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ISG15 is a ubiquitin-like (Ubl) protein attached to substrate proteins by ISG15 conjugating enzymes whose dysregulation is
implicated in a multitude of disease processes, but the probing of these enzymes remains to be accomplished. Here, we describe
the development of a new activity-based probe ISG15-Dha (dehydroalanine) through protein semi-synthesis. /n vitro cross-
linking and cell lysate proteomic profiling experiments showed that this probe can sequentially capture ISG15 conjugating
enzymes including E1 enzyme UBA7, E2 enzyme UBE2L6, E3 enzyme HERCS, the previously known ISG15 deconjugating
enzyme (USP18), as well as some other enzymes (USP5 and USP14) which we additionally confirmed to impart deISGylation
activity. Collectively, ISG15-Dha provides a new tool that can simultaneously capture ISG15 conjugating and deconjugating

enzymes for biochemical or pharmacological studies.
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1 Introduction

Human interferon-stimulated gene 15 (ISG15) is a ubiquitin-
like (Ubl) protein induced by type I interferon or pathogens
and implicated in host immune processes and the antiviral
response [1,2]. Analogous to ubiquitin (Ub), ISG15 is
covalently attached to the lysine residues of substrate pro-
teins by ISG15 conjugating enzymes E1, E2, and E3 and
removed by deconjugating enzymes, which together ac-
complish the reversible regulation of the ISG15 modification
[3,4]. The abnormal regulation of these enzymes is closely
associated with a variety of diseases, including COVID-19

*Corresponding authors (email: jhli@mail.tsinghua.edu.cn; lliu@mail.tsinghua.edu.cn;
whe@mail.tsinghua.edu.cn)

© Science China Press 2023

[5-10]. Recent studies have showed that the levels of ISG15
conjugating and deconjugating enzymes are significantly
increased upon SARS-CoV-2 infection [9].

Activity-based probes are powerful tools for proteomic
profiling, mechanistic studies, and the screening of prototype
drugs targeting Ub/Ubl conjugating and deconjugating en-
zymes [11-27]. Several probes for Ub conjugating and de-
conjugating enzymes have been developed and have greatly
advanced biochemical and biophysical studies of Ub mod-
ifications [11-13,15-26]. In contrast, reported ISG15 probes
(ISG15-PA, ISG15-VS, ISG15-VME, and ISG15-Br3) can
capture ISG15 deconjugating enzymes (delSGylases) only
(Scheme 1a), and no probes for ISG15 conjugating enzymes
have been developed [7,27-34]. Here, we described the
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Scheme 1 (a) Reported ISG15 activity probes can only capture deISGylases; (b) the ISG15-Dha probe can capture ISG15 conjugating enzymes (E1, E2,

E3) and ISG15 deconjugating enzymes (deISGylases) (color online).

development of ISG15-dehydroalanine (ISG15-Dha), a probe
capable of capturing ISG15 conjugating enzymes [13,35].
Upon adenosine triphosphate (ATP)-dependent activation by
UBA7 (E1), ISG15-Dha transferred downstream to UBE2L6
(E2) through sequential trans-thioesterifications in vitro, and
proteomic profiling demonstrated that it could capture all the
known Cys-based ISG15 conjugating enzymes in different
cell lysates. Unexpectedly, ISG15-Dha also captured delS-
Gylases, including USP18 (the known ISG15-specific de-
conjugating enzyme), USP5 and USP14. Therefore, ISG15-
Dha constitutes a new tool for the capture of both ISG15
conjugating and deconjugating enzymes, and is expected to
be used for the proteomic activity profiling of ISG15-reg-
ulation enzymes under different disease phenotypes.

2 Results and discussion

2.1 Design and synthesis of the ISG15-Dha probe

Ub-dehydroalanine (Ub-Dha) was recently reported to be
capable of sequentially capturing Ub conjugating enzymes
and has proved to be a valuable tool for proteomic profiling
and mechanism studies of Ub conjugating enzymes [13]. We
hypothesized that the ISG15-derived probe ISG15-Dha
could capture ISG15 conjugating enzymes through cascade
reactions (Scheme 1b).

