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Abstract

Picornaviruses infect a wide range of mammals including livestock such as cattle and swine. As with other picornavirus
genera such as Aphthovirus, there is emerging evidence of a significant economic impact of livestock infections caused by
members of the genera Enterovirus and Kobuvirus. While the human-infecting enteroviruses and kobuviruses have been
intensively studied during the past decades in great detail, research on livestock-infecting viruses has been mostly limited to
the genomic characterization of the viral strains identified worldwide. Here, we extend our previous studies of the structure
and function of the complexes composed of the non-structural 3A proteins of human-infecting enteroviruses and kobuvi-
ruses and the host ACBD3 protein and present a structural and functional characterization of the complexes of the following
livestock-infecting picornaviruses: bovine enteroviruses EV-E and EV-F, porcine enterovirus EV-G, and porcine kobuvirus
AiV-C. We present a series of crystal structures of these complexes and demonstrate the role of these complexes in facilita-

tion of viral replication.

Introduction

Enteroviruses and kobuviruses are small non-enveloped
positive-sense single-stranded RNA viruses that belong
to the family Picornaviridae of the order Picornavirales.
They can infect a wide range of mammals including humans
and livestock such as cattle and swine. Currently, the genus
Enterovirus consists of 15 species, Enterovirus A-L and
Rhinovirus A-C, while the genus Kobuvirus consists of six
species, Aichivirus A-F [1]. In this study, we focus on the
livestock-infecting enteroviruses and kobuviruses, namely
two bovine enteroviruses, enterovirus E (EV-E) and entero-
virus F (EV-F), the porcine enterovirus EV-G, and porcine
kobuvirus aichivirus C (AiV-C).
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The bovine enteroviruses EV-E and EV-F are endemic
in cattle populations worldwide. They have been isolated
from cattle with a wide range of clinical signs including
gastrointestinal and respiratory diseases, reproductive dis-
orders, and infertility [2—4]. The porcine enterovirus EV-G
has been isolated from swine faecal samples in Europe, Asia,
and North America, as well as from wild boars. Their infec-
tions may be asymptomatic; however, an association with
diarrhoea, dermal lesions, pyrexia, or flaccid paralysis has
occasionally been observed [5—7]. The porcine kobuvirus
AiV-C has been reported in several European, Asian, and
American countries among domestic pigs and wild boars [8,
9]. Infections with this virus have been reported to correlate
with diarrhoea in pigs [10].

Enterovirus and kobuvirus genomes are approximately
7.4 kb and 8.3 kb in length, respectively, and encode single
polyproteins. Their open reading frames are flanked by 5’
and 3’ untranslated regions (5°- and 3’-UTRs). The 5’-UTR
contains a cloverleaf-like structure that is indispensable for
viral replication and an internal ribosome entry site that is
crucial for viral cap-independent translation. After transla-
tion, viral polyproteins are cleaved by viral proteases, gener-
ating both structural (VP1-VP4) and non-structural (2A-2C
and 3A-3D) proteins. In addition, kobuviruses encode a
leader protein (LP™), which is located at the N-terminus of
the kobuviral polyprotein but is absent in enteroviruses. In
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this study, we focus on the small non-structural 3A protein,
which is a critical component of the viral replication com-
plex and is responsible for the recruitment of one or more
host factors to the site of viral replication.

Acyl-CoA-binding domain-containing protein-3
(ACBD3) is a well-described host protein that is recruited
to the viral replication site by a direct protein-protein inter-
action with the viral 3A protein. It is a multifunctional,
multidomain, Golgi-resident protein [11] that facilitates
replication of all enteroviruses and kobuviruses studied so
far [12—18]. The interaction between the viral 3A protein
and the host ACBD3 protein is mediated by the N-terminal
cytoplasmic domain of the 3A protein and the C-terminal
Golgi-dynamics domain (GOLD) of ACBD3. In our recent
studies, we analyzed the structure and function of the com-
plexes composed of the ACBD3 GOLD domain and the 3A
proteins of enteroviruses EV-A to EV-D and kobuviruses
AiV-A and AiV-B [19, 20]. Here, we extend our previous
work to the analysis of the complexes formed by the GOLD
domain of bovine and porcine ACBD3 and the bovine and
porcine enteroviruses EV-E to EV-G and the porcine kobu-
virus AiV-C.

Materials and methods
Plasmids

A human ACBD3-encoding plasmid was kindly provided
by Carolyn Machamer. To generate plasmids encoding the
bovine and porcine ACBD3 GOLD domains (correspond-
ing to GenBank accession numbers NP_001178112.1 and
NP_001009581.1, respectively), the human ACBD3-encod-
ing plasmid was used as a template. Mutations correspond-
ing to the respective substitutions of the amino acid residues
were introduced by site-directed mutagenesis using Phusion
Flash High-Fidelity PCR Master Mix (Thermo Scientific).
For expression in Escherichia coli, the bovine and porcine
ACBD3 GOLD-domain-encoding regions were cloned into
a pRSFD vector (Novagen) with an N-terminal 6xHis tag
followed by a GB1 solubility tag and a TEV protease cleav-
age site using PCR and restriction endonuclease recognition
site cloning. For bacterial expression of the EGFP-GOLD
fusion proteins, the EGFP-encoding sequence was inserted
between the TEV cleavage site and the GOLD-domain-
encoding regions.

