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Tick-borne encephalitis virus capsid protein induces
translational shutoff as revealed by its structural-biological
analysis

Received for publication, May 10, 2022, and in revised form, September 29, 2022 Published, Papers in Press, October 9, 2022,
https:/doi.org/10.1016/jjbc.2022.102585

1,2,8% -3.4,§

Martin Selinger , Radim Novotny , Jakub Sys”, Justin A. Roby®, Hana Tykalova'“®, Ganiji Sri Ranjani’,
Marie Vancova’ , Katerina Jaklova', Filip Kaufman'’, Marshall E. Bloom®®, Zbynék Zdrvéhalz9 ,
Libor Grubhoffer'”, Jade K. Forwood®, Richard Hrabal®, Michaela Rumlova'“", and Jan Stérba'"

From the 1Faculty of Science, the University of South Bohemia in Ceské Budejovice, Ceské Budéjovice, Czech Republic; 2Institute of
Parasitology, Biology Centre of the Czech Academy of Sciences, Ceské Budéjovice, Czech Republic; *Department of Biochemistry
and Microbiology, University of Chemistry and Technology Prague, Prague, Czech Republic; *Laboratory of NMR Spectroscopy,
University of Chemistry and Technology Prague, Prague, Czech Republic; *Institute of Organic Chemistry and Biochemistry, Czech
Academy of Sciences, Prague, Czech Republic; 5School of Dentistry and Medical Science, Charles Sturt University, New South

Wales, Australia; ’Central European Institute of Technology (CEITEC), Masaryk University, Brno, Czech Republic; ®Biology of
Vector-Borne Viruses Section, Laboratory of Virology, Rocky Mountain Laboratories, NIAID/NIH, Hamilton, Montana, USA;
°National Centre for Biomolecular Research, Faculty of Sciences, Masaryk University, Brno, Czech Republic; 1°Departmem‘ of
Biotechnology, University of Chemistry and Technology Prague, Prague, Czech Republic

Edited by Craig Cameron

Tick-borne encephalitis virus (TBEV) is the most medically
relevant tick-transmitted Flavivirus in Eurasia, targeting the host
central nervous system and frequently causing severe encepha-
litis. The primary function of its capsid protein (TBEVC) is to
recruit the viral RNA and form a nucleocapsid. Additional
functionality of Flavivirus capsid proteins has been documented,
but further investigation is needed for TBEVC. Here, we show
the first capsid protein 3D structure of a member of the
tick-borne flaviviruses group. The structure of monomeric
A16-TBEVC was determined using high-resolution multidi-
mensional NMR spectroscopy. Based on natural in vitro TBEVC
homodimerization, the dimeric interfaces were identified by
hydrogen deuterium exchange mass spectrometry (MS).
Although the assembly of flaviviruses occurs in endoplasmic
reticulum—derived vesicles, we observed that TBEVC protein
also accumulated in the nuclei and nucleoli of infected cells. In
addition, the predicted bipartite nuclear localization sequence in
the TBEVC C-terminal part was confirmed experimentally, and
we described the interface between TBEVC bipartite nuclear
localization sequence and import adapter protein importin-
alpha using X-ray crystallography. Furthermore, our coimmu-
noprecipitation coupled with MS identification revealed 214
interaction partners of TBEVC, including viral envelope and
nonstructural NS5 proteins and a wide variety of host proteins
involved mainly in rRNA processing and translation initiation.
Metabolic labeling experiments further confirmed that TBEVC
and other flaviviral capsid proteins are able to induce trans-
lational shutoff and decrease of 18S rRNA. These findings may
substantially help to design a targeted therapy against TBEV.
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Tick-borne encephalitis virus (TBEV) is an important human
pathogen belonging to the tick-borne viruses from the Flavivir-
idae family, genus Flavivirus. Except for tick-borne flaviviruses
(TBFVs), the Flavivirus genus also includes mosquito-borne fla-
viviruses such as dengue virus (DENV), West Nile virus (WNV),
or Zika virus (ZIKV). As a neurotropic virus, TBEV targets mainly
the central nervous system, and the infection in humans may
result in severe encephalitis or meningoencephalitis (1).

All members of the genus Flavivirus share a similar archi-
tecture of their virions, genomic organization, and life cycle.
The flavivirus genome consists of a single-stranded RNA of
positive polarity, approximately 11 kilobases long. Viral
genomic RNA (gRNA) contains one open reading frame
encoding a single polyprotein of about 3400 amino acids. The
polyprotein is cotranslationally and post-translationally pro-
cessed to three structural (pre-membrane [prM/M], capsid
[C], and envelope [E]) and seven nonstructural proteins (NS1,
NS2A, NS2B, NS3, NS4A, NS4B, and NS5). While the struc-
tural proteins represent the main building units of the viral
particle, the nonstructural proteins participate in viral repli-
cation. In addition, the flavivirus genome includes 5’ and 3’
untranslated regions, which are characterized by the presence
of many secondary structures. Flaviviruses enter the cell via
receptor-mediated endocytosis, and the released viral gRNA is
translated into an endoplasmic reticulum (ER)-associated
transmembrane polyprotein using the host enzymes. Viral
gRNA is replicated by the nonstructural proteins in ER-derived
vesicular compartments. Nascent gRNA is associated with the
capsid protein resulting in nucleocapsid assembly. Formed
nucleocapsids are further enveloped by ER-derived membrane
containing prM/M and E proteins while budding into the ER
lumen. Enveloped virions are then transported along the host
cell secretory pathway and released from the cell by fusion of
transport vesicles with the plasma membrane (2, 3).
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Structural and biological functions of TBEV capsid protein

Despite being one of the least conserved proteins among
flaviviruses (identity is lower than 40%), the 3D structure of
various flaviviral C proteins is remarkably similar (4, 5). Fla-
viviral C proteins are highly basic proteins of approximately
100 amino acid residues forming a homodimer in solution.
Based on the structural studies on DENV, ZIKV, and WNV,
monomeric C protein consists of four a-helices (a;—a,) and an
unstructured N-terminal domain. Dimerization of C protein is
facilitated mainly by interactions of antiparallel a2—a2’ and
ad—a4’ helices of the two monomeric subunits, forming thus
the main dimer interface. The dimer shows asymmetric
charged surface distribution: the apolar surface on one side of
a molecule and the positively charged region on the other side.
Hydrophobic cleft formed by al-al’ and a2—a2’ helices was
proposed to interact with the membrane, whereas highly
positively charged regions of ad—a4’ helices are supposed to
interact with viral gRNA (6). The structure of TBEVC has not
been experimentally described yet; however, the predictions
closely follow the structures of already characterized C pro-
teins from DENV, ZIKV, and WNV (5, 7).

The primary function of flaviviral C protein is to recruit the
viral gRNA and form the nucleocapsid. Although the assembly
of flaviviruses takes place in ER-derived vesicular compart-
ments, capsid protein has also been detected to be accumulated
on the surface of lipid droplets (8, 9) and in nuclei or nucleoli of
infected cells (10—14). The nuclear/nucleolar localization of C
protein suggests that, except for its structural role, it may also be
an essential factor in the interactions with the host environment.
Indeed, several studies described various functions of C protein
linked to nuclear localization. For example, DENV and Japanese
encephalitis virus C proteins were found to interfere with the
ribosome biogenesis through the binding to NPM1/B23 factor
(15, 16), whereas ZIKV and WNV C proteins were shown to
induce apoptosis via the activation of p53 signaling cascade (14,
17). Moreover, based on the interactions with core histones,
DAXX transcription factor, and UBF1 splicing regulator, DENV
and ZIKV C proteins were shown to affect host gene expression
and nonsense-mediated mRNA decay, respectively (12, 18, 19).
Furthermore, the complex functionality of the flavivirus C
protein has been further documented by the emerging evidence
of indiscriminate binding to the various single- or double-
stranded RNA and DNA molecules in the case of yellow fever
virus and ZIKV (19-21). Recently, we have described similar
findings in the case of TBEVC (22) in combination with the
occurrence of TBEV-induced transcriptional and translational
shutoff (23). As our observations suggest a possible link between
these two phenomena, we further studied TBEVC and its bio-
logical relevance. Here, we characterize the capsid protein of a
TBFV for the first time, focusing on its structure, subcellular
distribution, interacting network, and biological relevance
during TBEV infection in human neural cells.

Results
Structure of monomeric A16-TBEVC

To better understand the structure—function relationship of
TBEVC, we solved its 3D structure using high-resolution
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multidimensional NMR spectroscopy in combination with
computational methods. The resonances were assigned to
protein atoms and deposited into the Biological Magnetic
Resonance Data Bank (BMRB) with BMRB ID: 34709. Struc-
ture calculation was based on intramolecular distance "H-'H
constraints obtained from NOE experiments and backbone
dihedral angle (@, ) restrictions estimated by TALOS+ (24)
(Table S1). The 20 best-calculated structures of A16-TBEVC
[23] out of 1000 were chosen and superimposed over the
backbone heavy atoms of helices (Fig. 14). The average RMSD
relative to the mean heavy atom positions of the best-defined
parts (all four a-helices) is 1.3 + 0.3 A.

The monomeric A16-TBEVC consists of four o-helices
connected by loops (Fig. 1B). The individual parts of the
structure were denoted as: a-helix 1 (al), post-al loop, a-helix
2 (a2), post-a2 loop, a-helix 3 (a3), post-a3 loop, and a-helix 4
(a4). Such structural motives arrangement is conserved among
the capsid proteins across the whole family of flaviviruses
(6, 21, 25) and can be divided into three “layers”: the top one
formed by short al and long post-al loop, the middle one
formed by a2, and the bottom one formed by long a4 (21). The
short a3 flanked by post-a2 and post-a3 loops connects the
middle and bottom “layers.”

