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SI Methods
Cloning and Site-Directed Mutagenesis. The expression vector
pET11d/FMDV (1) was used as a template for all site-directed
Lbpro mutants (amino acids 29–195). Human ISG15 (Cys78Ser)
and Met1 diubiquitin constructs were cloned into the pOPIN-B
His-tagged expression vector (2). A codon-optimized ISG15 was
obtained from GeneArt Gene Synthesis (Invitrogen) and cloned
in frame to the intein/chitin binding domain pTXB1 vector (New
England BioLabs) using conventional cloning methods. Site-directed
mutagenesis was performed according to the QuikChange
method. Plasmids for cell transfection assays (FLAG-ISG15, UBE1L,
UBE2L6, and HERC5 of human origin) were cloned into the
pcDNA3.1 mammalian expression vector.

Protein Expression and Purification. Lbpro was expressed and pu-
rified according to ref. 3. His-tagged ISG15 and Met1 diubiquitin
were expressed in Escherichia coli Rosetta2 (DE3) pLacI
(Novagen). Cultures were grown to OD600 (0.6–0.8) and induced
with 0.2 mM Isopropyl β-D-1-thiogalactopyranoside for 16 h at
18 °C. Cell pellets were resuspended in 30 mL of lysis buffer
(50 mM Tris, pH 7.4, 150 mM NaCl, 2 mM β-mercaptoethanol)
and frozen at −80 °C. Thawed pellets were supplemented with an
EDTA-free Complete Protease Inhibitor tablet (Roche), 1 mg/mL
lysozyme, and 0.1 mg/mL DNaseI and incubated on ice for 10 min.
The cell suspension was sonicated, and cell debris was cleared by
centrifugation at 50,000 × g for 30 min. The cleared lysate was
incubated with TALON Superflow resin (GE Healthcare) for
10 min and washed with 1 L of lysis buffer by gravity flow.
Protein was eluted with lysis buffer supplemented with 250 mM
imidazole. Purified proteins were dialyzed for 16 h into lysis buffer
to remove excess imidazole. ISG15-intein protein was expressed
identically to His-tagged proteins but purified with chitin resin
(New England BioLabs) as described previously (4, 5).

AMC Fluorescence Measurements. ISG15-AMC cleavage assays
were performed as described previously (6) with minor modifi-
cations. In each reaction, 10 μL of 2 μM ISG15-AMC (2× con-
centration) was mixed with 10 μL enzyme (2× concentration) in
AMC assay buffer (50 mM Tris, pH 8.0, 10 mM DTT). The
reactions were monitored using λex = 350 nm and λem = 450 nm.

Fluorescence Polarization Assays. All ubiquitin/ubiquitin-like
TAMRA assays were performed according to ref. 7. Briefly, en-
zymes and substrates were diluted in dilution buffer (50 mM Tris,
pH 8.0, 10 mMDTT). Substrate concentrations remained constant
at 150 nM, while enzyme concentrations varied based on cleavage
efficiency. Cleavage assays were performed in a black 384-well
plate (Corning), and fluorescence polarization (FP) measurements
were made with a 550-nm excitation filter and a 590-nm emission
filter using a Pherastar plate reader (BMG Labtech). All mea-
surements were compared with substrate only (negative) and
25 nM KG-TAMRA peptide (positive) reference standards.

Kinetics. ISG15-TAMRA was used as a substrate for determi-
nation of Lbpro Michaelis–Menten kinetics. The change in FP on
Lbpro hydrolysis was measured in a black 384-well plate using a
PheraStar plate reader (BMG Labtech): λex = 550 nm and λem =
590 nm. Reactions were incubated at 25 °C in a total volume of
20 μL in FP kinetics buffer (25 mM Tris, pH 8.5, 2 mM DTT,
0.1 mg/mL BSA). In each well, 10 μL ISG15-TAMRA (2× final
concentration) was mixed with 10 μL of 40 nM enzyme (2× final
concentration). The ISG15-TAMRA concentration was varied

from 0.1 to 20 μM. All reactions were performed in triplicate
and in parallel. The change in FP was measured in the linear
range over a period of 0–7 min, with readings recorded every 5 s.
The FP measurements were plotted over time, and initial velocities
of ISG15-TAMRA cleavage were determined. Michaelis–Menten
parameters were calculated using Prism 6 GraphPad Software.

proISG15 Cleavage Assays. The proforms of ISG15 full-length (1–
165) or the CTD (79–165) were used in all cleavage assays. The
concentration of proISG15 was held constant at 10 μM and in-
cubated at 37 °C in all cleavage assays. Reactions were quenched
through the addition of lithium dodecyl sulfate (LDS) sample
buffer at the indicated time points. Samples were resolved on
10–20% Tricine gels (Invitrogen) and stained with Instant Blue
SafeStain (Expedeon).