The genomes of enterovirus F2 (corresponding to Gen-
Bank accession no. DQ092795) and enterovirus G1 (corre-
sponding to GenBank accession no. AF363453) lacking the
capsid-protein-encoding regions were generated syntheti-
cally by GeneArt synthesis (Thermo Scientific). The pT7-
EVF2/mCherry and pT7-EVG1/mCherry plasmids for viral
subgenomic replicon assays were generated by subcloning
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these synthetically constructed genes under the control of a
T7 promoter and inserting the gene encoding the mCherry
fluorescent protein [21] at the position of the capsid-pro-
tein-encoding region by Gibson assembly [22]. Mutations
were generated by site-directed mutagenesis using Phusion
Flash High-Fidelity PCR Master Mix (Thermo Scientific).
For expression of the EGFP-fused full-length 3A protein
of enterovirus F2 and its mutants in mammalian cells, the
respective wild-type and mutant 3A-protein-encoding genes
were recloned into the pPEGFP-C1 vector (Clontech) using
PCR and restriction endonuclease recognition site cloning.

For bacterial expression of the cytoplasmic domains of
various enteroviral and kobuviral 3A proteins, the respec-
tive 3A-protein-encoding genes were generated directly from
synthetic oligonucleotides (Sigma) by PCR and subcloned
into the pRSFD vector (Novagen) with an N-terminal 6xHis
tag followed by a GB1 solubility tag and a TEV protease
cleavage site using PCR and restriction endonuclease recog-
nition site cloning. For bacterial expression of the GOLD/3A
complexes used for the crystallographic experiments, the
respective ACBD3 GOLD-domain-encoding regions were
subcloned into the second multiple cloning site of this plas-
mid using PCR and restriction endonuclease recognition site
cloning.

All DNA constructs were verified by sequencing.

Protein expression and purification

All recombinant proteins used in this study were bacterially
expressed as fusion proteins with an N-terminal 6x histidine
(His) purification tag followed by a GB1 solubility tag and a
TEV protease cleavage site. For the structural analysis of the
GOLD/3A complexes, the cytoplasmic domains of the 3A
proteins, which were N-terminally fused to His,-GB1-TEV
were directly co-expressed with the untagged ACBD3
GOLD domains. The proteins were expressed in the E. coli
BL21 DE3 NiCo bacterial strain (New England Biolabs) in
autoinduction ZY medium. Bacterial cells were harvested
by centrifugation at 5,000 g for 8 min and lysed using a
French press cell disruptor instrument (Thermo) at 1,000
psi in lysis buffer (50 mM Tris-HCI, pH 8, 300 mM NacCl,
3 mM f-mercaptoethanol, 30 mM imidazole, and 10%
glycerol). The lysate was incubated with HisPur Ni-NTA
Superflow agarose (Thermo Fisher Scientific) for 30 min,
and the agarose beads were then extensively washed with
wash buffer (50 mM Tris-HCI pH 8, 300 mM NaCl, 1 mM
B-mercaptoethanol, and 20 mM imidazole). The proteins of
interest were eluted with elution buffer (50 mM Tris-HCI,
pH 8, 200 mM NaCl, 3 mM B-mercaptoethanol, and 300 mM
imidazole).

For biochemical analysis of the 3A proteins by micro-
scale thermophoresis, the N-terminal His,-GB1 tags
were preserved to increase protein solubility and to avoid
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aggregation at the required concentrations. For the crystal-
lographic analysis of the GOLD/3A complexes, the N-termi-
nal Hisy-GB1 tags were removed using TEV protease. Next,
the proteins were purified using size-exclusion chromatog-
raphy on a Hil.oad 16/60 Superdex 75 prep grade column
(GE Healthcare) in storage buffer (10 mM Tris-HCI, pH
8, 200 mM NaCl, and 3 mM p-mercaptoethanol). In addi-
tion, the GOLD/3A complexes used for the crystallographic
analysis were further purified by reverse immobilized metal
affinity chromatography, using a HisTrap HP column (GE
Healthcare), while the EGFP-fused ACBD3 GOLD domains
used for microscale thermophoresis were further purified
using ion exchange chromatography on a MonoQ 10/100
GL column (GE Healthcare) and then dialyzed overnight
against the storage buffer.

The molecular weight and purity of all proteins was veri-
fied by SDS-PAGE and matrix-assisted laser desorption/
ionisation (MALDI) analysis [23]. Purified proteins were
concentrated to 1-10 mg/ml, aliquoted, flash frozen in liquid
nitrogen, and stored at -80 °C until needed.

Table 1 Statistics for data collection and processing, structure
solution and refinement of the porcine kobuvirus AiV-C 3A pro-
tein in complex with the porcine ACBD3 GOLD domain (Ss
GOLD + AiV-C 3A), the bovine enterovirus EV-F2 3A protein fused
to the bovine ACBD3 GOLD domain (Bt GOLD +EV-F2 3A), and

