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Deubiquitinases (DUBs) are vital for the regulation of ubiqui-
tin signals, and both catalytic activity of and target recruitment
by DUBs need to be tightly controlled. Here, we identify aspar-
agine hydroxylation as a novel posttranslational modification
involved in the regulation of Cezanne (also known as OTU
domain- containing protein 7B (OTUD7B)), a DUB that con-
trols key cellular functions and signaling pathways. We demon-
strate that Cezanne is a substrate for factor inhibiting HIF1
(FIH1)- and oxygen-dependent asparagine hydroxylation. We
found that FIH1 modifies Asn®* within the uncharacterized
N-terminal ubiquitin-associated (UBA)-like domain of Cez-
anne (UBA®%), which lacks conserved UBA domain proper-
ties. We show that UBA“®* binds Lys'!-, Lys*®-, Lys®>-, and
Met!-linked ubiquitin chains ix vitro, establishing UBA©*” as
a functional ubiquitin-binding domain. Our findings also
reveal that the interaction of UBA“®* with ubiquitin is medi-
ated via a noncanonical surface and that hydroxylation of
Asn®® inhibits ubiquitin binding. Recently, it has been sug-
gested that Cezanne recruitment to specific target proteins
depends on UBA®®*, Our results indicate that UBA®®* can
indeed fulfill this role as regulatory domain by binding vari-
ous ubiquitin chain types. They also uncover that this inter-
action with ubiquitin, and thus with modified substrates, can
be modulated by oxygen-dependent asparagine hydroxyl-
ation, suggesting that Cezanne is regulated by oxygen levels.
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Deubiquitinases (DUBs) are essential players in the ubiqui-
tin system. They reverse and shape ubiquitin signals and hence
control the complex ubiquitin code and its cellular conse-
quences (1). Deregulation of DUBs has been linked to a variety
of diseases like cancer, neurodegeneration, and inflammatory
diseases. To safeguard proper DUB function, multiple layers of
regulatory mechanisms evolved in the cell, which ensure the
correct abundance and localization of DUBs or directly regulate
their catalytic activity (2). Among others, posttranslational
modifications (PTMs) and accessory domains within DUBs are
employed to control DUB function.

Cezanne (OTUD7B) is a member of the ovarian tumor pro-
tease (OTU) family, and its catalytic OTU domain targets
Lys'!-linked ubiquitin chains with high selectivity (3, 4). Struc-
tural studies of the OTU domain alone and in complex with
Lys''-linked diubiquitin suggest that Cezanne is autoinhibited
in the absence of ubiquitin. The OTU domain contacts the dis-
tal molecule of all chain types via an exposed S1 site. However,
an S1’ site is not present until Lys"'-linked diubiquitin is bound
across the active site (4). These conformational rearrangements
upon diubiquitin binding explain the selectivity of the OTU
domain for Lys''-linked ubiquitin chains.

Although the structural and biochemical properties of Cez-
anne’s catalytic OTU domain have been extensively character-
ized in vitro, the functional role of the additional two ubiquitin-
binding domains (UBDs) and of the almost 50% of a Cezanne
molecule that is predicted to be unstructured remain elusive.
One study linked the C-terminal A20-type zinc finger (ZnF) to
the inhibition of ligand-dependent EGF receptor degradation
by Cezanne (5), and a recent publication suggested a role for the
N-terminal ubiquitin-associated (UBA)-like domain in recruit-
ment of Cezanne to activated TNF receptor complex (6). Dur-
ing the last decade, Cezanne has been associated with multiple
cellular processes, including the regulation of NF-«B (7, 8),

2 The abbreviations used are: DUB, deubiquitinase; IPTG, isopropyl B-p-thiogalac-
topyranoside; PTM, posttranslational modification; OTU, ovarian tumor prote-
ase; UBD, ubiquitin-binding domain; ZnF, zinc finger; EGF, epidermal growth
factor; UBA, ubiquitin-associated; KO, knockout; GST, glutathione S-transfer-
ase; CSP, chemical shift perturbation(s); DMEM, Dulbecco’s modified Eagle’s
medium; PEIl, polyethyleneimine; PMSF, phenylmethylsulfonyl fluoride; IP,
immunoprecipitation; PD, pulldown; HSQC, heteronuclear single quantum
coherence spectroscopy; SILAC, stable isotope labeling by amino acids in cell
culture; SDC, sodium desoxychelate; HRP, horseradish peroxidase; PDB, Pro-
tein Data Bank.
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hypoxia signaling (9), mMTORC?2 signaling (10), and human cell
cycle progression (11). Interestingly, Cezanne-dependent
cleavage of ubiquitin chain types conjugated to respective sub-
strates has not always been in accordance with former in vitro
studies. Some reports have suggested that in addition to Lys"'-
linked polyubiquitin, full-length Cezanne can also process
Lys*®- and Lys®®-linked ubiquitin chains in vivo (8, 10). How-
ever, itis not yet understood whether Cezanne’s ability to cleave
linkage types other than Lys'" in a cellular context depends on
cofactors present in the cell, on an acute increase in local con-
centrations of Cezanne that would allow cleavage of different
chain types (“proximity effect”), or on distinct regions within
the full-length enzyme itself. Therefore, studying the accessory
domains of Cezanne like the UBA domain (UBA“®%) will add to
our understanding of how modified substrates are discrimi-
nated by Cezanne.

UBA domains are short sequence motifs of ~45 amino acids
that adopt a compact three-helix bundle. Like other UBDs,
UBA domains recognize ubiquitinated substrates via interac-
tion with ubiquitin and serve to decode ubiquitin signals into a
cellular response (12). Originally identified in shuttle factors,
UBA domains have also been found in various other proteins,
including autophagy receptors, E3 ubiquitin ligases, and DUBs.
For most UBA domains, an unusually large hydrophobic sur-
face patch has been described (13). The so-called MGF motif is
highly conserved and part of the connecting loop between helix
al and «2. The MGF motif is not required to maintain the local
structure of the UBA domain but contributes to the hydropho-
bic surface patch for interaction with ubiquitin. In addition, a
dileucine motif in helix a3 is present in most UBA domains and
involved in ubiquitin binding (13). With very few exceptions
(e.g. the UBA domain of the E3 ubiquitin ligase Cbl-b (14, 15) or
of the yeast protein Swa2p (16)), UBA domains engage the
hydrophobic Ile** patch of ubiquitin via the same surface com-
prising MGF and LL motifs. Interestingly, the UBA domain of
the autophagy receptor p62 needs to be phosphorylated to bind
Lys®®-linked ubiquitin chains with sufficient affinity and to enable
p62 to act as an autophagy receptor for ubiquitinated protein
aggregates (17). This observation shows that the interaction
between ubiquitin and UBA domains can be regulated by PTMs.

Our work presented here demonstrates that UBA“** is post-
translationally modified by the asparaginyl B-hydroxylase fac-
tor inhibiting HIF1 (FIH1) and thereby associates a novel PTM
with a UBD. Interestingly, in an MS-based interactome study,
FIH1 was previously identified as a binding partner of Cezanne
(18). FIH1 belongs to the family of 2-oxoglutarate and Fe(II)-
dependent dioxygenases (19), and FIH1 is a key regulator of the
cellular oxygen-sensing machinery that controls the transcrip-
tional activity of hypoxia-inducible factor 1-a (HIF1a). In the
presence of oxygen, FIH1 hydroxylates a conserved asparagine
residue in the C-terminal transactivation domain of HIFle,
which blocks its interaction with the co-activator p300 (20, 21)
and renders HIF 1« inactive. In addition to HIF1e, other targets
of FIH1 have been described, most of them containing a com-
mon interaction motif known as the ankyrin repeat domain
(22). For example, hydroxylation of apoptosis-stimulating p53-
binding protein 2 (ASPP2), a regulator of apoptosis and cell
polarity, impairs its association with partitioning-defective 3
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homolog (PAR-3), which in turn results in relocation of ASPP2
from cell-cell contacts to the cytosol (23). Furthermore, FIH1-
mediated hydroxylation inhibits the ion channel transient
receptor potential vanilloid 3 (TRPV3) (24) and negatively reg-
ulates the interactome of the OTU family DUB OTUBI (25).
More recently, it has been shown that invading pathogens like
Legionella pneumophilia exploit host FIH1-dependent aspara-
gine hydroxylation by recruiting FIH1 to the pathogen-con-
taining vacuole and that hydroxylation of translocated effector
proteins are indispensable for their function (26). These exam-
ples illustrate the diversity of asparagine hydroxylation signals
and how the addition of one oxygen atom can modulate pro-
tein-protein interactions.

