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Diversity of Ubiquitin and ISG15 Specificity among Nairoviruses’
Viral Ovarian Tumor Domain Proteases
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Nairoviruses are responsible for numerous diseases that affect both humans and animal. Recent work has implicated the viral
ovarian tumor domain (vOTU) as a possible nairovirus virulence factor due to its ability to edit ubiquitin (Ub) bound to cellular
proteins and, at least in the case of Crimean-Congo hemorrhagic fever virus (CCHFV), to cleave the Ub-like protein interferon-
stimulated gene 15 (ISG15), a protein involved in the regulation of host immunity. The prospective roles of vOTUs in immune
evasion have generated several questions concerning whether vOTUs act through a preserved specificity for Ub- and ISG15-con-
jugated proteins and where that specificity may originate. To gain insight into the substrate specificity of vOTUs, enzymological
studies were conducted on vOTUs from Dugbe, CCHFV, and Erve nairoviruses. These studies revealed that vOTUs originating
from different nairoviruses display a significant divergence in their preference toward Ub and ISG15. In addition, a recently
identified vOTU from turnip yellow mosaic tymovirus was evaluated to elucidate any possible similarities between vOTUs origi-
nating from different viral families. Although possessing a similar preference for certain polymeric Ub moieties, its activity to-
ward Ub in general was significantly less then those of nairoviruses. Lastly, the X-ray crystallographic structure of the vOTU
from the Dugbe nairovirus was obtained in complex with Ub to reveal structural commonalities of vOTUs originating from nai-
roviruses. The structure suggests that divergences between nairovirus vOTUs specificity originate at the primary structural level.

Comparison of this structure to that originating from CCHFYV identified key residues that infer the substrate specificity of

vOTUs.

N airoviruses are negative-sense, single-stranded RNA
[ssRNA(—)] viruses responsible for numerous diseases in
both humans and animals. There are 34 known viruses belonging
to the genus Nairovirus of family Bunyaviridae. Of these, the tick-
born Crimean-Congo hemorrhagic fever virus (CCHFV), Dugbe
virus (DUGYV), and Nairobi sheep disease virus (NSDV) have been
the most investigated. Although these viruses share considerable
genomic similarity, their effects on both humans and animals vary
from mild illness to loss of life. CCHFV, the most lethal to hu-
mans, is endemic across large swaths of sub-Saharan Africa,
southeast Europe, and Asia. Fatality rates for CCHFV range from
5 to 33% depending on reported and confirmed case statistics.
However, some outbreaks, to include the recent ones in India and
the Sudan, suggest the rates could be up to 70 to 80% (1-5).
CCHFV has also been reported to infect sheep, goats, cattle,
horses, and donkeys in the wild; however, the disease does not
manifest in a fatal form for these animals (6). Comparatively, in-
fection of humans by NSDV and DUGYV can cause a febrile illness
but no associated fatalities (7, 8). NSDV is found in Eastern and
Central Africa, and the Asian variant Ganjam nairovirus (GANV)
found in India has been observed to infect sheep with a mortality
of up to 90%, generating economic distress within infected areas
(8-10). Alternatively, DUGV, which originates from sub-Saharan
Africa, has not been found to be fatal for any known species. How-
ever, DUGV can cause mild febrile illness in species beyond hu-
mans, particularly cattle that it predominantly infects (11, 12). In
addition to these human disease-causing nairoviruses, the Erve
Virus (ERVEV) from northwest Europe has been implicated as a
causative agent in human thunderclap headaches. ERVEV was
isolated from the white-toothed shrew in 1982 and classified by
indirect immunofluorescence assay (IFA) as belonging to the Nai-
rovirus genus, ERVEV has only been recently sequenced limiting
previous exploration of its proteome (13).
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The genome of nairoviruses is partitioned into three RNA seg-
ments: small (S), medium (M), and large (L). Surprisingly, unlike
other Bunyaviridae family members, the nairoviruses’ L segment
contains not only a RNA-dependent RNA polymerase but also a
viral ovarian tumor domain protease homologue (vOTU) (14). As
ssRNA(—) viruses, no viral protease is required for nairovirus
genome replication (15). Instead, nairovirus vOTUs have been
proposed to be one potential virulence factor (14-18). Unlike the
previously identified Bunyaviridae family virulence factor, non-
structural protein NSs, which blocks transcription of alpha/beta
interferon (IFN-a/B) and is absent in nairoviruses, vOTUs are
suggested to impair innate immunity through deubiquitinating
and deISGylating activity (19, 20).

As a deubiquitinating and deISGylating protease, nairovirus
vOTUs fall into one of five protease superfamilies that facilitate a
myriad of cellular processes such as proteasomal degradation, cell
division, and regulation of the innate immune response through
reversal of posttranslational modification by ubiquitin (Ub) (21).
The multitude of outcomes is achieved by Ub’s ability to form
polymeric Ub (poly-Ub) chains through Ub’s C-terminal glycine
forming either a peptide bond via the N terminus (linear) or an
isopeptide bond with one of the seven lysines (K6, -11, -27, -29,
-33, -48, and -63) of a partnering Ub. Noncanonical forms of
poly-Ub—linear and K6, -11, -27, -29, and -33— comprise over
half of all poly-Ub-conjugated yeast proteins and have been im-
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plicated in immune system regulation and other key cellular func-
tions (22). Specifically, K29-linked poly-Ub is known to facilitate
trafficking proteins to the lysosome, whereas K11-linked poly-Ub
has been implicated in regulating cell division (23). Although their
functions have been less studied, K6, K27, and K33 appear to
possibly act as modulators of immunologically relevant signaling
pathways (24-27). Unlike the noncanonical linked poly-Ub, the
effects of K48-linked and K63-linked poly-Ub modifications are
better defined, with modification of host proteins by K48-linked
poly-Ub leading to proteasomal degradation, whereas K63-linked
poly-Ub modifications are implicated in the induction of the type
IIFN (IFNI) response (28, 29). Upon entry into host cells, viruses
need to outpace innate immunity before the adaptive immune
system clears them from the organism. The type I IFN-a/[3 are
critical orchestrators of innate immunity (30). Previously, a phos-
phorylation cascade was proposed to singularly instigate the pro-
duction of type I IFNs and proinflammatory cytokines (NF-kB)
and the type I IFN upregulation of several IFN-stimulated gene
with antipathogenic properties through JAK1-STAT1/2 signaling
(Janus-activated kinase 1-signal transducer and activator of tran-
scription 1/2) (31). However, regulation of the IFNI response and
activation of NF-kB has been shown to go beyond phosphoryla-
tion events and also relies on posttranslational modification by Ub
and Ub-like IFN-simulated gene product 15 (ISG15) (32). In par-
ticular, JAK1, STAT1/2, TRAF, and RIG-I (retinoic acid-inducible
gene 1), among other IFNI signaling and effector proteins, have
been observed to undergo ubiquitination or ISGylation (33).
Recent studies have observed divergences in immunological
response between human cells infected by DUGV and CCHFV
underlining the differences in which the respective viruses influ-
ence cellular immunity (34, 35). Also, this phenomenon has been
observed between GANV and NSDV. Specifically, Holzer et al.
(36) recently narrowed IFN-a/ suppression to primarily the first
169 amino acids of the L-protein and suggested that the vOTU
GANV may have less activity than that of CCHFV. However, the
use of the recombinant overexpression system limited the ability
to detect the extent of variability in deubiquitinating and deISGy-
lating activity between the vOTUs originating from these viruses.
This limitation has been observed in other studies, where unnat-
urally high expression of vOTUs, or when generously added in
vitro, leading to a nearly 1:1 ratio of vOTU to Ub or ISG15 sub-
strates, likely masks their specificity for poly-Ub and ISG15 con-
jugates, particularly during early viral replication (14, 37, 38). In
addition, the increasing number of vOTUs being identified in
ssRNA(—) and ssRNA(+) viral genomes, including the rice stripe
tenuivirus (RSV), turnip yellow mosaic tymovirus (TYMV), and
arteriviruses such as porcine reproductive and respiratory syn-
drome (PRRSV), have spurred speculation of whether their
vOTUS’ specificity and subsequent role is conserved (14, 38, 39).
To gain insight into the variability of deubiquitinating and
deISGylating activity, the specificity among vOTUs from nairovi-
ruses and how they may compare to non-nairovirus vOTUs, the
enzymatic parameters and specificity of vOTUs from CCHFV,
DUGYV, ERVEV, and TYMV in regard to Ub, poly-Ub, and ISG15
moieties were determined. In addition, the ability for vOTUs to
accommodate ISG15s from different species was examined. Fi-
nally, the X-ray crystal structure of the vOTU from DUGV bound
with Ub was obtained to assess the potential origins of any de-
tected variability among nairovirus vOTUs implicating primary
structure as the main source of substrate specificity fluctuations.