Comparison of the NMR structure of A16-TBEVC with
previously solved ones of other flaviviral C proteins, such as
A20-DENVC (6), A25-ZIKVC (21), and A23-WNVC (25),
revealed not only structural similarities but also some minor
differences. The main difference is that TBEVC N-terminal
unstructured part is shorter (by 7-17 amino acids). Thus,
while within A20-DENVC, A25-ZIKVC, and A23-WNVC,
helices 2, 3, and 4 start almost at the same position, all helices
in A16-TBEVC are sequentially shifted by more than six amino
acids toward the N terminus (Table 1). Even so, the length of
individual helices across structures is very similar. See a
schematic comparison in the supporting information
(Fig. S14).

While a full-length alignment of A20-DENVC, A25-ZIKVC,
and A23-WNVC showed 24% similarity, with 29 conserved
and 19 homologous residues (Fig. S1B), the alignment to the
A16-TBEVC sequence revealed only 2% similarity, matching at
two conserved residues (W62 and A70) and 18 homologous
residues (Fig. S1C).

Structure of homodimeric A16-TBEVC

Although we determined the NMR structure of the mono-
meric A16-TBEVC protein, the structures of other flaviviral
capsid proteins suggested that these proteins occur naturally as
homodimers (6, 21, 25). To investigate whether A16-TBEVC
protein forms dimerize, size-exclusion chromatography
(SEC) and chemical crosslinking coupled with mass spectro-
metric detection (XL-MS) were employed. SEC, performed
under the same conditions as the NMR experiments,
demonstrated the approximate molecular weight of A1l6
TBEVC of about 24 kDa, corresponding to the dimeric form
(Fig. 2. A and B). The only conditions under which we
observed signal for the monomeric form was in a 10-times
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Figure 1. Structure of monomeric A16-TBEVC. A, superposition over the backbone heavy atoms of helices a2-a4 of the 20 monomeric A16-TBEVC best
structures represented as lines of the main chain. B, the average structure of A16-TBEVC is represented as a cartoon. 1—side view, 2—top view, and 3—
front view. The helices are marked al-a4. Generated with the PyMOL program (65). TBEVC, capsid protein of tick-borne encephalitis virus.

diluted TBEVC in the presence of 1% SDS (Fig. 2C). Thus, we
concluded that under native conditions, the equilibrium be-
tween monomer and dimer was shifted toward the dimeric
form. This was also consistent with the results of SEC analysis
during the purification process, where A16-TBEVC (of mo-
lecular weight 9 kDa) eluted earlier than lysozyme, a protein of
molecular weight 11 kDa (Fig. 2, D and E). This indicated that
the formation of A16-TBEVC dimer or even its higher oligo-
mers occurs during the protein production in bacterial cells.

Next, we performed XL-MS using the amine-reactive
homobifunctional and MS-cleavable crosslinker C2 capable
to generate covalent bonds mainly between lysine residues in
close proximity of up to 25 A (26, 27). Five different protein-
to-crosslinker molar ratios (1:0.5, 1:1, 1:2, 1:4, and 1:8) were
applied, and crosslinking products were visualized by SDS-
PAGE. Figure 3A shows the presence of both monomeric
and dimeric forms, also with the indication of trimers with
increasing C2 concentration.

For further LC-MS/MS analysis, the protein-to-crosslinker
molar ratios of 1:0.5, 1:1, and 1:2 were selected to target mainly
the covalently bound A16-TBEVC dimers. The XL-MS
resulted in the identification of four unique lysine-lysine
linkages (Table 2) observed at all three ratios (Table S2 and
Figs. S2-S5). Evaluation and visualization (Fig. 3B) of these
linkages were done on a model predicted by I-TASSER server
(5, 28-30). Based on the measured distances and spatial

comparison, we evaluated all four linkages as intermonomeric
ones. Their intramonomeric character was excluded because
of the following findings (Table 2): K59-K19 and K59-K24 are
not possible because of steric hindrance, K59-K90 exceeds the
Ca—Ca linkable distance (26, 27) and K78-K78 cannot be
observed in a A16-TBEVC monomer. Thus, similarly to other
flaviviral capsid proteins (6, 21, 25), SEC and XL-MS experi-
ments unambiguously confirm that A16-TBEVC naturally
forms a homodimer.

To calculate the structure of the A16-TBEVC dimer, we first
identified the residues involved in the dimeric interface. As
NMR spectroscopy provided only a few weak signals, which
could not be conclusively taken as intermonomeric restraints,
we performed the hydrogen—deuterium exchange experiment
(HDX-MS). It was performed in three repetitions, including
protein labeling at five different time points: 20 s, 2 min,
20 min, 2 h, and 6 h (Table S3 and Fig. 4A4). To visualize the
HDX evolution of 16 peptides, which have survived the
filtering process, the web-based application MStools (31) was
applied using the values of relative fractional uptake (RFU)
obtained from DynamX software.

The HDX evolution for selected peptides Q27-H47, M38—
L45, F61-A70, T71-L84, and M85-R95 is shown on the
deuteration uptake plots (Fig. 4B), and the deuteration profiles
of full-length A16-TBEVC obtained at 20 s and 6 h are pre-
sented on the predicted structure of the Al16-TBEVC

Table 1
Comparison of a-helical segments of flavivirus capsid proteins (6, 21, 25)
al a2 a3 o4
C Protein PDB ID Range; length (AA)

A16-TBEVC 7YWQ 19-26; 8 34-50; 17 56-64; 9 67-92; 26
A20-DENVC 1R6R 26-33; 8 44-58; 15 62-70; 9 74-96; 23
A25-ZIKVC 5YGH 36-40; 6 43-57; 15 62-72; 11 74-98; 25
A23-WNVC 1SFK 25-37; 13 43-55; 13 62-70; 9 73-95; 23
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Figure 2. Analytical size-exclusion chromatography of A16-TBEVC. A, SEC chromatogram of 0.4 mM A16-TBEVC performed at pH 6.0. Equilibrium
between the monomer and dimer is shifted toward the dimeric form, and no monomer is detectable. B, SEC chromatogram of calibration using GST-3C
(1 mM, 46 kDa), TEV protease (1 mM, 24 kDa), and lysozyme (1 mM, 11 kDa). C, SEC chromatogram of 10-times diluted A16-TBEVC (final concentration
of 40 uM) with 1% SDS performed at pH 6.0. Separated peaks correspond to the monomeric and dimeric forms of A16-TBEVC. D, SEC chromatogram of
protein purification showing separation of A16-TBEVC and lysozyme (used to lyse bacterial cell wall). The elution volume of A16-TBEVC is smaller than for
lysozyme, indicating that the formation of A16-TBEVC dimer or even its higher oligomers takes place shortly after the protein expression. E, electrophe-
rogram of Tris-tricine SDS-PAGE showing SEC purification step of A16-TBEVC. About 10% acrylamide gel stained by Coomassie Brilliant Blue R-250. (S) SDS-
PAGE standards, broad range (Bio-Rad) (6, 21, 23-32); numbers of fractions from SEC (Fig. 2D). Red line marks protein zones of lysozyme, and green line
marks protein zones of A16-TBEVC. GST, glutathione-S-transferase; SEC, size-exclusion chromatography; TEV, tobacco etch virus.

monomer (Fig. 4C). The results showed that HDX was the
slowest within a2 and a4, especially in their middle regions. It
means that these regions were spatially poorly accessible,
indicating the compactness of this part of the structural motif
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as an effect of the dimer formation. Thus, this experiment not
only confirmed the protein dimerization but also provided
information about the regions highly involved in the interac-
tion of A16-TBEVC monomers within the dimer.

Figure 3. The A16-TBEVC naturally forms homodimers. A, electropherogram of Tris—glycine SDS-PAGE showing crosslinking products of A16-TBEVC
using the amine-reactive homobifunctional and MS-cleavable crosslinker C2 at different protein-to-crosslinker molar ratios. About 15% gel stained by
Coomassie Brilliant Blue R-250. (S) PageRuler Prestained Protein Ladder (Thermo Fisher Scientific); (0-8) Specific protein-to-crosslinker molar ratios. Black
arrows point to the protein zones corresponding to the monomeric, dimeric, and trimeric states. B, predicted structure of the homodimeric A16-TBEVC using
I-TASSER server (28-30) and ZIKVC (21) (Protein Data Bank ID: 5YGH) as a template (5). The measured distances, highlighted in red, correspond to the
identified Ca—Ca distances within the dimer (Table 2). Generated with the PyMOL program (65). MS, mass spectrometry.
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Table 2
Linkages identified by XL-MS and its distances within the structure
Molar ratio reagent:protein 1:0.5 1:1 1:2 Ca—Ca distance within the monomer (A) Ca—Ca distance within the dimer (A)
Identified linkages K59-K19 K59-K19 K59-K19 21.1% 18.8
K78-K78 K78-K78 K78-K78 — 8.2
K59-K24 K59-K24 15.9° 27.3
K59-K90 37.7 18.7

“ Steric hindrance.

