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The linear synthesis of the N-terminal domain of mISG15 has been
developed which enables the synthesis of full-length mISG15 and
the activity-based probe Rho-mISG15-PA via native chemical lig-
ation. Pilot experiments showed that the synthetic proteins were
properly folded and recognized by endogenous enzymes. Our syn-
thesis strategy allows the generation of other mISG15-based
probes and reagents that can accelerate the research in this field.

The innate immune system serves as the first line of defence
against viral and bacterial infections in mammalian cells.
Activation of this system initiates the release of Type-I interfer-
ons (IFN-a and IFN-B), which eventually leads to the transcrip-
tion of more than 300 interferon-stimulated genes (ISGs).
These ISGs encode for many different proteins such as cyto-
kines, chemokines, transcription factors and enzymes that
regulate the host immune response. One of the most strongly
induced proteins is ubiquitin (Ub)-like modifier ISG15 (inter-
feron stimulated gene of ~15 kDa)."” This 157 amino acid con-
taining protein is translated as a 17.8 kDa pro-protein and sub-
sequently processed into its mature form. ISG15 contains two
characteristic Ub-like p-grasp domains connected via a short,
unstructured hinge region, such that it forms a linear dimer of
Ub-like modules (Fig. 1A).”

Similar to Ub, ISG15 is conjugated post-translationally to
the e-amine of a target protein lysine residue by means of
an enzymatic cascade in which the UbelL (E1 activating
enzyme),” UbCHS8 (E2 conjugating enzyme)>® and several E3
ligases (for example mouse HERC6 and human HERC5)"°
are involved. This process is called ISGylation."*
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Total chemical synthesis of murine ISG15 and an
activity-based probe with physiological binding
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ISG15 is deconjugated by specific proteases in a process
termed deISGylation, comparable to deubiquitination by deu-
biquitinating enzymes (DUBs). In fact, the first (and to date
only) human deISGylase was initially found to bind Ub and
hence named Ub binding protein 43 (UBP43), or Ub specific
protease 18 (USP18), although it does not display DUB
activity.'> USP18 can process pro-ISG15. However, mice lacking
the catalytic activity of USP18 do not show compromise,
demonstrating that either other proteases with ISG15 selecti-
vity exist and/or USP18 is not the isopeptidase for processing
ISG15.*® Indeed, several DUBs have been reported to be cross-
reactive with I1SG15 (e.g. USP2, 14 and 21)."%"> However the
observation that USP18C61A shows higher levels on ISGylation
suggests that USP18 represents the major deISGylase for sub-
strates within the context of the whole organism."®
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Fig. 1 (A) Schematic illustration of ISG15 and ISG15-based activity-
based probe. (B) Sequence of mouse ISG15. The dipeptides (pseudopro-
lines and dimethoxylbenzyl) used in the synthesis SPPS are underlined.
The orange color indicates the N-terminal domain, magenta color indi-
cates the hinge region and blue color indicates the C-terminal domain.
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Most Ub-like proteins are found in all eukaryotic species
but ISG15 has evolved with the IFN system and is therefore
only found in vertebrates."” 1SG15 plays a critical role in the
antiviral response. For example the overexpression of ISG15
inhibits HIV replication in HIV infected cells."® 1SG15 knock-
down in mice led to a higher susceptibility to several viral
infections and ISG15 silencing increased viral growth in
different cell types.’ Interestingly, the antiviral activity of
ISG15 either requires its conjugation as shown by the fact that
also UbelL-deficient mice display a higher susceptibility to
viral infection.” Alternatively some viruses are counteracted in
a conjugation independent manner. Notably, the transcription
of ISG15 as well as the E1/E2/E3 enzymes and USP18 are
highly regulated by Type-I IFN.>°

The antiviral properties of ISG15 are further reflected by the
finding that several viruses have developed immune evasion
strategies that directly target the ISG15 pathway. For example
the NS1B protein of influenza-B binds ISG15, thereby blocking
the interaction with UbelL and inhibiting ISGylation.* The
deadly human pathogen Crimean Congo hemorrhagic fever
virus (CCHFV) targets ISG15 conjugates by expressing a
delSGylating enzyme.*!

Besides its function as a protein modifier, extracellular
ISG15 has been reported to stimulate the IFN-y secretion
through binding to the LFA-1 cell surface receptor.>”

Despite its immunological importance, the ISG15 system
has remained relatively unexplored compared to other Ub-
(like) proteins and one of the main reasons for that is the
minimal availability of convenient (chemical) tools to interfere
with the system. Successful chemical synthesis of ubiquitin
allowed the development of ubiquitin-based tools, such as
assay reagents, inhibitors and probes which tremendously
boosted the research in the ubiquitin field.>*** Along this line,
we reasoned that the development of a method to synthesize
full-lengthISG15 would open new avenues for the preparation
of ISG15-based research tools which will likely accelerate the
research in this field as well.

