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ABSTRACT

The regulation of the interferon type I (IFN-I) response has been shown to rely on posttranslational modification by ubiquitin
(Ub) and Ub-like interferon-stimulated gene product 15 (ISG15) to stabilize, or activate, a variety of IFN-I signaling and down-
stream effector proteins. Unlike Ub, which is almost perfectly conserved among eukaryotes, ISG15 is highly divergent, even
among mammals. Since zoonotic viruses rely on viral proteins to recognize, or cleave, ISG15 conjugates in order to evade, or
suppress, innate immunity, the impact of ISG15 biodiversity on deISGylating proteases of the ovarian tumor family (vOTU)
from nairoviruses was evaluated. The enzymatic activities of vOTUs originating from the Crimean-Congo hemorrhagic fever
virus, Erve virus, and Nairobi sheep disease virus were tested against ISG15s from humans, mice, shrews, sheep, bats, and cam-
els, which are mammalian species known to be infected by nairoviruses. This along with investigation of binding by isothermal
titration calorimetry illustrated significant differences in the abilities of nairovirus deISGylases to accommodate certain species
of ISG15. To investigate the molecular underpinnings of species preferences of these vOTUs, a structure was determined to 2.5 A
for a complex of Erve virus vOTU protease and a mouse ISG15 domain. This structure revealed the molecular basis of Erve virus
vOTU’s preference for ISG15 over Ub and the first structural insight into a nonhuman ISG15. This structure also revealed key
interactions, or lack thereof, surrounding three amino acids that may drive a viral deISgylase to prefer an ISG15 from one species

over that of another.

IMPORTANCE

Viral ovarian tumor domain proteases (vOTUs) are one of the two principal classes of viral proteases observed to reverse post-
translational modification of host proteins by ubiquitin and interferon-stimulated gene product 15 (ISG15), subsequently facili-
tating downregulation of IFN-I signaling pathways. Unlike the case with ubiquitin, the amino acid sequences of ISG15s from
various species are notably divergent. We illustrate that vOTUs have clear preferences for ISG15s from certain species. In addi-
tion, these observations are related to the molecular insights acquired via the first X-ray structure of the vOTU from the Erve
nairovirus in complex with the first structurally resolved nonhuman ISG15. This information implicates certain amino acids
that drive the preference of vOTUs for ISG15s from certain species.

he majority of emerging viruses in the human population have

an origin in an animal reservoir host. Arthropod-borne vi-
ruses (arboviruses) are transmitted to vertebrates by blood-feed-
ing arthropods and are a major cause of zoonotic diseases (1).
Arboviruses of medical importance include the positive-sense
RNA viruses Dengue virus, West Nile virus, Chickungunya virus,
and Zika virus and the negative-sense RNA viruses (NSVs) Rift
Valley fever virus and Crimean-Congo hemorrhagic fever virus
(CCHEV) (2). The recent identification of diverse NSVs suggests
that even circulating vertebrate-specific viruses have originated
from arthropod virus ancestors, supporting the notion that virus
spillovers are the origin of currently circulating vertebrate-re-
stricted viruses (3). Multiple factors contribute to virus spillover
events from the reservoir species to other organisms. The type I
interferons (IFN-Is) represent one of the first and critical lines of
defense against invading viruses and are likely a major obstacle not
only for a zoonotic virus’s ability to spill over to another organism
but also for that organism to become a reservoir itself (1). Not
surprisingly, many viral proteins considered to be virulence fac-
tors are known to block the innate immune system, enabling vi-
ruses to replicate and cause disease.
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Initially, a phosphorylation cascade alone was proposed to
prompt several features of the IFN-I response, including IFN pro-
duction and release, the NF-kB inflammation response, and up-
regulation of several IFN-stimulated gene products with an-
tipathogenic properties (4). However, regulation of the IFN-I
response has been shown to go beyond phosphorylation events
and also relies on posttranslational modification by ubiquitin
(Ub) and Ub-like interferon-simulated gene product 15
(ISG15) (5).

With Ub and ISG15 playing a central role in innate immune
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FIG 1 Sequence alignment of vOTUs and ISG15s. (a) The vOTUs from ERVV (GenBank accession no. AFH89032.1), CCHFV (GenBank accession no.
AAQ98866.2), and NSDV (GenBank accession no. ACH99799.1), as well as LPHV (GenBank accession no. BAP90971.1) and DUGV (GenBank accession no.
AAB18834.1). The secondary structure of ERVV vOTU is shown as a-helices, n-helices (3,,-helices), and arrows ((-strands). Residues buried in the ERVV
vOTU-CmISG15 structure are indicated by an underlying blue bar, those buried in the CCHFV vOTU-ChISG15 structure by a green bar. Sites corresponding to
the RSN motif of ERVV vOTU that was targeted for mutagenesis are boxed in light blue. Conserved hydrophobic valley substrate binding residues in Nairovirus
vOTUs are boxed in purple. (b) The ISG15s from Homo sapiens (human; accession no. AAH09507.1), Mus musculus (mouse; accession no. AAB02697.1), Tupaia
belangeri (Northern tree shrew; accession no. AFH66859.1), Ovis aries (sheep; accession no. AF152103.1), Camelus dromedarius (camel; accession no. XP_010
997700.1), Myotis davidii (vesper bat; accession no. ELK23605.1), and Oplegnathus fasciatus (jackknife fish; accession no. BAJ16365.1). Percentages indicate
percent identity to human ISG15. The secondary structure of human ISG15 is shown, with human secondary structures colored in green and mouse secondary
structures labeled in blue. Residue numbering is based on mouse ISG15. The mouse ISG15 residues buried in the complex with ERVV vOTU are indicated by an
underlying orange bar, the human ISG15 residues buried in complex with CCHFV vOTU by a gray bar. The position corresponding to the residue that interacts
with the ERVV vOTU RSN pocket implicated in species specificity is boxed in red. Additional residues implicated in species specificity are boxed in royal blue.

regulation, numerous antiviral mechanisms are regulated by the
ubiquitination and ISGylation of host and viral proteins. In an
effort to undermine a host’s ability to mount an effective immune
response, viruses are encoding antagonists countering the host
antiviral responses mediated by ubiquitination and ISGylation
(6—11). Ub represents one of the most conserved eukaryote pro-
teins, whereas ISG15 is absent from invertebrates and highly di-
vergent among mammals, with sequence identities as low as 60%
(Fig. 1). This biodiversity of ISG15 has been shown to be a key
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factor in limiting influenza B virus infection in mice because in-
fluenza B virus NS1 cannot bind mouse ISG15, unlike its nonhu-
man primate and human counterparts (12-14).