3816 jviasm.org

By comparing the structure of vOTUs bound to Ub from DUGV
and CCHEFV, key amino acid positions within nairovirus vOTUs
that influenced activity were identified.

MATERIALS AND METHODS

Construction of vOTUs and Ub-Br3 expression vectors. The production
of the vOTU expression construct harboring the 169 amino acids from the
L protein in CCHFV (CCHF vOTU; GenBank accession no.
AAQ98866.2) is as previously described (17). The vOTUs from TYMYV,
ERVEYV, and DUGV (TYM vOTU, ERVE vOTU, and DUG vOTU) were
generated using the Escherichia coli BL21 codon optimized synthesis by
GenScript, Inc. The DUG vOTU gene expression construct contained the
first 169 amino acids from the L protein of DUGV (GenBank accession no.
AAB18834.1). For the ERVEV vOTU expression construct, the first 171
amino acids from the L protein in ERVEV (GenBank AFH89032.1), which
correspond to the first 169 amino acids of CCHF vOTU and DUG vOTU
(Fig. 1) and includes the OTU domain as described by Dilcher et al. were
utilized (13). Similarly to the CCHF vOTU construct, six histidines and a
stop codon were added to ERVE vOTU and DUG vOTU constructs to
generate a C-terminal histidine tag. For the TYM vOTU expression vec-
tor, the 151-amino-acid vOTU domain (residues 728 to 879) of TYMV
(GenBank accession no. NP_663297.1) that included the vOTU domain
as described in Chenon et al. with a six-histidine N terminus tag was
synthesized (38). DUG vOTU, TYM vOTU, and ERVE vOTU were incor-
porated into pET11a plasmids using Ndel and BamHI restriction sites.
Addgene plasmid 12448 harboring mouse ISG15 (mISG15) in pET15b as
described by Kim et al. was obtained from Addgene (40). The vOTU
constructs were introduced into E. coli BL21(DE3) competent cells by
heat-shock transformation. The mISG15 construct was heat shock trans-
formed into BL21(DE3)-CodonPlus competent cells. The resulting plas-
mids were then purified, restriction analyzed, and sequenced to verify the
construct. Constructs of expression plasmids for truncated human Ub
(hUb) to be C-terminally modified with 3-bromopropylamine were de-
signed according to previously established studies (41, 42).

Expression and purification of vOTUs and Ub-Br3. For vOTU enzy-
matic studies, E. coli strains harboring vOTUs from CCHFV, DUGV,
ERVEV, and TYMYV, as well as mISG15, were grown at 37°C in 6 liters of
Luria-Bertani broth containing 100 pg of ampicillin/ml until the optical
density at 600 nm reached 0.6. Expression of the vOTU or mISG15 gene
was induced by the addition of IPTG (isopropyl-B-p-thiogalactopyrano-
side) to a final concentration of 0.8 mM. The culture was further grown
for 4 h at 37°C and then centrifuged at 6,000 X g for 10 min. The cells were
collected and stored at —80°C until use. All vVOTUs were purified accord-
ing to the previously published protocol (17). Purification of mISG15 was
performed according to an protocol identical to that used for the vOTUs
with the exception that mISG15’s buffer A contained 500 mM NaCl, 50
mM Tris (pH 7.5), and 1 mM Tris (2-carbozyethyl) phosphine hydro-
chloride(TCEP-HCI), and buffer B contained 200 mM NaCl and 50 mM
HEPES (pH 8.0). All final protein concentrations were determined from
the absorbance at 280 nm using an experimentally determined extinction
coefficient (43).

Truncated hUb(1-75) was expressed according to previously estab-
lished protocols with the exception that, after the IPTG induction, the
culture was grown overnight at 18°C (41, 42). E. coli BL21(DE3)-Codon-
Plus pellets containing hUb(1-75) were lysed with buffer C (25 mM
HEPES [pH 6.8], 50 mM sodium acetate, 75 mM NaCl) augmented with
0.16% Triton X-100. The solution was then sonicated on ice at 30% power
with pulses of 5-s durations for 10 min. Insoluble debris was removed by
centrifugation at 17,000 X g for 45 min. The clarified extract was filtered
with a 0.80-pwm-pore-size filter and then poured over a chitin column
preequilibrated with buffer C. The column was washed with three column
volumes of buffer C, followed by resuspension in two column volumes of
buffer C supplemented with 100 mM sodium 2-mercaptoethanesulfonate
(MESNA). The resuspension was rocked gently overnight at 4°C and
eluted by filtration through a XK 26/40 GE column. The resulting hUb
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Nairovirus vOTU Specificity for Ub and 1SG15
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FIG 1 Sequence alignment of several viral OTU proteases. The vOTUs are from Dugbe virus (DUGV; GenBank accession no. AAB18834.1), Crimean-Congo
hemorrhagic fever virus (CCHFV; GenBank accession no. AAQ98866.2), Nairobi sheep disease virus (NSDV; GenBank accession no. ACH99799.1), Erve virus
(ERVEV; GenBank accession no. AFH89032), rice stripe virus (RSV; GenBank accession no. ABC68333), turnip yellow mosaic virus (TYMV; GenBank accession
no. NP_663297.1), and porcine reproductive and respiratory virus (PRRSV; GenBank accession no. QQWJB2). The secondary structure of DUG vOTU according
to Defined Secondary Structure of Proteins (DSSP) is shown as gray cylinders (helical regions), pink arrows (3-sheets), and gray lines (loops). Hashed gray line
represents residues for which electron density was not defined in the crystal structure. Breaks denote regions were DUG vOTU does not have residues. Asterisks
represent amino acid residues chosen for site-directed mutation. Orange brackets indicate residues that are part of vOTUs’ catalytic triad. A yellow bracket

outlines residues involved in a backbone shift between CCHFV and DUGV.

thioester was then derivatized with 3-bromopropylamine hydrobromide
(Ub-Br3) according to previously described methods (41, 42). The purity
of the Ub-Br3 was assessed by use of 10 to 20% Mini-Protean Tris-Tricine
precast gels (Bio-Rad, CA).