So far, intein chemistry has been applied to prepare full-
length ISG15-based probes, equipped with a reactive moiety
and reporter group,'*** however this method is bound to the
limitations of protein expression and therefore lacks the con-
venient “at will attachment” of any desired chemical entity at
any site, a feature that is available in a fully synthetic
approach.?*>® We here report the first chemical synthesis of
full-length mISG15 and an activity-based probe derivative
thereof, rhodamine-ISG15-propargylamide (Rho-ISG15-PA), (1
and 2 in Fig. 1) using solid-phase peptide chemistry and
native-chemical ligation, and show that the synthetic proteins
are properly recognized by USP18 and Ube1L.

ISG15 can be considered as a linear dimer of two ubiquitin-
like modules (Fig. 1, ISG15 has 155 AA versus ubiquitin 76 AA),
and we therefore decided to cut the protein into two parts at
Cys76 and first synthesize the N-terminal domain (M1-Q74)
and C-terminal domain (C76-G155) separately via a linear SPPS
approach. In the final step, the full-length products could then
be constructed via assembling these two parts together
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through native chemical ligation (NCL). The mutation of N75G
was introduced at the NCL site because we reasoned that this
mutation, that is located in the unstructured hinge region,
would greatly increase the conversion rate in NCL, yet have a
minimal impact on the structure and activity of mISG15.

The C-terminal domain C76-G155 (peptide 3, Scheme 1)
was synthesized by SPPS using a similar method reported pre-
viously by our group for the preparation of Ac-mISG1580-154-
PA.> Standard Fmoc-based SPPS conditions were used (4 eq.
Fmoc protected AA, 4 eq. PyBOP, 8 eq. DIPEA and double coup-
lings). After treatment of the peptide with a cleavage mixture
(TFA/H,O/phenol/TIPS) followed by HPLC purification, 38 mg
of peptide 4 was obtained with an overall yield of 16%.

The SPPS of the N-terminal domain (M1-Q74) turned out to
be more challenging. We explored various dipeptide “aggrega-
tion breakers” such as pseudoprolines®® and dimethoxybenzyl
(DMB)®° at different positions in the sequence and eventually
identified five sites that required these building blocks. The
optimized synthesis strategy is shown in Fig. 1B. N-Terminal
domain M1-Q74, peptide 5 (Scheme 1) was prepared on a
mild-acid-labile chlorotrityl resin and the last coupling
involved a Boc-protected amino acid. After mild acidic cleavage
from the resin by HFIP, side chain protected peptide 6 was
obtained and the H-Gly-thioester (7) was selectively incorpor-
ated to give building block 8 using Sakakibara’s method to
elongate protected peptides,*! which could prevent the epimer-
ization of the stereocenter in Q74. After global deprotection
and HPLC purification, the N-terminal domain (9) was ready
(overall yield: 20 mg, 10%). Native chemical ligation of the
C-terminal domain (4) and the N-terminal domain (9) was
carried out in buffer containing 6 M Gnd-HCl, 0.15 M sodium
phosphate and 0.25 mM MPAA (pH 7.5) at 37 °C overnight.
The reaction mixture was analysed by LC-MS (Fig. S17), which
showed the formation of product (1) and the hydrolysed
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Scheme 1 Synthesis of mISG15. (A) Synthesis of the C-terminal
domain; (B) synthesis of the N-terminal domain; (C) synthesis of mISG15
via NCL. Reagents and conditions: (a) TFA, H,O, TIPS, phenol (90.5/5/
2.5/2, viviviv); (b) 20% HFIP, DCM (v/v); (c) EDC-HCI, HOBt, CHCls/
CF3CH,OH, —18 °C; (d) 6 M Gnd-HCl, 0.15 M sodium phosphate, 0.25 M
MPAA, pH 7.5, 37 °C.
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product of peptide 9. After purification by HPLC and gel-fil-
tration, pure full-length mISG15 (1) was obtained (1.2 mg,
0.070 pmol, 5.3%). The purity of mISG15 was confirmed by
SDS-PAGE (Fig. 2A) and MS (Fig. 2B) analysis.

To verify the correct folding of purified synthetic mISG15,
we compared the biochemical function of synthetic and
expressed mISG15. We treated synthetic and expressed
mISG15 with UBE1L (human ISG15 E1), which initiates the
mISG15 conjugation cycle.” Using the procedures previously
reported by our group,®* mISG15 can be conjugated to the
TAMRA-labelled dipeptide TAMRA-Lys(SH)Gly under the acti-
vation of UBE1L. The efficient formation of 5-TAMRA-Lys
(mISG15)-Gly-OH proved that synthetic mISG15 was recognized
and processed with the same efficiency as expressed mISG15
(Fig. 3). These results were further confirmed by MS analysis
and the mass shift corresponded to the addition of the
TAMRA-labelled dipeptide (Fig. S27).