Crystallization and crystallographic analysis

Protein crystals were obtained at 291 K in sitting drops,
using the vapor diffusion method. They were cryoprotected,
flash frozen in liquid nitrogen, and analyzed by X-ray crys-
tallography. The datasets were collected from single frozen
crystals at the MX14.1 beamline of the synchrotron BESSY
II at Helmholtz-Zentrum Berlin [24]. Data were integrated
and scaled using XDS [25] and XDSAPP [26]. Structures
were determined by molecular replacement using the unli-
ganded human ACBD3 GOLD domain structure (pdb code
5LZ1) as a search model. The initial models were obtained
with Phaser [27] from the Phenix package [28]. The mod-
els were further improved using automatic model building
with Buccaneer [29] from the CCP4 suite [30], automatic
model refinement with Phenix.refine [31] from the Phenix
package [28], and manual model building with Coot [32].
Statistics for data collection and processing and structure
determination and refinement are summarized in Table 1.
Structural figures were generated with PyMol [33]. The

the porcine enterovirus EV-G1 3A protein in complex with the por-
cine ACBD3 GOLD domain (Ss GOLD+EV-G1 3A). Numbers in
parentheses refer to the highest resolution shell of the respective data-
set. r.m.s.d., root-mean-square deviation

Crystal Ss GOLD + AiV-C 3A Bt GOLD+EV-F2 3A Ss GOLD +EV-G1 3A

Construct wild type fusion protein wild type

PDB accession code 6Q67 6Q68 6Q69

Data collection and processing

Space group P3121 P43 Pl

Cell dimensions - a, b, ¢ (A) 55.455.4169.5 55.37 55.37 200.86 54.8555.77 61.16

Cell dimensions - a, f, y (°) 90.0 90.0 120.0 90.0 90.0 90.0 96.2 105.5112.8

Resolution at o(I)=2 (A) 2.42 3.27 2.85

Resolution range (/3;) 4797 -2.25 48.49 - 3.16 30.16 - 2.75
(2.328 - 2.25) (3.27 - 3.16) (2.85-2.75)

No. of unique reflections 14,951 (1,448) 10,318 (1,049) 14,434 (1,306)

Completeness (%) 99.07 (97.57) 99.78 (99.24) 88.55 (80.62)

Multiplicity 5.8 (6.1) 7.5(7.3) 2.1 2.1

Mean I/o(I) 21.49 (1.01) 16.06 (1.47) 8.37 (1.38)

Wilson B factor (A2) 68.26 114.03 56.41

R-merge / R-meas (%) 3.61/3.99 7.81/8.40 8.09/10.92

CCl1/2 1.000 (0.799) 0.999 (0.662) 0.997 (0.720)

CcC* 1.000 (0.942) 1.000 (0.892) 0.999 (0.915)

Structure solution and refinement

R-work (%) 23.44 (39.50) 24.34 (33.35) 23.13 (38.20)

R-free (%) 26.80 (42.56) 27.85 (35.60) 27.21 (46.31)

R.m.s.d. - bonds (A) / angles (°) 0.008/1.14 0.003/0.77 0.003/0.81

Average B factors (A% 79.0 112.9 71.8

Clashscore 0.00 2.65 0.55

Ramachandran favored/outliers (%) 100/0 96/0 98/0
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atomic coordinates and structural factors were deposited in
the Protein Data Bank (https://www.rcsb.org).

Microscale thermophoresis (MST)

Microscale thermophoresis was performed using a Monolith
NT.115 instrument (NanoTemper Technologies) according to
the manufacturer’s instructions. Monolith NT.115 standard
treated capillaries were loaded with a mixture of the EGFP-
fused bovine or porcine ACBD3 GOLD domain at a constant
concentration of 150 nM in MST buffer (30 mM Tris-HCI,
pH 7.4, 150 mM NaCl, and 3 mM f-mercaptoethanol) and
the GB1-fused viral 3A protein in a series of concentra-
tions ranging from 20 nM to 10 pM. Temperature-dependent
changes in fluorescence and the thermophoretic motion of
the fluorescent protein were analyzed using Monolith NT
Analysis Software.

Calculation of interaction energies

Rapid calculations of changes in ACBD3/3A interaction
energies of various to-alanine mutants of the GOLD/3A
complexes were carried out using the Pssm tool of the FoldX
software package [34], using the atomic coordinates from
the respective crystal structures.

Tissue cultures and transfections

Bovine kidney cells MDBK (Leibniz-Institute DSMZ #ACC
174), porcine kidney cells PK-15 (Leibniz-Institute DSMZ
#ACC 640), and human embryonic kidney cells HEK293T
(ATCC) were maintained in Dulbecco’s modified Eagle’s
medium (Sigma) supplemented with 10% fetal calf serum
(Gibco). Transfection of MDBK and PK-15 cells with viral
subgenomic RNA was performed using a TransIT mRNA
Transfection Kit (Mirus Bio). Transfection of HEK293T
cells with plasmid DNA was performed using polyethyl-
eneimine (Sigma).

Co-immunoprecipitation assay

HEK293T cells were transfected with the appropriate
mutants of the EGFP-fused 3A protein of enterovirus F2.
The next day, cells were harvested, washed twice with phos-
phate-buffered saline (PBS) and lysed in ice-cold lysis buffer
(20 mM Tris-HCI, pH 7.4, 100 mM NaCl, 50 mM NaF,
10 mM EDTA, 10% glycerol, and 1% NP-40) supplemented
with protease inhibitors (cOmplete Protease Inhibitor Cock-
tail, Sigma/Roche). After solubilization for 15 min on ice,
the lysate was precleared by centrifugation at 16,000 g for
15 min. The resulting supernatant was incubated with GFP-
nanobody-coupled Sepharose beads (GFP-Trap, ChromoTek)
for 1 h at 4 °C. After three washes with 10 volumes of the
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lysis buffer, the bound proteins were eluted directly with
Laemmli sample buffer, subjected to SDS-PAGE, and ana-
lyzed by immunoblotting. The whole-cell lysates and eluted
proteins were stained with mouse monoclonal antibodies to
GFP (Santa Cruz Biotechnology, sc-9996), ACBD3 (Santa
Cruz Biotechnology, sc-101277), and GBF1 (Santa Cruz
Biotechnology, sc-136240). Images were acquired using an
LI-COR Odyssey Infrared Imaging System.