Intact MS. Cleavage assays were performed similarly to the
proISG15 cleavage assays described above. In ubiquitin (1–
76 amino acids), NEDD8 (1–76 amino acids), and SUMO1 (1–
97 amino acids) cleavage assays, the concentration of Lbpro was
increased to 1 μM to promote cleavage of these nonpreferred
substrates. Unless stated otherwise, reactions were incubated at
37 °C for 1 h and quenched with 50% acetonitrile and 0.1%
formic acid. Substrates were diluted to 1 pmol/μL before intact
MS analysis. Samples were injected at a flow rate of 5 μL/min
and ionized using a heated electrospray ionization (HESI-II)
source before being analyzed by an Orbitrap mass analyzer (Q
Exactive). Ionization, data collection, and deconvolution of raw
files were performed according to ref. 8.

ISG15 Suicide Probe Assays. ISG15 probe assays were performed
with 20 or 40 μM ISG15 probes with 10 μM Lbpro or vOTU at
37 °C in probe assay buffer (100 mM Tris, pH 8.0, 10 mM DTT).
The reactions were quenched in LDS sample buffer at the
specified time points and resolved on a 4–12% Bis-Tris gel be-
fore being visualized with Instant Blue SafeStain (Expedeon).

Preparation of Lbpro ISG15 Complex for Crystallization. For crystal-
lography, 45 μM Lbpro was mixed with 175 μM CTD-ISG15-ΔC
probe in a total volume of 1 mL. The reaction was incubated for 4 h
at 37 °C. Immediately afterward, the reaction was placed on ice.
The resulting complex was purified by strong anion chromatogra-
phy (Resource Q) at pH 8.0 using a linear salt gradient (0–500 mM
NaCl). The reacted complex was pooled and dialyzed into 50 mM
Tris, pH 8.0, 50 mM NaCl, 1 mM EDTA, 5 mM DTT, and 5%
glycerol. After dialysis, the complex was concentrated to 4 mg/mL
using a Vivaspin 500 3K MWCO concentrator and used for crys-
tallization screening. The purity of the complex was assessed by a
Coomassie-stained SDS/PAGE gel and estimated to be >95% pure.

Crystallization. Initial hits were obtained from a commercial screen
(Hampton Research) in a sitting drop vapor diffusion format.
Lbpro∼ISG15-ΔC complex was set up at a 1:1 protein:precipitant
ratio. Crystals grew in 2.0 M ammonium sulfate, 0.1 M Na citrate
pH 5.6, and 0.2 M K/Na tartrate. Crystals were cryoprotected in
mother liquor containing 25% glycerol.

Data Collection, Structural Determination, and Refinement. Data
were collected at the Diamond Light Source beamline I-04 at a
wavelength of 0.92819 Å with a PILATUS 6M-F detector. In-
tegration of images was performed using MOSFLM (9) and
scaled using Aimless (10). The structure was solved by molecular
replacement in Phaser (11) using the apo Lbpro [Protein Data
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Bank (PDB) ID code 1qol (1)] and ISG15CTD [PDB ID code
3phx (6)] structures. Model building and refinement were per-
formed using COOT (12) and PHENIX (13). Table S1 shows
statistics. Structural figures were created using PyMol (https://
pymol.org/2/). The proorigami server (14) was used to build the
topology diagram.

In Vitro Self-Processing Assays. Lbpro intramolecular cleavage was
monitored by in vitro translation assays (15). To this end, the
PCITE-1d plasmid containing the sequence for the Lbpro VP4/
VP2 or Lbpro mutants (L92A, P99A, L102A) was linearized with
SalI followed by in vitro transcription (16). Template DNA was
digested with DNase, and RNA was purified by phenolchloro-
form extraction. Then, rabbit reticulocyte lysates were program-
med with in vitro-transcribed RNA of the precursor protein Lbpro