We selected the following interacting residues for docking previously calculated 20 A16-TBEVC monomer structures,
by Haddock (32) based on these findings: M39, R40, M42, G43, and the final dimeric structures were superimposed over the
W46, H47, A50, T71, L74, R75, K78, R79, S82, M85, V86, and  backbone heavy atoms of a2—a4 (Fig. 54). The average RMSD
Q89 (Fig. 4C). The docking was performed for all the best relative to the mean heavy atom positions was 1.7 + 0.4 A.
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Figure 4. Dimeric interfaces of A16-TBEVC homodimers. A, heat map showing the relative deuterium uptake for all A16-TBEVC residues using a rainbow
color gradient in each labeling time point. Each line represents one time point (from top to bottom—20 s; 2 min; 20 min; 2 h; 6 h). The observed helices
(NMR) are marked as cylinders above the protein sequence. Generated by MStools (31) web-based application. B, deuterium uptake plots show the time
course of deuteration for selected peptides (Table S3). The plot on the left covers the post-al loop and 4/5 of a2. The plot on the right partially covers a3
and the entire a4. C, depicted deuteration states on the predicted monomer structure of A16-TBEVC. The left model depicts the deuteration state for the first
time point (2 s). The right model depicts the deuteration state for the last time point (6 h). Interacting residues that have been selected for docking by
Haddock (32) are represented as sticks. Generated with the PyMOL program (65).
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Figure 5. A 3D structure of A16-TBEVC homodimer. A, superposition over the backbone heavy atoms of helices a2-a4 of the 20 dimeric A16-TBEVC
dimeric structures represented as lines of the main chain. B, the average structure of the A16-TBEVC homodimer represented as a cartoon. 1—side
view, 2—top view, and 3—front view. The helices are marked as a1-04. Generated with the PyMOL program (65).

Finally, the resulting dimers were deposited into the Research
Collaboratory for Structural Bioinformatics Protein Data Bank
(RCSB PDB) with PDB ID: 7YWQ. The average structure of
the A16-TBEVC homodimer (Fig. 5B) is a tightly packed and
centrally symmetric molecule in which the contact surfaces of
the monomers are formed predominantly by antiparallel
a2/a2’ and a4/ad’ and probably also by the participation of a1/
post-al’ loop and al’/post-al loop. The experimental homo-
dimer structure of A16-TBEVC matches the predicted struc-
ture well, sharing the same topology with already solved
structures of A20-DENVC (6), A25-ZIKVC (21), and
A23-WNVC (25).

TBEVC protein localizes in host nucleolus

Close inspection of the helix 4 of TBEVC revealed a putative
bipartite nuclear localization sequence (bNLS) 75-RKIKR-79
and 90-KRGKRR-95 (Fig. 6A). Furthermore, alignment of the
amino acid sequence of capsid proteins of other TBFVs,
Kyasanur forest disease virus (KFDV), Louping ill virus (LIV),
and Powassan virus (POWYV), to TBEVC proteins revealed
similar arginine- and lysine-rich bNLS motifs at the C termi-
nus (Fig. 6B).

As nuclear localization was also reported for several
mosquito-borne flaviviral C proteins (10—-14), we characterized
the TBEVC distribution in infected DAOY and A549 cells.
Interestingly, a substantial part of TBEVC colocalized with
nascent rRNA in the host nucleolus, when NPM1 (nucleolar
marker) and metabolically labeled RNA were used as coloc-
alization determinants (Fig. 6, C—F). Additional experiments
further explored TBEVC colocalization with dsRNA, TBEV E,
and NS3 proteins in the ER (Fig. S6A). Nuclear localization of
TBEVC was present also in infected human primary neural
cells, astrocytes, and neurons (Fig. S6B).

Immunogold detection of TBEVC in infected DAOY cells
using transmission electron microscopy (TEM) further
confirmed its nuclear localization with scarce signal also

6 . Biol. Chem. (2022) 298(11) 102585

detected in mitochondria (Figs. 6G and S6C). In order to verify
the phenomenon of nuclear/nucleolar localization of TBEVC,
we performed subcellular fractionation of infected DAOY
HTB-186 cells and subsequent detection of TBEVC in each of
the fractions. As expected, the majority of TBEVC was local-
ized to the membraneous fraction representing ER/Golgi
membranes where flaviviral replication and maturation pro-
cesses occur. Considerably high signal for TBEVC was, how-
ever, detected in nuclear fraction as well (Fig. 6H).

Next, we wanted to assess whether nucleolar localization of
the capsid protein is a common feature among TBFVs. For this
purpose, we prepared expression vectors with wildtype vari-
ants of KFDV, LIV, POWYV, and TBEV C proteins with a
C-terminal FLAG tag (Fig. S7A). Subsequent colocalization of
NPM1 and overexpressed C proteins in transfected DAOY
cells documented nucleolar localization for all tested C pro-
teins, although with different frequencies (Fig. S7B). In the
case of LIVC, nucleolar/nuclear localization was documented
in 84.2% of C protein—positive cells. Lower frequency was
observed in the case of POWVC and TBEVC where only 54.3%
and 61.8% of C protein—positive cells exhibited nucleolar/nu-
clear localization, respectively. Interestingly, nucleolar locali-
zation of KFDVC was observed only in 11.7% of cells
expressing C protein (Fig. S7C). Intriguingly, the nuclear/
nucleolar localization of TBFVC proteins was observed despite
the absence of any other viral proteins or gRNA, which sug-
gests that the host machinery only is sufficient to mediate the
nuclear transport of TBFVC proteins.

In order to verify the involvement of putative bNLS, we
prepared a series of mutants carrying mutations or truncations
within bNLS (d1, d2, dd, A20; Figs. 7A and S7A). These
mutated constructs were transfected into DAQOY cells, and the
subcellular distribution of TBEVC proteins was assessed at
24 h post-transfection. Data in Figure 7B demonstrate that the
C-terminal part of bNLS (90-KRGKRR-95) plays a crucial role
in the nuclear localization of TBEVC since a significantly

SASBMB
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Figure 6. TBEVC contains bNLS and localizes to the nucleoli of infected cells. A, identification of putative bNLS in helix 4 of TBEVC. B, alignment (Clustal
Omega) of TBFVC protein sequences with the marked C-terminal bNLSs using Geneious Prime, version 2022.0.1. Arginine (R) and lysine (K) residues are
highlighted in blue and red, respectively. C, A549 and DAOY cells were infected with TBEV strain Hypr (MOI 5) and the colocalization of TBEVC protein (red)
and nucleolar marker NPM1 (green) was performed at 36 h p.i. The scale bars represent 20 um. Representative images from two independent biological
replicates are shown. White squares mark areas selected for nuclear intersection measurements in D and E. D, signal quantification of nuclear intersection
(white arrow) in A549 cells was performed using ImageJ. The scale bar represents 10 um. E, signal quantification of nuclear intersection (white arrow) in
DAYO HTB-186 cells was performed using Imagel. The scale bar represents 10 um. F, in situ metabolic labeling of nascent RNA in TBEV-infected DAOY cells
(5 MOI, 36 h p.i.) using T mM 5-EU and its subsequent detection via Alexa Fluor 488-azide and Click reaction (green). Colocalization of TBEVC was performed
using anti-TBEVC antibodies (red). The scale bars represent 20 um. Representative images from two independent biological replicates are shown.
G, transmission electron microscopy of TBEV Hypr-infected DAOY cells (5 MOI; 36 h p.i.). Imnmunogold colocalization of TBEVC (5 nm, black arrows) and
nucleolar transcription factor MYBBP1A (15 nm, white arrows) in the nucleus of infected cell. H, subcellular fractionation of TBEV Hypr-infected DAOQY cells (5
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decreased rate of cells positive for TBEVC in the nucleus was
observed for TBEVC-d2 and TBEVC-dd mutants (one-way
ANOVA with post hoc Tukey’s honestly significant difference
test; a < 0.05). Interestingly, deletion of the last 20 amino acids
(CA20 mutant) resulted in almost exclusive localization in
mitochondria supporting the key role of identified bNLS in
nuclear transport of TBEVC (Fig. 7C). To further demonstrate
the role of newly identified TBEVC bNLS in nuclear transport,
we constructed expression vectors containing GFP gene fused
with TBEVC bNLS sequence either at the N terminus
(pEGFPN1) or at the C terminus (pEGFPC1). Both variants of
fused protein, bNLS-GFP and GFP-bNLS, accumulated in
nuclei and nucleoli of transfected DAQOY (Figs. 7D and S8A)
and A549 (Fig. S8B) cells.

Structure of the TBEVC bNLS bound to the nuclear import
adapter protein importin-alpha

We employed X-ray crystallography of a complex between
TBEVC bNLS (Fig. 84) and the classical import adapter pro-
tein importin-alpha (IMPa) to map their putative interactions
(Fig. 8B). Crystals of the TBEVC-IMPa diffracted to 2.05 A
and indexed in P2;2;2;. The final structure produced an R/
Ryee value of 19.3% and 21.9%, respectively (Table S4 for data
collection and refinement statistics). IMPa formed 10
repeating armadillo repeat motifs, with each motif comprised
of three a-helices. We found that the bNLS of TBEVC bound
at both the major and minor sites of IMPa, confirming that the
NLS is bipartite (Fig. 8B). The interface was mediated by an
extensive array of interactions involving both side chains and
main chains of TBEVC and IMPa (Table S5). At the major site,
we identified that TBEVC GIn®® bound at the P1 position of
IMPa. At the P2 site, the TBEVC Lys*® side chain formed both
a salt bridge with IMPa Asp'®? and hydrogen bonded with
Gly"™ and Thr'*®. TBEVC Arg” formed a hydrogen bond
interaction with IMPa Trp'®*, Asn'®®, and Asn®*® at the P3
site. TBEVC Lys®® formed H bond interactions with IMPa
Asn'® and GIn'®' at the P4 site. At the minor site, TBEVC
Lys’® formed hydrogen bonds with IMPa Val**!, Thr**%, and
Asn®*'. TBEVC Ile”” formed a hydrogen bond interaction with
IMPa  Asn®*'. TBEVC Lys”® formed hydrogen bond
interactions with IMPa Asn®®** and Thr**? Finally, TBEVC
Arg”® formed a salt bridge interaction with IMPa Glu** and
Glu®®®. Overall, the interaction was mediated through three
salt bridge interactions, 18 hydrogen bond interactions, 156
non-hydrogen-bonded contacts, and exhibited a buried sur-
face area of 1074 A% The resulting TBEVC bNLS:IMPa
structure was deposited to RCSB PDB with PDB ID: 8ECH.