Here, we identified a putative consensus site for FIH1-depen-
dent hydroxylation in Cezanne. We confirmed the interaction
between Cezanne and FIH1 by immunoprecipitation assays
and revealed that Cezanne is posttranslationally hydroxylated
at Asn®® in an FIH1- and oxygen-dependent manner, establish-
ing Cezanne as a novel substrate for FIH1. The modified aspar-
agine residue is part of Cezanne’s UBA domain (UBA“®?),
which belongs to the conserved protein domain family
“UBA_like_SF” (cd14347) (27). However, the functionality of
UBAS®* has never been proven. Our work showed that UBA<**
binds polyubiquitin of different linkage types (e.g. Lys'', Lys*®,
Lys®?, and linear/Met"), although it lacks critical UBA domain
features like the conserved MGF motif. NMR titration experi-
ments revealed that UBA““* binds monoubiquitin and linear
diubiquitin via a noncanonical surface comprising helix a2 and
a3, with K, values comparable with other described ubiquitin-
UBD interactions. Importantly, hydroxylation of Asn>® greatly
reduced the interaction of UBA“* with ubiquitin.

Results
Cezanne harbors a FIH1 consensus site

FIH1 selectively hydroxylates asparagine residues within the
LX5(D/E)®N® motif (where @ represents aliphatic amino
acids) in multiple eukaryotic proteins. The addition of the
strong electronegative oxygen atom to the B-carbon of aspara-
gine residues increases the polarity of a protein and can act as a
hydrogen bond donor and acceptor. Therefore, hydroxylation
is an efficient intracellular tool to regulate protein-protein
interactions (28). A global proteomic analysis of deubiquitinat-
ing enzymes and their associated protein complexes showed
that FIH1 interacts with Cezanne (18). Furthermore, we iden-
tified a putative consensus site for FIH1-dependent hydroxyl-
ation in Cezanne (Fig. 14). We have previously demonstrated
that Cezanne is crucial for the HIF-dependent cellular adapta-
tion to hypoxia and thus it interacts with the prime substrate of
FIH1 (9, 29). Based on these findings, we hypothesized that
Cezanne is a novel substrate for FIHI.

First, we confirmed and characterized the interaction
between Cezanne and FIH1. Co-immunoprecipitation experi-
ments demonstrated that FIH1 interacts with Cezanne in
HEK293 cells (Fig. 1B). Interestingly, the catalytic inactive
mutant FIH1 (H199A) and the dimerization-deficient mutant
FIH1 (L340R) did not bind Cezanne (Fig. 1C). In the context of
HIFla regulation, it has been shown that disruption of FIH1

J. Biol. Chem. (2020) 295(8) 2160-2174 2161



EDITORS’ PICK: Cezanne hydroxylation and ubiquitin binding

A

B

Input IP: GFP
Cezanne (aa 1-843) + + GFP-Cezanne
+ +  GFP
UBA-like oTU ZnF + + + + FIH1
kDa
135 —
100
4-49 | 183-389 483-498 796-831 ;2
C194 NLS FP
(nucleophile) ( ) 48 G
35
25 — R
63
HIF-1a (N803) SGLPQLTSYDCEVIIAPIQGS . FIHA
HIF-20, (N847) YLLPELTRYDC PVLGS 135 D
Cezanne (N35) LARDLLEGENW ALSDF
D *
FIH consensus LM—EGJN(D
D IP: GFP Input
+ + GFP-Cezanne (full-length)
+ + GFP-Cez.1-449 = =
+ + GFP-Cez.163-449 |
C + + GFP-Cez1-55  =m
Input IP: GFP + + GFP
+ o+ o+ o+ o+ GFP-Cezanne «0a rooroor oy o * + FIH1
+ + GFP 135 -—
+ + + + FIH1 100 -
+ + FIH1_H199A . —
+ + FIH1_L340R 75 -
kDa 63 GFP
135 i = e b= 48
100
o GFP %» —. -
63
N “ m
48 20
35| w
25 —
63
48
e — ) FIH1 48 - o ans e esbemd | |11
35 35
IP: GFP Input
+ + + + + GFP-Cezanne + + + + +  GFP-Cezanne
+ * GFP + + GFP
+ + + + + + + FIH1 + + + + + + + FIH1
8 05 2 6 8 Hypoxia (h)  kpa 8 05 2 6 8  Hypoxia (h)
kDa 180
180 135 — L e —
135 . — — — 100
100
75 I SN
63 63| w—
GFP GFP
48 48 —_—
35 —_— 35 ——
25 «d “ 25| — R
63 [—
48 oy - FIH1 48| T ———— W — — —| |H1
35 - 35 | w—

Figure 1. Cezanne contains a putative consensus site for FIH1-dependent hydroxylation. A, overview of the domain architecture of Cezanne and
sequence alignment showing an FIH1 consensus sequence in Cezanne (where ® indicates aliphatic amino acids and * represents the modified asparagine
residue). B, co-IP of GFP-Cezanne and FIH1 from HEK293 cells. C, co-IP of GFP-Cezanne and catalytic inactive FIHT (H199A) and dimerization-deficient FIH1
(L340R) mutants. D, co-IP of GFP-Cezanne truncated versions and FIH1 to narrow down the region in Cezanne that interacts with FIH1. E, co-IP of GFP-Cezanne
and FIH1, assessing the effect of hypoxia on the interaction of the two proteins.

dimerization abolishes HIF1a binding and hydroxylation by
FIH1 (30), further strengthening our hypothesis that Cezanne
interacts with FIH1 as its substrate. Using truncated Cezanne
variants, we mapped the minimal FIH1-binding region of Cez-
anne to the catalytic OTU domain (Fig. 1D). Another remark-
able observation was that the interaction between Cezanne and
FIH1 was lost when cells were exposed to hypoxia (1% oxygen)
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for 6 —8 h (Fig. 1E), a condition in which FIH1 activity is decreased.
Our results suggest that Cezanne is in complex with FIH1 and that
this association depends on FIH1 hydroxylase activity.

The UBA domain of Cezanne is hydroxylated by FIH1

Using SILAC-based MS, we tested whether Cezanne is
indeed hydroxylated by FIH1. We generated CRISPR/Cas9-
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Figure 2. Cezanne is hydroxylated within its UBA-like domain. A, FIH1 was efficiently depleted by CRISPR/Cas9-mediated knockout in HEK293 cells. B,
cartoon depicting design of SILAC-based MS experiment for the detection of asparagine hydroxylation in Cezanne. C, annotated MS2 spectrum showing
hydroxylated Asn*® of Cezanne in HEK293 cells. D, FIH1- and oxygen-dependent enrichment of Asn®> hydroxylation. Data are represented as mean of SILAC
ratios plus S.E. (error bars). *, p < 0.1; **, p < 0.01 by one-sample t test. The experiment was performed with three biological replicates.

mediated FIH1 knockout (KO) HEK293 cells (Fig. 24) and
expressed GFP-Cezanne in these cells in the absence and pres-
ence of exogenous FIH1. As additional control, Cezanne- and
FIH1-expressing cells were treated with hypoxia (1% oxygen)
for 16 h (Fig. 2B). Subsequently, GFP-Cezanne was immuno-
precipitated using nano-traps, and peptides were generated by
tryptic digest, separated by LC, and analyzed by tandem MS.
Hydroxylation of Asn®* (mass change of +16 Da in the corre-
sponding peptide) was robustly detected in the presence of
FIH1 and oxygen (Fig. 2, C and D). Under hypoxic conditions,
when FIH1 activity was limited, or in the absence of FIH1 pro-
tein, hydroxylation of Asn®® was significantly reduced. Deple-
tion of FIH1 did not change Cezanne protein level, suggesting
that expression or stability of Cezanne did not depend on hy-
droxylation (Fig. 2A and Fig. S1A). Moreover, there is no evi-
dence that FIH1 is a substrate for Cezanne-mediated deubigq-
uitination, at least Cezanne does not seem to remove

SASBMB

proteolytic ubiquitin signals from FIHI1, because Cezanne
knockdown does not affect FIH1 protein level (9). In summary,
our observations confirmed that the predicted FIH1 consensus
site of Cezanne is recognized by the hydroxylase and that Cez-
anne is modified in an oxygen- and FIH1-dependent manner.
Interestingly, the hydroxylated asparagine residue lies within
the UBA domain of Cezanne, suggesting that asparagine hy-
droxylation, a PTM that has never been associated with a UBD
before, may regulate the interaction between UBA“** and
ubiquitin.