VP4/VP2 in the presence of [35S]methionine (16), and aliquots
were removed at the specified times. The reaction was stopped in
stop solution [61% (vol/vol) 2× Laemmli sample buffer, 0.6 mM
methionine–cysteine mix, 37% (vol/vol) dH2O]. Radiolabeled
proteins were detected by analysis on a 17.5% SDS/PAGE gel
followed by autoradiography. Gels were incubated twice with
20 mL enhancing solution containing 1 M sodium salicylate and
45% methanol for 15 min before being dried on Whatman paper
using an SAVANT slab gel drier and exposed to a CL-X Posure film
(Thermo Scientific) for 18 h at −80 °C. Subsequently, the film was
thawed and developed using an AGFA Curix660. Intermolecular
cleavage of endogenous eIF4G was monitored by analyzing 10 μL of
translation mix on a 6% SDS/PAGE gel and subsequent Western
blotting with anti-eIF4GI antibody (a gift from Robert Rhoads,
Louisiana State University Health Sciences Center, Shreveport, LA).

Cell Culture, Transfections, and Incubation with Lbpro. HeLa cells
obtained from ATCC were grown to 80% confluency before
transfection with the indicated plasmids as previously described
(17). Cells were harvested and lysed in lysis buffer (50 mM Tris,
pH 8.0, 4 M urea, 50 mM NaCl, 10 mM chloroacetamide, 1 mM
EDTA, 1 mM PMSF, 0.1% Nonidet P-40, 25 mM sucrose, 5%
glycerol). Cells were briefly sonicated to shear DNA and further
supplement lysis. Cell debris was cleared by centrifugation at
21,000 × g for 10 min at 4 °C. Unreacted chloroacetamide was
quenched with 10 mM DTT to prevent alkylation of the Lbpro

active site cysteine. Total protein was quantified using Bradford
methods. Before incubation with Lbpro, the concentration of
urea was diluted to 1 M; 100 μL of 5 mg/mL total protein was
incubated with 2 μM Lbpro for 30 min at 37 °C. Reactions were
quenched with LDS sample buffer at the indicated time points.
Samples were resolved on a 4–12% Bis-Tris gel (Invitrogen)
before being transferred to nitrocellulose membranes by Western
blotting. Anti-FLAG (Sigma-Aldrich, M2), anti-ISG15 (Sigma-
Aldrich, SAB1408653), antiubiquitin (Millipore, 07-375), and anti-

GlyGly (Lucerna Inc., GX41) primary antibodies were used in
Western blots. All Western blots, unless stated otherwise, were
incubated for 16 h at a 1:1,000 primary antibody dilution in phos-
phate buffered saline with Tween 20 (PBS-T) + 5% BSA. The
primary antibody dilution for anti-FLAG Western blots was
1:10,000. After primary antibody incubation, Western blots were
incubated at a 1:5,000 secondary antibody dilution overnight in
PBS-T + 5% milk prior to being visualized by chemiluminescence.
All antibody incubation steps were performed at 4 °C.

Recombinant Mengovirus Infection Assays. HeLa-R19 cells were
cultured inDMEM(Lonza) supplemented with 10% (vol/vol) FCS.
Recombinant viruses were derived from the pM16.1-VFETQG-Zn
infectious clone as described previously (18). In short, genes of
interest were inserted between the XhoI/NotI restriction sites of
the pM16.1-VFETQG-Zn infectious clone. Viruses were re-
covered by transfection of runoff RNA transcripts into BHK-
21 cells. On total cytopathic effect, cells were subjected to two
freeze–thaw cycles, the cell debris was pelleted at 4,000 × g for
15 min, and the virus was concentrated by ultracentrifugation
through a 30% sucrose cushion at 140,000 × g for 16 h in an
SW32Ti rotor. HeLa R19 cells were seeded in 10-cm dishes (2.0 ×
106 cells per dish). On the next day, cells were infected (multi-
plicity of infection = 10) with the indicated viruses. At 2, 4, 6, or
8 h postinfection, cells were released using trypsin, washed once in
PBS, and lysed in 100 μL lysis buffer [100 mM Tris, pH 8.0, 1 mM
EDTA, 50 mM NaCl, 1% Nonidet P-40, protease inhibitor mix
(Roche)]. Postnuclear lysate was obtained by centrifugation at
15,000 × g at 4 °C for 15 min. The amount of total protein in the
lysates was determined using BCA assay (ThermoFisher).