TBEVC protein interactome

To gain a deeper insight into the biological relevance of
TBEVC nuclear localization, we analyzed its host—cell

interaction network using coimmunoprecipitation (co-IP) with
subsequent MS.

For this purpose, DAOY cells were either infected by TBEV
or transfected by pCMV-C-FLAG, and total protein lysates
were harvested at 36 h postinfection and 24 h post-
transfection. The co-IP was performed using anti-TBEVC
antibodies (Fig. S9A) with LC-MS/MS identification of prey
proteins in elution fraction. In total, 186 and 103 proteins were
identified as interacting with TBEVC in infected (Table S6)
and transfected cells (Table S7), respectively (false discovery
rate [FDR] <0.05; log, fold enrichment >1). Of 186 identified
proteins in TBEV-infected cells, 113 (60.8%) were unique to
the infection process only (including viral proteins E and NS5)
(Figs. 9 and S9B). For illustration, Table 3 includes the list of
top-ranked proteins for both variants with detailed
information.

Based on the functional clustering of TBEVC interactome
according to STRING, several clusters were identified,
including ribosomal and nucleolar proteins involved in (i)
ribosome biogenesis, (ii) rRNA synthesis and modification, (iii)
RNA splicing, and (iv) mRNA binding. Interestingly, TBEVC-
interacting proteins with the highest score included several
immune response—related proteins, such as OASL, IFITI,
HERC5, IFI16, and TRIM28 (Fig. 9). Subsequent Gene
Ontology enrichment analysis of TBEVC interactome using
DAVID tool (33) confirmed the data from functional clus-
tering since processes such as rRNA processing, ribosome
biogenesis, and nonsense-mediated mRNA decay were iden-
tified as the most significantly affected ones (Fig. S9, C and D).
Reverse co-IP using anti-OASL, anti-CSDE1, and anti-
MYBBP1 antibodies confirmed the interaction with TBEVC
protein (Fig. S9A).

TBEVC reduces levels of host nascent proteins and 185 rRNA

Our previous study described TBEV-induced decrease of
nascent rRNA and protein production in host cells (23). Based
on the nucleolar localization of TBEVC and its interacting
network, we hypothesize that TBEVC may substantially
contribute to the observed phenomenon of host transcrip-
tional and translational shutoff. In order to test this, de novo
protein synthesis was determined in DAQOY cells transiently
overexpressing DENV, KFDV, LIV, POWYV, TBEV, and ZIKV
C proteins using metabolic labeling with methionine analogs
homopropargylglycine or r-azidohomoalanine (AHA). Sur-
prisingly, the transfection process itself decreased the nascent
protein synthesis compared with nontransfected control
(Fig. 10A). Nevertheless, transient overexpression of every C
protein tested resulted in a significant decrease of incorpo-
rated homopropargylglycine levels when compared with pRL-
CMYV control (one-way ANOVA with post hoc Holm-Sidak
test; « = 0.05; Fig. 104). Metabolic protein labeling in situ
also revealed a decrease in incorporated AHA levels in

MOI) was performed at 36 h p.i. Subsequent immunodetection of TBEVC, GAPDH (cytoplasmic marker), NPM1 (nuclear marker), KDM1/LSD1 (nuclear
marker), and CANX (ER/nuclear membranes marker) was performed in all five fractions. Representative results from three independent experiments are
shown. bNLS, bipartite nuclear localization sequence; ER, endoplasmic reticulum; 5-EU, 5-ethynyluridine; MOI, multiplicity of infection; TBEVC, capsid protein

of tick-borne encephalitis virus; TBFV, tick-borne flavivirus.
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Figure 7. Importance of bNLS for the TBEVC localization. A, schematic overview of TBEV gRNA with emphasis to predicted TBEVC bNLS and derived
mutants TBEVC-d 1NLS, TBEVC-d2NLS, TBEVC-ddNLS, and TBEVC-A20NLS. Differences in the C protein of TBEV strains, Hypr and Neudoerfl, used in this study,
are depicted. Created with BioRender.com. B, DAQY cells were transfected with the corresponding TBEVC-FLAG plasmid, and the colocalization of TBEVC
protein and nucleolar marker NPM1 was performed at 24 h p.t. The percentage of cells positive for TBEVC signal in the nucleus was determined as the ratio
of nucleus-TBEVC-positive cells and the total number of TBEVC-positive cells (n,; = 83; ng; = 162; ng; = 145; ngq = 193; and np,o = 79). Data are repre-
sentative of three independent experiments, and values are expressed as mean + SD. Significant difference from the control was calculated using one-way
ANOVA with post hoc Tukey’s honestly significant difference test (*p < 0.05, **p < 0.01). C, DAOY cells were either infected (TBEV-Hypr strain; 5 MOI) or
transfected with the TBEV-CA20-FLAG plasmid, and the colocalization of TBEVC protein (red) and mitochondrial marker COX4 (green) was performed at 36 h
p.i. or 24 h p.t; the scale bar represents 20 um, and cell nuclei were costained by DAPI (nucleus). Representative images from two independent biological
replicates are shown. D, TBEVC bNLS was cloned at the C terminus (pEGFPC1; middle) or N terminus (pEGFPN1; right) of GFP (green) and localization in DAOY
HTB-186 cells transfected with 0.1 pg of an appropriate plasmid was examined 24 h post-transfection on a coverslip and compared with wt GFP expression
(phMGFP, Promega; left). bNLS induced strong GFP nuclear localization (nucleus marker DAPI, blue) in comparison with the untagged GFP (phMGFP).
Representative images from three independent biological replicates are shown; the scale bar represents 20 um. Magnified image sections with merged
channels are shown; for full-size images and individual channel views, see Fig. S8A. bNLS, bipartite nuclear localization sequence; DAPI, 4 ,6-diamidino-2-
phenylindole; gRNA, genomic RNA; MOI, multiplicity of infection; TBEVC, capsid protein of tick-borne encephalitis virus.

TBEVC-expressing DAOY cells; however, the difference was
not statistically significant (Fig. 10B). Analogous experiments
were performed to reveal the TBEVC effect on rRNA pro-
duction. Introduction of constructs encoding either wildtype
or bNLS mutants of TBEVC (pCMV-C-wt/d1/d2//A20/dd-
FLAG) induced a significant decrease in mature 18S rRNA
levels for wildtype TBEVC only (Fig. 10C). A similar pattern
was also observed in the case of mature 285 rRNA, however,
without statistical significance. Based on these results, we
aimed to quantify the precursor for both rRNAs, the 45S

SASBMB

pre-rRNA, in transfected cells. However, no significant
changes were documented for any of the analyzed construct
pCMV-C-wt/d1/d2/dd-FLAG (Fig. 10D). These data indicate
that nucleus-localized TBEVC interferes with the rRNA
synthesis or processing in infected host cells but might require
co-operation with other TBEV proteins.

Discussion

Here, we present the complete structure of A16-TBEVC
solved by a combination of NMR spectroscopy, MS, and

J. Biol. Chem. (2022) 298(11) 102585 9
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Figure 8. Structural analysis of bNLS interaction with IMPa. A, detail of bNLS within helix 4 of NMR A16-TBEVC structure. Generated with the PyMOL
program (65). B, 2.05 A resolution crystal structure of IMPa bound to the TBEVC bNLS peptide. IMPa is in light gray and ribbon mode, and the discontinuous
TBEVC bNLS peptide (middle residues were not resolved) is in purple in stick mode. PyMOL software was used to generate the structure (65). Below is a
simplified representation highlighting the hydrogen bonds and salt bridges (red). bNLS, bipartite nuclear localization sequence; BSA, buried surface area; HB,
number of hydrogen bond; IMPa, importin-alpha; NBC, number of nonhydrogen bond; SB, number of salt bridges; TBEVC, capsid protein of tick-borne

encephalitis virus.

computational methods. The structure of monomeric
A16-TBEVC consists of four a-helices forming the canonical
structural motif, which is well preserved among the other
flavivirus C proteins (6, 21, 25). The dimeric form of TBEV C
and the dimer interface were identified by a combination of
SEC, crosslinking, and HDX-MS analysis. Al6-TBEVC
homodimer is a tightly packed and centrally symmetric
molecule with the interaction interface formed predominantly
by antiparallel «2/a2’ and a4/a4’ and by the participation of
al/post-al’ loop and ol’/post-al loop. The Al6-TBEVC
homodimer structure matches quite well the predicted struc-
ture (5) (Fig. 11). The resulting A16-TBEVC homodimer
structure follows the same topology as the other solved
structures of flaviviral C proteins (6, 21, 25) (Fig. 12). Flaviviral
C proteins are typical for their charge distribution. This phe-
nomenon was first described for A20-DENVC (6, 34) whose
“bottom” side formed (Fig. S12, bottom view) by a4 is pre-
dominantly positively charged, whereas the “upper” side
(Fig. S12, top view) formed by al and a2 forms a noticeable

10 J Biol Chem. (2022) 298(11) 102585

hydrophobic pocket, which is thought to be responsible for the
interaction with the membrane (34). This charge distribution
phenomenon is also observed in the remaining flavivirus C
protein structures (21, 25), including A16-TBEVC. The situa-
tion is somewhat different on the “upper” side in the region of
al and a2. In contrast to A20-DENVC, the remaining struc-
tures are more compact in this region, and this hydrophobic
pocket is not present or is covered by a positive charge. Four
phenylalanine residues involved in the a2/a2’ interface stabi-
lization in DENVC, ZIKVC, and WNEFVC are in the TBEVC
replaced by two tryptophan and two histidine residues
(Fig. S10, A and B).