Hydroxylation of Asn>? affects UBA-ubiquitin binding

Based on our finding that UBA“* is hydroxylated, we inves-
tigated the properties of this domain and a potential regulation
of ubiquitin binding by hydroxylation in more detail. At this
point, we had no evidence that UBA“** has a direct effect on the
catalytic activity of Cezanne. In vitro DUB assays showed that

J. Biol. Chem. (2020) 295(8) 2160-2174 2163
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Figure 3. Cezanne’s UBA domain binds polyubiquitin of different linkage types. A, sequence alignment of various UBA domains revealed that UBA“**lacks
both the MGF motif and the dileucine motif. B, Western blotting showing in vitro GST pulldown assay. GST-UBA®®* co-precipitated Lys''-, Lys*®-, and Lys®>-
linked tetraubiquitin. C, in vitro pulldown of WT and mutant UBA“** and Halo-tagged tetraubiquitin (Met'-linked). Mutation of Asn*® in UBA®* greatly reduced
ubiquitin binding. D, semi-in cellulo pulldown of recombinant WT or mutant UBA“** and ubiquitinated proteins from HEK293 cells treated with the proteasome
inhibitor MG132.

the presence of UBA<** did not alter the ability of Cezanne’s Sequence alignment of multiple UBA domains showed that
catalytic OTU domain to cleave Lys'!-linked tetraubiquitin UBAS®* contains neither the conserved MGF motif nor a dileu-
(Fig. S1B). Furthermore, the addition of FIH1 protein to the in  cine motif (Fig. 3A4), which form a hydrophobic surface patch
vitro reaction did not affect the activity of Cezanne, excluding and play an important role in ubiquitin recognition by other
the possibility that interaction with FIHI regulates Cezanne UBA domains (31). Also, it has never been shown in vitro that
activity allosterically (Fig. S1C). UBA““*is a functional UBD and indeed binds ubiquitin. This is
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more than a formality because, for example, the UBA domains
of the E3 ubiquitin ligases Cbl-b and c-Cbl share a high
sequence similarity, and both adopt the typical UBA fold, a
compact three-helix bundle. However, only Cbl-b is able to effi-
ciently interact with ubiquitin (14). We designed a human
UBA““* construct for recombinant expression based on the
structure prediction provided by the Phyre2 server (32) (pre-
dicted UBA domain: residues 4—49) and performed in vitro
pulldown experiments. Numerous UBA domains bind polyu-
biquitin in strong preference to monoubiquitin, and some of
them selectively bind specific linkage type(s) (12, 33). To deter-
mine whether UBA“®* exhibits selectivity toward a certain
ubiquitin linkage type, we compared the binding efficiency of
Lys''-, Lys*®-, and Lys®*-linked tetraubiquitin. UBA“** co-pre-
cipitated all tested ubiquitin chain types in a GSH-S-transferase
(GST) pulldown experiment, which confirmed the integrity of
the UBD and its ability to bind polyubiquitin (Fig. 3B).
Although our experiments suggested that UBA<®* binds Lys®*-
linked ubiquitin chains slightly better than the other polyubig-
uitin chains (Fig. 3B), this observation is likely due to the
dimeric GST tag that has been shown to position two UBA
domains for avid interactions with Lys®*-linked polyubiquitin,
but not other ubiquitin linkage types (33).

To investigate a potential impact of asparagine hydroxyl-
ation on the UBA“**-ubiquitin interaction, we first created dif-
ferent UBA““* mutant constructs and analyzed their ability to
bind tetraubiquitin. We focused on linear (Met'-linked) ubiq-
uitin chains because they are structurally very similar to Lys®*-
linked polyubiquitin and readily bound UBA*” (Fig. 3C, lane
1). In contrast to lysine-linked ubiquitin chains that are conju-
gated via isopeptide bonds and need to be enzymatically assem-
bled, linear ubiquitin chains can be recombinantly expressed in
large quantities and allowed us further biochemical and struc-
tural analyses. Mutation of Asn®® to a threonine residue in
UBA“**(N35T), which exhibits a hydroxyl group at its -car-
bon similar to hydroxylated asparagine, resulted in less efficient
binding to Halo-tagged tetraubiquitin as compared with the
WT domain (Fig. 3C, lane 2), whereas mutation of Asn®® to a
bulky phenylalanine residue, UBA“**(N35F), almost com-
pletely abolished interaction with ubiquitin (Fig. 3C, lane 3).
Moreover, GST-tagged UBA“**(N35T) and UBA“**(N35F)
bound and immobilized less efficiently ubiquitinated proteins
from HEK293 cell lysates treated with MG132 than did WT
UBAS** (Fig. 3D).

To further explore how asparagine hydroxylation impacts
ubiquitin binding, we co-expressed FIH1 and GST-tagged
UBAS®* in Escherichia coli and subsequently purified the
recombinant, hydroxylated UBA domain (Fig. 44). FIH1 was
able to directly modify UBA““* at Asn®® within the bacterial
cells. Hydroxylation of purified UBA“®* was confirmed by MS
(Fig. 4B). Using a GST pulldown assay, we then compared bind-
ing efficiency of linear tetraubiquitin with unmodified and
hydroxylated UBA“*, respectively. We revealed that hydroxyl-
ation of UBA““* significantly reduced its interaction with tet-
raubiquitin (Fig. 4C), which confirmed the results obtained by
using mutant UBA“**(N35T) and (N35F) (Fig. 3, C and D).

Together, our data show that UBA““* binds differently linked
ubiquitin chains independent of classic UBA features and that
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FIH1-mediated hydroxylation of Asn®® impairs UBA domain-
ubiquitin binding.

The UBA domain of Cezanne interacts with ubiquitin via a
unique binding mode

Our pulldown experiments suggested that UBA“** binds
ubiquitin in a noncanonical way because it lacks conserved
domain properties. For further characterization of how UBA“**
interacts with ubiquitin, we performed NMR titration experi-
ments in which nonlabeled UBA domain was titrated to '>N-
labeled linear diubiquitin (Fig. 5, A—D). Binding of UBA“**
resulted in significant chemical shift perturbations (CSP) that
were predominantly in the fast to intermediate exchange
modes (Fig. 5A and Fig. S2). This corresponds to rather weak
interactions between the two proteins, as typically observed for
UBA domains (K in the range of 100 um) (12). Interestingly,
one-third of residues in the spectra of linear diubiquitin showed
double resonances in the free form (similar to the free linear
diubiquitin NMR spectra presented previously (34)), indicating
a conformational nonequality of the proximal and distal ubiq-
uitin moieties. For many residues, this nonequality was
enhanced upon interaction with UBA“** (Fig. S2). To distin-
guish between CSP located on the distal and proximal ubiqui-
tin, we first mapped all CSP on the distal ubiquitin moiety,
filtered out all double peaks in the spectra from the CSP
mapping, and transferred them onto the proximal ubiquitin
moiety to create a resulting map of CSP on linear diubiquitin
(Fig. $3).