The use of influenza A and B virus NS1 proteins to engage
ISG15 is not the only viral mechanism that seeks to counter the
antiviral activity of ISG15. One of the most direct mechanisms
involves viral proteases known as deISGylases, which can reverse
the posttranslational modification of host and viral proteins by
ISG15. Viral delSGylases have principally been identified in cer-
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tain members of the genera Coronavirus, Arterivirus, and Nairovi-
rus (6, 15). For nairoviruses, the deubiquitinase and/or deISGylase
activity originates from a viral ovarian domain protease (vOTU)
homologue encoded on the large (L) RNA segment of its tripartite
genome (6, 16). Unlike positive-sense RNA viruses from the gen-
era Coronavirus and Arterivirus that require their deubiquitinases
and deISGylases to cleave a viral polypeptide for replication, nai-
roviruses are NSVs requiring no such activity (17). Viruses that are
members of the genus Nairovirus, of the family Bunyaviridae, pos-
sess proteases with dedicated, but widely variable, deISGylase and
ubiquitinase activities (16).

The majority of nairoviruses are tick-borne pathogens, but
they infect vertebrate hosts, resulting in a wide range of species-
specific disease outcomes. CCHFV, Erve virus (ERVV), and Nai-
robi sheep disease virus (NSDV) are nairoviruses that have been
implicated in human and other animal diseases. NSDV is a tick-
borne nairovirus that causes mild febrile illness in humans but
severe disease with a mortality rate of up to 90% in infected ani-
mals, such as sheep and goats (18, 19). In humans, CCHFV causes
a severe disease that often progresses to fatal hemorrhagic syn-
drome associated with a mortality rate in humans ranging from
5% to 70% (20, 21). ERVV and other virus from the Thiafora
genogroup were isolated from the white-tooth shrew of the genus
Crocidura. ERVV has been cited as one of the possible causative
agents of thunderclap headaches (22). In addition, the brains of
mice that have been inoculated with ERVV have shown acute
encephalitis and necrosis (23). With no clear tick-borne vector,
mice or shrews have been suggested as a reservoir and possible
vector for ERVV (24). In addition to causing overt disease in cer-
tain species, these nairoviruses have a unique ability to cause
viremia in a multitude of other species (25). For example, CCHFV
has been experimentally inoculated in sheep, goats, cattle, horses,
mice, and hamsters, with no signs of serious disease even with
circulating antibodies being detected (25). Serological evidence of
ERVV infection in animals, including boar, deer, gulls, sheep, and
rodents, has been found (26).

Mirroring the variability of nairoviruses in zoonotic range and
disease outcome, vOTUs have also shown variability in terms of
substrate preference. In previous studies, nairovirus vOTUs illus-
trated a capability of operating as deISGylases, deubiquitinases, or
both (16). Interestingly, ERVV uniquely employs deISGylases and
shows little to no deubiquitinating activity, while CCHFV and
NSDV utilize both deISGylases and deubiquitinases. Intriguingly,
through indirect means, ERVV vOTU appears to show a greater
affinity for mouse ISG15 (mISG15) than its CCHFV counterpart.
This has spurred speculation that like NS1 of influenza B virus, the
species origin of an ISG15 may also impact the ability of vOTU to
cleave corresponding ISG15 conjugates. Regrettably, all of the
current studies and structural data available only involve human
ISG15 (hISG15). Additionally, there is no mechanism to explain
why ERVV encodes a dedicated deISGylase and shows little to no
activity as a deubiquitinase or why CCHFV does not prefer to
cleave mISG15 (27).

This study aimed to determine the extent and potential sources
of ISG15 species specificity within representative vOTUs. As a
result, an ISG15 protease activity assay was created in order to
determine if vOTUs from different nairoviruses do indeed have a
specificity for certain species’ ISG15s and if the specificity corre-
lates to the poorly conserved ISG15 sequences. In addition, the
first crystal structure of the principally deISGylating vOTU from
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ERVV not only was revealed but also was captured in complex
with the previous structurally uncharacterized C-terminal do-
main of mouse ISG15. This structure, when compared to the
vOTU from CCHFV in complex with C-terminal human, has un-
locked key residues that begin to answer the question of species
specificity utilized by viral proteases. These insights could serve as
the lynchpin in determining how these viruses are able to circum-
vent certain host innate immune systems that may contribute to
virus replication, disease outcome, and persistence in particular
host species.

MATERIALS AND METHODS

Construction, expression, and purification of vOTUs. The expression
vectors for vOTUs originating from CCHFV and ERVV were constructed
according to previously published protocols (16). The NSDV vOTU do-
main was identified by homology with CCHFV vOTU as the first 169
amino acids (GenBank accession number AED88229.1) of the L protein
(6). As with the CCHFV vOTU and other previously described nairovirus
vOTU constructs, a 6X histidine tag and a stop codon were appended to
the C termini of ERVV vOTU and NSDV vOTU. ERVV vOTU and NSDV
vOTU were incorporated into pET11a. All vOTUs were expressed and
purified as previously described (16).

Site-directed mutagenesis of ERVV vOTU. ERVV vOTU N134I,
S132A, and R21V mutants, along with a triple mutant (N134I/1123T/
R21V), were generated using the QuikChange Lightning or QuikChange
Lightning Multi site-directed mutagenesis kit according to the manufac-
turer protocols (Agilent Technologies, Inc.). Mutant plasmids were trans-
formed by heat shock into Escherichia coli NEB-5a high-efficiency cells
and subsequently propagated and purified. The mutation of the con-
structs was confirmed by sequencing (Eton Bioscience, Inc.) and the plas-
mids were transformed into E. coli BL21(DE3) by heat shock for protein
expression.

ERVV vOTU mutant enzymatic assays. Assays were performed as
previously described (16). Briefly, vOTU activity was assessed against
ubiquitin-AMC and ISG15-AMC (Boston Biochem, MA) at a final en-
zyme concentration of 4 nM and a final substrate concentration of 1 WM.
Reactions were performed in duplicate in buffer A (100 mM NaCl, 50 mM
HEPES [pH 7.5]), 0.01 mg/ml of bovine serum albumin, and 5 mM di-
thiothreitol (DTT) using a 96-well Corning Costar half-volume plate with
a 50-pl total reaction volume. Reaction rates were assessed by measuring
the fluorescence generated by the cleavage of 7-amino-4-methylcoumarin
from the substrate using a CLARIOstar plate reader (BMG Labtech, Inc.).
Data analysis was performed using MARS (BMG Labtech).