Site-directed mutagenesis of the CCHF vOTU and DUG vOTU
genes. CCHF vOTU T10E, S101G, E128G, and E128T, mISG15 C76S, as
well as DUG vOTU E10T, G101S, T128E, and a3-chimera (D74Q/T75E/
V80R/G81L/T82V) protein mutants, were created by using QuikChange
site-directed mutagenesis according to the manufacturer’s protocol (Agi-
lent Technologies, Inc.). The resulting mutant plasmids were introduced
into E. coli XL1-Blue Supercompetent cells by heat shock transformation
and were then propagated, purified for sequence verification, and trans-
formed into E. coli BL21(DE3) cells for enzyme expression. The complete
coding regions for all mutant enzymes were sequenced by GenScript, Inc.,
or Eton Bioscience, Inc.

Fluorescent vOTU deubiquitination and deISGylation assays. All
assays were performed in duplicate in buffer D (100 mM NaCl, 50 mM
HEPES [pH 7.5], 0.01 mg of bovine serum albumin [BSA]/ml, 5 mM
dithiothreitol [DTT]) using a Corning Costar half-volume black 96-well
plate with a reaction volume of 50 pl. The rates of the reactions were
observed using an Infinite M1000 series plate reader (Tecan, Inc.). Spe-
cifically, the increase in fluorescence (excitation \, 360 nm; emission, 460
nm) of 7-amino-4-methylcourmarin (AMC) upon cleavage from hUb-
AMC, human ISG15-AMC (hISG15-AMC) (Boston Biochem, MA), and
ZRLRGG-AMC (Bachem) substrates was monitored for each of the
vOTUs. The extinction coefficients for all three fluorescent substrates
were determined by adding excess vOTU to various concentrations of
each substrate, and the reactions were allowed to run until completion.
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The resulting maximum fluorescence values were plotted to determine
the slope and subsequently each substrate’s extinction coefficient.

To calculate the turnover rates for 1 uM hISG15-AMC, 1 uM hUb-
AMC, and 50 uM ZRLRGG-AMC of DUG vOTU, ERVE vOTU, and
TYM vOTU, as well as mutants originating from DUG vOTU and CCHF
vOTU, various enzyme concentrations were used. This was to account for
the varied activities of different vOTUs toward their hUb and hISG15
substrates. For DUG vOTU and associated mutants, 2 M, 4 nM, and 4
WM concentrations of enzyme were used against hISG15-AMC, hUb-
AMC, and ZRLRGG-AMC, respectively. The enzyme concentrations for
CCHF vOTU and associated mutants were the same concentrations as
those of DUG vOTU with the exception of 20 nM enzyme being utilized to
observe the cleavage of hISG15-AMC. Similarly, 4 nM ERVE vOTU was
used to cleave hUb-AMC and hISG15-AMC, with 1 pM enzyme used to
cleave 50 puM ZRLRGG-AMC. For TYM vOTU, 2.2, 1.2, and 4 pM con-
centrations of enzyme were used to cleave hISG15-AMC, hUb-AMC, and
ZRLRGG-AMC, respectively.

To determine the DUG vOTU’s V.., and K,,, values for hUb-AMC,
DUG vOTU’s concentration was maintained at 4 nM enzyme while the
hUb-AMC concentration was varied from 0 to 75 wM. To determine
DUG vOTU’s V, . and K, values for hISG15-AMC, DUG vOTU’s con-
centration was maintained at 2 uM enzyme, while the hISG15-AMC con-
centration was varied from 0 to 32 wM. For calculation of the V, . and K,,,
values for TYM vOTU, an enzyme concentration of 1.2 wM was used
while the hUb-AMC concentration was varied from 0 to 65 wM, and an
enzyme concentration of 2.2 M was used while the hISG15-AMC con-
centration was varied from 0 to 32 uM. ERVEvOTU’s V, _ _and K,,, values
for hUb-AMC and hISG15-AMC were determined maintaining an en-

jviasm.org 3817


http://www.ncbi.nlm.nih.gov/nuccore?term=AAB18834.1
http://www.ncbi.nlm.nih.gov/nuccore?term=AAQ98866.2
http://www.ncbi.nlm.nih.gov/nuccore?term=ACH99799.1
http://www.ncbi.nlm.nih.gov/nuccore?term=AFH89032
http://www.ncbi.nlm.nih.gov/nuccore?term=ABC68333
http://jvi.asm.org

Capodagli et al.

zyme concentration of 125 nM while the hUb-AMC concentration was
varied from 0 to 51 wM, and an enzyme concentration of 4 nM was
maintained while the hISG15-AMC concentration was varied from 0 to 5
M. The initial rates were fitted to the Michaelis-Menten equation, v =
Vinax/ [1 + (K,,/[S])], using the Enzyme Kinetics module of SigmaPlot
(v12.2; SPSS, Inc.). V.. was translated into k_,, using k.,, = V,.../[E].

The vOTUs from CCHFV, DUGV, ERVEV, and TYMV turnover rates
for poly-Ub Forster resonance energy transfer (FRET) linkage substrates
K11, K48, and K63 (Boston Biochem, MA) at 1 pM were determined by
monitoring the increase in fluorescence (excitation N, 544 nm; emission,
572 nm) resulting by the separation of a FRET TAMRA/QXL pair. The
cleavage of three commercially available FRET TAMRA/QXL pair config-
urations per K48 and K63 poly-Ub linkage FRET substrates was assessed.
Each di-Ub FRET substrate at 1 uM was evaluated against an enzyme
concentration of 2 nM (CCHF and DUG vOTU), 125 nM (ERVE vOTU),
or 500 nM (TYM vOTU). For the K11 di-Ub FRET substrate, enzyme
concentrations of vOTUs from CCHFV (100 nM), DUGV (100 nM),
ERVEV (2.6 puM), TYMV (20 nM) were used.

mISG15 competition assay. The ability of 4 nM vOTU from CCHFV
and ERVEV to cleave 2 pM hISG15-AMC in the presence of unlabeled
mISG15 (120 pM) or hISG15 (120 M) was observed by measuring the
increased fluorescence of free AMC (excitation A, 360 nm; emission, 460
nm) on an Infinite M1000 series plate reader (Tecan). Unlabeled mISG15
was obtained as described above, whereas hISG15 was acquired from a
commercial source (Boston Biochem). All assays were performed in buf-
fer E (200 mM NaCl, 50 mM HEPES [pH 8.0], 0.01 mg of BSA/ml, 5 mM
DTT) using a Corning Costar half-volume black 96-well plate with a re-
action volume of 50 .l

Deubiquitinating gel shift assays. Poly-Ub linked by the different
isopeptide bonds (K6, K11, K27, K29, K33, K48, and K63), as well as the
N-terminal peptide bond (linear), were purchased from Boston Biochem,
MA. Dimeric-Ub substrates (10 pM) were incubated with each vOTU (4
nM CCHF vOTU, 4 nM DUG vOTU, 100 nM ERVE vOTU, and 6 puM
TYMvOTU) inreaction buffer F (100 mM NaCl, 50 mM HEPES [pH 7.5],
2mM DTT) at 37°C. The reactions were stopped at various times of > 1 h
by mixing 9 pl of each reaction with 2X sodium dodecyl sulfate-Tricine
sample buffer, followed by boiling at 95°C for 5 min. The results were
visualized on 10 to 20% Mini-Protean Tris-Tricine precast gels (Bio-Rad).
For vOTU cleavage of trimeric K48 and K63 linkages, 20 wM tri-Ub sub-
strates were tested and analyzed in the same manner as the di-Ub.