CSP mapping on the linear diubiquitin three-dimensional
structure (PDB code 2WON (35)) revealed a rather specific
interface that included residues of both the distal and proximal
ubiquitin, as well as the linker region (Fig. 5C). However, the
absolute orientation of the binding interface could not be suf-
ficiently resolved due to various linear diubiquitin structures
available that show different angles of the orientation of both
ubiquitin moieties.

To determine the binding surface of linear diubiquitin on the
UBAS®%, we performed the reverse titration experiment in
which nonlabeled diubiquitin was titrated to **N-labeled UBA <
(Fig. 5, E-H). Most residues of UBA“** showed CSP in the fast
exchange mode. However, some residues in the domain showed
CSP in the intermediate exchange with significant resonances
broadening and therefore a different dynamic behavior upon
interaction with linear diubiquitin. CSP sequential mapping
revealed that these residues are located at the C-terminal region of
UBA““* but also included Leu?? (Fig. 5F). Because no structure of
Cezanne’s UBA domain was available, we modeled a structure
using protein online tools (www.proteinmodelportal.org,® with
NMR structure of human UBA-like domain of OTUD7A as a
template) and mapped the calculated CSP on this model (Fig.
5G and Fig. S4). Surprisingly, the residues that are most affected
by the interaction with linear diubiquitin were located around
helices @2 and @3 of the UBA““* and formed an extended
hydrophobic area on the domain surface. Notably, Asn®® exhib-
ited no CSP upon the addition of linear diubiquitin (neither for

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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Figure 4. Hydroxylation of Asn* modulates UBA-ubiquitin interaction. A, cartoon depicting experimental strategy for assessing the effect of asparagine hydrox-
ylation on ubiquitin binding. B, verification of FIH1-dependent enrichment of Asn>> hydroxylation of recombinant UBA“** by MS analysis. Data are represented as
mean of log, -fold change intensity plus S.E. (error bars). **,p < 0.01; ***, p < 0.001 by one-sample t test. The experiment was performed with three biological replicates.
G, in vitro GST pulldown assay comparing interaction of linear tetraubiquitin with unmodified and hydroxylated UBA<®?, respectively.

backbone HN nor for side-chain NH, group). Our pulldown
experiments showed that mutation or hydroxylation of Asn®®
affected ubiquitin binding (Figs. 3 (Cand D) and 4C), indicating
a potential conformational effect of these modifications, rather
than an involvement in ubiquitin binding. Similar properties
were observed for residues Ser” and Leu'®, which were previ-
ously suggested to be involved in UBA“**-ubiquitin interaction
(6) but showed no or only minor CSP in our NMR titration
experiments. The overall ubiquitin binding mode observed for
UBA“°” differed significantly from other UBA domains. Most
of the UBA-ubiquitin interactions studied so far indicate that
ubiquitin is bound via helices al and a3 of UBA domains, and
thus via a different surface than on UBA®",

To understand whether ubiquitin polymerization affects the
binding of UBA“®*, we repeated the NMR experiments with
monoubiquitin (Fig. S5). Monoubiquitin interacted with
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UBAS®* in a fast exchange mode, showing a lower affinity and
absence of conformational uncertainties. Accordingly, some
residues, such as Leu® or Ile'?, showed intermediate exchange
behavior in linear diubiquitin and fast exchange mode in
monoubiquitin upon binding to UBA“** (Fig. S5, A-D). Similar
changes were observed for the interaction mode in reciprocal
titration (**N-labeled UBA“** was titrated with nonlabeled lin-
ear di- or monoubiquitin). Whereas CSP for interaction
between UBA“* and linear diubiquitin were in the fast to inter-
mediate exchange mode, the binding of monoubiquitin
resulted in a fast exchange mode exclusively (Fig. S5, E-H).
Additionally, some residues of UBA®®? showed a different CSP
pattern (e.g. Ala” and Leu®?; Fig. S5, E and G) upon binding of
either linear di- or monoubiquitin, indicating not only a differ-
ence in the binding modes, but also involvement of these resi-
dues in the specific recognition of ubiquitin chains.
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Based on the NMR titration experiments, we calculated K,
values for six residues of linear diubiquitin and UBA“** upon
their interaction, respectively (Fig. 5 (D and H) and Fig. S6). In
both cases, global fit for all residues showed K, values of ~0.14
mwm and was therefore in agreement with reported affinities for
other UBA domains and ubiquitin. Calculated K, values for the
same residues in the case of interaction between UBA“*” and
monoubiquitin resulted in values between 0.26 and 0.32 mwm,
which are 2-fold higher than for diubiquitin (Fig. S6, A-D),
indicating that ubiquitin chain polymerization does not
enhance the binding affinities dramatically.

To investigate the impact of FIH1-dependent hydroxylation
of UBA“** on its capacity to bind ubiquitin, we recorded NMR
spectra of the '°N-labeled hydroxylated form of UBA®
(Asn®>*OH) and mutant UBA<®* (N35T). Our data confirmed
that neither hydroxylation nor mutation of Asn®> in UBA“**
interferes with the overall fold of the protein (Fig. S7). However,
comparison of the NMR spectra of modified and WT UBA“**
revealed that the changes in resonance position are not limited
to the closest Asn®® neighborhood but extended to a number of
residues located N- and C-terminally to Asn®® (Fig. S7, A-C).
This fact suggests that Asn®* modification affects the local
structure and/or dynamics of residues in these areas and could
influence binding of ubiquitin. Indeed, NMR titration experi-
ments for UBA“* with hydroxylated and mutated Asn®®
showed their reduced affinity to monoubiquitin (Fig. S7, D and
E).

In summary, our NMR analyses reveal that UBA“* physi-
cally interacts with monoubiquitin and linear polyubiquitin in
the absence of the well-characterized MGF motif via a nonca-
nonical binding surface involving helices @2 and a3 of the UBA
domain and that Ala” and Leu®? in UBA“** seem to participate
in specific recognition of linear ubiquitin chains. However,
dimerization of two ubiquitin molecules does not enhance
UBAS®* affinity to the monoubiquitin moiety. Furthermore,
Asn® is not involved in direct contacts to ubiquitin; its hydrox-
ylation rather changes the local structure and/or dynamics of
UBA““* regions that contact ubiquitin directly. These changes
reduce the affinity of UBA“** to monoubiquitin.

Discussion

Different layers of DUB regulation have been described to
ensure proper enzymatic function. PTMs, regulatory domains
within DUBs, and the incorporation of DUBs into macromo-
lecular complexes are means of both temporal and spatial con-
trol. In addition to its catalytic OTU domain, Cezanne com-
prises two UBDs and a nuclear localization signal, which have
been suggested to regulate Cezanne’s cellular localization and
its recruitment to substrates (5, 6, 36). Furthermore, several
phosphorylation sites within Cezanne have been described
(37); their functions, however, remain elusive.

Here, we identify Cezanne as novel substrate for the aspar-
aginyl B-hydroxylase FIH1 and determine that Cezanne is post-
translationally hydroxylated at Asn®* within its UBA domain in
an oxygen- and FIH1-dependent manner. We demonstrate that
UBA““* nonselectively binds Lys''-, Lys*®-, Lys®>-, and Met'-
linked (linear) ubiquitin chains in vitro, although it lacks the
classic hydrophobic ubiquitin interaction motifs described in
other UBA domains. Importantly, hydroxylation of Asn®®
inhibits ubiquitin binding by UBA“*. Our study is the first one
implicating asparagine hydroxylation in the regulation of UBA
domain-ubiquitin interactions.