Protein C of flaviviruses is a promising target for antiviral
drug design as was exemplified in the case of DENV (35, 36). A
potent inhibitor ST148 fastens two capsid homodimers
together, and the resulting C tetramers incorporated in the
viral particles hinder effective uncoating of virions (36).
Tailoring the inhibitor to fit the topology of the tick-borne C
homodimers could vyield promising drug candidates.
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Figure 9. Whole-cell TBEVC interactome identified via TBEVC-specific coimmunoprecipitation. DAOY cells were either (A) infected with TBEV strain
Hypr (5 MOI) or (B) transfected by TBEV-Cwt-FLAG plasmid and lysed at 36 h p.i. and 24 h p.t, respectively. Lysates were used for TBEVC-specific coim-
munoprecipitation using anti-TBEVC antibodies and Dynabeads coupled with protein A. Proteins interacting with TBEVC were subsequently identified using
LC-MS/MS. The interaction network (gray lines) combined with STRING database (light blue lines) and statistical evaluation was generated in CytoScape
software, version 3.8.2. MOI, multiplicity of infection; TBEVC, capsid protein of tick-borne encephalitis virus.
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Table 3
List of top 10 proteins interacting with TBEVC identified via LC-MS/MS

Protein UniProt code Name Fold change FDR

TBEV infection E Q01299 Envelope protein (TBEV) 475.6 0.0001
NS5 Q01299 NS5 protein (TBEV) 399.8 0.0001

OASL Q15646 2'-5'-Oligoadenylate synthetase like 31.3 0.0001

RPL9 P32969 60S Ribosomal protein L9 26.5 0.0002

TRIM28 Q13263 Tripartite motif containing 28 18.9 0.0001

WARS P23381 Tryptophanyl-tRNA synthetase 1 16.3 0.0005

IFIT1 P09914 Interferon-induced protein with tetratricopeptide repeats 1 15.3 0.0012

ATP2A2 P16615 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2 15.3 0.0006

SART3 Q15020 Squamous cell carcinoma antigen recognized by T-cells 3 15.1 0.0020

HERC5 QIUII4 HECT And RLD domain containing E3 ubiquitin protein ligase 5 135 0.0010

TBEVC transfection OASL Q15646 2'-5'-Oligoadenylate synthetase like 66.2 0.0002
IFIT1 P09914 Interferon-induced protein with tetratricopeptide repeats 1 33.0 0.0025

WARS P23381 Tryptophanyl-tRNA synthetase 1 23.5 0.0318

HERC5 QIUII4 HECT And RLD domain containing E3 ubiquitin protein ligase 5 20.8 0.0064

TRIM28 Q13263 Tripartite motif containing 28 15.1 0.0002

RRP1B Q14684 Ribosomal RNA processing protein 1 homolog B 10.6 0.0011

ATP5A1 P25705 ATP synthase subunit alpha, mitochondrial 10.2 0.0085

NOLC1 Q14978 Nucleolar and coiled-body phosphoprotein 1 9.9 0.0039

ZC3HAV1 Q722W4 Zinc finger CCCH-type antiviral protein 1 8.0 0.0003

BRIX1 Q8TDN6 Ribosome biogenesis protein BRX1 homolog 7.8 0.0119

Furthermore, the knowledge of the topology of positively
charged residues on the bottom of the C homodimer might lay
the cornerstone for the study of the specific interaction of
TBEV C with the gRNA and the mechanism of viral particle
formation, which is another target for antiviral drug
development.

The primary function of flaviviral C protein is to recruit viral
gRNA and form nucleocapsid. Although assembly of flavivi-
ruses occurs in ER-derived vesicular compartments, capsid
protein has also been detected on the surface of LDs (8, 9) and
in nuclei or nucleoli of infected cells (10—14). However, all the
information regarding capsid protein localization and novel
functions is available only for mosquito-borne flaviviruses.
Here, we report nucleolar localization of C protein of four
TBFVs: POWYV, LIV, KFDV, and TBEV. All analyzed TBFVC
proteins were predicted to contain a C-terminal bNLS neces-
sary for importin-mediated nuclear import. Mutational ana-
lyses of TBEVC bNLS confirmed its key role in the nucleolar
localization in transfected cells. Furthermore, structural ana-
lyses (Fig. 8B) demonstrated that residues within the TBEV C
bNLS form multiple specific interactions with the host IMPa
nuclear import factor at the major and minor cargo-binding
sites. In particular, TBEVC Lys* forms strong interactions
(three hydrogen bonds and one salt bridge) with IMPa at the
canonical P2 site. Interactions between importins and NLS
cargo at this P2 site have been shown to be the key
determinants of binding (37), thus supporting the results of
our TBEVC-d2 and TBEVC-dd mutants that confirm the
importance of Lys* for C protein nuclear import.

Although our structure of TBEV C demonstrates that
bipartite NLS residues are located within a structured motif
(alpha-helix 4; Fig. 84), the complex of TBEV C NLS peptide
with IMPa demonstrates this region is unstructured during
this interaction with its nuclear import receptor (Fig. 8B). It is
well established that helical structures may unwind when
interacting with IMPa cargo-binding sites; a phenomenon
exemplified by the importin-beta binding domain at the N
terminus of IMPa. Crystal structures of the importin-beta

12 J Biol Chem. (2022) 298(11) 102585

binding domain bound to importin-beta (ie., PDB ID:
1QGK) demonstrate that this region exists as an alpha helix
(38). However, when this region is bound to the cargo-binding
site of IMPu« in its autoinhibited apo state (PDB ID: 11AL) (39)
or during export from the nucleus (PDB ID: 1WAS5) (40), it is
resolved as a linear structure. Thus, our observed differences
in folding of the TBEV C terminus are not unexpected.

However, the frequency of cells with nucleolar distribution
varied among the investigated TBFVC proteins; LIVC,
POWVC, and TBEVC reached 55 to 85% positivity whereas
KFDVC only 11.7%. Thus, another factor(s), except for the
already confirmed bNLS-importin system (41), seems to
regulate the nuclear import, especially for KFDVC. These may
include additional viral proteins or post-translational modifi-
cations, such as Ser/Thr phosphorylation, as was shown in the
case of WNVC (42).

Regarding the medical relevance, we further focused on the
detailed characterization of TBEVC biological and structural
features. In order to describe the interaction network of
TBEVC in host cells, we performed a whole-cell TBEVC-
specific pull down from TBEV-infected or TBEVC-transfected
cells. The obtained data revealed 213 interacting proteins,
including viral proteins E and NS5. Strikingly, already
described interaction partners of DENV, WNV, and ZIKVC
proteins were not identified in the case of TBEVC. These
include UPF1 and PYM1 (factors functionally involved in
nonsense-mediated mRNA decay) (19, 43), APOE and PLIN3
(surface proteins of lipid droplets) (44, 45), and SEC3p
(negative regulator of flavivirus transcription and translation)
(46). The only exception is the NPM1/B23 protein, a nucleolar
protein involved in ribosome biogenesis and p53 signaling
cascade, which was already shown to interact with DENV and
JEVC proteins (15, 16).

The co-IP further identified OASL and IFIT1 proteins
among the top-ranked TBEVC-interacting partners. Both
proteins are well-described antiviral effectors in the case of
flaviviruses (47-49). Therefore, the binding of TBEVC to these
proteins may negatively affect their antiviral functions and
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Figure 10. TBEVC decreases the levels of host nascent proteins and mature 18S rRNA. A, DAOY cells were transfected with pCMV-DENV/KFDV/LIV/
POWV/TBEV/ZIKV-C-FLAG constructs, and metabolic labeling of nascent proteins was performed using 50 uM HPG. As a negative control, backbone
plasmid pRL-CMV was used as well as nontransfected and unlabeled cells. Data in the graph summarize three independent experiments with values
expressed as mean + SD. (*p < 0.05, **p < 0.01; one-way ANOVA with post hoc Holm-Sidak test; a = 0.05). B, in situ metabolic labeling of nascent proteins
(50 uM AHA; green) in DAQY cells transfected with pCMV-wtC-FLAG (upper panel) or pRL-CMV (lower panel) (both in red). Representative images with
graphical data summary from two independent experiments are shown. Data in the graph are expressed as mean + SD. ns, not significant (unpaired two-
sample Student'’s t test; a = 0.05). Only cells positive for either TBEVC or Rluc signal (white arrows) were included in the quantification analyses (ImageJ). The
scale bar represents 20 um. C, total RNA from DAOY cells transfected either with one of pCMV-wtC/Cd1/Cd2/Cdd/CA20 constructs or pRL-CMV (backbone
plasmid) was isolated at 24 h p.i. Cell viability was determined before the RNA isolation using the alamarBlue reagent. Total RNA was separated on a 1.2%
Mops-buffered agarose gel and visualized using GelRed; the input amount was normalized to the cell number. The intensity of 18S and 28S rRNA bands was
quantified using ImagelJ. Gel image (left) is a representative of three independent experiments, and graph values (right) are expressed as mean + SD.
Significant difference from the control was calculated using one-way ANOVA with post hoc Tukey’s honestly significant difference test (**p < 0.01). D, total
RNA was further used for the quantitative RT-PCR analysis of 45S pre-rRNA levels (relative quantification using the A-Ct method with normalization to the
cell number). Data summarize three independent experiments performed in three technical replicates, and values in graphs are expressed as mean + SD.
AHA, L-azidohomoalanine; DENV, dengue virus; KFDV, Kyasanur forest disease virus; LIV, Louping ill virus; POWV, Powassan virus; TBEV, tick-borne
encephalitis virus; TBEVC, capsid protein of tick-borne encephalitis virus; ZIKV, Zika virus.

thus interfere with antiviral response in infected cells. Never-  (22), we hypothesized that TBEVC might be associated with the

theless, OASL and IFIT1 were also shown to bind MECP2 and
SIN3A, respectively (50, 51). MECP2 and SIN3A are tran-
scriptional corepressors regulating histone acetylation; thus,
except for interference with host antiviral response, TBEVC
may dysregulate the expression of host genes via interactions
with OASL and IFIT1. MECP2 itself was identified as a
TBEVC-binding protein as well.