To test this idea, we synthesized ISG15-Dha using a semi-
synthetic strategy that entailed the reaction of recombinantly
expressed mutant ISG15 (ISG15C785’ Gmc) with 2,5-di-
bromohexanediamide, where C78S mutation was introduced
to avoid the reaction of Cys78 with 2,5-dibromohex-
anediamide (Figure la) [13,35]. Thiol 1 (40 mg) was ob-
tained from 1 L lysogeny broth (LB) medium, by E. coli

expression, which gave 2 (30 mg) after removal of the His
tag and size exclusion chromatography (SEC) purification
(Figure Sla—c, Supporting Information online). Subse-
quently, 2 was mixed with 2,5-dibromohexanediamide (20
eq.) at 42°C in reaction buffer (50 mM N-2-hydro-
xyethylpiperazine-N-ethane-sulphonicacid (HEPES),
I50mM NaCl, 1ImM tris(2-carboxyethyl)phosphine
(TCEP), and 4 M Gn-HCI, pH 9.0) to generate ISG15-Dha
(4) in yields of 80% (by high performance liquid chroma-
tography (HPLC)) and 60% (isolated) after 5 h (Figure 1b,
Figure S1d). Prolonging the reaction time failed to further
improve the yield. HPLC and electrospray ionization-mass
spectrometry (ESI-MS) analyses confirmed that 4 had good
homogeneity and correct molecular weight (Figure 1c, d).
Refolding of 4 as previously described [36] proceeded in low
yield (less than 10%); fortunately, this could be increased to
35% by slowly adding (drop-wise) the refolding buffer
(50 mM HEPES, 150 mM NacCl, and 1 mM TCEP, pH 8.0) to
a solution of 4 (in 50 mM HEPES, 150 mM NacCl, and 1 mM
TCEP, 6M Gn-HCI, pH 8.0). The homogeneity of the re-
folded 4 was confirmed by SEC and sodium dodecyl! sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and its
circular dichroism (CD) spectrum showed characteristic
absorptions at 208 and 222 nm, consistent with the expressed
ISG15 and ISG15™ 9"’ indicating that 4 was folded
correctly (Figure le, f). Using this approach, 5 mg of well-
folded ISG15-Dha (4) could be obtained from 40 mg of 1
within three days.

2.2 ISG15-Dha probe forms covalent bond with ISG15
conjugating enzymes in vitro

With ISG15-Dha in hand, we firstly investigated its
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Figure 1 Design and synthesis of the ISG15-Dha probe. (a) Synthesis of ISG15-Dha via a semi-synthetic strategy; (b) reverse-phase (RP)-HPLC traces
(214 nm) for the generation of probe 4 from 2; (c) analytical RP-HPLC (214 nm) of probe 4; (d) ESI-MS and deconvoluted spectra of probe 4; (¢) SEC and

SDS-PAGE analysis of probe 4; (f) CD spectra of probe 4 (color online).

crosslinking activity with ISG15 conjugating enzymes in
vitro (Figure 2a) [13,37]. ISGI15 activating enzyme (E1)
UBA7 (0.5 uM) was incubated with 10 uM ISG15/ISG15-
Dha at 37 °C and the reaction analyzed by SDS-PAGE,
ISG15 was used as the control (Figure S2a, b). ISG15 reacted
with UBA7 in the presence of ATP to generate
UBA7~ISG15 thioester (Figure 2b, lane 5), which was re-
duced to UBA7 and ISG15 by the addition of dithiothreitol
(DTT) (Figure 2b, lane 6). ISG15-Dha reacted with UBA7 to
form an adduct having the same migration rate as
UBA7~ISG15 thioester (Figure 2b, lane 8). Upon the addi-
tion of DTT, the intensity of the adduct band decreased
whereas that of the UBA7 band increased (Figure 2b, lane 9),
suggesting that ISG15-Dha reacts with UBA7 to generate
two products, UBA7~ISG15-Dha thioester which is sensi-
tive to added reducing agent, and UBA7-ISG15-Dha thioe-
ther which is stable to it (Figure 2b, c). The reaction of
ISG15-Dha or ISG15 with UBA7 was ATP-dependent
(Figure 2b, lane 4 and lane 7), indicating that the reaction
proceeds via AMP intermediates. We also tested the cross-
linking activities of ISG15-Dha towards Ub activating en-
zyme UBAI, small ubiquitin-like modifier (SUMO)

activating enzyme AOS1-UBA2 and Nedd8 activating en-
zyme NAEI-UBA3, respectively. SDS-PAGE analysis
showed that ISG15-Dha did not react with UBA1, UBA2 or
UBA3, indicating that ISG15-Dha was highly selective for
ISG15 activating enzyme UBA7 (Figure S3).