Virus subgenomic replicon assay

The pT7-EVF2/mCherry and pT7-EVG1/mCherry wild-
type and mutant plasmids were linearized by cleavage with
HindIII-HF (Thermo Fisher Scientific) and purified using
mini spin columns (Epoch Life Science). Viral subgenomic
replicon RNA was generated using a TranscriptAid T7 High
Yield Transcription Kit (Thermo Fisher Scientific) and puri-
fied using RNeasy mini spin columns (QIAGEN). For rep-
licon assays, bovine MDBK and porcine PK-15 cells grown
in 24-well plates were transfected with the T7-amplified
RNA using a TransIT mRNA transfection kit (Mirus Bio).
At various time points from 4 to 10 hours post-transfec-
tion, the cells were harvested by trypsinization and stained
with Hoechst33258 dye to determine cell viability utilizing
the increased efflux of this dye from live cells. Cell fluo-
rescence was then determined by flow cytometry using a
BD LSR Fortessa cell analyzer (BD Biosciences) and the
following optical configurations: mCherry: 561 nm laser,
670/30 nm bandpass filter; Hoechst33258: 405 nm laser,
450/50 nm bandpass filter. The data were analyzed using
FlowJo software. The mean fluorescence intensity of the
reporter mCherry, calculated from all singlet cells, and the
percentage of cells with mCherry fluorescence intensity
above background were determined to quantify the level of
RNA replication.

Results

Bovine and porcine enterovirus 3A proteins
interact with the host ACBD3 protein in vitro
with dissociation constants in the submicromolar
range

In a previous study [19], we determined the dissociation
constants of the complexes composed of the host ACBD3
protein and the 3A proteins of several kobuviruses, includ-
ing bovine kobuvirus (Kp~8 pM) and porcine kobuvi-
rus (Kp~4 pM). In this study, we aimed to determine the
strength of the interaction between the host ACBD?3 proteins
and the 3A proteins of several representative bovine and
porcine enteroviruses. For that purpose, we expressed the
cytoplasmic domains of the 3A proteins of enteroviruses
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EV-El, EV-F1, and EV-G1 N-terminally fused to a GB1
solubility tag in E. coli. After cleavage of the GB1 tag, the
3A proteins were poorly soluble and tended to aggregate
and precipitate at the required concentrations. Therefore, for
determination of the dissociation constants of the studied
complexes, GB1-fused 3A proteins were used. The strength
of the interaction between the recombinant GB1-fused cyto-
plasmic domains of the 3A proteins and the EGFP-fused
GOLD domains of the bovine and porcine ACBD3 pro-
teins in vitro was determined by microscale thermophoresis
(MST). The MST measurements revealed dissociation con-
stants in the submicromolar range with K, =0.38 +0.03 pM
for the 3A protein of bovine enterovirus EV-E1 (Fig. 1a),
Kp=0.68+0.03 pM for the 3A protein of bovine entero-
virus EV-F1 (Fig. 1b), and K, =0.17+0.05 pM for the 3A
protein of porcine enterovirus EV-G1 (Fig. 1c).

In summary, our data document that the cytoplasmic
domains of the 3A proteins of the studied bovine and por-
cine enteroviruses interact directly with the GOLD domains
of the host ACBD3 proteins with dissociation constants
approximately 10 times lower than the previously studied
3A proteins of bovine and porcine kobuviruses [19].

Crystal structures of the host ACBD3 GOLD domains
in complex with the 3A proteins of selected bovine
and porcine enteroviruses and kobuviruses

In our previous studies [19, 20], we determined the crys-
tal structures of complexes composed of the host ACBD3
GOLD domains and the 3A proteins of representative strains
of the human enteroviruses EV-A, -B, -C, and -D, the human
kobuvirus AiV-A, and the bovine kobuvirus AiV-B. In this
study, we extended our previous work to bovine and porcine
enteroviruses and porcine kobuvirus. For structural char-
acterization of the 3A proteins of these viruses in complex
with the host bovine and porcine ACBD3 GOLD domains
(Bt GOLD and Ss GOLD, respectively), we selected 3A pro-
teins of four viruses, each representing different species as

bovine enterovirus EV-E1

bovine enterovirus EV-F1

follows: bovine enteroviruses EV-E1 and EV-FI, porcine
enterovirus EV-G1, and porcine kobuvirus AiV-C. The
GB1-fused cytoplasmic domains of these 3A proteins were
directly co-expressed with the host ACBD3 GOLD domains
in bacteria, whole GOLD/3A complexes were purified, and
the GB1 tag was removed as detailed in Materials and meth-
ods. The recombinant GOLD/3A complexes exhibited prop-
erties suitable for subsequent crystallographic analysis.