Construction, expression, and purification of proISG15s and
mature ISG15s. ISG15s from human (Homo sapiens; accession number
AAHO09507.1), mouse (Mus musculus; accession number AAB02697.1),
northern tree shrew (Tupaia belangeri; accession number AFH66859.1),
sheep (Ovis aries; accession number AF152103.1), dromedary camel
(Camelus dromedarius; accession number XP_010997700.1), vesper bat
(Myotis davidii; accession number ELK23605.1), and jackknife fish
(Oplegnathus fasciatus; accession number BAJ16365.1) (all accession
numbers are for GenBank) were identified by sequence homology. A mu-
tation (C75S) was made in the mouse sequence to prevent aggregation.
This change was also made in all sequences sent for gene synthesis. The
C-terminal domains of the mature ISG15s were appended with GTEPGG
RSGHHHHHH, which corresponds to the C terminus of the immature
human ISG15 (proISG15) sequence with a 6X histidine tag. Gene
synthesis was carried about by Genscript (Piscataway, NJ). Mature
ISG15s were made by the introduction of a stop codon after the C-ter-
minal RLRGG motif of the proISG15s.

All ISG15 constructs were grown at 37°C in LB broth containing 100
pg/ml of ampicillin to an optical density at 600 nm (ODy,) of 0.6 to 0.8
and induced by the addition of 0.8 mM isopropyl-B-p-thiogalactopyra-
noside (IPTG). The cultures were then grown for 4 h at 37°C. The cells
were then pelleted by centrifugation at 6,000 X g for 10 min and frozen at
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—80°C until use. ProISG15s were lysed in buffer B {500 mM NaCl, 50 mM
Tris [pH 7.5], 1 mM Tris (2-carbozyethyl) phosphine hydrochloride
[TCEP-HCI]} and 5 mg of lysozyme for 45 min at 4°C and sonicated on ice
at 50% power with 5-s pulse increments for 6 min. Insoluble protein was
removed by centrifugation at 48,000 X g for 45 min. The clarified super-
natant was filtered with a 0.80-um filter and flowed over high-density
nickel agarose beads (GoldBio) equilibrated with buffer B. The protein
column was washed with buffer B supplemented with 30 mM imidazole
and then eluted with buffer B supplemented with 300 mM imidazole. The
resulting protein elution was dialyzed overnight at 4°C in 200 mM NaCl
and 50 mM HEPES (pH 8.0).

Mature ISG15s were lysed in buffer C (500 mM NaCl, 50 mM Tris [pH
8.0], 10 mM imidazole) and 5 mg of lysozyme for 45 min at 4°C. The
solution was sonicated on ice at 50% power with 5-s pulse increments for
6 min. The cell debris was pelleted by centrifugation at 48,000 X g for 30
min, and the supernatant was filtered through a 0.80-wm filter. The su-
pernatant was then flowed over high-density nickel agarose beads (Gold-
Bio) equilibrated with buffer C and then washed with buffer C supple-
mented with 30 mM imidazole, followed by elution with buffer C
supplemented with 300 mM imidazole. The mature ISG15s were then
dialyzed into 50 mM HEPES [pH 8.0] and 150 mM NaCl, thrombin
cleaved, and purified by size exclusion chromatography using a Superdex
S200 column (GE Healthcare, Piscataway, NJ). Fractions containing
ISG15 were concentrated and dialyzed against a buffer containing 50 mM
HEPES, 150 mM sodium chloride, and 5 mM (-mercaptoethanol.

ISG15 protease activity assay. Briefly, 10 uM purified northern tree
shrew prolSG15 (pro-nsISG15), sheep proISG15 (pro-shISG15), fish
prolSG15 (pro-fISG15), mouse prolSG15 (pro-mISG15), camel prolSG15
(pro-cISG15), bat proISG15 (pro-bISG15), or human proISG15 (pro-
hISG15) was incubated with a 20 nM concentration of either CCHFV
vOTU, ERVV vOTU, or NSDV vOTU at 37°C in 200 mM NaCl, 5 mM
HEPES (pH 7.5), and 2 mM DTT. The reactions were stopped at various
time points (0, 1, 2, 5, 10, 30, and 60 min) by mixing 9 pl of each reaction
mixture with equal parts 2X SDS-Tricine sample buffer, followed by boil-
ing at 98°C for 5 min. The results were visualized on 10 to 20% Mini-
PROTEAN Tris-Tricine precast gels (Bio-Rad, Hercules, CA).

ITC of ISG15 with vOTUs originating from ERVV and CCHFV. Iso-
thermal titration calorimetry (ITC) was performed using a Microcal
PEAQ-ITC (Malvern, Worcestershire, United Kingdom). There were 18
injections of 2 wl each at 25°C with a reference power of 10 pcal/s. The
ISG15s and vOTUs were dialyzed at 4°C in 50 mM HEPES (pH 7.5), 150
mM NaCl, and 5 mM B-mercaptoethanol. All experiments were run in
duplicate. The proteases were in the cell at concentrations of 100 to 150
pM with a I to 1.5 mM concentration of the selected ISG15 in the syringe.
The data were processed using Microcal PEAQ-ITC analysis software.

ERVV vOTU-CmISG15 complex formation. The C-terminal domain
of mISG15 (CmISG15) in expression vector pTYB2 was lysed with buffer
D (25 mM HEPES [pH 6.8], 50 mM sodium acetate, and 75 mM NaCl
augmented with 0.16% Triton X-100). The solution was sonicated on ice
at 50% power with a 50% duty cycle for 10 min. Cellular debris was
removed by centrifugation methods at 17,000 X gfor 45 min. The clarified
supernatant was filtered with a 0.80-pm filter and then poured over a
chitin column preequilibrated with buffer D. The column was then
washed with three column volumes of buffer D and resuspended in two
column volumes of buffer D supplemented with 250 mM sodium 2-mer-
captoethanesulfonate (MESNA). The resuspension was rocked gently at
4°C overnight, and the chitin beads were collected by gravity flow. The
resulting CmISG15 thioester was concentrated to reduce the total volume
to 20 ml. A total 0of 480 pl of 5 M NaOH and 1.84 g of propargylamine were
added to the CmISG15 thioester and left to incubate overnight at 4°C,
resulting in the derivatized product (CmISG15-PA).

Synthesis of the CmISG15 complex was adapted from previously de-
scribed methods (28-30). Briefly, to obtain the ERVV vOTU-CmISG15
complex, purified protease was added directly to the mixture in equimolar
ratios, incubated for 2 to 4 h at room temperature, and left at 4°C over-
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TABLE 1 Data collection and refinement statistics
Value for ERVV vOTU-CmISG15 (5]ZE)

Parameter

Data collection statistics

Space group P4,
Cell dimensions
a, b, c(A) 66.0, 66.0, 122.0
o, B,y (°) 90.0, 90.0, 90.0
Resolution (A) 50.00-2.47 (2.51-2.47)"
Ry OF Rpperge 0.12 (0.48)
I/ol 11.5 (2.56)
Completeness (%) 100.0 (100.0)
Redundancy 4.2 (3.7)
Refinement statistics
Resolution (A) 66.0-2.47
No. of reflections 17,722
Roond/Rivee 0.174/0.226
No. of atoms
Protein 3,829
Ligand/ion 60
Water 253
B factors
Protein 24.4
Ligand/ion 53.1
Water 23.1
RMSD?
Bond lengths (&) 0.014
Bond angles (°) 1.71

@ Values in parentheses are for highest-resolution shell.
Y RMSD, root mean square deviation.

night. To further purify the complex, anion-exchange chromatography
was used, eluting from a MonoQ 10/100 column using a linear gradient
from 0 to 1 M NaCl with 50 mM Tris (pH 7.3), followed by size exclusion
chromatography on a Superdex 75 column (GE Healthcare, Pittsburgh,
PA) preequilibrated with 100 mM NaCl, 5 mM HEPES (pH 7.5), and 2
mM DTT.