Our previous study documented a TBEV-induced decrease of
de novo synthesized proteins as well as decrease of mature (18S
and 28S) and nascent 45S pre-rRNA levels in infected cells (23).
Based on the colocalization of nascent rRNA and TBEVC pro-
tein, nature of TBEVC protein interactome, and high nonspe-
cific binding affinity of TBEVC to various DNA/RNA molecules
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phenomena of reduced host protein or rRNA levels. Indeed, the
presence of TBEVC, as well as other flaviviral C proteins,
resulted in reduced host translation rate (Fig. 10, A and B). In
addition, only the wildtype TBEVC was observed to decrease the
levels of mature 18S and 28S rRNAs, although only 18S rRNA
was reduced significantly (Fig. 10, C and D). In addition, no
changes were observed in the case of 45S pre-rRNA transcripts.
Hence, TBEVC seems to interfere with post-transcriptional
processing of 455 pre-rRNA rather than downregulating the
expression of rDNA gene clusters. This hypothesis is further
supported by the identification of several RNA splicing factors
(CPSE3, SART1, SNRNP20, and RBM28) as binding partners of
TBEVC. Except for the splicing of 45S pre-rRNA, chemical

J. Biol. Chem. (2022) 298(11) 102585 13



Structural and biological functions of TBEV capsid protein

B Predicted
Solved

Figure 11. Comparison of predicted and solved structures of homodi-
meric A16-TBEVC. Red is the predicted structure of A16-TBEVC using
I-TASSER server (28-30) and ZIKVC (21) (Protein Data Bank ID: 5YGH) as a
template (5). Green is the solved structure using NMR spectroscopy and
Haddock (32) server. Generated with the PyMOL program (65). TBEVC,
capsid protein of tick-borne encephalitis virus; ZIKV, Zika virus.

modifications of rRNA, including its methylation, represent
another important step in post-transcriptional rRNA process-
ing. The rRNA methylation process could be another target of
TBEVC-induced deregulation of the host environment since
NOP2 (msC—methyltransferase) and FBL (2'-O-methyl-
transferase) were identified as TBEVC-interacting proteins. In
addition to rRNA methylation, TBEVC was further described to
bind proteins involved in ribosome biogenesis, such as BRIX1,
TSR1, and RRP1B. The depletion of these crucial factors by
binding to TBEVC in combination with impaired post-
transcriptional processing of rRNA may eventually result in
decreased formation of functional ribosomes.

Altogether, we have characterized the structure of TBEVC
and the formation of a stable homodimer, revealed TBEVC
trafficking to the host nucleus via interaction with the IMPa,
and described its localization within the nucleolus, site of
rDNA transcription and ribosome biogenesis. TBEVC alone
was sufficient to reduce the amount of de novo synthesized 18S
rRNA making it partially responsible for the transcriptional
shutoff described earlier. That was also supported by the array
of identified interacting partners involved in rRNA processing,
ribosome biogenesis, and nonsense-mediated mRNA decay.
This identifies TBEVC as an important factor in TBEV path-
ogenesis and a promising target for future research.

Experimental procedures
Cell lines

The human medulloblastoma (DAOY HTB-186; American
Type Culture Collection) and human lung adenocarcinoma
(A549; a gift from R. Randall, University of St Andrews) cell
lines were grown in low-glucose Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 1%
antibiotics—antimycotics ~ (amphotericin B 0.25 pg/ml,
penicillin G 100 units/ml, and streptomycin 100 pg/ml), and
1% r-alanyl-L-glutamine. DAQOY cell line is derived from
desmoplastic cerebellar medulloblastoma of a 4-year-old
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Caucasian male (52). A549s are derived from a lung cancerous
tissue (alveolar basal epithelial cells) of a 58-year-old Cauca-
sian male (53).

Viruses and infection

A representative of the European TBEV subtype strain Hypr
was used for all infection experiments. In more detail, low
passage TBEV Hypr (fourth passage in suckling mice brains;
GenBank accession no.: U39292) (54) was used and is available
at the Faculty of Science, University of South Bohemia, Ceské
Budéjovice, Czech Republic. The virus was handled under
biosafety level 3 conditions.

One day postseeding, cells were incubated with TBEV for
2 h, washed with PBS, and a fresh prewarmed medium was
added. Brain suspension from uninfected suckling mice was
used as a negative control.

Plasmid construction and transfection

For C protein cloning, the sequences coding for the ER
anchor were not included. The complementary DNA
sequences of KFDV (55), LIV, and POWYV were provided from
the Arbovirus collection of the Biology Centre Collections of
Organisms by Prof Ruzek. DENV2C was recloned from
pET22b (22). For ZIKVC cloning, complementary DNA from
ZIKV PE243-infected A594 cells was used (56). Briefly, PCR-
amplified fragment of the respective C protein with 5'-Nhel
restriction site and 3'-FLAG tag-Notl restriction site was used
for the ligation into Nhel/Notl-linearized pRL-CMV vector
(Promega), where renilla luciferase (Rluc) gene was exchanged
for flaviC-FLAG tag fragment. TBEVC-A20 mutant was pre-
pared analogously using specific primers for C-linked trunca-
tion (Table S8). TBEVC mutants d1, d2, and dd were prepared
using PCR site-directed mutagenesis, and subsequent frag-
ment fusion was performed using the Gibson assembly kit
(NEB; catalog no.: E2611). 5'-Nhel and 3'-FLAG tag-NotI se-
quences were added to the resulting fragments via PCR and
ligated into the linearized pRL-CMYV vector as in the case of
TBEV Hypr C-wt. To fuse TBEVC bNLS to GFP, pEGFP
(Clontech) vectors were used. A set of complementary oligo-
nucleotides encoding TBEVC bNLS with cohesive ends
compatible for ligation into Nhel-HindIII pEGFPN1 and
HindIII-BamHI pEGFPCI, respectively, were mixed at the
final concentration of 2 puM, denatured by heating at 95 °C,
and cooled slowly to laboratory temperature. The double-
stranded oligonucleotides were then used for ligation into
PEGFPC1 or pEGFPNI vectors and cleaved with the appro-
priate restriction enzymes. Primers used are listed in Table S8.
All the resulting constructs were verified via Sanger
sequencing. The resulting capsid gene sequences confirmed
100% identity with KFDV strain W-377 (GenBank no.:
JF416960.1), LB strain of POWV (GenBank no.:
NC_003687.1), and 99.65% identity (279G — 279A) with LIV
isolate SCO_31_1931 (GenBank no.: MK007532.1).

PolyJet In Vitro Transfection Reagent (SignaGen; catalog
no.: SL100688) was used for all the transfection experiments.
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A16-TBEVC (7YWQ) A20-DENVC (1R6R) A25-ZIKVC (5YGH)  A23-WNVC (1SFK)

Side view

Top view

Front view

Positively charged surface
[ i I
Figure 12. Comparison of flaviviral C protein structures. The first row of each view represents the protein structures in the cartoon representation. Blue
—al, orange—a2, green—a3, and red—a4. The second row of each view represents the protein structures with the shown surface. Positive residues are
highlighted in blue, negative residues in red, and the remaining residues in gray. For A20-DENVC (Protein Data Bank ID: 1R6R), a hydrophobic pocket (top

view), which is not as clearly defined in other structures, and a positively charged surface (bottom view), which is common to all structures, are indicated (34).
Generated with the PyMOL program (65). DENV, dengue virus.

Bottom view
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The procedure was carried out according to the manufac-
turer’s protocol.

Antibodies and reagents

The following primary antibodies were used: anti-TBEVC
polyclonal antibody (23), monoclonal FLAG M2 antibody
(Sigma—Aldrich; catalog no. F1804-200UG), anti-NPM1
polyclonal antibody (Life Technologies; catalog no.. PA5-
12446), anti-COX4 monoclonal antibody (Life Technologies;
catalog no.: MA5-15078), anti-calnexin monoclonal antibody
(Abcam; catalog no.: ab22595), Anti-E Flavivirus Group An-
tigen Antibody (Merck Millipore; catalog no.. MAB10216),
anti-dsRNA mAb SCICONS ]2 (Biocompare; catalog no.:
10010200), anti-TBEV NS3 polyclonal antibody (Dr M. Bloom,
NIAID; (23)), anti-RPL9 antibody (EP13752) (Abcam; catalog
no.: ab182556), anti-KAP1/TRIM28 antibody (Abcam; catalog
no.: ab190178), anti-OASL Polyclonal Antibody (Life Tech-
nologies; catalog no.: PA5-31317), anti-CSDE1/NRU antibody
(EPR17413) (Abcam; catalog no.. ab200663), and anti-
MYBBPI1A antibody (Abcam; catalog no.: ab99361).

The following secondary antibodies were used: goat anti—
guinea pig horseradish peroxidase (HRP) (Life Technologies;
catalog no.: A18769), anti-rabbit DyLight 488 (Vector Labo-
ratories; catalog no. DI-1488), antichicken DyLight 488
(Abcam; catalog no.. ab96947), anti—guinea pig Alexa Fluor
594 (Abcam; catalog no.: ab150188), antimouse DyLight 488
(Vector Laboratories; catalog no.. DI-2488), and antimouse
DyLight 594 (Abcam; catalog no.: ab96881).