With a successful synthesis approach in hand, we then
focused on the generation of mISG15-based tools to profile
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Fig. 2 Validation of synthetic mISG15 by (A) SDS-PAGE showing syn-
thetic and expressed mISG15 and (B) MS analysis of the synthetic full-
length mISG15 (1). Calculated mass: 17 202.4 Da.
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Fig. 3 Validation of synthetic mISG15 via the reactivity of both
expressed and synthetic mISG15 with UBE1L.
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and visualize enzymes involved in the ISGylation. For this
purpose, we first designed an activity-based probe (Fig. 1, Rho-
mISG15-PA) with an alkyne at the C-terminus as a warhead
and a rhodamine label at the N-terminus as a fluorescent tag.
The synthesis of Rho-mISG15-PA was carried out in the same
fashion as the preparation of mISG15 (shown in Scheme S1
and Fig. S31). In brief, the C-terminal domain, C76-G154 was
prepared by SPPS with an N-terminal Boc protecting group and
the protected peptide was cleaved from the trityl resin. After
coupling propargyl amine to the C-terminal carboxylic acid,
the protein was deprotected and purified by HPLC. The
N-terminal domain, M1-Q74 was also prepared by SPPS and
the N-terminus was coupled to DiBoc-Rho-COOH.>*® The thio-
ester was prepared as described above and after NCL and puri-
fications, the Rho-mISG15-PA probe (2) was obtained (0.21 mg,
0.012 pmol, 1.9% yield).

In order to investigate the structural integrity and activity of
this fully synthetic ISG15 probe we performed a labelling
experiment in lysates from mouse NMuMG cells. Since USP18
expression is highly regulated by Type-I IFN, the cell were
treated with or without IFN-p for 24 hours prior to cell lysis.
Both lysates were treated with probe 2 and we used the pan-
DUB probe Rho-Ub-PA** as a control. The samples were
resolved by SDS-PAGE and all probe-labelled proteins were
visualized by in-gel fluorescence imaging (Fig. 4A and S5At). A
clear band around 55 kDa can be seen in the IFN-§ treated
sample that is labelled with the ISG15 probe, and this band is
absent in the non IFN-f treated sample. In Ub probe samples,
no new band was observed in the IFN-p treated sample when
compared to the non IFN-f treated sample. This band was
further verified to be ISG15-probe-labelled USP18 (43 kDa
USP18 + 17 kDa probe) by western blot using anti-mUSP18
antibody (Fig. 4B and Fig. S6). Our results confirmed the pre-
vious conclusion that USP18 conveniently reacts with ISG15-PA
but lacks any reactivity towards Ub-PA."> A few other bands
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Fig. 4 Assessment of Rho-mISG15-PA (2) reactivity against mUSP18. (A)
Labelling of endogenous enzymes in mouse NMuMG cell lysates.
Fluorescence scan is shown. The asterisk (*) indicates expected probe-
labelled mUSP18. (B) Immunoblot shows the reactivity and selectivity of
endogenous mUSP18 towards the Rho-mISG15-PA probe (2). (C)
Immunoblot showing the time-dependent reactivity of Flag-mUSP18
towards the Rho-mISG15-PA probe.
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appear in both IFN-f and non-treated ISG15 probe samples,
which most likely correspond to ISG15 cross-reactive DUBs."*

To further confirm that our probe could label mUSP18,
HEK293T cells transiently overexpressing Flag-mUSP18 wild-
type or Flag-mUSP18 C61A (active site mutant) were lysed and
incubated with the Rho-mISG15-PA probe. After 30 min,
almost full labelling was achieved and there was no labelling
in the sample with the C61A active site mutant (Fig. 4C and
S5B+). These results show that our probe can label mUSP18 via
the active site cysteine. Furthermore, our results indicate that
the asparagine 75 to glycine substitution in the hinge region
hardly affected the structural properties as well as the activity
of the protein.

Conclusions

In conclusion, we have reported the first preparation of the
155 amino acid protein mISG15 through SPPS chemistry and
native chemical ligation. Many efforts have been made to opti-
mize the synthesis of the N-terminal domain through SPPS
and five critical “aggregation breaker” positions were identi-
fied. The successful synthesis of the N-terminal domain
enabled us to obtain full-length mISG15 and the Rho-mISG15-
PA probe, which were properly recognized and efficiently pro-
cessed by UBE1L and USP18, respectively. With our established
method for the preparation of the N-terminal domain and full
length mISG15, it is now possible to design and synthesize
various mISG15-based reagents or probes to investigate the
complicated biological function of mISG15. For example, our
synthesis route allows for the incorporation of photo-cross-
linking amino acids or the introduction of other amino acid
mutations anywhere in the sequence to study the proteins that
could interact with mISG15. As most of the ISG15 function
in particular with respect to ISG15deconjugation by USP18
is attributed to its C-terminal domain, this will especially
become valuable to elucidate the (so far understudied) specific
role(s) of the N-terminal domain within ISG15. We expect that
the strategy reported here to synthesize full-length mISG15 will
lead to an expansion of the current limited ISG15 toolbox
which will concomitantly result in a better understanding of
ISG15 biology. In addition, the acquired chemical knowledge
will aid in the chemical preparation of the even more challen-
ging human ISG15.
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