DUG vOTU-Ub formation and crystallization. DUG vOTU was
combined with Ub-Br3 in equal molar ratios, incubated at 37°C for 2 h
and left overnight at 4°C. Complex (DUG vOTU-Ub) formation was
monitored using 10 to 20% Mini-Protean Tris-Tricine precast gels. DUG
vOTU-Ub was dialyzed overnight against 1 liter of buffer G (100 mM
NaCl, 50 mM Tris-HCI [pH 8.0]) and then purified using a GE Mono-Q
column with a linear gradient of buffer G to buffer H (1 M NaCl, 50 mM
Tris-HCI [pH 8.0]). Fractions were pooled according to the chromato-
gram, loaded onto an AP-1 (Waters) column packed with Superdex-75
resin preequilibrated with buffer I (150 mM NaCl, 5 mM HEPES [pH 7.4],
1 mM TCEP-HCI), and eluted at a flow rate of 1.0 ml/min. Resulting DUG
vOTU-Ub was concentrated in a GE Vivaspin 6 10-kDa MWCO concen-
trator and filtered using a 0.22-pum-pore-size Costar spin filter.

The initial crystal conditions for DUG vOTU-Ub were determined
from high-throughput screening of Qiagen Classics I and II screens in a
96-well sitting drop format using an Art Robbins Phoenix robot. Drops
contained 0.4 pl of protein solution and 0.4 pl of precipitate with a 100-pl
reservoir volume. Initial screening resulted in several hits; however, a
solution containing 0.25 M LiSO,, 0.10 M Bis-Tris (pH 5.5), and 29%
PEG 3350 produced the most viable crystals. These crystals were opti-
mized using the Additive HT Screen from Hampton Research. Final DUG
vOTU-Ub crystals were obtained through vapor diffusion using a 500-p.l
reservoir with 4-pl hanging drops mixed 1:1 with protein solution and
0.25 pl of 40% (vol/vol) 1,3-butanediol.

3818 jviasm.org

TABLE 1 Crystallographic data for DUG vOTU-Ub complex
DUG vOTU-Ub”

Parameter”

Data collection

Space group C2
Unit cell dimensions
a, b, c(A) 113.5, 40.0, 114.2
B 97.3
Resolution (A) 50.0-2.85
No. of reflections observed 38,714
No. of unique reflections 11,887
Rierge (%) 5.8 (14.1)
ol 18.4 (6.1)
% Completeness 95.8 (79.0)
Refinement
Resolution range 50-2.85
No. of reflections in the working set 11,301
No. of reflections in the test set 567
Ry (%) 21.0
Riee (%) 27.8
RMSD
Bond length (A) 0.01
Bond angle (°) 1.2
No. of protein/water atoms 3,706/46
Avg B-factors (A?)
Total 20.8
Protein 20.8
Water 12.9
Ions 41.6

* Rperge = 2,21 |I(h) = <I(h)>|/%,3;> I,(h), where I,(h) is the i measurement and
<I(h)> is the weighted mean of all measurements of I(h). R, o and Rgee = h(|F(h) s —
|E(h) carc])/BF(h) o] for reflections in the working and test sets, respectively. RMSD, root
mean square deviation.

b Where applicable, the last resolution shell is indicated in parentheses.

Data collection and X-ray structural determination of DUG vOTU-
Ub. An X-ray data set was collected using a crystal mounted onto a nylon
loop flash frozen in liquid nitrogen. The frozen crystal was mounted un-
der astream of dry N, at 100°K. A DUG vOTU-Ub data set with resolution
to 2.85 A was collected at the advanced light source (ALS) beam line 4.2.2
at 1.00 A with a NOIR-1 MBC detector (NOIR-1). X-ray images were
indexed, processed, integrated, and scaled using HKL2000 (44), and
phases were determined and refined using Phaser (45). An initial phase
solution was elucidated using a homology model based on the CCHF
vOTU-Ub structure 3PRP for molecular replacement using Phaser (45).
The structure was refined using iterative cycles of model building and
refinement using COOT and REFMAG, respectively (45, 46). Water mol-
ecules were added to 2Fo-Fc density peaks of >1 o using the Find Water
COOT program function. The final model was checked for structural
quality using the CCP4 suite programs Procheck and Sfcheck. The data
refinement statistics are shown in Table 1. Structure factors and coordi-
nates have been assigned PDB code 4HXD.

RESULTS

Comparison of nairovirus vOTUs specificity for Ub and ISG15.
To assess whether nairovirus vOTUs have a conserved specificity
for both hUb and hISG15 conjugates, vOTUs from CCHEFV,
DUGYV, and ERVEV were evaluated for their ability to remove
7-amino-4-methylcourmarin (AMC) from the C terminus of 1
pM hUb-AMC, hISG15-AMC, or a peptide that contains the last
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FIG 2 vOTU cleavage of peptide, hUb, and hISG15 AMC conjugates. The
cleavage activities of vOTUs from CCHFV, DUGV, and TYMV for 50 pM
ZRLRGG-AMC (a), 1 pM hUb-AMC (b), and 1 pM hISG15-AMC (c) were
determined. Error bars represent standard deviations from the average.

five highly conserved amino of hISG15 and hUb (ZRLRGG-AMC;
Fig. 2). In addition, the recently identified vOTU from TYMV was
evaluated along side the nairovirus vOTUs to determine whether
the activity and specificity of negative single stranded nairoviruses

TABLE 2 Kinetic characterization of vOTUs"

Nairovirus vOTU Specificity for Ub and 1SG15

for these substrates is potentially similar to a vOTU from a positive
single-stranded RNA virus. Initially, the four vOTUs were as-
sessed against the ZRLRGG-AMC conjugate to observe their af-
finity for the minimal recognition component these proteases use
to identify hUb and hISG15 (Fig. 2a). The vOTUs of ERVEV and
TYMYV have a substantially more robust activity toward this sub-
strate than those of CCHFV and DUGYV (Fig. 2a). As observed in
our previous study, CCHF vOTU cleaves the hUb-AMC 5-fold
faster than its hISG15-AMC counterpart (17). Unexpectedly, the
other three vOTUs have widely divergent activities from CCHF
vOTU toward these two substrates (Fig. 2b and c). Specifically,
CCHEF vOTU cleaves hUb-AMC with a turnover rate twice that of
DUG vOTU, which is the second most active vOTU toward this
substrate. However, DUG vOTU possesses 200-fold less activity
toward hISG15-AMC, suggesting that every vOTU may not be
able to robustly cleave hISG15 conjugates. Intriguingly, the vOTU
from ERVEV exhibits the reverse specificity, overwhelmingly pre-
ferring hISG15 to hUb. Not surprisingly, vOTU from the plant
virus TYMV lacks any appreciable activity for hISG15, for which a
plant homologue has yet to be identified. However, its 3-orders-
of-magnitude-lower activity for hUb-AMC was interesting since
there are only three amino acid differences, which are not located
on the surface, between hUb and Ub originating from the yellow
turnip, Brassica napobrassica. Overall, TYM vOTU has 6-fold
higher activity for ZRLRGG-AMC versus hUb-AMC and 30-fold
more than hISG15-AMC.