Crystallization of ERVV vOTU-CmISG15. The ERVV vOTU-CmISG15
complex was screened at 12.5 mg/ml against a series of Qiagen NeXtal
suites by hanging drop using a TTP Labtech Mosquito (TTP Labtech,
Herfordshire, United Kingdom). The initial screens yielded needle-like
crystals from a condition containing 6% polyethylene glycol 6000 (PEG
6000) and 0.1 M citric acid [pH 4.6]. This condition was optimized using
a Hampton Research Additive HT Screen. The final optimized crystals
were grown in hanging drops with 2 .l of protein solution mixed 1:1 with
mother liquor containing 6% PEG 6000 and 0.1 M citric acid supple-
mented with 0.2 ] of 3.0 M NTSB-195. The crystals were flash frozen in a
cryoprotective solution containing 30% PEG 6000 and 0.1 M citric acid
[pH 4.6] and mounted under a dry N, stream at 100 K. A data set was
collected at the Advanced Photon Source (Argonne National Labs, Ar-
gonne, IL) on SER-CAT beamline BM-22 using a MAR300hs detector.
Data were collected using a wavelength of 1 A.

Data processing and structure solutions. The data set was indexed,
integrated, and scaled using HKL-2000 (31). The structure was solved by
molecular replacement using Phaser (32). The ERVV vOTU-CmISG15
complex was solved using a homology model based on a vOTU-ubiquitin
complex (PDB entry 4HXD). Successive rounds of manual model build-
ing and refinement were done using Coot (33) and Refmac5 from the
CCP4 suite. The final model was validated using CCP4 suite (34) pro-
grams Procheck and Sfcheck. The final structure was deposited with the
Protein Data Bank (5JZE) with statistics in Table 1.
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FIG 2 ISG15 protease activity assay of vOTU proISG15 cleavage specificity. CCHFV vOTU, ERVV vOTU, and NSDV vOTU were evaluated for cleavage of
human, sheep, northern tree shrew, fish, mouse, camel, and bat proISG15. A 10 uM concentration of each proISG15 was incubated with a 20 nM concentration
of each vOTU at 37°C for at least 1 h, with samples taken at the time points indicated.

RESULTS

Cleavage of proISG15s by vOTUs. With ISG15 homologues shar-
ing low sequence identity among mammals that are frequently
exposed to zoonotic nairoviruses encoding deISGylases, the effect
of this species diversity on viral deISGylase function was exam-
ined. With no suitable assays to rapidly assess the impact interspe-
cies sequence diversity of ISG15s has on viral deISGylase activity,
an assay was developed leveraging the ability of these proteases to
cleave immature forms of ISG15 (27). Naturally, the immature
form of ISG15 may not be the most naturally pertinent substrate
for viral deISGylases; however, this setup provides a manner in
which to rapidly screen for differences between ISG15s from nu-
merous species without the need for extensive chemical synthesis
or knowledge pertaining to the identity of ISG15-specific E1 li-
gases within the species being investigated (35).

For the ISG15 protease assay, homologues of hISG15 from
species that have been proposed as hosts for deISGylase-contain-
ing viruses, or closely related to those species, were chosen. Spe-
cifically, species included human (pro-hISG15), sheep (pro-
shISG15), northern tree shrew (pro-nsISG15), dromedary camel
(pro-cISG15), and mouse (pro-mISG15) in relation to NSDV,
ERVV, and CCHFV. Vesper bat (pro-bISG15) was also included,
as multiple nairoviruses and even CCHFV appears to infect cer-
tain bat species (36—38). In order to include an ISG15 with lower
sequence identity than 60%, a distant homologue of human ISG15
from jackknife fish was also included (pro-fISG15). To focus the
assay on detecting difference originating from the mature ISG15
component of the substrate, the C-terminal sequence from imma-

8318 jviasm.org

Journal of Virology

ture hISG15 comprised the immature portion of all the pro-1SG15
substrates. Samples were collected at intermittent time points over
the course of an hour, and cleavage was determined by SDS-
PAGE.

Utilizing this assay, vVOT Us possessing, or suspected of possess-
ing, robust deIlSGylase activity from CCHFV, ERVV, and NSDV
were examined for the ability to cleave pro-ISG15s (Fig. 2). Sur-
prisingly, a wide range of diversity of cleavage patterns was ob-
served. CCHFV vOTU processes human and sheep pro-ISG15s
rapidly, with all of these pro-ISG15s cleaved within a 10-min time
frame. CCHFV vOTU also appears to have the ability to process
pro-ISG15 from the northern tree shrew. Similar to CCHFV
vOTU, ERVV vOTU also robustly cleaves the pro-forms of
hISG15 and shISG15, albeit slightly slower than CCHFV vOTU.
As suggested by a previous report, CCHFV vOTU cleaves pro-
mISG15 markedly less than for its human counterpart, whereas
ERVV vOTU appears process pro-mISG15 faster than CCHFV
vOTU butstill slower than pro-hISG15 (16). Intriguingly, the sub-
strate preference of vOTUs from ERVV and CCHFYV differ for
pro-ISG15 forms from northern tree shrew and vesper bat. There
is an absence of activity of ERVV vOTU for ISG15 from the north-
ern tree shrew. However, it does possess the ability to cleave the
pro-bISG15. CCHFV vOTU has the reverse activity, preferring the
pro-nsISG15 to the pro-bISG15. Unlike the vOTUs from CCHFV
and ERVV, NSDV vOTU has a significantly broader range of ac-
tivity. As expected, NSDV vOTU has the most activity toward
pro-shISG15 but also has robust activity toward the pro-forms of
hISG15 and mISG15. In addition, it also has moderate activity
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TABLE 2 ITC results for ISG15 binding to CCHFV vOTU and ERVV vOTU*

Protein NP (sites) Kp (WM) AH* (kJ/mol) AGY (kJ/mol) —TAS? (kJ/mol)
ERVV vOTU

Human 0.944 £ 0.004 0.36 = 0.05 —32.20 = 0.35 —36.8 —4.67

Sheep 0.970 = 0.003 1.05 = 0.05 —30.80 = 0.149 —34.2 —3.35

Mouse 0.956 = 0.004 7.48 = 0.26 —28.30 = 0.20 —29.3 —1.00
CCHFV vOTU

Human 0.935 £ 0.032 3.51 = 1.30 6.00 = 0.41 —31.2 —37.2

Sheep 0.897 £ 0.007 1.80 = 0.24 —14.10 = 0.23 —32.8 —18.7

Mouse 0.993 = 0.074 72.00 = 27.10 8.30 = 1.46 —23.7 —32.0

@ The ITC results for CCHFV vOTU and ERVV vOTU are shown. The ISG15s were placed in the syringe at a 10-fold-higher concentration than the protease in the cell.

b Binding stoichiometry.
¢ Binding enthalpy.