Of the four studied complexes, we obtained diffraction-
quality crystals only for the Ss GOLD/AiV-C 3A and Ss
GOLD/EV-G1 3A complexes (Fig. 2a and c, Table 1). The
Ss GOLD/AiV-C 3A crystals diffracted to 2.42 A resolu-
tion and belonged to the trigonal P3,21 space group with
one GOLD/3A complex per asymmetric unit, while the
Ss GOLD/EV-G1 3A crystals diffracted to 2.85 A resolu-
tion and belonged to the triclinic P1 space group with two
GOLD/3A complexes per asymmetric unit. Both structures
were subsequently determined by molecular replacement
using the previously published structure of the unliganded
human ACBD3 GOLD domain as a search model (pdb
code SLZ1). The Ss GOLD/AiV-C 3A structure was further
refined to Ry, =26.80% and R, =23.44%, while the Ss
GOLD/EV-G1 3A structure was refined to Ry, =27.21%
and R, 4, =23.13%.

The Bt GOLD/EV-E1 3A and Bt GOLD/EV-F1 3A
complexes failed to form diffracting crystals even after
extensive optimization. To obtain a crystal structure of a
3A protein of any bovine enterovirus in complex with the
host ACBD3 GOLD domain, we included several other
strains of the same enterovirus species (such as EV-F2
and EV-F3) to our analysis. In addition, we used a protein-
fusion strategy originally developed for crystallization of
the 3A protein of human enterovirus EV-A71 [20]. Tak-
ing advantage of the proximity of the C-terminus of the
ACBD3 GOLD domain and the N-termini of the ordered
parts of the enterovirus 3A proteins in all previously
determined GOLD/3A structures, we connected the last
residue of ACBD3 through short peptide linkers to the

porcine enterovirus EV-G1

a b c
) a z
£ 10 1.0 €10
5 Kd=038+0.03uM 5 Kd=068%0.03uM 5 Kd = 0.17 % 0.05 uM
2 08 0 08 008
> = =
£ 06 £ 06 £ 06
© 04 © 04 B 04
= o2 02 0.2
@ 0.0 2 0.0 200
>

0.01 0.1 1 10 0.01 0.1 1 10 0.01 0.1 1 10

3A concentration [uM]

Fig. 1 Biochemical characterization of selected GOLD/3A com-
plexes. a-c. Analysis of the interaction of the GB1-fused 3A proteins
of bovine enterovirus EV-E1 (a), EV-F1 (b), and porcine enterovirus
EV-GI (c¢) with the EGFP-fused ACBD3 GOLD domain by micro-

3A concentration [uM]

3A concentration [uM]

scale thermophoresis. Plotting of the changes in thermophoresis and
concomitant fitting curves are shown. Data are presented as mean val-
ues + standard errors of the mean (SEMs) based on three independent
experiments
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C-term

AiV-C
O 3A

Ss ACBD3
o GOLD

porcine kobuvirus AiV-C
(2.42 A)

Fig.2 Structural characterization of selected GOLD/3A complexes.
a-c. Overall fold of the host ACBD3 GOLD domain in complex with
the 3A proteins from porcine kobuvirus AiV-C (a), bovine entero-
virus EV-F2 (b), and porcine enterovirus EV-G1 (c¢). The protein

predicted first ordered residues of the studied enterovirus
3A proteins. This approach led to successful crystalliza-
tion of the Bt GOLD/EV-F2 3A fusion protein (Fig. 2b,
Table 1). The Bt GOLD/EV-F2 3A crystals diffracted to
3.27 A resolution and belonged to the tetragonal P4, space
group with two GOLD/3A complexes per asymmetric unit.
The Bt GOLD/EV-F2 3A structure was further refined to
Riree =27.85% and R, =24.34%.

The structure of the Ss GOLD/AiV-C 3A complex
revealed a high degree of structural similarity to the pre-
viously published structures of the Hs GOLD/AiV-A 3A
and Bt GOLD/AiV-B 3A complexes [19] with minor differ-
ences in the positions of the central a1 helices of the 3A pro-
teins (Fig. 3a-b). Similarly, the structures of the Bt GOLD/
EV-F2 3A and Ss GOLD/EV-G1 3A complexes revealed
a high degree of structural conservation of the GOLD/3A
complexes containing the 3A proteins of the human- and
livestock-infecting enteroviruses. Minor variations in the
conformation of the short linkers between the al helices
and P1 strands of the enterovirus 3A proteins correspond
to the lowest primary sequence similarity of these proteins
within this region (Fig. 3a and c). Superposition of the crys-
tal structures of the GOLD/3A complexes containing the
enterovirus and kobuvirus 3A proteins revealed that the
enterovirus and kobuvirus 3A proteins bind to the same
regions of the ACBD3 GOLD domain with the opposite ori-
entations of their polypeptide chains (Fig. 3d). Thus, these
findings confirmed the previously reported evolutionary con-
vergence [20] in the mechanisms of how enteroviruses and
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bovine enterovirus EV-F2
(3.27 A)

o EV-F2 / o o EV-G1

3A - % ) 3A
-term
[] Bt ACBD3 . [] Ss ACBD3
GOLD GOLD

porcine enterovirus EV-G1
(2.85 A)

backbones are shown in cartoon representation. The ACBD3 GOLD
domain is depicted in grey, the viral 3A proteins in rainbow colors
ranging from blue (N-terminus) to red (C-terminus). Bt, Bos tau-
rus; Ss, Sus scrofa

kobuviruses (regardless of their hosts) recruit ACBD?3 to the
site of viral replication.