To test if UBA7~ISG15-Dha thioester could deliver
ISG15-Dha to ISG15 E2, we added ISG15 E2 UBE2L6 to
the mixture of ISG15-Dha and UBA7, and monitored it by
SDS-PAGE  (Figure 3a). UBE2L6 reacted with
UBA7~ISG15 to generate UBE2L6~ISG15 thioester (Figure
3b, lane 5), which could be reduced by DTT (Figure 3b lane
6). In contrast, the conjugates generated by ISG15-Dha and
UBE2L6 could be partially reduced (Figure 3b, lane7 and
lane 8), indicating the formation of UBE2L6-ISG15-Dha and
UBE2L6~ISG15-Dha. The presence of the UBE2L6-ISG15-
Dha adduct was confirmed by tryptic MS/MS (Figure 3c).
We also observed the formation of UBA7~ISG15-Dha-
UBE2L6, a product of the E2 active site directly reacting
with Michael acceptor on UBA7~ISG15-Dha which can be
reduced to UBA7 and UBE2L6-ISG15-Dha by DTT under
reducing conditions—analogous to Ub-Dha [13]. These as-
says suggested that ISG15-Dha probe can sequentially
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Figure 2 Capture of UBA7 via covalent thioether formation with ISG15-Dha. (a) Scheme depicting the reactivity of UBA7 with ISG15-Dha to give either

the corresponding UBA7~ISG15-Dha thioester or UBA7-ISG15-Dha thioether;

(b) SDS-PAGE analysis of the ATP-dependent labeling of UBA7 under

reducing and non-reducing conditions; (c) tryptic MS/MS spectrum of the UBA7-ISG15-Dha thioether (UBA7~ISG15-Dha, thioester-linked conjugate;

UBAT7-ISG15-Dha, thioether-linked adduct) (color online).

capture ISG15 conjugating enzymes E1 and E2 in an activ-
ity-dependent manner.

2.3 ISG15-Dha probe as a proteomics tool to capture
ISG15 conjugating enzymes

Having established that the ISG15-Dha probe could cross-
link with ISG15 E1 and E2 enzymes in vitro, we tested its
ability to capture ISG15 conjugating enzymes in biological
samples. The probe biotin-ISG15-Dha was synthesized in a
similar manner to ISG15-Dha (Figure 4a, Figure S4a). His-
Avi-ISG15°7# 917¢ (5) was expressed by E. coli, and then
D-biotin was covalently linked to the Avi tag using the BirA
enzyme in the presence of 5 mM ATP and 5 mM MgCl,. The
reaction proceeded with concomitant removal of the His tag.
Biotin-Avi-ISG157* 17 (6) was obtained in near-quan-
titative yield within 2 h (Figure S4b, c) [38]. Next, 0.1 mM 6
was mixed with 2,5-dibromohexanediamide (20 eq.) at 42 °C
to generate biotin-ISG15-Dha (8), the yield of which could
reach 70% after 5 h (Figure 4b, Figure S4a, d). Probe 8 was
isolated in a yield of 40%. HPLC, ESI-MS and SDS-PAGE
confirmed that 8 had good homogeneity and the correct
molecular weight (Figure 4c). Probe 8 was then refolded as

described above and its secondary structure was confirmed
by CD spectroscopy (Figure 4d). In vitro crosslinking ex-
periments demonstrated that biotin-ISG15-Dha probe (8) can
also sequentially capture ISG15 conjugating enzymes (Fig-
ure S5a, b).