Subcellular fractionation

Subcellular fractionation was performed using Subcellular
Protein Fractionation Kit for Cultured Cells (Life Technolo-
gies; catalog no.. 78840) according to the manufacturer’s
protocol. Briefly, infected or transfected DAOY cells (5 x
10° cells per well) were first washed with ice-cold PBS and
harvested using trypsin—-EDTA solution and then centrifuged
at 500g¢ for 5 min. Subsequently, the cell pellet was washed
with ice-cold PBS and further processed using CEB, MEB,
NEB, and PEB buffers supplemented with Halt Protease In-
hibitor Cocktail. The resulting fractions were directly used for
Western blot analysis.

Co-IP

Infected or transfected DAQY cells were first washed with
ice-cold PBS and subsequently lysed in IP lysis buffer (25 mM
Tris—HCI [pH 7.4], 150 mM NaCl, 1% NP-40, 1 mM EDTA,
and 5% glycerol) for 15 min on ice, scraped, and resulting ly-
sates were directly used for the co-IP assay.

Prepared lysates (430 pg per sample) were incubated with
the respective antibody for 60 min at room temperature.
Magnetic beads conjugated with protein A (Invitrogen; catalog
no.: 10002D) were first washed with co-IP buffer and subse-
quently added to the lysate/antibody mixture (1.5 mg of beads
per sample). Co-IP was performed overnight at 4 °C. Beads
with bound proteins were washed twice with complete co-IP
buffer and twice with co-IP buffer without NP-40 detergent.
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The resulting bead pellets were resuspended in 50 pl of co-IP
buffer without NP-40 detergent and used directly for either
MS or Western blot analyses.

MS analysis
On-bead digestion

Following IP washes, bead-bound protein complexes were
digested directly on beads by addition of 0.75 pg (1 pg/pl) of
trypsin (sequencing grade; Promega) in 50 mM NaHCO;
buffer. Beads were gently tapped to ensure even suspension of
trypsin solution and incubated at 37 °C with mild agitation for
2 h. Beads were then vortexed, and the partially digested
sample was transferred to clean tubes to separate it from the
beads and incubated at 37 °C for 16 h without agitation. The
resulting peptides were extracted into LC-MS vials by 2.5%
formic acid (FA) in 50% acetonitrile (ACN) and 100% ACN
with the addition of polyethylene glycol (20,000 dilution; final
concentration of 0.001%) and concentrated in a SpeedVac
concentrator (Thermo Fisher Scientific).

LC-MS analysis of peptides

LC-MS/MS analyses of peptide mixtures were done using
an Ultimate 3000 RSLCnano system connected to Orbitrap Q-
Exactive HF-X mass spectrometer (Thermo Fisher Scientific).
Prior to LC separation, tryptic digests were online concen-
trated and desalted using a trapping column (300 pum x 5 mm,
p-precolumn, 5 um particles, Acclaim PepMapl00 C18;
Thermo Fisher Scientific) at 40 °C. After washing of trapping
column with 0.1% FA, the peptides were eluted (flow rate of
300 nl/min) from the trapping column onto an analytical
column (Acclaim Pepmapl00 C18, 3 pm particles,
75 um x 500 mm; Thermo Fisher Scientific) at 40 °C by a
120 min linear gradient program (2—-35% of mobile phase B;
mobile phase A: 0.1% FA in water; mobile phase B: 0.1% FA in
80% ACN). Equilibration of the trapping column and the
analytical column was done prior to sample injection to the
sample loop. The analytical column outlet was directly con-
nected to the Digital PicoView 550 (New Objective) ion source
with sheath gas option and SilicaTip emitter (New Objective;
FS360-20-15-N-20-C12) utilization. Active background ion
reduction device (ESI Source Solutions) was installed.

MS data were acquired in a data-dependent strategy. The
survey scan range was set to 71/z 350 to 2000 with the reso-
lution of 120,000 (at m/z 200) with a target value of 3 x 10°
ions and maximum injection time of 100 ms. Higher energy
collisional dissociation MS/MS (27% relative fragmentation
energy) spectra were acquired with a target value of 1.0 x 10°
and resolution of 15,000 (at 7/z 200) and a maximum injec-
tion time of 250 ms. Dynamic exclusion was enabled for 40 s.
The isolation window for MS/MS fragmentation was set to
m/z 1.2.

The mass spectrometric RAW data files were analyzed using
the MaxQuant software (version 1.6.10.43) (57) using default
settings unless otherwise noted. MS/MS ion searches were done
against a modified cRAP database (based on http://www.thegpm.
org/crap) containing protein contaminants like keratin, trypsin,
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and others, and UniProtKB protein database for Homo sapiens
(ftp://ftp.uniprot.org/pub/databases/uniprot/current_release/
knowledgebase/reference_proteomes/Eukaryota/UP00000564
0_9606.fasta.gz; downloaded September 2018, version 2018/08,
number of protein sequences: 21,053). Oxidation of methionine
and proline, deamidation (N, Q), and acetylation (protein N
terminus) as optional modification, and trypsin/P enzyme with
two allowed miss cleavages were set. Peptides and proteins with
FDR threshold <0.01 and proteins having at least one unique or
razor peptide were considered only. The match between runs
option was set among all analyzed samples. Protein abundance
was assessed using protein intensities calculated by MaxQuant.

Protein intensities reported in the proteinGroups.txt
file (output of MaxQuant) were further processed using the
software  container  environment  (https://github.com/
OmicsWorkflows). Processing workflow is available upon
request. Briefly, it covered (a) removal of decoy hits and
contaminant protein groups, (b) protein group intensities log2
transformation, (c) LoessF normalization, (d) interacting part-
ners were filtered out (with at least two peptides in at least one
replicate of a single sample type), and (e) differential expression
using LIMMA statistical test. Proteins with adjusted p value
<0.05 and log, fold change >1 were considered as differentially
expressed proteins for a given comparison.

Western blotting

Samples from co-IP or subcellular fractionation experiments
were separated on a 12% denaturing polyacrylamide stain-free
gels and blotted onto polyvinylidene difluoride membranes.
Membranes were blocked (5% skimmed milk in PBS with
Tween-20) and incubated with primary and secondary anti-
bodies; membranes were washed three times in PBS with
Tween-20 between each staining step. Chemiluminescent
signal was developed using the WesternBright Quantum kit for
HRP (Advansta; catalog no.:. K-12042-D20). The signal was
subsequently quantified using the Fiji software (58).

Immunofluorescence

DAOY and A549 cells were seeded in chamber slides
(0.3 cm?/well; 1 x 10* cells/well) and at the indicated time
intervals p.i. processed as previously described (59). As the
primary antibodies, guinea pig anti-TBEVC (1:1500 dilution),
mouse anti-FLAG tag (1:200 dilution), rabbit anti-NPM1
(1:200 dilution), mouse anti-flavivirus E (1:200 dilution),
chicken anti-NS3 (1:5000 dilution), mouse anti-dsRNA ]2
(1:250 dilution), rabbit anticalnexin (1:200 dilution), and rabbit
anti-COX4 (1:200 dilution) were used. As the secondary an-
tibodies, anti-rabbit DyLight 488 (1:500 diluiton), antichicken
DyLight 488 (Abcam; 1:500 dilution), antiguinea pig Alexa
Fluor 594 (1:500 dilution), antimouse DyLight 594 (1:500
dilution), and antimouse DyLight 488 (1:500 dilution) were
used. Slides were eventually mounted in Vectashield mounting
medium (Vector Laboratories). The Olympus Fluoview FV10i
confocal microscope was used for imaging, and images were
exported in FV10-ASW software (Olympus Life Science;
version 1.7).
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Metabolic labeling

Metabolic labeling experiments were performed as previously
described utilizing the Click chemistry (copper(I)-catalyzed
azide—alkyne cycloaddition) with AHA and 5-ethynyluridine as
analogs for methionine and uridine, respectively (23, 60). For in
situ metabolic labeling, Alexa Fluor 488-azide was used to
visualize the incorporated 5-ethynyluridine, and Olympus
Fluoview FV10i confocal microscope was used for imaging, and
subsequent export of images was done in FV10-ASW software
(version 1.7). In the case of Click-on-membrane labeling ex-
periments, the signal was developed using WesternBright
Quantum kit for HRP (Advansta; catalog no.: K-12042-D20).
AHA signal from both types of experiments was quantified using
Fiji software (58).

Ribosomal RNA quantification

Total cellular RNA was isolated using Trizol-based RNA
Blue reagent (Top-Bio; catalog no.. R013) according to the
manufacturer’s instructions. RNA pellets were dissolved in
diethyl pyrocarbonate—treated water and directly used for
either real-time quantitative RT-PCR or analysis on an RNA
gel.

Quantification of mature 185 and 28S rRNA

Total RNA samples were separated on a 1.2% agarose
Mops-buffered gel. The input amount of each sample was
normalized to cell viability measured by alamarBlue (Thermo
Fisher Scientific) as described previously (23). RNA was visu-
alized using the GelRed dye (Biotium). The 18S and 28S rRNA
signal was quantified using the Fiji software (58) and
normalized to the nontransfected cells.

Quantification of 455 pre-rRNA

KAPA SYBR FAST One-Step Kit (Sigma—Aldrich) was used
for quantitative RT-PCR analyses according to the manufac-
turer’s protocol. The obtained data were processed via relative
quantification using the delta Ct (A-Ct) method; the amount of
RNA was adjusted to the cell number instead of the Ct values
of the housekeeping reference gene as described (23). All
samples were treated with dsDNase (Life Technologies; catalog
no.: EN0771) and subsequently 5x diluted in RNAse-free water
before the real-time PCR analysis. All samples were analyzed
in technical triplicates. Primers used for 45S pre-rRNA
quantification were designed according to Yan et al. (61) and
described in Table S8.