4 Gibb’s free energy.

¢ Entropy factor.

toward the pro-forms of cISG15, nsISG15, and bISG15. NSDV
vOTU only fails to cleave the pro-form of fISG15, which is not
cleaved by any of the vOTUs assessed.

Thermodynamics of ISG15 binding to nairovirus vOTUs.
Based on the divergence of activity observed by several of the viral
deISGylases, isothermal titration calorimetry (ITC) was employed
to gain a better sense of scale related to the differences observed in
the protease assay. In addition, this also was used to provide a
thermodynamic perspective of the ability of ISG15s to bind to
representative vOTU members. Specifically, CCHFV vOTU or
ERVV vOTU were added to the cell and were titrated with
mature forms of mISG15, hISG15, or shISG15 in the injector
(Table 2; Fig. 3). The binding stoichiometry was 1:1 between the
proteases and the ISG15s. Both endothermic and exothermic in-
teractions were observed, suggesting multiple modes of binding
between the ISG15s and the proteases. While CCHFV vOTU has
been shown to bind Ub in an entropically driven manner (39), its
interactions with ISG15s ranged from exothermic for shISG15
and endothermic for hISG15 and mISG15. The highest affinity
was seen for hISG15 and shISG15, with K;;s (equilibrium dissoci-
ation constants) of 3.51 = 1.30 and 1.80 * 0.24 wM. The binding
of mISG15 was more than 20-fold weaker, with a K}, of 72.00 =
27.10 wM. These results mirror the differences observed in the
ISG15 protease activity assay, illustrating the magnitude of affinity
difference between human and sheep ISG15s for CCHFV vOTU.
Unexpectedly and unlike CCHFV vOTU, ERVV vOTU was exo-
thermic for all of the ISG15s and had the lowest overall K, sug-
gesting that hydrophobic interactions play a diminished role in
ERVV vOTU binding of ISG15s. ERVV vOTU also possessed the
lowest K, seen for the ISG15s tested, with its K, for hISG15 at
0.36 £ 0.05 wM. Its affinity for shISG15 was not much higher,
witha K, 0f 1.05 = 0.05 M. As expected from the ISG15 protease
activity assay, affinity for mISG15 was significantly lower, with a
K, 0f 7.48 = 0.26. However, this was 10-fold tighter than CCHFV
vOTU’s affinity for mISG15. Overall, the affinities of ISG15 by
ITC not only parallel the results of the ISG15 protease assay but
also provide quantitative insight into the substantial differences in
those affinities.

Structure of ERVV vOTU. With the notable differences ob-
served in the enzymatic activity of vOTUs for ISG15s originating
from different species and the thermodynamic manner in which
they bind them, molecular insights into this phenomenon were
sought. To this end, the C-terminal domain of mISG15
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(CmISG15) was covalently linked to ERVV vOTU via a vinyl
thioether (ERVV vOTU-CmISG15). The covalent complex crys-
tallized in space group P4, and the structure was determined at a
resolution of 2.47 A. Within the asymmetric unit, two copies of
the ERVV vOTU-CmISG15 complex were observed.

Globally, the vOTU from the ERVV adopts a familiar vOTU
fold of a central seven-stranded 3-sheet flanked by five a-helices.
These elements form a cleft in which the CmISG15 substrate is
bound (Fig. 4a and b). Comparing ERVV vOTU with its CCHFV
counterpart, one area of particular interest is immediately appar-
ent, providing insight not only into the ERVV vOTU’s substrate
preferences, but also into vOTUs at large. Specifically, the sub-
strate interface of ERVV vOTU is considerably more charged than
that of CCHFV vOTU (Fig. 4c and d). Several residues were iden-
tified by homology to be responsible for this change: Arg21/Val18,
Ser132/Alal129, and Asn134/Ile131 from ERVV/CCHFV, respec-
tively (Fig. 4d). The presence of this RSN motif within ERVV
vOTU lines up with the thermodynamic observations that hydro-
phobic interactions play a more minor role in ERVV vOTU sub-
strate binding than that of CCHFV vOTU (Table 2). In short, this
pocket in CCHFV vOTU accommodates Leu8 of Ub, which cor-
responds to Glu87 of CmISG15 and in general is found to be either
a polar or acidic residue within ISG15s (Fig. 1 and 4e). As a result,
this ERVV vOTU surface appears to be at odds in accommodating
Leu8 of Ub and likely is one of the major contributing factors in
the lack of deubiquitinase activity found in ERVV vOTU.

To evaluate the role of this pocket in determining selectivity for
ISG15 versus ubiquitin, mutations were introduced into ERVV
vOTU and the effect was measured enzymatically. Single mutants
consisting of S132A, N134I, and R21V were constructed along
with a triple mutant containing R21V/I123T/N1341. Activity for
each mutant toward a 7-amino-4-methylcoumarin conjugate
with human ISG15 (hISG15-AMC) and ubiquitin (Ub-AMC) was
measured and compared against wild-type ERVV vOTU (Fig. 4f).
In contrast to S132A, which had a minimal effect, N134l and R21V
each increased activity toward Ub-AMC 15- and 20-fold, respec-
tively. For R21V, there was a corresponding reduction in activity
toward hISG15-AMC by an order of magnitude. The triple mu-
tant showed activity toward Ub-AMC similar to that of the R21V
mutant, with a partial recovery of activity toward hISG15-AMC.
This suggests that the presence of the RSN motif is a key driver in
determining a vOTU’s preference for Ub.

