fine-tune the stability of the ARD
interaction domain.

Our studies demonstrate that FIH-mediated hydroxylation
is saturated by enhanced ARD protein expression in trans-
fected cells, leading to partial hydroxylation at several sites.
Incomplete hydroxylation has also been demonstrated on the
ARDs of endogenous proteins including IkBa and Notch re-

3 M. Yang and C. J. Schofield, unpublished observations.
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ceptors (3, 4). At present it is unclear whether incomplete
hydroxylation of these proteins represents a steady-state
level common to individual protein molecules or whether it
represents progressive accumulation of hydroxylation at
these sites during the lifetime of the protein species. Further
work will be required to resolve these possibilities and to
address the potential structural and/or signaling roles of FIH-
mediated hydroxylation. The clearest and arguably the only
biological function of FIH-mediated hydroxylation defined to
date is in the regulation of HIF.

Nevertheless the current analyses together with recently
published work on endogenous ARD proteins indicate that
many or even most ARD proteins are likely to be hydroxylated
by FIH in vivo (3, 4). Given the abundance of ARD proteins in
the proteome, the findings raise a question of why asparaginy!
hydroxylation has not been recognized previously in proteom-
ics surveys that must have included ARD-containing species.
It seems possible that allowance for artifactual protein oxida-
tion in computerized database searching may have con-
founded some analyses. In the current work we utilized data-
directed MS/MS and MSF to combine the rigorous
assignment of sites of hydroxylation with quantitation, thus
enabling the assay of sequence-specific Asn hydroxylation
that is responsive to genetic suppression of FIH in cells.
Interrogation of peptide sequences by MS should in the future
consider the possibility of FIH-catalyzed hydroxylation on as-
paraginyl residues particularly at appropriately sited residues
within ARD-containing proteins.
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