Analysis of the interface between the host
ACBD3 GOLD domain and the bovine and porcine
enterovirus 3A proteins

In order to identify amino acid residues of the bovine and
porcine enterovirus 3A proteins that are involved in the
interaction with the host ACBD3 protein, we calculated
the changes of the ACBD3-3A interaction energies of
various to-alanine mutants of the GOLD/3A complexes
using the Pssm tool of the FoldX software package [34]
and the atomic coordinates from our crystal structures of
the Bt GOLD/EV-F2 3A and Ss GOLD/EV-G1 3A com-
plexes. These calculations suggested several amino acid
residues within several segments of the 3A proteins that are
involved in the interaction with the host ACBD3 protein
(Fig. 4a). These residues were selected for mutational analy-
sis of enterovirus F2 with to-alanine mutations within the
ACBD3-interacting region of the viral 3A protein, specifi-
cally for the analysis of the following mutants: L26A/D30A,
E32A/R35A, I44A/T49A, and L54A/R56A (Fig. 4a). For all
the mutants, the ACBD3-3A interaction was significantly
attenuated in the co-immunoprecipitation assay (Fig. 4b),
confirming the importance of the selected amino acid resi-
dues for this interaction. On the other hand, the interaction
with another host factor, GBF1 [35], was preserved in the
case of all the mutants except for the L26A/D30A mutant,
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Fig.3 Convergence in the mechanisms of ACBD3 recruitment by
enteroviruses and kobuviruses. a. Distinct ACBD3-binding regions
of enterovirus and kobuvirus 3A proteins. Sequences of three kobu-
virus and three enterovirus 3A proteins are shown. Secondary struc-
tures present in the crystal structures of the ACBD3-3A complexes
(colored in light blue) and the hydrophobic alpha helices anchoring
the 3A proteins to the membrane (colored in red) are indicated above
the sequences. ACBD3-binding regions are shaded in grey. AiV-A,
human aichivirus; AiV-B, bovine kobuvirus; AiV-C, porcine kobu-

suggesting distinct, only partially overlapping, binding sites
for ACBD3 and GBF1 within the viral 3A protein.

To corroborate the structural data using a biological
model and to address the impact of the ACBD3-3A inter-
action on replication of bovine and porcine enteroviruses,
we analyzed replication of both wild-type and mutant
enteroviruses using a subgenomic replicon assay reporter.
Bovine MDBK and porcine PK-15 cells were transfected
with in vitro-transcribed viral RNAs of the prototypical
strains of the enteroviruses EV-F2 and EV-G1, respec-
tively, with the capsid-protein-encoding regions replaced
by the mCherry fluorescent protein-encoding gene, and
the reporter mCherry fluorescence was monitored by flow
cytometry. Possible background expression of the reporter

[0 ACBD3 GOLD

virus; EV-A71, a representative human enterovirus, EV-F2, bovine
enterovirus, EV-G1, porcine enterovirus. b-d. Superposition of the
crystal structures of the ACBD3 GOLD domain in complex with
the 3A proteins listed in (a), i.e., kobuvirus 3A proteins (b), repre-
sentative enterovirus 3A proteins (c), and superposition of the crystal
structures of the Ss GOLD/AiV-C 3A and Ss GOLD/EV-G1 3A com-
plexes (d). The ACBD3 GOLD domain is depicted in grey, and the
3A proteins are colored in red, yellow, and blue as indicated

directly from the transfected viral RNA was determined
using the viral polymerase-lacking mutants (A3DP%). A
significant replication of the wild-type replicon RNA was
observed in the case of the enterovirus EV-F2 (Fig. 5a-b),
but not with EV-G1. Therefore, only enterovirus F2 was
selected for further mutational analysis. In the case of all
tested mutants of enterovirus F2 with to-alanine muta-
tions within the ACBD3-interacting region of the viral 3A
protein (i.e., the L26A/D30A, E32A/R35A, 144A/T49A,
and L54A/R56A mutants), the replication rate determined
using the reporter subgenomic replicon assay was signifi-
cantly attenuated (Fig. Sa-b). We observed a mild yet sig-
nificant effect on the E32A/R35A mutant, a strong effect

@ Springer



362 M. Smola et al.
a -
6 ] enterovirus F2 L26A / D30A E32A / R35A 144A / 149A L54A / R56A
5 ] 1] enterovirus G1
= *
£ 4] *
= 4: *
S 34 * * *
= *
O 5| *
<
3
14
O Il 1 II ull = -
EV-F2: P17 A18 P19 P20 A21 122 A23 D24 L25 126 A27 528 V29 D30 S31 E32 E33 V34 R35 D36 Y37 C38 R39 T40 K41 G42W43 144 V45 Q46 E47 K48 149 TS0 K51 ES2 S53 L54 ESS R56 N57 V58
EV-G1: P17 A18 P19 P20 A21 122 A23 D24 L25 126 A27 528 V29 D30 S31 E32 E33 V34 R35 E36 Y37 C38 K39 K40 K41 G42W43 144 V45 E46 V47 P48 V49 TS0 A51 T52 T53 L54 ES5 R56 N57 V58
R R q e, R
SUNCNONONOSONONONONOSOSONONONOS e SONONOSOSOSONONON NSO N )
al a2 p1
¥ —
GFP-3A — — e e e | \VB: GFP-3A — — — — de— — wB:
GFP — G GFP GFP — A GFP
§_ —
<3
o 3
. o - o¥
ACBD3 — -— | WE: e ACBD3 —, e Wt o
ACBD3 | = =t ACBD3 |4
@ o
Q
@
2]
WB: WB:
GEF1 — R GEFI—: R =y
v # GBF1 = lash
A A
?. o0 N > B 9. (<3 N > S
& 2 2 2 2 ¢ £ & 5 2
° o Pl > X S o 3 ™~ 3
® @ w © o ® @ w © [
[} a > o o a > o
> > > > > >
GFP GFP-3A GFP GFP-3A