Next, we used the probe (8) for the affinity-based pro-
teomic profiling of cell lysates. Interferon-f (IFN-f)-induced
cell lysates (MCF-7, HeLa and HEK293T) were incubated
with 8 in the presence of ATP, and apyrase-mediated ATP
depletion was used as a control. The beads were washed and
eluted in LDS loading buffer, and the samples were separated
by SDS-PAGE, digested with trypsin, and finally analyzed
by label free quantitation-mass spectrometry (LFQ-MS)
(Figure 4e). After three biological replicates, the known
ISG15-specific E1 enzyme UBA7 and E2 enzyme UBE2L6
were enriched in the lysates of MCF-7, HeLa and HEK293T
cells in an ATP-dependent manner (Figure 4f~h, Tables S1—
S3, Supporting Information online). ISG15 E3 enzyme
HERCS was also enriched in MCF-7 cell lysate, indicating
that ISG15-Dha probe had the ability to capture ISG15 El,
E2, and E3 enzymes in cell lysates (Figure 4f). Several
ubiquitin E3 ligases including HERC6 and RNF213 were
also enriched, implicating their roles in the regulation of
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Figure 3 Capture of UBE2L6 via covalent thioether formation with ISG15-Dha. (a) Scheme depicting the reactivity of UBE2L6 towards UBA7~ISG15-
Dha permitting the formation of either the UBE2L6~ISG15-Dha thioester or the UBE2L6-ISG15-Dha thioether; (b) reactivity of UBE2L6 towards ISG15 and
ISG15-Dha under reducing and non-reducing conditions; (c) tryptic MS/MS spectrum of the covalent UBE2L6-ISG15-Dha complex (UBE2L6~ISG15-Dha,
thioester-linked conjugate; UBE2L6-ISG15-Dha, thioether-linked adduct) (color online).

ISGylation after IFN stimulation (Figure 4f, g). For example,
HERCS6 has the highest sequence homology (49%) with the
known ISG15 E3 enzyme HERCS5 [39]. Previous studies
have shown that the expression of HERC6 increased more
than 10 times after IFN induction, and in vitro experiments
showed that HERC6 can also activate ISG15, suggesting that
human HERC6 may play a role in ISG15-mediated immune
response [39,40]. RNF213 has recently been reported to
oligomerize to bind ISG15 after IFN-f stimulation, thereby
exerting antibacterial activity [41]. Neither the E1 nor E2
enzymes of Ub or other Ubls were enriched in our experi-
ments, suggesting that biotin-ISG15-Dha is highly specific
for ISG15 in cell lysates.

2.4 ISG15-Dha probe crosslinked with ISG15 decon-
jugating enzymes

Proteomic profiling showed that ISG15-specific deconju-
gating enzyme USP18 and other deubiquitinases (USP14,
USP41, USP42) were enriched in the above cell lysates
(Figure 4f-h), raising the possibility for ISG15-Dha to
covalently capture deISGylases (Figure 5a). To test this, we

expressed the catalytic domain of USP18 (USP18cat) and
tested its reactivity with ISG15-Dha in vitro, and the pre-
viously reported ISG15-PA probe was used as a control [30].
Probe ISG15-PA efficiently crosslinked with USP18cat to
generate an adduct band of about 70 kDa (Figure 5b, lane 2).
ISG15-Dha also reacted with USP18cat to generate a 70 kDa
covalent adduct whose formation was independent of ATP
(Figure 5b, lane 3).