Structure of CmISG15. In addition to identifying key differ-
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FIG 3 Typical ITC binding isotherms with the raw heat (top panel) and the integrated heats of injection (bottom panel) shown for each interaction.

ences between ERVV vOTU and other nairovirus vOTUs with
dual activities or principally deubiquitinase activity, the ERVV
vOTU-CmISG15 structure provides the first structural insight
into a nonhuman ISG15. Broadly, the CmISG15 domain shares
the same secondary structure composition of Ub and the C-ter-
minal domain of hISG15 consisting of five B-sheets and one a-he-
lix. Similar to Ub and the C-terminal domain of hISG15, 3, heli-
ces are present between the a-helix and sheet 7 as well as between
sheets 8 and 9 (Fig. 1 and 5a). An overlay of CmISG15 with the
C-terminal domain of hISG15 illustrates that the tertiary fold is
also conserved (Fig. 5b). However, this is where the similarity
largely ends.

Although ISG15s originating from both humans and mice
share a hydrophobic patch centered around a well-conserved
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tryptophan at positions 123 and 121, respectively, mISG15 has an
additional hydrophobic path located around Phe97. Unlike
mlISG15, its human counterpart has a strong positively charged
surface centered around Arg99. Intriguingly, this region within
hISG15 has been shown to form domain-domain interactions
with the N-terminal lobe, suggesting that mISG15’s domain-do-
main interactions potentially differ from those observed in
hISG15.

When the surface of CmISG15 is viewed from an electrostatic
perspective, differences beyond the presence of the hISG15’s
Arg99-centric positive patch become apparent (40). Overall, the
ChISG15 surface has very defined positive, negative, and neutral
patches. However, the charges found on the CmISG15 surface are
more uniformly distributed. For example, in hISG15 a positive
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FIG 4 Structure of ERVV vOTU complexed with CmISG15. (a) Cartoon representation of ERVV vOTU (gold) bound to CmISG15 (blue). Helical regions are
rendered in gold and B-sheets in red, with each numbered sequentially. (b) Comparison of ERVV vOTU (orange) and CCHFV (gray) shown as ribbons. (c)
Electrostatic surface of CCHFV vOTU bound to Ub (lavender) with Ub depicted as a ribbon. Calculations were performed using the PDB2PQR server and surface
generated using the adaptive Poisson-Boltzmann solver (APBS). The arrow indicates the location of the hydrophobic binding pocket. (d) Electrostatic surface of
ERVV vOTU bound to CmISG15 (blue), with CmISG15 depicted as a ribbon, generated as for panel b. The arrow indicates the location of the hydrophobic
binding pocket. (e) The hydrophobic binding pocket of ERVV vOTU (orange) identified from the electrostatic surface. CmISG15 (light blue) and Ub (lavender)
are included for comparison. (f) Activity of ERVV vOTU mutants relative to that of the wild type against hISG15-AMC (green) and Ub-AMC (lavender).

ridge is present starting close to its C terminus with Argl55 and
continuing along Arg153, Asn151, Asn89, and Arg87, with contri-
butions from Phel49. In contrast, this surface is broken up in
mlISGI15 by Ile147 and His149 in lieu of hISG15’s Asnl51 and
Phe149 (Fig. 5c and d).

Intriguingly, many of the electrostatic differences between the
surfaces of the ISG15s of mice and humans appear not to be due
solely to the substitution of one surface facing side chain in lieu of
another. For instance, previous structural studies on hISG15 high-
lighted an anionic ridge running throughout hISG15 (Fig. 5d)

September 2016 Volume 90 Number 18

Journal of Virology

(41). In ChISGI5, this ridge is made up of Glul39, Glul32,
Asp133, Asp119,and Asp120 (Fig. 5d, right side). While CmISG15
possesses analogous residues, its surface charge distribution forms
a truncated form of this acidic ridge (Fig. 5¢). This truncation
occurs by the presence of mISG15 His116 in place of GIn118 in
hISG15. This substitution creates a substantially different hydro-
gen bond network in the region than that observed in hISG15.
Specifically, in the reported CCHFV vOTU-hISG15 complexes,
the oxygen on the side chain of GIn118 is well within hydrogen
bonding distance of Glu120, suggesting that the alternative rota-
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FIG 5 Comparison of mISG15 and hISG15. (a) Secondary structure of CmISG15 (blue) with B-sheets colored in silver. (b) Overlay of CmISG15 (blue) with
ChISG15 (green) from the CCHFV vOTU-bound complex (PDB entry 3PHX) shown as ribbons. (c) Electrostatic surface of CmISG15. Calculations were
performed using the PDB2PQR server and the surface generated using the adaptive Poisson-Boltzmann solver (APBS). (d) Electrostatic surface of ChISG15 from
CCHFV vOTU-ChISG15 (PDB entry 3PHX), generated as for panel c. (¢) Residue differences between CmISG15 (blue) and ChISG15 from 3PHX (green) that
impact the surface potential. Side chains are shown as sticks, with hydrogen bonding as yellow dashes. (f) Differences in intramolecular interactions between
CmISG15 (blue) and hISG15 (green) from CCHFV vOTU-hISG15 (PDB entry 3PSE) that impact the binding surface.
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mer configuration is more likely in those structures (42, 43). How-
ever, in mISG15 the equivalent glutamate, Glu118, prefers to form
a hydrogen bond with the amide of GIn119 (Fig. 5e). Another
similar indirect change occurs at position 148 in mISG15. This
lysine occupied position is typically a methionine or other hydro-
phobic residue in other ISG15s. Although not immediately pres-
ent on the surface, this internal difference between mISG15 and
hISG15 allows for a hydrogen bond to form between mISG15
residues Lys148 and Glu87. This has the impact of reorienting the
position of Glu87 compared to its human counterpart Asn89 away
from the surface (Fig. 5f).

ERVV vOTU-CmISG15 interface. The ERVV vOTU-CmISG15
interface spans 907.9 A% and is comprised of a mix of hydrophobic,
hydrogen bond, and charged mediated interactions (Fig. 5). Sur-
prisingly, despite the predominantly electrophilic surface of the
Erve vOTU substrate binding site, there are very few salt bridges.
The most notable salt bridge is mISG15 residue Argl153 interacting
with ERVV vOTU residue Glul01. Beyond this interaction, the
majority of the electrostatic interactions are involved in water-
mediated hydrogen bonding networks. CmISG15 residues form
direct and water-mediated hydrogen bonding networks involving
the main chain or side chains of mISG15 residues Gly154, Argl53,
Leul52, Argl51, Leul50, and GIn119 with ERVV vOTU residues
Glul101, Glul07, Asn152, Asn134, Ser105, and Glu81 (Fig. 5).