Fig.4 Design and analysis of the 3A mutants used in this study. a.
Changes of the ACBD3-3A interaction energies of to-alanine mutants
of 3A as obtained with the Pssm tool of the FoldX software pack-
age [34] using the crystal structures presented in this work. Amino
acid residues used for further design of the 3A mutants are indicated
by asterisks. Secondary structures present in the crystal structures of

on the L26A/D30A and 144A/I49A mutants, and no detect-
able replication of the L54A/R56A mutant.

Taking together, these findings support the conclusion
that the interaction between the host ACBD3 protein and
the viral 3A protein is required for enterovirus replication.

Discussion

Picornaviruses are small, positive-sense, single-stranded
RNA viruses that infect a wide range of mammals, includ-
ing livestock such as cattle and swine. The picornavirus-
mediated livestock infection with the highest impact is
bovine foot-and-mouth disease, which is caused by foot-and-
mouth disease virus (genus Aphthovirus). However, there
is increasing evidence of a significant economic impact of
livestock infections caused by members of other picornavi-
ral genera, including the genera Enterovirus and Kobuvi-
rus [2—10]. There are persisting doubts about the virulence
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the ACBD3-3A complexes are indicated under the sequences. b. Co-
immunoprecipitation of the 3A mutants and endogenous ACBD3 and
GBF1. EGFP-fused wild-type 3A of enterovirus F2 and its mutants
were overexpressed in HEK293T cells. The 3A complexes were affin-
ity captured by the GFP-Trap nanobody and resolved by immunoblot-
ting as indicated

of various strains of these viruses due to the fact that they
have been found in both healthy and diseased animals. Nev-
ertheless, serious problems ranging from gastrointestinal
and respiratory diseases to abortions potentially caused by
some of these viruses can lead to incalculable losses to the
livestock farming sector. The vast majority of research on
enteroviruses and kobuviruses has been focused on species
whose members infect humans, while research on livestock-
infecting viruses has been mostly limited to genomic char-
acterization of the viral strains identified.

In this study, we extend our previous knowledge of the
non-structural 3A proteins of human-infecting enterovi-
ruses and kobuviruses [19, 20] and present the structural
and functional characteristics of the complexes formed by
the host ACBD3 protein and the 3A proteins of livestock-
infecting viruses. We show that the 3A proteins of the
livestock-infecting enteroviruses and kobuviruses bind
directly to the host ACBD3 protein. In vitro, the dissocia-
tion constants of the studied ACBD3-3A complexes were



Complexes of picornaviral 3A proteins with host ACBD3 363
a L26A / D30A E32A / R35A 144A / 149A L54A / R56A
3 3 3 3
—— wild-type —— wild-type —— wild-type —o— wild-type
—#- L26A/D30A —#- E32A/E35A — 144A/149A —#- L54A/R56A
2 —@- A3Dpol 2 -®- A3Dpol 2 —@- A3Dpol 2 —@- A3Dpol

o
o

mCherry MFI [a.u., x1,000]

o

mCherry MFI [a.u., x1,000]

4 6 8 10

0 4 6 8 10
time [hours post transfection]

0
time [hours post transfection]

mCherry MFI [a.u., x1,000]

mCherry MFI [a.u., x1,000]

4 6 8 10

0 4 6 8 10
time [hours post transfection]

0
time [hours post transfection]

b wild-type L26A / D30A E32A / R35A 144A / 149A L54A / R56A A3Dpol
10° 4 1054 1054 10° 4 00] % 105 4 105 4 003 %
[ [°] [°] [ @ [+
re] re] re] el . el rel
QJ 0y INEGE INEGE NEGE : NG NG
4n @ 3 3 3 i ] ]
bt & 3 3 3 ~ 3 3
o -{é 10° -§ 10° -§ 10° -§ 10° -é 10 -g, 100
z° 2 2 2 2 £
10° 10* 10* 10° 10° 10°
10 o 10° 10¢ 10° 10 o 10° 10¢ 10° 10° a0t o 10* 10¢ 10° U] 10° 10* 10° EU] 10* 10* 10°
mCherry mCherry mCherry mCherry mCherry
10° 4 1054 1054 105 o 105 o 105 o
[ [ [ [ @ @
v 4 v . o 4 o . o . o .
ety oty oty oty Qo Qo
vl jv] v] V] ] o]
6h @ @ @ @ Q i
p t 0 0 {23 0 0 12
o § 10* § 10° § 10° § 10° § 10° -§ 10}
z° z° z° z° e 2
10° 10* 10* 10* 10° 10°
10 o 10 10 10° 200 o 10° 10¢ 10° 10 o 10° 10¢ 10° a0t o 10* 10¢ 10° 200 o 10° 10* 10° EU] 10° 10* 10°
mCherry mCherry mCherry mCherry mCherry mCherry
' 1.1 % W'y 1.76 % W'y W'y 0.97 % 'y 'y
@ [ ©Q Q @ @
rel re] re] el el rel
QJ 10y QJ 10y QJ 0y Q0 INEGE INEGE
] ) ] o] ] o]
8h @ @ @ 2 o) o)
p.t. 0 0 {23 12 12 12
-§ 0? -§ 10? -§ 0 § 0 § ? § 0
z: z- z: z: - 2o
10° 10* 10* 10° 10° 10°
10* 10 o 10° 10* 10° 10° a0t o 10* 10’ 10° EU] 10* ‘xn‘ 10° EU) 10* 10* 10°
mCherry mCherry mCherry mCherry
10° 10° 10° 10° 10° 4 105 4
@ [°] © © @ @
o . 0 . v . o . o . o 4
[SVRLAE | [SVRLAE | [SVRLAE | [SVRLNE | [NEOE o'y
10h @ ® ® @ @ @
2 2 2 2 2 2
pt. 2 2 2 2 2 2
g 10° 8 10* 8 10* 8 10* 8 10° g 10°
o o o o Qo 0 Q 0 Q 0 Q °
I I I T T I
10* 10* 10* 10* 10° 10°