To explore the complexities in the affinities of vOTUs for hUb
and hISG15, the K, and k,, values of the four vOTUs were ascer-
tained for these substrates (Table 2). DUG vOTU shows a slightly
higher k,, than that of CCHF vOTU for hUb-AMC but with a
substantially increased K,,. These results suggest that DUG vOTU
can process hUb-AMC at rates beyond those of CCHF vOTU but
appears to possess a weaker affinity for the substrate leading it to
have a 6-fold reduction in hUb-AMC catalytic efficiency. For
hISG15-AMC, DUG vOTU possesses 3 orders of magnitude lower
k... and double the K, for this substrate compared to CCHF
vOTU. As a result, DUG vOTU’s catalytic efficiency for hISG15
approaches that of the TYM vOTU, a vOTU that has likely not
evolved to process this substrate. TYM vOTU’s affinity for hUb-
AMC does not appear to be particularly robust either, with satu-
rating conditions of the hUb-AMC substrate beyond the maximal
substrate concentrations achievable. In contrast to both the
vOTUs from TYMV and DUGYV, ERVE vOTU possesses a high
level of ability to cleave hISG15 conjugates with a k_,, within the

cat

same magnitude and a K, that was half that of CCHF vOTU. This
translates into ERVE vOTU having the highest catalytic efficiency
for hISG15 of any known to vOTU. Surprisingly, ERVE vOTU
proves to be a poor deubiquitinating enzyme by nairovirus stan-

dards, to the point where saturating concentrations of hUb-AMC

Ub-AMC ISG15-AMC
Virus k.o (min™ ") K,, (M) k./K,, (min"'M™") ko (min™") K,, (M) koK, (min ™' M)
CCHFV 208 = 15 (3.8 +0.8) X 10~° (5.5 + 12) X 107 32,5+ 3.0 (22+05) X 10°° (1.5 +3.6) X 107
DUGV 306 + 13 (35.7 £3.2) X 10°° (8.6 = 0.86) X 10° 0.244 = 0.014 (5.21 +0.9) X 10~° (4.7 £ 0.01) X 10*
ERVEV 55.6 = 3.1 (64.9 = 5.6) X 10~° (8.6 = 0.088) X 10° 18.5 = 0.98 (0.66 = 0.14) X 10~° (2.8 =6.1) X 107
TYMV 1.79 *+ 0.094 (70.2 = 6.0) X 10~° (2.6 = 0.003) X 10* 0.092 *+ 0.007 (13.5*+23) X 10°° (6.1 = 0.001) X 10°

“ Data for CCHFV were obtained from Capodagli et al. (17). Boldface values indicate that saturating conditions were not met.
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FIG 3 Gel shift assay of vOTU polyubiquitination linkage specificity. A 10 uM concentration of each di-Ub linkage was incubated with either 4 nM CCHFV, 4
nM DUGYV, 100 nM ERVEV, or 6 uM TYMYV at 37°C for an hour with samples taken at the indicated time points. The samples were heat inactivated at 95°C for
5 min and then run on a 10 to 20% Mini-Protean Tris-Tricine precast gels (Bio-Rad). The bands were visualized by staining with Coomassie blue.

are beyond the maximal substrate concentrations currently
achievable. Using the data available would suggest at least a 4-fold
decrease in hUb-AMC k,, compared to CCHF vOTU, as well as a
K, that is 2-fold that for DUG vOTU and an order of magnitude
compared to CCHF vOTU.

Poly-Ub linkage specificity of nairovirus vOTUs. Since host
cellular proteins are found to be bound to chains of ubiquitin
(poly-Ub), the vOTUs of DUGV, CCHFV, and ERVEV were as-
sessed for their ability to cleave the eight different linkage types of
poly-Ub, K6, K11, K27, K33, K48, K63, and linear, side by side. In
addition, TYMV vOTU was similarly evaluated to observe
whether there was a potentially conserved preference among di-
vergent viral families. With the vOTUs of DUGV and CCHFV
exhibiting robust ability to separate hUb conjugates, only nano-
molar quantities were necessary to observe poly-Ub cleavage
within a 60-min time frame. Conversely, vOTUs from ERVEV
and TYMV, which have limited activity toward hUb conjugates,
require substantial quantities of protease. In the case of TYM
vOTU, almost equal molar ratios were required to observe sub-
stantial cleavage (Fig. 3). Evaluation of the ability for the four
vOTUs to sever the eight linkage forms between two hUb mono-
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mers unexpectedly revealed that all four vOTUs possess a rela-
tively clear preference for K6 poly-Ub linkages. Also, between
vOTUs of DUGV and CCHEFV that were assessed at the same
protease concentration, DUG vOTU appears to process K6
poly-Ub linkages at a faster rate. Interestingly, the four vOTUs
have a mixed preference for their secondarily preferred poly-Ub
linkage substrate. As was observed previously, CCHF vOTU ap-
pears to favor K63 poly-Ub linkage (17). However, the other three
vOTUs seem to favor K48 poly-Ub linkages. In addition to sever-
ing K6, K48, and K63 poly-Ub linkages, all four vOTUs shared a
robust preference for K11 poly-Ub linkages. The remaining K27,
K29, K33, and linear poly-Ub linkages proved to be a relatively
poor substrate for each of the four vOTUs to various degrees.
CCHF vOTU appears to be the most selective of the four vOTUs
assessed, only preferring the aforementioned K6, K63, K48, and
K11 poly-Ub linkages (Fig. 3). Minor relative activities toward
K33 and K27 poly-Ub linkages were observed for the remaining
three vOTUs, with ERVE vOTU possibly having some extremely
low relative preference toward K29 poly-Ub linkages.

Since the relative preference of vOTUs from CCHFV, DUGYV,
ERVEV, and TYMYV appear to diverge for K63 and K48 poly-Ub
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linkages, a quantitative approach was used to understand the ex-
tent of the differences for these two substrates among these
vOTUs. Specifically, the increase in fluorescence upon the vVOTU-
facilitated separation of a TAMRA/QXL FRET pair located be-
tween 1 M two hUb molecules with either K48 or K63 linkages
was examined. To minimize the possibility of FRET pair interfer-
ence with vOTU-Ub interactions, separation of three different
FRET pair configurations for K48 and K63 FRET substrates were
observed using vOTUs from CCHFV, DUGV, ERVEV, and
TYMV (data not shown). The rate for FRET pair configuration
that is cleaved most efficiency by each vOTU for K48 and K63
FRET substrates were compared side by side (Fig. 4a to c). Al-
though CCHF vOTU and DUG vOTU demonstrate comparable
turnover rates for K48 poly-Ub linkages, CCHF vOTU severs K63
poly-Ub linkages at a rate of 7-fold that of DUG vOTU. Also,
CCHEF vOTU’s turnover rate for the K63 FRET substrate is 3.5-
fold elevated over that of hUb-AMC. DUG vOTU exhibited a
similar phenomenon for its preferred K48 FRET substrate. This
trend of K48 and K63 specificity was also present with the larger
tri-Ub substrates (Fig. 5). Not surprisingly, TYM vOTU and
ERVE vOTU cleaved these poly-Ub linkage substrates poorly,
with the two vOTUs having 2 to 3 orders of magnitude less activity
than vOTUs from CCHFV and DUGV. In addition to the use of
K63 and K48 FRET substrates, a K11 FRET substrate was subse-
quently used to gauge the cleavage rates of the four vOTUs for K11
poly-Ub linkages. These results generally mirrored those observed
in the separation of unlabeled poly-Ub linkages substrates and
were all significantly below those observed for cleavage of hUb-
AMC (Fig. 3 and 4c¢).