FMDV Infection Assays. BHK-21 cells grown to 90% confluency in
24-well plates were transfected with FLAG-ISG15 and the
ISG15 machinery (UBE1L, UBE2L6, and HERC5) and grown
overnight. Transfected cells were then infected with FMDV
O1Kaufbeuren diluted in virus growth medium (BHK cell culture
medium containing 1% FBS). After 1 h, the FMDV inoculum was
removed, the cells were washed once with viral growthmedium, and
then, they were incubated in virus growth medium for the re-
mainder of the infection. At 1-h intervals postinfection (up to 5 h),
duplicate wells were washed once with PBS, and the cells were lysed
in lysis buffer (50 mMTris, pH 7.5, 0.5% IGEPAL, 120 mMNaCl).
The lysates were clarified by centrifugation, and total protein was
quantified using BCA assay (ThermoFisher). Equal quantities of
the lysates (12 μg) were loaded onto 10% acrylamide gels and
subjected to SDS/PAGE. Proteins were transferred to nitrocellu-
lose membranes and blotted with either FLAG M2 (Sigma-
Aldrich) or GlyGly (Lucerna Inc.) primary antibodies and mouse
secondary antibody diluted in blocking buffer (5% milk and 0.1%
Tween in PBS). Blots were visualized by chemiluminescence.
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Fig. S1. Analysis of Lbpro substrate cleavage and efficiency. (A) Schematic of ubiquitin (Ub) and ubiquitin-like FP cleavage assays using TAMRA-labeled
substrates. (B) Ubiquitin-TAMRA cleavage by Lbpro at increased enzyme concentrations. (C) ISG15-TAMRA cleavage assays by viral proteases. Viral proteases
include Lbpro, Lbpro C51A, and CCHFV vOTU (1). Positive (+) and negative (−) controls correspond to fully cleaved and uncleaved TAMRA reagents, respectively.
(D) Suicide probe assays were performed with CCHFV vOTU at two concentrations of the WT ISG15CTD probe. (E) ISG15-AMC cleavage assays with Lbpro.
Cleavage of ISG15-AMC was measured by fluorescence intensity (FI). Lbpro cleaves ISG15-AMC, but the produced GlyGly-AMC remains nonfluorescent (Fig. S2A).
(F) ISG15-AMC cleavage assays as in E with CCHFV vOTU. In contrast to Lbpro, robust cleavage of ISG15-AMC by CCHFV vOTU was detected (1). (G) Comparison
of proISG15CTD, mature ISG15CTD, and ISG15CTD-TAMRA (isopeptide-linked ISG15) cleavage rates using intact MS. All assays were performed in triplicate. mFP,
measured fluorescence polarization.
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Fig. S2. Characterization of Lbpro ubiquitin and ubiquitin-like cleavage. (A) Analysis of ISG15-AMC by electrospray ionization MS without and with incubation
of CCHFV vOTU and Lbpro. The deconvoluted spectrum is shown, and a diagram depicts the theoretical and observed Δ masses of cleavage. *Contaminant of
ISG15-AMC synthesis; this mass corresponds to ISG15 lacking the most C-terminal Gly residue. (B) Ubiquitin, (C) NEDD8, and (D) SUMO1 were analyzed by
electrospray ionization intact MS before and after incubation with Lbpro. The deconvoluted spectrum is shown. A diagram shows the ubiquitin and
NEDD8 cleavage site. SUMO1 cleavage was not observed. (E) Reactivity of viral proteases with WT and ISG15CTD-ΔC suicide probes. The viral proteases include
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Fig. S4. Characterization of Lbpro ISG15 specificity. (A) Sequence alignment of ISG15 across multiple species. Trp123 is highlighted with a blue star and is
conserved across vertebrates, except zebrafish. Another important area of sequence conservation is the C terminus. (B) LIGPLOT representation of Trp123
(Trp121 of mice) ISG15 interactions with Lbpro and viral deISGylases, including CCHFV vOTU [PDB ID code 3phx (1)] and Erve (ERVV) vOTU [PDB ID code 5jze (2)].
Trp123 is shown in orange, and residues that form hydrophobic interactions with this residue are shown as red fans. (C) proISG15CTD (amino acids 79–165)
cleavage assays with mutations in the hydrophobic patch that make contact with Trp123 of ISG15. (D) OTULIN cleavage of Met1 diubiquitin substrates (compare
with Fig. 3E). (E) Intact MS analysis of Met1 diubiquitin cleavage assays with R42W mutation in the distal ubiquitin (Ub). All assays were performed in triplicate.