o ot s 3

o 10° 0°
mCherry

10 10° * *

o 10° 0° 0 10 10
mCherry mCherry

Fig.5 Analysis of replication of the EV-F2 mutants. a. Viral sub-
genomic replicon assay. Bovine kidney MDBK cells were trans-
fected with the T7-amplified EV-F2 subgenomic wild-type repli-
con RNA or its mutants, and the mean fluorescence intensity of the
reporter mCherry at the indicated time points post-transfection was
determined by flow cytometry. A mutant lacking the viral polymer-
ase- (A3DP°Y) was used as a negative control. The data are presented

lower than those of the previously studied complexes of
the human-infecting enteroviruses EV-A to EV-D [20],
however, we do not expect this finding to cause any func-
tional consequences in vivo, given the fact that even very
weak ACBD3-3A interactions can fully support virus rep-
lication [20]. Like the 3A proteins of the human-infecting
viruses, the enterovirus and kobuvirus 3A proteins, regard-
less of their host, bind to the same regions of ACBD3
with the opposite polarities of their polypeptide chains

00 0 10?

mCherry

3 o

10° 10t 10° a0 01 10 10°

° 10* 0
mCherry mCherry

as means+SEMs from two independent experiments. MFI, mean
fluorescence intensity; a.u., arbitrary units. b. Raw data of a repre-
sentative experiment from (a). The percentage of cells with reporter
mCherry fluorescence intensity above background is indicated. Stain-
ing with Hoechst33258 dye was performed assess cell viability. p.t.,
post-transfection

[19, 20]. Although there are some minor variations in the
conformations of the linker regions connecting the indi-
vidual secondary elements of the 3A proteins, the overall
architecture of these proteins of the human- and livestock-
infecting viruses remains similar. Using structure-guided
identification of the amino acid residues involved in the
interaction and the viral subgenomic replicon assay with
the respective viral mutants, we document the impor-
tance of this interaction for facilitation of replication of
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the bovine enterovirus EV-F2, as has been observed with
human-infecting viruses [20].

The exact role of ACBD3 in enterovirus replication is
not yet fully understood, but multiple aspects of ACBD3
recruitment to the site of virus replication should be consid-
ered. First, relocation of ACBD?3 in virus-infected cells can
lead to suppression of the physiological function of ACBD3
(i.e., the regulation of the trafficking pathways between the
endoplasmic reticulum and the Golgi), which can limit
innate immunity by suppressing the secretion of antiviral
cytokines [35] and decreasing MHC-I-dependent antigen
presentation of viral peptides [36]. Secondly, viruses may
hijack ACBD3 in order to use its physiological abilities for
their own purposes and thus redirect the intracellular traf-
ficking towards the sites where the viral genome replication,
polyprotein processing, and virion assembly occur. Thirdly,
recruitment of ACBD3 to the site of viral replication leads
to the recruitment of its interactors and downstream effec-
tors, such as the lipid kinase phosphatidylinositol 4-kinase
beta (PI4KB) [12, 13, 17, 18, 37]. Chemical inhibition of
PI4KB leads to the arrest of both enterovirus and kobuvirus
replication [12, 38], confirming the PI4KB and its product,
the PI4P phospholipid, are important host factors of both
of these groups of viral pathogens. The elevated concen-
tration of PI4P at the membranes of the viral replication
organelles enables the countertransport of PI4P and several
other cellular lipids, such as cholesterol and phosphatidyl-
serine, in order to generate membranes with a specific lipid
composition suitable for viral replication [39-42]. Mecha-
nistic details of the importance of such a specific and tightly
controlled lipid composition of the membranes where viral
replication occurs remain to be elucidated.

Accession codes

The crystal structures of the porcine kobuvirus AiV-C 3A
protein in complex with the porcine ACBD3 GOLD domain,
the bovine enterovirus EV-F2 3A protein in complex with
the bovine ACBD3 GOLD domain (fusion protein), and the
porcine enterovirus EV-G1 3A protein in complex with the
porcine ACBD3 GOLD domain from this publication have
been submitted to the Protein Data Bank (https://www.rcsb.
org) and assigned the identifiers 6Q67, 6Q68, and 6Q69,
respectively.
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