Species specificity of CCHF and ERVE vOTU for ISG15. Un-
like Ub, which is highly conserved in eukaryotes, ISG15 and its
known homologues contain significant sequence variability, even
among mammals. Previously, studies have suggested that vOTUs
may prefer to cleave hISG15 or equivalent homologues specific to
the species they infect (16). To investigate the effect of species
diversity in ISG15s on vOTUs’ ability to cleave these conjugates,
unlabeled hISG15 and mISG15 were used as competitive inhibi-
tors against vOTUs from CCHFV and ERVEV. Predictably, both
vOTUs show >90% decreases in their abilities to cleave hISG15-
AMC in the presence of unlabeled hISG15. However, the presence
of unlabeled mISG15 has a divergent effect among the two vOTUs.
For CCHF vOTU, mISG15 lacks appreciable ability to interfere
with this vOTU’s cleavage of hISG15-AMC, revealing that CCHF
vOTU substantially prefers hISG15 to mISG15 (Fig. 4d). Con-
versely, ERVE vOTU is inhibited by ca. 30% at the same mISG15
concentration, suggesting that affinity for certain species’ ISG15s,
or homologues, may vary among nairovirus vOTUs.

X-ray crystallographic elucidation of DUG vOTU-Ub com-
plex. Previous structural elucidation of CCHF vOTU by others
and our lab suggested that CCHF vOTU’s ability to cleave hISG15,
which was unexpected for an OTU, was primarily the result of the
orientation in which CCHF vOTU bound to its hUb or hISG15

K63-linked (b), or K11-linked di-Ub (c). Turnover values were determined
based on the increase in emission upon cleavage of 1 uM di-Ub in the presence
of the vOTU from CCHFV, DUGV, and TYMV. (d) Relative rates of cleavage
activity of 4 nM CCHF vOTU and ERVE vOTU for 1 uM hISG15-AMC
(white) in the presence of 120 wM unlabeled ISG15 from either mouse (light
gray) or human (dark gray) sources. Error bars represent standard deviations
from the average.
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FIG 5 Poly-Ub linkage gel shift assay. A 20 .M concentration of each tri-Ub linkage was incubated with either 4 nM CCHF vOTU, 4 nM DUG vOTU, 100 nM
ERVE vOTU, or 6 puM TYM vOTU at 37°C for an hour with samples taken at the indicated minute time points. The samples were heat inactivated at 95°C for 5

min and then run on a 10 to 20% Mini-Protean Tris-Tricine precast gels.

substrate (16, 17, 47). This suggested that vOTUs might, as a class,
possess deISGylating activity. However, although the vOTUs from
DUGYV and ERVEV have high amino acid similarity to CCHF
vOTU, 79 and 68%, respectively, a significant divergence in their
preference between hUb and hISG15 conjugates was observed. To
investigate the potential structural origins of these partialities, a
covalent complex was formed between DUG vOTU and a bro-
molyated C-terminal hUb. Subsequently, the DUG vOTU-Ub
complex was screened against several suites of commercially avail-
able precipitant screens and further optimized via an additive
screen resulting in a set of crystal conditions. The initial condition
contained PEG 3350, Bis-Tris (pH 5.5), and lithium sulfate and
was optimized with 1,3-butanediol, yielding a 2.85 A data set in a
C2 space group (Table 1).

Structural comparison of DUG vOTU and CCHF vOTU
complexes. Comparison between the structures of DUG vOTU
and CCHF vOTU in complex with hUb revealed that the two
complexes adopted a comparable fold. Similar to CCHF vOTU,
DUG vOTU is comprised of a core of seven -sheets flanked by
five a-helices and three 3,,-helices with an additional antiparallel
sheet, 32a, formed between residues 100 to 102 of the protease and
residues 73 to 75 of the hUb (Fig. 6a and b). In addition, DUG
vOTU appears to accommodate hUb in the same manner as
CCHF vOTU, suggesting that DUG vOTU employs no overtly
tertiary structure rearrangement to account for its partiality be-
tween hUb and hISG15 (Fig. 6¢).

Despite their similarities, the overlay of DUG vOTU and
CCHF vOTU bound to either hUb or hISG15 does highlight two
variances between the vOTUs (Fig. 6d) (17, 47). One is the 33-4
loop, which encompasses DUG vOTU residues 121 to 126. This
loop has a higher than average B-factor in both structures of
vOTUs from DUGV and CCHFV and lacks any direct interaction
with other parts of the vOTU, or its bound substrate, implying
that the divergence observed is a result of inherent loop flexibility.
This is not the case with the second dissimilar region that contains
DUG vOTU residues 73 to 85, which comprises its a3 helix and
surrounding residues. A clear divergence of this region in DUG
vOTU can be observed compared to that of either comparable
regions in CCHF vOTU-Ub or CCHF vOTU-ISG15 structures
(Fig. 6d). Interestingly, this region forms a considerable interface
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with hUb in the DUG vOTU structure, as well as one between
CCHF vOTU bound to hUb and hISG15 (Fig. 6¢). Two driving
forces readily appear to be responsible for the divergence between
the two proteases’ a3 helix. One is that DUG vOTU has a glycine
at position 81, similar to many other vOTUs, instead of a leucine
as in CCHF vOTU. The glycine results in breaking the a3 helix
secondary structure, making DUG vOTU’s 3 helix shorter than
the one found in CCHF vOTU. The second appears to be the
amino acid sequence of this region. CCHF vOTU possesses not
only a leucine at position 81 but also a valine at position 82. The
hydrophobic side chains of these two amino acids appear to insert
into hydrophobic patches on hUb and internally on CCHE vOTU,
respectively (Fig. 7a).

Primary structural origins of Ub and ISG15 specificity be-
tween vOTUs of DUGV and CCHFV. In order to examine the
influence of the a3 helix on vOTUs’ ability to cleave hISG15 con-
jugates, several positions within DUG vOTU—Asp74, Thr75,
Val80, Gly81, and Thr82—were mutated to their corresponding
residues in the CCHF vOTU. The resulting DUG vOTU a3 helix
chimera has comparable activity to the wild-type DUG vOTU
enzyme for the small peptide ZRLRGG-AMC, suggesting that the
mutations did not impact catalytic activity. As expected, the DUG
vOTU a3 helix chimera possesses a relatively significant increase
of 150% activity for hISG15-AMC. Interestingly, however, the
DUG vOTU a3-chimera’s ability to cleave the hUb-AMC conju-
gate decreases significantly, suggesting other primary structural
elements are necessary to confer robust deISGylating activity
(Fig. 8d to f). One such region might include Glu128, which in
CCHF vOTU forms hydrogen bonds with hISG15’s Asn89 and
Lys90 (Fig. 7b). However, these bonds are absent in DUG vOTU
because the glutamate is replaced by a threonine. Introduction of
the T128E mutation in DUG vOTU increases the activity toward
hUb-AMC by 110%, hISG15-AMC by almost 2,000%, and ZRL-
RGG-AMC by 160%. Conversely, replacement of this glutamate
in CCHF vOTU to a threonine resulted in a drop in activity of 40,
75, and 25% for hUb-AMC, hISG15-AMC, and ZRLRGG-AMC,
respectively. In addition, a strain of CCHFV, UG3010, has been
isolated from a patient in Uganda that contains a glycine polymor-
phism at position 128 (48). The introduction of this residue re-
sulted in a mutant that followed the same pattern as the threonine
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FIG 6 Diagram representation of DUG vOTU-Ub. (a) DUG vOTU monomer labeled and colored according to secondary structure: helices and loops are
indicated in gray, and B-sheets are indicated in pink. (b) Complex of DUG vOTU rendered as in panel a, and hUb is rendered in yellow. (c) Overlay of DUG
vOTU-Ub complex colored as in b, with hUb bound to CCHF vOTU (orange). (d) Overlay of DUG vOTU, CCHF vOTU bound to hUb (green, PDP code 3PRP),
and CCHF vOTU bound to hISG15 (teal, PDB code 3PSE) DUG vOTU is as in panel a, with the a3 helix of each structure rendered as loops and boxed in red.