Cezanne has been associated with multiple cellular path-
ways, most recently with the regulation of mitotic progression
(11). Although the catalytic OTU domain of Cezanne selec-
tively hydrolyzes Lys''-linked ubiquitin chains i vitro, various
studies reported a Cezanne-dependent abundance of several
ubiquitin linkage types in vivo (8, 10). One possible explanation
for this discrepancy could be proximity effects, meaning that an
acute increase in local concentration of Cezanne at its sub-
strates in response to respective stimuli could allow the DUB to
hydrolyze linkage types other than Lys'" as well. The effect of
proximity consists predominantly in increasing the effective
concentration of the reactants and thereby increasing the reac-
tion kinetics and allowing reactions that would not yield prod-
ucts in the absence of the concentration effect (38). In accord-
ance with this model, Cezanne readily cleaves Lys®*-linked
ubiquitin chains in vitro at higher enzyme concentrations (Fig.
S1D). The two UBDs located at the N and C terminus of Cez-
anne could further promote an increase in Cezanne concentra-

Figure 5. Binding between linear diubiquitin and the UBA domain of Cezanne. Shown are the results for NMR titrations of '>N-labeled linear diubiquitin
with nonlabeled UBA** (A-D) and NMR titrations of *N-labeled UBA“®* with nonlabeled linear diubiquitin (E-H). A, representative area of '°N,"H BEST-TROSY
HSQC spectra for linear diubiquitin, to which UBA“** was added in a specified molar ratio (1:8, 1:4, 1:2, 1, 2, 4, and 8), is shown. The rainbow color code indicates
increased molar ratios upon titration from free linear diubiquitin (red) to full saturation upon 8-fold excess of UBA“®? (dark gray). B, CSP mapping on the
ubiquitin sequence. Yellow and red lines indicate the 1X and 2X S.D. (8) calculated from CSP values of all residues, respectively. Residues of linear diubiquitin,
which showed double peaks (either in the free or UBA“**-bound form) and significant line broadening, are colored in blue. C, CSP mapping on the linear
diubiquitin structure (PDB code 2L2D). The diubiquitin is presented as a ribbon diagram; P and D symbols indicate proximal and distal ubiquitin moieties.
Residues with intermediately (6 = CSP = 2X§) and strongly (CSP = 2X§) perturbed backbone HN resonances are marked in yellow and red, respectively.
Residues with anomalous exchange behavior (described above) are marked in blue. Side chains of residues from the ubiquitin hydrophobic patch (Leu®-lle**-
Val”®) are shown as spherical atom models. D, K, calculated for the selected linear diubiquitin residues upon titration with UBA“®% Normalized CSP values of
residues I3p (where p represents proximal ubiquitin), Leu®, lle**, Lys®3p, Val’®, and Leu”", showing significant CSP in the fast exchange mode, were used in the
global fit. E, representative area of '*N,"H BEST-TROSY HSQC spectra for UBA“®Z, to which linear diubiquitin was added in the specified molar ratio (1:8, 1:4, 1:2,
1,2, 4, and 8), is shown. The rainbow color code indicates increased molar ratios upon titration from the free UBA®Z (red) to full saturation upon 8-fold excess
of linear diubiquitin (dark gray). F, CSP mapping on the UBA®* sequence. Yellow and red lines, 1 and 2X S.D. (8) calculated from CSP values of all residues,
respectively. Residues of UBA“®%, which showed intermediate exchange and significant line broadening, are colored in blue. *, CSP for the side chain of GIn*3,
which shows intermediate and big CSP upon binding of linear diubiquitin. G, CSP mapping on the modeled UBA®** structure. The UBA“®? is presented as a
ribbon diagram. Residues with intermediately (6 = CSP = 2X§) and strongly (CSP = 2X ) perturbed backbone HN resonances are marked in yellow and red,
respectively. Residues with anomalous exchange behavior (described above) are marked in blue. H, K, calculated for the selected UBA“®* residues upon
titration with linear diubiquitin. Normalized CSP values of residues Ser'®, Leu?’, Glu*?, GIn*3, and Gly*°, showing significant CSP in the fast exchange mode, were
used in the global fit.
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tion at its substrates by additionally binding polyubiquitin
attached to substrates and/or other proteins that are in com-
plex with Cezanne substrates. Consistent with this, it has been
shown that Cezanne deubiquitinates EGER and thereby inhib-
its the ligand-dependent degradation of the receptor and that
the A20-like ZnF of Cezanne is essential for this effect (5). In
contrast to UBA%, which binds ubiquitin via the classic Ile**
patch of ubiquitin (Fig. 5B), Cezanne’s ZnF interacts with the
ubiquitin surface centered on Asp®®. In the absence of the ZnF,
Cezanne failed to inhibit EGFR degradation. In addition, it has
been suggested that Cezanne is recruited to the activated TNFR
complex via UBA“®, where it binds Lys®*-linked ubiquitin
chains and exerts its function as a negative regulator of NF-«B
activation (6). Our in vitro studies confirm the ability of UBA<**
to bind Lys®*-linked polyubiquitin and also show that UBA<¢*
interacts with Lys*!-, Lys*®-, and Met'-linked ubiquitin chains.
Recruitment of Cezanne to and accumulation at substrates
modified with ubiquitin linkage types other than Lys'! thus
appears feasible. Alternatively, Cezanne could serve to preclude
unwanted assembly of Lys''-linked ubiquitin chains on these
proteins. Furthermore, hydroxylation of UBA®®”, which
impairs the ability of the domain to bind ubiquitin, could pre-
vent nonspecific accumulation of Cezanne at ubiquitinated
substrates and interacting proteins.

FIH1-dependent asparagine hydroxylation is more abundant
than originally anticipated. In addition to the transcription fac-
tor HIF1q, multiple other FIH1 substrates have been identified
in the last decade. Asparagine hydroxylation mainly regulates
protein-protein interactions. In the case of Cezanne, this PTM
is located within its UBA domain, namely at Asn®®. To under-
stand the function of hydroxylation in the context of UBA<®,
we mutated Asn®® in an attempt to mimic hydroxylation or
rather to introduce spatial constraints for ubiquitin binding and
observed that both threonine and phenylalanine residues at
position 35 significantly reduce the interaction with ubiquitin
in pulldown experiments, just as hydroxylation of Asn®® did.
Interestingly, our NMR data imply that Asn®® is not part of the
UBAS®* surface that is recognized by ubiquitin, which suggests
that asparagine hydroxylation, or threonine and phenylalanine
residues at position 35 within the UBA domain, probably affect
the structural integrity of the domain. It has been proposed that
asparagine residues are preferentially located at the N-cap posi-
tion of a-helices, and our predicted structure of UBA“** posi-
tions Asn®> within this area. The N-cap residue is the first
amino acid whose a-carbon lies approximately in the cylinder
formed by the helix backbone and approximately along the hel-
ical spiral path. It is the first residue (I) whose CO group is
hydrogen-bonded to the HN group of residue I+4 (or some-
times I+ 3; therefore it can also be described as the residue prior
to the helix). In addition, the §-oxygen of asparagine residues
can form a hydrogen bond to the backbone NH group of residue
Asn?® (or sometimes Asn?) exposed in the first turn of the helix
(39). It has been suggested that asparagine residues could help
to specify the location of the helix N terminus, because it can
simultaneously stabilize the first helical turn by providing an
additional interaction equal to that of a residue and also dis-
courage further helix propagation in the N-terminal direction
by competing with the backbone to provide that interaction
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(39). It is thus likely that mutation of Asn®®, or changing polar-
ity of the asparagine side chain by hydroxylation of the B-car-
bon, can change the spatial organization of helix a3 relative to
the other helices. Because UBA“* specifically engages ubiqui-
tin via a surface comprising helices o2 and a3, hydroxylation of
Asn®® could therefore affect ubiquitin binding, although it is
not part of the direct interacting surface. Consistently, we
observed by NMR titration experiments that hydroxylation of
Asn®® or its mutation reduces the affinity of UBA““* to monou-
biquitin. Furthermore, the observed differences in NMR spec-
tra of UBA“**(Asn®**OH) and UBA“**(N35T) compared with
that of the WT domain confirm our hypothesis that hydroxyl-
ation of Asn>?, a residue not part of the UBA“**-ubiquitin bind-
ing interface, affects the conformation and/or dynamics of
UBA““* regions directly participating in ubiquitin recognition.
Although calculated K, values of the UBA““*-monoubiquitin
interaction only moderately increased upon Asn®> hydroxyl-
ation, we hypothesize that the observed drop in affinity for
ubiquitin will be even more pronounced with increasing num-
bers of conjugated ubiquitin moieties in the chain as observed
in our pulldown experiments using tetraubiquitin (Fig. 4C).