These types of electrophilic interactions surround three areas
of hydrophobic interactions. One of these is formed by mISG15
Prol128 inserting into a hydrophobic cavity of ERVV vOTU
formed by Ile83 and Pro80. The second involves mISG15’s le147
and elements of His149 packing with the Ile15 of ERVV vOTU.
The third appears to serve as the basis for the sole major tertiary
fold difference between CCHFV vOTU and ERVV vOTU (Fig.
4b). Specifically, this tertiary structural difference is observed be-
tween the vOTUs of CCHFV and ERVV originating in the a3-
helix. From a primary structure perspective this suitably named
selectivity helix is weakly conserved among nairovirus vOTUs
(Fig. 1a) (16). Within the structure of the Dugbe nairovirus
vOTU, this helix was observed to be flexible and a key factor in that
vOTU’s inability to cleave ISG15 conjugates. Intriguingly, alter-
nate orientations of a3 appear to be driven by an effort to provide
a hydrophobic pocket for accommodation of the ISG15s’ well-
conserved Trp121 (Fig. 6¢). In the ERVV vOTU-CmISG15 com-
plex, the alkyl side chain portion of the protease’s Glu81 and back-
bone between this residue and Pro80 creates the floor of this
pocket. The Glu81 also facilitates a water-mediated hydrogen
bond network involving the indole nitrogen of CmlISG15’s
Trpl121. ERVV vOTU’s Pro80 closes off one side of the pocket.
This is a composition similar to that found in CCHFV vOTU.
However, the manner in which each of these vOTUs forms the
other wall of the pocket is interesting. Both utilize a leucine; how-
ever, the origin of the leucine within the helix differs greatly. This
suggests that the tertiary structural divergence between the a3 of
ERVV and CCHFV vOTUs is likely driven in a manner to ensure
that the well-conserved Trp121 of ISG15s can be accommodated
by this Pro-Glu-Leu-formed pocket.

DISCUSSION

Molecular insights into substrate specificity in ERVV vOTU and
other similar nairovirus vOTUs. Prior to the identification of
ERVV vOTU as a deISGylase, viral proteases had either been iden-
tified as deubiquitinases or possessed both deubiquitinase and de-
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ISGylase activities (16). Intriguingly, the structure of ERVV vOTU
reveals the basis for this protease’s unique substrate specificity for
ISG15s. Similar to vOTUs from CCHFV and Dugbe virus
(DUGV), ERVV vOTU contains a number of hydrophobic resi-
dues, Ilel5, Leul9, Ile121, and Phel55, that can create a hydro-
phobic valley at the bottom of its ubiquitin binding motif (Fig. 1).
These residues are relatively highly conserved among all known
nairovirus vOTUs. Although ERVV vOTU includes this motif,
suggesting that it too would be able to accommodate Ub’s conical
Ile44 centric hydrophobic patch, the hydrophobic valley’s pres-
ence appears not to be sufficient to infer robust deubiquitinase
activity (Fig. 1) (16). In light of the mutational evidence of ERVV
vOTU’s RSN motif, this feature is the principal obstacle to ERVV
vOTU possessing deubiquitinase activity.

Intriguingly, among the nairoviruses, this motif had not been
previous observed when ERVV vOTU was identified, suggesting
that ERVV vOTU may have been a unique member of the vOTU
family. However, recently a nairovirus, Leopards Hill virus
(LPHV), was isolated from giant leaf-nosed bats (Hipposideros
gigas) in 2010-2011 (44). Surprisingly, within the LPHV vOTU a
comparable electrophilic SNR motif is present, signifying the like-
lihood that similar motifs may be present in other unknown nai-
roviruses (Fig. 1). Naturally, whether this vOTU or others possess-
ing similar motifs have robust deISGylase activity would be an
open question. However, in light of the impact of the RSN motifin
ERVV vOTU, analogous motifs present in other vOTUs would
suggest that they are unlikely have robust deubiquitinase activity.

Divergence between the vOTUs of ERVV and CCHFV in ac-
commodating mISG15. Beyond the electrophilic nature of the
pocket that encompasses the RSN motif, there are numerous other
electrophilic interactions within the interface of the ERVV vOTU-
CmISG15 complex. At first glance, this is not very surprising given
the mixed charged surface previously observed in hISG15 as well
as the enthalpic nature of hISG15 and mISG15 observed via ITC.
However, unlike the previously observed CCHFV vOTU-hISG15
structures where these interactions are almost entirely direct res-
idue-to-residue interactions, the ERVV vOTU-CmISG15 struc-
ture is based almost solely on water-mediated hydrogen bond in-
teractions (Fig. 6). Taking into consideration that ERVV vOTU
still possesses the ability to engage the well-conserved 1SG15
Trp123 through the flexibility of its a3 selectivity helix, the pres-
ence of other conserved hydrophobic interactions, and ERVV
vOTU’slower K, for hISG15, the binding strength of this network
appears significantly robust.

In addition to illustrating a higher affinity for hISG15, this
water-mediated hydrogen bond network appears to offer an affin-
ity for binding mISG15 that is an order of magnitude greater.
Comparison of the ERVV vOTU-CmISG15 with those of CCHFV
vOTU-hISG15 appears to offer some insights into CCHFV
vOTU’s weaker affinity for mISG15 (Fig. 7a). Centric to the inter-
faces of the CCHFV vOTU-hISG15 and ERVV vOTU-ISG15
complexes are three ISG15 positions. In hISG15 they encompass
Asn89, Phel49, and Asnl51. Strikingly, their counterparts in
mlISG15 are Glu87, Ile147, and His149, respectively. The impacts
across the interface appear to be multifold. CCHFV vOTU uses
Glul128 to form a hydrogen bond with hISG15 Asn89. However,
driven by the substitution of a lysine for methionine residue at
mISG15 position 148 coupled to the longer negatively charged
side chain of glutamate at mISG15 position 87, the ability of a
comparable CCHFV vOTU-mISG15 hydrogen bond to form is

jviasm.org 8323


http://jvi.asm.org

Deaton et al.

FIG 6 Interface of ERVV vOTU and CmISG15. (a) Wall-eye stereo view of the CmISG15 (blue cartoon) interactions leading to the active site of ERVV vOTU
(orange surface). Hydrogen bond interactions are shown by purple dashes, salt bridges by black dashes. Distances of the electrostatic interactions shown range
from 2.7 to 3.4 A. (b) Wall-eye stereo view of peripheral hydrophobic interactions between CmISG15 and ERVV vOTU. (c) Wall-eye stereo view of the
accommodation of Trp121 in the ERVV vOTU-CmISG15 and CCHFV vOTU-ChISG15 complexes (PDB code 3PHX). ERVV vOTU (orange) and CCHFV

vOTU (gray) are shown as ribbons.

doubtful (Fig. 7a). In addition, CCHFV vOTU relies on F149 to fit
into a hydrophobic pocket created by the CCHFV vOTU residue
side chains of Vall2 and Vall8 as well as the methyl group on
Thr10. At the mISG15 position equivalent to Phe149, there too is
ahydrophobic residue. However, instead of the bulkier and longer
phenylalanine, mISG15 has Ile147, which appears to be less likely
to create the hydrophobic interaction seen in the CCHFV vOTU-
hISG15 structure. Apart from these, the change from an Asn151 in
hISGI5 to its counterpart His149 in mISG15 would appear to
create a steric clash with CCHFV vOTU residue Val18 if CCHFV
vOTU were to engage mISG15 in a manner similar to that of
hISG15. As the divergence at these three positions between
mlISG15 and hISG15 includes the interplay of differences in hy-
drogen bond interactions, hydrophobicity, and steric volume
within a close proximity to each other, the impact of these partic-
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ular sites on weaker mISG15 affinity for CCHFV vOTU likely
could be synergistic.