Having demonstrated that ISG15-Dha could react with
USP18 in vitro, we then examined the ability of biotin-
ISG15-Dha probe to capture other enzymes with deISGyla-
tion activity in cell lysates (Figure S6a). The biotin-ISG15-
Dha probe was immobilized onto beads and incubated with
IFN-B-induced cell lysates; the beads lacking immobilized
probes were used as a negative control (NC). After elution,
SDS-PAGE separation, trypsin digestion and LFQ-MS ana-
lysis, the proteomics results showed that biotin-ISG15-Dha
could capture the known ISG15 deconjugating enzyme
USP18 in MCF-7, HeLLa and HEK293T cell lysates. In ad-
dition, deubiquitinase USPS5, USP14, USP15, USP41 (with
82% sequence homology to USP18) and OTUBI1 were sig-
nificantly enriched in at least two cell lines (Figure Sc,
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Figure 4 Proteome-wide activity profiling of ISG15-conjugation enzymes with biotin-ISG15-Dha probe (probe 8). (a) Semi-synthesis of biotin-ISG15-Dha
probe (8). (b) RP-HPLC traces (214 nm) showing the generation of probe 8 from 6. (c) Analytical RP-HPLC (214 nm), ESI-MS and SDS-PAGE analysis of
probe 8. (d) CD spectra of probe 8. (¢) MS workflow schematic. Biotin-ISG15-Dha (probe 8) was incubated with interferon-f3 (IFN-f)-induced MCF-7/HeLa/
HEK293T cell lysates and conducted affinity-based proteomic profiling in the presence of ATP (as the experiment group) and with apyrase-mediated ATP
depletion (as the control group). The enrichment was performed in parallel with three replicates. (f~h) Proteomic profiling of the ISG15 conjugating enzymes
in IFN-B-induced MCF-7/HeLa/HEK293T cells. Volcano plot comparison of proteins captured by biotin-ISG15-Dha probe within ATP (+ATP) relative to
without ATP (—ATP) in three biological replicates. Captured proteins (thresholds: false discovery rate (FDR)=0.05, artificial within groups variance (S0)=0.1)
were selected for further analysis. Data processing and analysis were carried out with Proteome Discoverer (version PD1.4), and Perseus (version 1.5.8.5)
software. The purple dot denotes significantly enriched E1 (UBA7), blue dot denotes significantly enriched E2 (UBE2L6), green dots denote significantly
enriched E3, and red dots denote significantly enriched deISGylases (USP18) and deubiquitylases (color online).

Figure S6b—e and Tables S4-S6). To verify their delSGyla-
tion activity in vitro, we successfully expressed and purified
USPS5, USP14 and OTUBI. USP5 and USP14 efficiently
hydrolyzed ISG15-AMC and crosslinked with ISG15-PA
(Figure 5d—g), which was consistent with previous studies
that USP5 and USP14 could react with ISG15-VS probe in
vitro [42]. We further measured the kinetic parameters of
USPS5 and USP14. For USP5, the Michaelis constant (K,,) =
18.60 uM, the catalytic constant (K) = 2.60 min . For
USP14, K,, = 1.18 pM, K, = 0.36 min ' (Figure S7a, b).

OTUBI neither hydrolyzed ISG15-AMC nor crosslinked
with ISG15-PA (Figure S8a, b). Taken together, these results
showed that ISG15-Dha can also be a tool for deISGylases
proteomic profiling.

A deubiquitinase of about 100 kDa may be a precursor of
ISG15 (Pro-ISG15) processing enzyme [43]. To test whether
USP5 (858 amino acids, 95.8 kDa) might be a Pro-ISG15
processing enzyme, we examined the ability of USP5 to
process Pro-ISG15 in vitro (Figure S9a). HPLC results
showed that USP5 could efficiently cleave Pro-ISG15 to
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Figure 5

ISG15-Dha probe crosslinked with deISGylases. (a) Scheme depicting the reactivity of USP18 towards ISG15-Dha. (b) Western blotting analysis
of ATP-independent reaction of USP18 towards ISG15-PA and ISG15-Dha.

(c) Proteomics profiling of ISG15 deconjugating enzymes in IFN-B-induced

MCF-7/HeLa/HEK293T cell lysates. Proteins captured by biotin-ISG15-Dha (probe 8) bound to the streptavidin beads relative to beads lacking immobilized
probes (NC) in three biological replicates. Captured proteins enriched at least two cell lines were selected for further analysis. (d, ¢) RFU detection for the
reactivity of ISG15-AMC towards USP5 or USP14. (f, g) SDS-PAGE analysis for the reactivity of ISG15-PA (16 uM) towards USP5 (4 uM) or USP14

(4 uM) (color online).

generate mature ISG15 (Figure S9b, c). Therefore, we
speculate that USPS5 might also be a processing enzyme of
Pro-ISG15 in vivo.

3 Conclusions

A probe for ISG15 conjugating enzymes, ISG15-Dha, has
been designed and synthesized, and used to undertake
in vitro crosslinking studies with ISG15 conjugating and
deconjugating enzymes, and the proteomic profiling of cell
lysates. This work provides a new tool for the study of ISG15
conjugating and deconjugating enzymes, including in vitro
activity monitoring, proteomic profiling, drug screening, and
structural determination.
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