Interestingly, within the UBA domain of OTUD7A (Cezanne
2), Cezanne’s closest but rather unstudied relative, there is a
threonine residue at the corresponding position for Asn®” (i.e.
Thr®?). The UBA domain is highly conserved between Cezanne
and OTUD7A. Our pulldown assays showed that a threonine
residue at this position within the UBA domain strongly
reduced interaction with ubiquitin. Therefore, it can be
assumed that UBA°TYP74 binds ubiquitin less efficiently than
UBA“®” and that the UBA domain may not contribute to
OTUD7A recruitment to substrates and interacting proteins in
the same way as UBA“®=,

Furthermore, our group has shown that Cezanne plays an
importantrole for proper HIF target gene expression in hypoxic
condition by stabilizing HIF1« (9). FIH1 has a high affinity for
oxygen and remains partially functional in hypoxia. An addi-
tional purpose for Cezanne hydroxylation in the context of
HIFla regulation could be to sequester FIH1, thereby reducing
HIFla CTAD hydroxylation and further promoting HIF
activity.

Experimental procedures
Cell culture and transfection

HEK293 and 293T cells were obtained from Leibnitz Insti-
tute DSMZ-German Collection of Microorganisms and Cell
Culture (DSMZ nos. ACC 305 and ACC 635, respectively) and
grown in DMEM-GlutaMAX ™I medium (Gibco/Life Tech-
nologies) supplemented with 10% (v/v) fetal bovine serum
(Gibco/Life Technologies) and 50 units/ml penicillin and 50
pg/ml streptomycin (GE Healthcare) at 37 °C and 5% CO.,.
PCR-based Mycoplasma contamination tests were regularly
performed using the Venor®GeM Classic kit (Minerva Biolabs).
Hypoxia treatment at 1% oxygen was achieved using a Whitley
H35 Hypoxystation (Meintrup DWS Laborgerite). To avoid
reoxygenation, cells were lysed in the hypoxia chamber. For
immunoblotting, 1 X 10° cells/well were seeded in 6-well plates
and transfected after 24 h with 1-3 ug of DNA using polyeth-
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yleneimine, 25 kDa, linear (PEI) (Polysciences Europe). For 1 ug
of DNA, 3 ul of PEI (1 mg/ml) and 200 ul of prewarmed Opti-
MEM medium (Gibco/Life Technologies) were used. After
transfection, cells were cultured for 24 h prior to lysis.

Co-immunoprecipitation

1 X 10° HEK293 cell/well were seeded in 6-well plates and
transfected after 24 h. GFP-tagged Cezanne constructs were
co-expressed with untagged FIH1 (WT or mutants) for 24 h.
Cells were washed with PBS and lysed on ice for 10 min (10 mm
Tris-HCI (pH 7.5), 150 mm NaCl, 1% Triton X-100, 1 X cOm-
plete, EDTA-free protease inhibitors (Roche Applied Science),
100 mm PMSF, 100 mMm NaF). Cell debris was removed by cen-
trifugation at 15,000 X g for 10 min at 4 °C. Per sample, 2-3
wells of a 6-well plate were transfected and combined after lysis.
10% of clarified lysate was taken as the input sample and mixed
with 4X LDS sample buffer (Invitrogen/Life Technologies)
supplemented with 20 mm DTT. 10 ul of GFP-Trap® agarose
slurry (Chromotek)/well of a 6-well plate were mixed with the
clarified lysate and incubated on a rotary shaker for 1 h at 4 °C.
The beads were washed five times with wash buffer (10 mm
Tris-HCI (pH 7.5), 150 mm NaCl, 1X cOmplete, EDTA-free
protease inhibitors (Roche Applied Science)). Immobilized
proteins were eluted with 40 ul of 2X LDS sample buffer (Invit-
rogen/Life Technologies) supplemented with 20 mm DTT. 20
wl of IP sample and 15 ul of input sample were analyzed by
SDS-PAGE and immunoblotting.

Immunoblotting

Proteins were separated on precast Mini-PROTEAN TGX
gradient gels (4-15% or 4-20%, Bio-Rad) or self-made Tris-
glycine gels and transferred (200 mA for 90 min) onto 0.45-um
Immobilon-IP polyvinylidene fluoride membranes (Millipore)
or 0.45-pum nitrocellulose membranes (Millipore) using the
Mini Trans-Blot Cell System (Bio-Rad). Protein Marker VI
(10-245 kDa) prestained (AppliChem) was used as a protein
marker. Membranes were blocked with 5% milk in TBST (50
mwm Tris-HCI (pH 7.6), 150 mm NaCl, 0.05% Tween® 20). Blots
were incubated overnight at 4 °C with primary antibodies. Blots
were washed three times (each 5 min) with TBST and incubated
for 1 h at room temperature with secondary antibodies (HRP-
conjugated for chemiluminescence). Subsequently, blots were
washed twice with TBST and once with TBS (50 mm Tris-HCI
(pH 7.6), 150 mMm NacCl). For chemiluminescence visualization,
blots were incubated with ECL Prime Western blotting detec-
tion reagent (GE Healthcare) and detected with the Chemi-
Doc™ Imaging System (Bio-Rad).

Antibodies

The following antibodies at the indicated concentrations
were used in this study: mouse anti-GFP (B-2) (Santa Cruz Bio-
technology, Inc., sc-9996, 1:2000), rabbit anti-FIH (Novus,
NB100-428, 1:2000), rabbit anti-OTUD7B/Cezanne (Cell Sig-
naling, 14817, 1:2000), rabbit anti-ubiquitin (Cell Signaling,
3933, 1:2000), rabbit anti-GST (91G1) (Cell Signaling, 2625P,
1:2000). Secondary antibodies used in this study were obtained
from Santa Cruz Biotechnology: anti-mouse IgG-HRP (sc-
2096, 1:10,000) and anti-rabbit IgG-HRP (sc-2054, 1:10,000).
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All primary antibodies were diluted in 3% BSA (prepared in
TBST, 0.05% Tween® 20, and 0.05% sodium azide). Secondary
antibodies were diluted in 5% nonfat dried milk (prepared in
TBST).

Cloning and site-directed mutagenesis

Oligonucleotide primers were designed with the In-Fusion
Cloning Primer Design Tool (Clontech) and purchased from
Sigma-Aldrich. FLAG-HA-OTUD7B (a gift from Wade
Harper, Addgene plasmid 22550) was used as template to
amplify Cezanne/OTUD7B (full-length and truncated ver-
sions) for cloning into pEGFP-N1 mammalian expression vec-
tor and pOPINK or pETDuet-1 bacterial expression vector
using the In-Fusion cloning system (In-Fusion®HD Cloning
Kit, Clontech) according to the manufacturer’s instructions.
pcDNA3-FIH1 was a gift from Eric Metzen (Addgene plasmid
21399). Linear diubiquitin was purchased as an E. coli codon-
optimized DNA sequence (GenScript) that was cloned into the
Ndel and BamHI sites present in pET39 bacterial expression
vector using T4 DNA ligase (New England Biolabs). The result-
ing linear diubiquitin construct included an N-terminal His,
tag followed by a tobacco etch virus cleavage site.

Site-directed mutagenesis of Cezanne and FIH1 was per-
formed using the QuikChange method. A 50-ul reaction mix
containing 40 ng of template DNA, 1 X Phusion HF buffer (New
England Biolabs), 1 mm dNTPs, 10 pmol of forward and reverse
primers containing the desired mutation(s), 3% DMSO, 0.5 ul
(1 unit) of Phusion High-Fidelity DNA polymerase (New Eng-
land Biolabs), and autoclaved Milli-Q water was subjected to
PCR using the following program: 98 °C for 2 min, (98 °C for
305s; 55 °C for 20 s; 72 °C for 1 min/kb) X 35 cycles; 72 °C for 10
min, and 4 °C until further processing. The PCR was incubated
with 2 ul of Dpnl (New England Biolabs) for 2h at 37 °C, and the
amplified plasmid was purified using the QIAQuick gel extrac-
tion kit (Qiagen). Stellar™ competent cells (Clontech) were
transformed using the purified plasmid. Successful mutation
was verified by SANGER sequencing (Microsynth SeqLab).