1. Akutsu M, Ye Y, Virdee S, Chin JW, Komander D (2011) Molecular basis for ubiquitin and ISG15 cross-reactivity in viral ovarian tumor domains. Proc Natl Acad Sci USA 108:2228–2233.
2. Deaton MK, et al. (2016) Biochemical and structural insights into the preference of nairoviral deISGylases for interferon-stimulated gene product 15 originating from certain species.

J Virol 90:8314–8327.

Swatek et al. www.pnas.org/cgi/content/short/1710617115 6 of 9

www.pnas.org/cgi/content/short/1710617115


Lbpro

Lbpro

VP4 VP2

VP4 VP2

VP4 VP2Lbpro

eIF4G

N
TD

CTD CTD

N
TD

FMDV RNA

in vitro translation

[35S]methionine

Lbpro self-processing

eIF4G

cleavage

substrate

targeting

Lbpro

+

L92A, P99A, L102A

hydrophobic ISG15

 binding site

point mutants

C

BA

Lbpro P99A VP4/VP2

Lbpro VP4/VP2

VP4/VP2
Lbpro

kDa
75
50
37

25
20

15

RNA
-

0 4 20128 min30 60 60M

eIF4G

cp
N

250

100

150

75

50

autoradiography

anti-eIF4G

Lbpro wt VP4/VP2

Lbpro VP4/VP2

VP4/VP2
Lbpro

250

100

150

75

eIF4G

cp
N

kDa

RNA
-

50

75
50
37

25
20

15

0 4 20128 min30 60 60M

autoradiography

anti-eIF4G

Lbpro L92A VP4/VP2 

Lbpro VP4/VP2

VP4/VP2
Lbpro

RNA
-

kDa

75
50
37

25

20

15

0 4 20128 min30 60 60M

autoradiography

eIF4G

cp
N

250

100

150

75

50

anti-eIF4G

Lbpro L102A VP4/VP2

Lbpro VP4/VP2

VP4/VP2
Lbpro

kDa
75
50
37

25
20

15

RNA
-

0 4 20128 min30 60 60M

autoradiography

eIF4G

cp
N

250

100

150

75

50

anti-eIF4G

Fig. S5. Mutations in the hydrophobic ISG15 binding site of Lbpro do not impact self-processing and eIF4G cleavage. (A) Schematic of in vitro translation
assays. The indicated RNA was translated in rabbit reticulocyte lysates (RRLs) containing [35S]methionine. On translation, Lbpro undergoes self-processing,
removing itself from the nascent polyprotein (VP4/VP2). Liberated Lbpro then targets eIF4G for cleavage. (B) WT Lbpro and (C) Lbpro mutant (L92A, P99A, and
L102A) VP4/VP2 RNA were incubated in [35S]methionine containing RRLs. Time courses of Lbpro self-processing and eIF4G cleavage were detected by auto-
radiography and anti-eIF4G antibody, respectively. NTD, N-terminal ubiquitin-like domain.
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Fig. S6. A ubiquitin polyclonal antibody allows for detection of Lbpro-dependent ISG15 cleavage. Full-length ISG15 (1–157 amino acids) was incubated with
Lbpro in a standard cleavage assay. The indicated reactions and time points were analyzed by Western blotting using (A) anti-ISG15 antibody (H-150; Santa Cruz
Inc.) and (B) antiubiquitin antibody (Millipore). Detection of ISG15 cleavage by Lbpro can be visualized using the polyclonal antiubiquitin antibody, which cross-
reacts with the conserved C terminus of ISG15. On cleavage of the C terminus by Lbpro, the antibody no longer recognizes ISG15. (C) Ponceau S-stained blots
from Fig. 4A. (D) Ponceau S-stained blots from Fig. 4B.
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Table S1. Data collection and refinement statistics

Lbpro∼ISG15-ΔC

Data collection
Space group C2
Cell dimensions

a, b, c, Å 114.19, 40.35, 58.05
α, β, γ, ° 90, 91.82, 90

Resolution, Å 58.02–1.50 (1.53–1.50)
Rmerge 0.044 (0.489)
I/σI 13.4 (2.2)
CC1/2 0.999 (0.866)
Completeness, % 99.2 (98.4)
Redundancy 4.2 (3.9)

Refinement
Resolution, Å 58.02–1.50
Unique reflections 42,227
Rwork/Rfree 16.7/18.6
No. of atoms

Protein 1,881
Ligand/ion 49
Water 213

B factors
Protein 24.2
Ligand/ion 60.8
Water 36.3

rmsds
Bond lengths, Å 0.020
Bond angles, ° 1.43

Values in parentheses are for highest-resolution shell.
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