mutation but with a greater effect. These results reveal the influ-
ence position 128 plays in determining specificity and activity
within vOTUs (Fig. 8a to c).

Beyond position 128 in the vOTU structures of CCHFV and
DUGYV, position 101 was identified as a potential key residue. The
serine at this position in the structure of CCHF vOTU partially
comprises [32a that forms an antiparallel B-sheet with hUb. In
addition, Ser101 in CCHF vOTU also forms key H-bonds with the
hUb arginine residues 72 and 74 side chains. However, this posi-
tion is filled by a glycine in DUG vOTU, potentially impeding
DUG vOTU’s ability to interact with its hUb and hISG15 sub-
strates (Fig. 7c). When CCHF vOTU’s Ser101 was mutated to
glycine, an expected drop in activity toward all assessed substrates
of >60% was found. Unexpectedly, when Gly101 in DUG vOTU
was mutated to serine, a reduction in activity by >90% was no-
ticed for all substrates, while also resulting in a lower protein ex-
pression (data not shown). In vOTUs from DUGV, NSDV, and
ERVEYV, residue 101 is glycine and 102 is serine, whereas CCHF
vOTU has a serine and threonine at these positions. Upon closer
examination of CCHF vOTU’s Thr102, it appears to be twisted in
relation to the corresponding residue in DUGV via surrounding
hydrophobic environment created by Ile118, Ile131, and Phe133.
This twist results in fixing the orientation of Ser101 in manner that
the side chain points toward CCHF vOTU’s bound substrate.

Unlike structurally revealed differences in the vOTUs of
CCHFV and DUGYV that appear to limit DUG vOTU’s ability to
cleave either hUb or hISG15, DUG vOTU possesses at least one
interaction that enhances deubiquitinating activity absent in
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CCHF vOTU. Specifically, DUG vOTU’s Glul0 forms hydrogen
bonds to His68 in hUb and is within hydrogen bonding range of
Arg87 in hISG15 (Fig. 7d). Not surprisingly, alteration of Glu10 to
threonine in DUG vOTU causes decreases of 75 and 60% in hUb-
AMC and hISG15-AMC activity, while not affecting the overall
catalytic activity of the enzyme. Also, when the T10E mutation was
introduced into CCHF vOTU an increase of 50% activity toward
hUb-AMC is observed.

DISCUSSION

Structural origins of nairovirus vOTU substrate specificity. The
broad divergence in specificity observed between nairovirus
vOTUs appears to originate predominantly from their primary
structure differences. This is based on the conserved B-sheet and
a-helix tertiary structural scaffold of vOTUs from DUGV and
CCHEFYV, their sequence similarity with other nairovirus vOTUs,
and the conserved manner in which hUb is bound to these two
vOTUs. In addition, the DUG vOTU-Ub structure implies that
although the 30° twist observed between the nairovirus vOTUs
and bound hUb and other OTU superfamily members is con-
served, it does not necessarily imply that a nairovirus vOTU may
process ISG15 conjugates, at least not human ones (17, 41, 49).
Several key amino acids have been implicated in affecting CCHF
vOTU substrate specificity. Specifically, mutation of Q16R and
P77D were shown to ablate CCHF vOTU affinity for hUb and
hISG15, respectively (16, 47). However, in spite of these residues
being conserved in many nairoviruses, DUG vOTU still demon-
strates solely deubiquitinating activity illustrating that these con-
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FIG 7 Locations of selective mutagenesis in vOTUs of CCHFV and DUGV.
Wall-eyed stereo views of the interactions between DUG vOTU (gray/pink)
and CCHF vOTU (teal) with hUb (yellow) and hISG15 (magenta) for the
a3-chimera (a) and residues 128 (b), 100 to 102 (c), and 10 (d) are shown. Gray
labels indicate CCHF vOTU residues, white labels indicate DUG vOTU resi-
dues, black labels indicate hUb and hISG15 residues, and red labels and dashed
lines indicate distances. All of the distances are measured in angstroms.

served sites do not solely indicate substrate preference. Through
the CCHF vOTU-Ub and DUG vOTU-UD structures, plus selec-
tive cross mutagenesis between vOTUs from CCHFV and DUGYV,
the affinity of nairovirus vOTUs for hUb or hISG15 appears to be
largely synergistic. Specifically, the sequence compositions within
the a3 helix along with additional favorable amino acids, such as
Glu128, or other key positions, appear necessary to infer substan-
tial activity toward hISG15 between vOTUs from DUGV and
CCHEFV. Also, residues such as Thr102 in CCHF vOTU, which do
not directly interact with hUb or hISG15, seem necessary for the
positive influence of serine at the preceding position. Inclusion of
serine at a similar position in DUG vOTU, which lacks a threonine
directly preceding it, highlights that, although affinity appears to
be synergistic, single unfavorable amino acid changes within nai-
rovirus vOTUs can have deleterious effects. An additional exam-
ple of CCHF vOTU residue Glu128, which is a glycine ina CCHFV
strain, UG3010, exemplifies this point by suggesting that even
vOTUs that harbor polymorphisms between strains can have con-
siderably divergent enzymatic behavior (Fig. 8).
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FIG 8 Effects of vOTU mutagenesis on vOTU activity toward peptide, hUb,
and hISG15 AMC. The cleavage activity of mutants of CCHF vOTU (light
gray) or DUG vOTU (dark gray) were determined at 1 pM against 1 pM
hUb-AMC (a and d), 1 wM hISG15-AMC (b and e), or 50 pM ZRLRLGG-
AMC (c and f). Error bars represent standard deviations from the average.

Understandably, with only monomeric hUb bound to DUG
vOTU-Ub and CCHF vOTU-Ub, these structures have limita-
tions in directly revealing any specifics on what may drive nairo-
virus vOTUs to cleave only K6, K11, K48, and K63 poly-Ub link-
ages or accounting for these vOTUS’ greater rates of cleavage of
certain linkages over those observed for hUb-AMC, such as those
observed for CCHF vOTU’s and DUG vOTU’s cleavage of K63
and K48 poly-Ub linkages, respectively. Although the precise ori-
gins surrounding poly-Ub specificity may require additional
structural studies, the tertiary structural similarities between the
vOTUs of DUGV and CCHFYV suggests that these differences be-
tween nairovirus vOTUs are likely primarily structural in nature.