Guide RNA design and CRISPR/Cas9 plasmid generation

FIH1 knockout HEK293 cells were generated using the
CRISPR-Cas9 technology. Guide RNA sequences targeting
spCas9 to the genomic locus of FIH1 (ID Ensemble
ENSG00000166135) were designed according to Ref. 40.
Specific overhangs for subsequent ligation into pLenti-
CRISPRv?2 (gift from Feng Zhang, Addgene plasmid 52961)
were added to each guide (underlined): HIFIAN_KO-1-F,
CACCGQGaactggattaataagcaaca; HIFIAN_KO-1-R, AAACtgt-
tgcttattaatccagttC; HIF1IAN_KO-2-F, CACCGaggcactc-
gaactgatccgg; HIFIAN_KO-2-R, AAACccggatcagttcgagtge-
ctC; HIF1IAN_KO-3-F, CACCGcaaacgctcaatgacactgt; HIFIAN_
KO-3-R, AAACacagtgtcattgagcgtttgC.

Complementary oligonucleotides were annealed for 5 min at
95 °C and subsequently cooled down for 15 min at room tem-
perature. Annealed primers were diluted to 0.5 uMm in nuclease-
free water and cloned into pLentiCRISPRv2 via BsmBI restric-
tion enzyme (New England Biolabs) digest and subsequent
ligation with T4 DNA ligase (New England Biolabs). Stellar ™
competent cells (Clontech) were transformed with the ligation
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reaction, and correct clones were identified by SANGER
sequencing (Microsynth SeqLab) using the U6 primer.

Generation of high-titer lentivirus and viral transduction

7.5 X 10° HEK293T cells were seeded into a 6-well plate and
cultivated in DMEM without antibiotics 24 h prior to transfec-
tion. Cells were transfected with Lipofectamine 2000 (Invitro-
gen/Life Technologies) by mixing the reagent with 200 ul of
Opti-MEM and 3.3 ug of transfer vector containing the gRNAs
(pLentiCRISPRvV2), 2.7 ug of PAX2 (a gift from Didier Trono,
Addgene plasmid 12260), and 1 ug of pMD2.G (a gift from
Didier Trono, Addgene plasmid 12259). The transfection mix
was incubated for 30 min at room temperature and afterward
dropwise added to HEK293T cells. Medium was replaced with
fresh DMEM containing 10% (v/v) fetal bovine serum (Gibco/
Life Technologies) and 50 units/ml penicillin and 50 ug/ml
streptomycin (GE Healthcare) 12 h after transfection. Superna-
tant containing lentiviral particles was collected after 24 and
48 h. Supernatants were pooled and frozen at —80 °C.

For viral transduction, supernatants have been thawed at
room temperature, sterile-filtered through 0.45-um filters, and
mixed with 10 pg of Polybrene (Sigma-Aldrich) to infect 1 X
10° HEK293 cells. Stable transduced cells were selected with
puromycin, and the efficiency of FIH1 knockout was confirmed
by immunoblotting using antibody against FIH1.

Protein expression and purification

All proteins were expressed in Rosetta™ (DE3) competent
cells (Novagen). Respective cultures were grown at 37 °C until
Agoo of 0.6 was reached. Protein expression was induced with
0.2—-0.5 mm isopropyl B-p-thiogalactopyranoside (IPTG) over-
night at 25 °C. Bacterial cultures were harvested by centrifuga-
tion and flash-frozen in liquid nitrogen. Bacterial pellets were
thawed and cells were lysed by using a French press (Therma
Electron). Lysis buffer for purification via His tag contained 500
mM sodium chloride, 50 mmMm sodium phosphate, 1 mg/ml
lysozyme, 1 mg/ml DNase, 100 mm PMSF, 5 mMm imidazole, 1X
cOmplete, EDTA-free protease inhibitors (Roche Applied Sci-
ence). Lysis buffer for purification via GST tag contained 270
mM sucrose, 50 mMm Tris-HCl, 1 mg/ml lysozyme, 1 mg/ml
DNase, 100 mm PMSF, 1X cOmplete, EDTA-free protease
inhibitors (Roche Applied Science). Cell lysates were cleared by
centrifugation and filtered through a 0.45-um syringe filter.
The supernatant was either applied onto a 5-ml HiTrap™
TALON® crude column (GE Healthcare) using the AKTA Pure
25 system or transferred into a glass chromatography column
containing equilibrated GSH Sepharose™™ 4B (GE Healthcare).
For site-specific cleavage of the GST tag, immobilized fusion
proteins were incubated with 30 mm PreScission protease (GE
Healthcare) at 4 °C for 16 h. For purification of GST-tagged
proteins, immobilized fusion proteins were eluted from GSH
Sepharose™ 4B (25 mm Tris (pH 8.0), 150 mm NaCl, 25 mm
GSH reduced). Proteins were further purified using a Super-
dex™ 75 10/300 GL size-exclusion chromatography column
(GE Healthcare) equilibrated in 25 mm Tris-HCI (pH 7.5), 150
mMm NaCl. Purified proteins were concentrated using Amicon®
Ultra-4 concentrators (Millipore).
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For NMR experiments, proteins were expressed in Luria—
Bertani or M9 medium containing the '*N-labeled NH,Cl and
13C-labeled glucose. For expression of the UBA domain, Roset-
ta™ (DE3) competent cells (Novagen) were transformed with
pOPINK-Cezanne (residues 1-55). Protein expression was
induced with 0.25 mm IPTG for 12 h at 25 °C. For monoubig-
uitin and linear diubiquitin expression, T7 Express cells (New
England Biolabs) were transformed with corresponding pET39
plasmids, induced with 0.2 mm IPTG, and harvested after 4 h of
incubation at 37 °C. Monoubiquitin and linear diubiquitin were
purified according to previous work (41). Protein samples were
equilibrated in buffer containing 25 mm HEPES (pH 7.5), 50 mm
NaCl, 5% D,O prior to NMR experiments.

Pulldown (PD) assays

For GST pulldown experiments, equal amounts of GST and
GST-tagged UBA domain were immobilized on GSH Sephar-
0se™ 4B (GE Healthcare). After incubation for 1 hat 4 °Cona
rotary shaker, beads were washed two times with PD buffer (150
mM NaCl, 50 mm Tris (pH 7.5), 5 mm DTT, 0.1% Nonidet P-40).
Subsequently, 3 ug of differently linked tetraubiquitin chains
were applied to coupled GST or GST-UBA beads in PD buffer
containing 0.5 ug of BSA. Ubiquitin chains were incubated
overnight at 4 °C on a rotary shaker. The next day, beads were
washed five times with PD buffer and eluted with 4X LDS sam-
ple buffer (Invitrogen) supplemented with 20 mm DTT and
boiled for 2 min at 95 °C.

For semi-in cellulo experiments, equal amounts of GST and
GST-tagged UBA domain were immobilized on GSH beads.
After incubation for 1 h at 4 °C on a rotary shaker, beads were
washed two times with PD buffer (150 mm NaCl, 50 mm Tris
(pH 7.5), 5 mm DTT, 0.1% Nonidet P-40). Subsequently, cell
lysate from 293 cells (three wells of a 6-well plate were com-
bined) treated for 2 h with 20 um MG132 was applied to cou-
pled GST and coupled GST-UBA beads and incubated for 2 h
onarotary shaker at 4 °C. Beads were washed five times with PD
buffer and eluted with 4X LDS sample buffer (Invitrogen) sup-
plemented with 20 mm DTT and boiled for 2 min at 95 °C.