Biodiversity of ISG15s and its impact on nairovirus vOTU
delSGylase activities. Curiously, the divergence at positions
equivalent to hISG15 89, 149, and 151 is not limited to only
hISG15 and mISG15. When viewing the biodiversity of human,
mouse, sheep, northern tree shrew, camel, and brown bat ISG15s
using Consurf, the diversity at these positions among the six
ISG15s tested as low to medium (Fig. 6b). Looking from a differ-
ent perspective, no two of the six share homology at all three
positions. Expanding the search to predicted ISG15s, an even
greater diversity can be observed.

Excitingly, the level of homology among the ISG15s appears to
correlate with their observed biochemical activity. For instance,
ISG15s from humans and sheep are the closest in terms of simi-
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FIG 7 Potential impact of primary sequence differences on binding. (a) In-
ternal changes altering interaction of substrate with vOTU. CmISG15 is shown
in blue, ChISG15 in green. CCHFV vOTU from 3PHX is shown in gray. (b)
Consurf surface rendering of conserved residues in the C-terminal lobe of
human, sheep, northern tree shrew, mouse, camel, and bat ISG15s with human
ISG15 as the reference structure. Sequences were derived from the same
sources as those in Fig. 1b. Variable regions are shown in teal, conserved resi-
dues in burgundy.

larity at these three positions, with NEN and DFN, respectively
(Fig. 1). The vOTUs from ERVV, CCHFV, and NSDV, which
show strong affinity for pro-hISG15, also appear to robustly cleave
pro-shISG15 (Fig. 2). In contrast, when the homology among
these positions wanes, such as in the northern tree shrew ISG15,
with a DYH motif in these positions, similarity in activities be-
tween ERVV, CCHFV, and NSDV vOTUs toward this ISG15 vary.
Examining the sequence homology of the three positions and cor-
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responding biochemical activity of the jackknife fish ISG15 adds
further support for this concept. The fISG15 possesses an LHV
motifat hISG15-equivalent positions 89, 149, and 151 as well as no
measurable cleavage of the pro-fISG15 by the three nairovirus
vOTUs tested. Although the interfaces of ERVV vOTU-CmISG15
and CCHFV vOTU highlight a number of residues responsible for
their interfaces, the biochemical results appear to suggest that for
nairovirus vOTUs, divergence at hISG15 positions 89, 149, and
151 plays a significant role in determining compatibility. As a re-
sult, observed differences at these positions could provide a blue-
print for relative nairovirus delSGylase activity if a nairovirus
vOTU has shown delSGylase activity for one species’ ISG15.

Nairovirus vOTUs have been shown to interact only with the
C-terminal domain of ISG15, a domain that tends to be more
conserved then their N-terminal lobe counterpart (Fig. 1). In con-
trast, a coronavirus papain-like proteases (PLpro) was recently
shown to interact with the N-terminal lobe (45). This suggests that
these proteases, along with other host proteins that engage the
N-terminal ISG15 lobe in addition to the C-terminal lobe, could
exhibit even greater variances in their abilities to cleave ISG15
conjugates originating from different species.

The study of the large divergence in activities of proteases for
certain species’ [SG15s has been impeded, as tools to examine the
impact of ISG15 biodiversity on enzymes have been unavailable
until now. Previously, deISGylase activity was largely tied to the
ability of a viral protease to cleave the human variant of ISG15
attached to 7-amino-4-methylcoumarin. This has led to the clas-
sification of many viral proteases as solely deubiquitinases. With
nairoviruses exhibiting wide differences in the ability to cleave
certain species’ ISG15s, we propose that some proteases that ex-
hibit only weak, or no, affinity for hISG15 may possess deISGylase
activity for other species’ ISG15s. This would stress that testing a
wide range of ISG15s from various species will be necessary to
clarify if their deISGylase is specific to particular species.

Currently, there is a dearth of information surrounding the full
extent of the biodiversity of ISG15 in animals and the propensity
of nairoviruses to replicate in or cause disease among vertebrates.
Most nairoviruses can establish a persistent infection in ticks (46,
47). In contrast to the lifelong infection of tick host reservoirs,
certain vertebrate hosts parasitized by ticks carrying CCHFV usu-
ally develop only transient viremia (46). Since no ISG15 homo-
logues appear to exist in ticks, likely deISGylase activity is con-
served to evade the immune response of vertebrate hosts and
could be critical for virus transmission from ticks to certain spe-
cies and its maintenance in nature. Linking the efficacy of vOTUs
to engage a certain species ISG15 for a nairovirus to replicate or
cause disease in vertebrates is not fully straightforward, as many
factors are required for a virus to successfully infect a host. For
example, ERVV was isolated from a white-tooth shrew and its
vOTU is not able to cleave ISG15 originating from the northern
tree shrew. This could be the result of differences in ISG15 be-
tween the white-tooth shrew and its northern tree shrew counter-
part, but this issue cannot be directly resolved, as there is no se-
quence available for the white-tooth shrew. Erve virus belongs to
the recently identified Thiafora genogroup, which comprises only
two nairoviruses (Thiafora virus and ERVV) (3). Interestingly,
both viruses were isolated from shrews and no tick or insect vector
could be identified (23, 26). Therefore, shrew species could act as
a reservoir for the Thiafora genogroup and delSGylase activity
could be silent in the reservoir host. However, trends can be ob-
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served for tick-borne nairovirus vOTUs that originate from vi-
ruses known to cause viremia or disease in a certain species and
vigorously cleave the said species of ISG15. For example, ERVV
vOTU robustly cleaves ISG15 from mice and humans, in which
ERVV causes subdermal hemorrhaging and is implicated in thun-
derclap headaches, respectively (22-24). NSDV appears to have
the most robust activity for ISG15 originating from sheep, but it
can also cleave ISG15 from humans, in whom it also causes disease
(18). This along with CCHFV vOTU’s weaker affinity for mISG15
over hISG15 may suggest that there is a certain threshold of delS-
Gylase activity needed to impact disease outcome from a vOTU
perspective. At a minimum, this trend would propose that there
is some evolutionary pressure for tick-borne nairoviruses to
possess vOTUs that are optimized to ISG15 of susceptible ver-
tebrate species.
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