Nairovirus vOTUs and other vOTUs. The increasing inclu-
sion of new vOTU members originating across the viral genomes
other than nairoviruses, including those of arteriviruses, tymovi-
ruses, and tenuiviruses, has spurred speculation on whether there
is possible conservation of functionality among these proteases
(14, 38, 50). Supporting this assertion has been the sequence sim-
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ilarity beyond the first 20 to 30 equivalent amino acids of nairovi-
ruses and vOTUs originating from these other viruses (Fig. 1).
However, there are substantial differences between the four
groups of viruses currently known to utilize vOTUs, including the
necessity for vOTUs to cleave viral polypeptides in ssSRNA(+)
vOTU-containing viruses, the location of viral replication com-
plexes within the host cells, and whether the host is plant or ani-
mal. Intriguingly from a protease prospective, the vVOTU from the
ssRNA(+) tymovirus TYMV has a very low deubiquitinating ac-
tivity—almost 3 orders of magnitude less than vOTUs from
DUGYV and CCHFV for hUDb and poly-Ubs—suggesting that deu-
biquitinating activity might be secondary to polypeptide cleavage.
However, TYM vOTU does prefer the same four, K6, K11, K438,
and K63 poly-Ub linkages to the others, as do nairovirus vOTUs.
Unfortunately, vOTUs from arteriviruses, such as PRRSV, have
not been evaluated against all eight poly-UDb types of linkages, nor
have their respective rates toward Ub and ISG15 been established,
but they have been observed to cleave both K63 and K48 poly-Ub
linkages (50). This, with previously established sequence homol-
ogy, could suggest arteriviruses may also have activity toward K6
and K11 poly-Ubs.

Potential influence of nairovirus vOTUs specificity on
pathogenesis. A wide array of disease outcomes has been observed
for nairovirus infections of humans and animals ranging from
transient viremia and migraines to mortality (34, 36, 51). Previous
studies have proposed that vOTUs play a significant role in the
ability of nairoviruses to evade host immune response through
their deubiquitinating and deISGylating activities, prompting
them to be considered potential virulence factors (14, 16, 17, 36,
47). This classification suggests that a significant divergence in
vOTU activity, or specificity, possibly exists between vOTUs from
different nairoviruses and potentially within species. The evalua-
tion of deubiquitinating and deISGylating activities of vOTUs
from CCHFV, DUGV, and ERVEV appears to support this asser-
tion. Despite a reasonably high sequence similarity between three
evaluated nairovirus vOTUs, orders of magnitude differences in
proteolytic activity between them have been observed for different
hUb moieties, as well for hISG15 conjugates. Distilling these pref-
erences into catalytic efficiencies readily reflects that particular
nairovirus vOTUs do not always possess robust dual human deu-
biquitinating and deISGylating functionality with a preference for
ubiquitinated substrates as the previously studied vOTU from
CCHFV may have proposed (16, 17, 47) (Table 2). Instead, the
preference of nairovirus vOTUs potentially could be either for
human ubiquitinated substrates, ISGylated ones, or both.

Curiously, among the nairovirus vOTUs evaluated, only the
one from the often-human fatal CCHFV has coexisting robust
deubiquitinating and delSGylating activities related to hUb and
hISG15. The vOTUs from DUGV and ERVEV, which have cur-
rently not been observed to be fatal in humans, only possess sub-
stantial activity toward one or the other. For ERVE vOTU, the
virtually complete amino acid conservation among Ub within an-
imals suggests that ERVE vOTU predominantly acts as a deISGy-
lase during infection, making it the first known viral protease that
is incapable of effectively cleaving both monomeric and polymeric
Ub conjugates while still retaining strong activity for hISG15. Al-
though the ERVE vOTU shares deISGylating functionality with
CCHF vOTU, the two vOTUs respond differently when mISG15
is used as a competitive inhibitor. In contrast to Ub, among higher
animals there is relatively low sequence homology for ISG15. In-
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terestingly, this diversity has previously been linked to influenza
virus B’s ability of NS1 to specifically bind ISG15 of human or
nonhuman primate origin, explaining the susceptibility of ISG15-
deficient mice to influenza virus B (52, 53). Previously, CCHFV
has been observed to infect several mammals but not lead to any
serious signs of disease outside of humans (6). In addition, mice
unable to respond to IFNI developed a disease mimicking several
aspects of the clinical course of CCHF in humans, including mor-
tality (54). The significantly reduced affinity of CCHF vOTU for
mISG15 appears to further support that ISG15 diversity could be
a zoonotic barrier for viruses. Also, the ability of mISG15 to in-
hibit the vOTU from ERVEV, but not CCHFV, suggests that
ERVE vOTU has a higher affinity for mISG15 and is possibly less
selective for particular species ISG15. Alternatively, mISG15 may
share more homology with currently unknown sequence compo-
sition of the white tooth shrew, which ERVE is commonly found
to infect (55). Furthermore, correlation between nairovirus
vOTUs and host tropism does offer the remote possibility that
DUG vOTU may also be a deISGylase against a currently un-
known host. One possibility could be cattle that it has been known
to predominantly infect. Alternatively, DUG vOTU might also
possess significant cleavage activity for mISG15, as Bakshi et al.
have reported (37).

This unique ability of CCHF vOTU to cleave hISG15 conju-
gates at relatively high rates originally had differentiated CCHF
vOTUs from other members of the OTU superfamily and likened
CCHFvOTU to avirulence factor of severe acute respiratory coro-
navirus, papain-like protease (PLpro), which also has strong deu-
biquitinating and delSGylating activities (14, 17, 56). However,
the PLpro and CCHF vOTU similarities go beyond their ability to
cleave both hUb and hISG15. CCHF vOTU appears to be unique
among the three evaluated nairovirus vOTUs for its ability to ro-
bustly cleave K63 poly-Ub linkages, while retaining the compara-
ble ability to cleave K48 poly-Ub, such as is the case for PLpro (57).
This is in contrast to other known viral deubiquitinases, such as
herpesvirus M48, or vOTUs from other nairoviruses, including
DUG vOTU (58). Also, the robust specificity for K63 poly-Ub
that CCHF vOTU possesses may be of importance pathogeni-
cally since Bogunovic et al. recently suggested that ISGylation
and ubiquitination might be redundant in humans for viral
infections (59). With certain host immunologically related
proteins having been observed to be modified with either
ISG15 or K63 poly-Ub, the removal of both by a viral protease
may ensure immunosuppression. Comparison of CCHF
vOTU’s poly-Ub preferences and those of other vOTUs also
illustrates that CCHF vOTU is also the most specific to the four
poly-Ub linkages—K®6, K11, K48, and K63—that currently
evaluated vOTUs prevailingly cleave (Fig. 3). This also likely
downplays the need for nairoviruses to cleave these other forms
of poly-Ub moieties for successful viral evasion. Overall, the
substrate preferences of the nairovirus vOTUs evaluated here
suggest that a virus containing a vOTU capable of not only
deubiquitinase and species-specific deISGylase activities but
also robust deubiquitinase activity toward K63 poly-Ub link-
ages might have the best chance for viral immune evasion and
pathogenesis. Naturally, the full impact of diversity in specific-
ity among vOTUs on viral pathogenesis can ideally be ad-
dressed when a reverse genetics system for nairoviruses is avail-
able.
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