For HaloTag pulldown experiments, 100 ul of HaloTag bead
(Promega) suspension was incubated with 300 pg of Halo-
tagged protein (Halo-linear tetraubiquitin or HaloTag alone) in
Halo resin buffer (150 mm NaCl, 100 mm Tris (pH 7.5), 0.05%
Nonidet P-40) at 4°C for 1 h at room temperature. Input
(before incubation) and supernatant (after incubation) samples
were analyzed with SDS-PAGE followed by Instant Blue (Expe-
deon) staining to analyze whether beads were equally saturated
with Halo-tagged protein. Beads were washed three times with
Halo resin buffer. 2.5 ug of GST or GST-UBA protein were
incubated for 1 h at 4 °C on a rotary shaker with immobilized
Halo-protein. Afterward, beads were washed three times with
Halo resin buffer and spun down at 800 X g for 5 min. Proteins
were eluted with 2X LDS sample buffer (Invitrogen) supple-
mented with 20 mm DTT and boiled for 5 min at 95 °C.

In vitro Cezanne DUB assay

Cezanne(1-449) or Cezanne(129 —449) was diluted in 10
wl of DUB dilution buffer (25 mm Tris-HCI (pH 7.5), 150 mm
NaCl, 10 mm DTT) and preincubated for 10 min at room
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temperature. 1 pug of differently linked tetraubiquitin chains
or diubiquitin was prepared in 10 ul of 10X DUB reaction
buffer (500 mm Tris-HCI (pH 7.5), 500 mm NaCl, 50 mMm
DTT). To start the hydrolysis reaction, DUB and substrate
were mixed in a 1:1 ratio and incubated at 37 °C for the
indicated times. Reactions were stopped by adding 4X LDS
sample buffer (Invitrogen/Life Technologies) supplemented
with 20 mm DTT and boiled for 30 s at 95 °C. Samples were
analyzed by SDS-PAGE on 4-20% gradient precast or 15%
self-made gels and visualized by silver staining (Silver Stain
Plus Kit, Bio-Rad).

NMR spectroscopy

All NMR experiments were performed on Bruker Avance
spectrometers operating at proton Larmor frequencies of 500
and 700 MHz at 25 °C and were analyzed using the Sparky 3.114
software (University of California, San Francisco). Backbone "H
and '°N resonances of the UBA domain of Cezanne were
assigned using a *>N,"H BEST-TROSY version of three-dimen-
sional HNCACB (42) experiments with 0.8 mMm uniformly
13C,'>N-labeled protein sample. Assignment of linear diubiqui-
tin "H and "N resonances was taken from previously published
work (34) (BMRB entry ID 26709) with minor adaptations. For
NMR titration experiments, nonlabeled linear diubiquitin,
monoubiquitin, or UBA domain was titrated to ~100 um solu-
tion of "’N-UBA domain (WT, mutant, or hydroxylated) or
'5N-linear diubiquitin and '*N-monoubiquitin, respectively, to
obtain molar ratios between UBA and monoubiquitin moiety of
0, 1:8, 1:4, 1:2, 1, 3:2, 2, 4, 8, and 16. The **N,"H BEST-TROSY
version of heteronuclear single quantum coherence spec-
troscopy (HSQC) experiments was recorded for the indi-
cated molar ratios at each titration step. Chemical shift per-
turbation (CSP) analysis was done according to suggestions
and formulations from Ref. 43. CSP values were calculated
for each individual backbone proton using the formula, Ad =
(ASH? + (ASN/5)%)"2. The dissociation constants, K, were
calculated by a least-squares fit to the titration data under
the assumptions of a fast exchange regime and a one-binding
site mode of protein interaction. Structural modeling of the
UBA domain was performed using the protein modeling
portal (www.proteinmodelportal.org)® with the NMR struc-
ture of human UBA domain of OTUD7A (PDB code 212D,
85% identity) as a template.

Mass spectrometry

To identify hydroxylated Cezanne in cellulo, SILAC-labeled
HEK293 FIH1 KO cells were transfected with GFP-Cezanne in
the absence and presence of exogenous FIH1 under normoxic
and hypoxic (1% oxygen, 16 h) conditions (three 10-cm
dishes/condition).

Cells were lysed (50 mm Tris-HCI (pH 7.5), 150 mm NaCl, 1%
Nonidet P-40, 25 mm NaF, 1X cOmplete, EDTA-free protease
inhibitors (Roche Applied Science)). Inmunoprecipitation was
performed using GFP-Trap®-agarose (Chromotek). Beads
were washed five times with lysis buffer, three times with 8 m
urea, and subsequently three times with Milli-Q water. An in-
solution digest was performed. In brief, protein elution and
denaturation were performed by boiling the samples in 6 M
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guanidine hydrochloride buffer and adding 50 mm ammonium
bicarbonate. 10 mM tris(2-carboxyethyl)phosphine and 40 mm
chloroacetamide were added to the sample. Proteins were
digested with trypsin overnight. Tryptic peptides were desalted
and concentrated using STAGE-Tips (Empore C18, 3 M). Pep-
tides were separated on a self-made 15-cm C18 column on an
Easy nLC 1200 system (Thermo Fisher Scientific) and injected
directly into an Orbitrap Elite mass spectrometer (Thermo
Fisher Scientific) that was operated in data-dependent mode.
The 20 most abundant peptides were subjected to collision-
induced dissociation fragmentation in the linear ion trap after a
survey scan in the Orbitrap. Data analysis was done with Max-
Quant 1.61 against the Uniprot Human Reference Proteome
Database (version 12/17/2017), consisting of 71,775 entries,
combined with the MaxQuant Contaminants database (245
entries). Only fully tryptic peptides with a maximum of 2
missed cleavages were taken into account. Modifications were
limited to carbamidomethylation of cysteine (fixed) and vari-
able oxidation of methionine, hydroxylation of asparagine, and
acetylation of protein N termini. The mass tolerance was set to
20 ppm in the first and 4.5 ppm in the second search for pre-
cursor ions and to 0.5 Da for fragment ions. The false discovery
rate was set to 1% on peptide-spectrum match (protein and site
decoy level). Quantitative information about the abundance of
the hydroxylated peptide and its unmodified counterpart were
taken from MaxQuant 1.6.1 and analyzed with GraphPad Prism
for statistical significance (one-sample ¢ test; **, p = 0.01; ***,
p = 0.001).

To verify hydroxylation of recombinant UBA domain, 3 X 5
pg of recombinantly expressed and purified His-GST-UBA or
His-GST-UBA(Asn®>*OH) was reduced and alkylated in 4%
sodium desoxychelate (SDC), 10 mM tris(2-carboxyethyl)phos-
phine, 40 mM chloroacetamide, pH 8.0, for 10 min at 95 °C. The
mixture was cooled down, diluted with 50 mm Tris to 2% SDC,
and digested with 0.5 ug of Lys-C at 37 °C for 1 h. Subsequently,
the sample was further diluted to 1% SDC and further digested
with 0.5 ug of trypsin for 5 h at 37 °C. Tryptic peptides were
desalted and concentrated using SDB-RPS STAGE-Tips
according to Kulak et al. (44).

Peptides were separated with a 48-min nonlinear gradient
from O to 48% acetonitrile on an Easy nLC 1200 system
(Thermo Fisher Scientific) with a 20-cm self-packed C18 col-
umn and directly injected into a Q Exactive HF (Thermo Fisher
Scientific). After a survey scan at 60,000 resolution, the five
most abundant precursor ions were fragmented by HCD, and
the fragmentation spectra were recorded with a resolution of
30,000. Data analysis was done with MaxQuant 1.6.5 as
described above but without SILAC quantification and against
a database consisting of the sequence of the tagged UBA con-
struct, supplemented with the MaxQuant contaminants data-
base (245 entries) and the Human Swiss-Prot database (version
9/11/2017). In addition, fragment mass tolerance was set to 0.5
Da. The hydroxylation site was validated by interpretation of
manual spectra. Quantitative information about the abundance
of the hydroxylated peptide and its unmodified counterpart was
taken from MaxQuant and analyzed with GraphPad Prism for
statistical significance (one-sample ¢ test; **, p = 0.01; ***, p =
0.001).
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