TEM

Cells were fixed in 4% formaldehyde and 0.1% glutaralde-
hyde in 0.1 M Hepes for 1 h at room temperature. After
washing in 0.01 M glycine in Hepes, cell pellets were
embedded into 10% gelatine at 37 °C and left for 4 days on a
rotating wheel in 2.3 M sucrose at 4 °C. Samples were frozen
by immersion in liquid nitrogen. Ultrathin cryosections were
cut using an ultramicrotome Leica EM FCS equipped with
Leica UCT cryochamber (Leica Microsystems). Sections were
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picked up on a drop of sucrose/methylcellulose (one part of
2.3 M sucrose and one part of 2% methylcellulose, 25 cP) and
transferred onto a Formvar—carbon-coated TEM grid. Sections
were blocked in a solution containing 1% fish skin gelatine in
Hepes and incubated with guinea pig immunoglobulin G (IgG)
directed against the TBEVC and anti-MYBBP1 rabbit IgG
molecules (both 1:50 dilution) for 45 min at room tempera-
ture. After washing in the blocking solution, sections were
incubated for 1 h in goat anti-rabbit IgG conjugated to 15 nm
gold particles and anti—guinea pig IgG 5 nm (both from British
Biocell International) with 1:50 dilution in 0.5% fish skin
gelatine. Sections were washed in Hepes, distilled water, con-
trasted, and dried using 2% methylcellulose with 3% aqueous
uranyl acetate solution diluted at 9:1. Sections were examined
with 80 kV JEOL 1010 TEM. Background labeling was tested
by a negative control (in the absence of primary antibody)
under the conditions described previously and labeling of
wt-TBEVC-transfected cells.

A16-TBEVC production and purification

An expression vector encoding A16-TBEVC (TBEV Neu-
doerfl strain; prepared as previously described (22)) was
transformed into Escherichia coli BL21(DE3) CodonPlus-RIL
(Invitrogen). The transformed cells were used to inoculate
2.4 1 of LB medium (Sigma—Aldrich) or 2.4 | of M9 minimal
medium (supplemented with [U-">C]p-glucose as a sole source
of carbon and [U-'°N](NH,),SO, as a sole source of nitrogen).
Cells were grown at 37 °C and 270 rpm. Protein expression
was induced by the addition of IPTG (final concentration of
0.4 mM), followed by postinduction incubation for another 4 h
at 37 °C and 270 rpm or overnight at 16 °C and 270 rpm in the
case of M9 minimal medium. The biomass was harvested by
centrifugation at 10,000¢ for 10 min.

The cell pellet obtained from 2.4 1 of medium (LB or M9)
was resuspended in 144 ml of wash buffer (50 mM sodium
phosphate, 150 mM NaCl, 1 mM EDTA, pH 6.0) with the
addition of protein inhibitor mix and B-mercaptoethanol to
the final concentration of 0.1%. Cells were disrupted by 30 min
incubation with 10 mg of lysozyme (Sigma—Aldrich) on ice,
followed by sonication (probe KE76, 4 x 45 s, total energy 6 kJ)
and another 30 min incubation on ice with sodium deoxy-
cholate added at a final concentration of 0.1%. The cell lysate
was then centrifuged at 35,000¢ for 20 min at 4 °C. Superna-
tant S1 was discarded. Then, three subsequent centrifugation
steps (35,000g for 20 min) were performed: each pellet was
resuspended in 72 ml of wash buffer containing 0.5% Triton
X-100, 0.5% p-mercaptoethanol, and gradually increasing
concentration of NaCl 0.5 M, 1 M, and 2 M. The obtained
supernatants S2—S4 were precipitated with ammonium sulfate
(80% saturation) and centrifuged at 35,000¢ for 20 min.

The final pellets were resuspended in a total of 5 ml of SEC
buffer (50 mM sodium phosphate, 1 M NaCl, pH 6.0), dialyzed
against the same buffer, and centrifuged at 70,000g for 20 min.
The supernatant was loaded onto a size-exclusion column
HiLoad 26/600 Superdex 200 pg (GE Healthcare Life Science)
equilibrated with the SEC buffer at a flow rate of 0.2 ml/min.
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The fractions containing Al16-TBEVC were combined,
diluted 10x with SEC buffer, and dialyzed against the CATEX-
B buffer (50 mM sodium phosphate, 200 mM NaCl, 20%
glycerol, pH 6.0). The sample was then centrifuged at 30,000g
for 20 min and loaded onto a HiTrap SP HP cation-exchange
column (GE Healthcare Life Science) equilibrated with the
CATEX-B buffer at a flow rate of 5 ml/min. The bound A16-
TBEVC was eluted with 300 ml of CATEX-E buffer (50 mM
sodium phosphate, 2 M NaCl, 20% glycerol, pH 6.0) at a flow
rate of 5 ml/min.

To ensure that the protein is purified as much as possible
from nucleic acids, we decided to include also anion-exchange
chromatography. The fractions from cation-exchange chro-
matography, containing A16-TBEVC, were combined and
dialyzed against the ANEX-B buffer (50 mM sodium phos-
phate, 100 mM NaCl, 5% glycerol, pH 6.0). The sample was
centrifuged at 30,000g for 20 min and loaded onto a HiTrap Q
HP anion-exchange column (GE Healthcare Life Science)
equilibrated with the ANEX-B buffer at a flow rate of 5 ml/
min. A16-TBEVC from the flow-through was dialyzed against
the S buffer (50 mM sodium phosphate, 50 mM NaCl, 5%
glycerol, pH 6.0) and concentrated by Amicon Ultra-4
Ultra-3K (Merck Millipore). The concentration of the final
A16-TBEVC was determined spectrophotometrically by mea-
surement of the absorbance at 280 nm and calculated by using
the molar extinction coefficient of 11,000 M™' cm™. The
A16-TBEVC was aliquoted and stored at —80 °C. Throughout
the process, samples of the supernatants, pellets, and fractions
were analyzed by Tris—tricine SDS-PAGE.

NMR spectroscopy

All NMR experiments were measured at 298 K on a Bruker
Avance™ 600 MHz NMR spectrometer equipped with a
cryoprobe. Backbone assignments were made by using stan-
dard triple-resonance experiments: 3D HNCACB, CBCA(CO)
NH, HNCA, HN(CO)CA, HNCO, and HN(CA)CO; in com-
bination with 2D experiment 'H—'°N heteronuclear single
quantum coherence. Side-chain assignments were obtained
from 3D hCCH-TOCSY and HcCH-TOCSY experiments in
combination with 2D "H-"2C heteronuclear single quantum
coherence. Proton—proton distance restraints used for struc-
ture calculation of A16-TBEVC were obtained from '*C- and
>N-edited NOESY experiments. NMR data were processed in
TopSpin 3.5 (Bruker BioSpin, GmbH) and further analyzed in
CcpNmr Analysis 2.5.2 program (62).

Structure determination

The structure calculation of monomeric form of Al6-
TBEVC was based on pair-wise proton—proton distance re-
straints obtained from NOESY spectra and on backbone
dihedral angles ® and y, which were estimated by TALOS+
(24) from chemical shifts of 'Hy, *>CO, *C,, 1?’C[3, and °Ny;.
Distance restraints were calculated from NOE contacts using
#~¢ distance summation with CcpNMR Analysis 2.5.2 program
(62). The regularity of a-helices was later reinforced by the
addition of hydrogen bond restraints. The structures were
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calculated in the Xplor-NIH, version 3.2 program (63, 64)
using a protocol for simulated annealing with torsion angle
dynamics. Finally, 20 best calculated structures out of 1000
were chosen for further analysis. All structures were visualized
in PyMOL, version 1.7.4.5 program (65) and validated using
the PROSESS server (66). RMSD of the structures was calcu-
lated by Visual Molecular Dynamics program (67). Finally,
homodimeric forms of the A16-TBEVC were created by
docking monomers using the Haddock server (32, 68).

SEC

SEC was performed on a Superdex 75 10/300 GL column
(GE Healthcare Life Science) using an Akta pure chromatog-
raphy system. Samples were run in a mobile phase (50 mM
sodium phosphate, 50 mM NaCl, 5% glycerol, pH 6.0 or pH
7.4, alternatively with the addition of SDS to the final con-
centration of 1%) at a flow rate of 0.5 ml/min. The column
system was calibrated using 500 pl of human rhinovirus 3C
protease in fusion with glutathione-S-transferase (GST) tag
(GST-3C, 1 mM, 46 kDa), tobacco etch virus (TEV) protease
(1 mM, 24 kDa), and lysozyme (1 mM, 11 kDa). About 500 pl
of 16-TBEVC were applied to the column at 0.4 mM (3.6 mg/
ml) protein concentration or 10 times diluted. Detection was
carried out using UV absorbance at 280 nm. All SEC experi-
ments were performed at room temperature.

Protein crosslinking and digestion

The 0.5 mM A16-TBEVC protein solution was treated by
0.5-, 1-; 2-, 4-, and 8-fold molar excess of bis(2,5-
dioxopyrrolidin-1-y1)2,2’-(carbonyl bis(azanediyl))diacetate
(C2; Urea crosslinker-C2-arm, NHS ester; CF Plus Chemicals),
respectively, for 30 min to find the molar excess that generates
the sufficient amount of covalently linked dimer and thus also
crosslinked peptides. The reaction was quenched by the
addition of 50-fold molar excess of 1 M Tris—HCI of the
concentration of C2. Subsequently, the crosslinking products
were visualized by Tris—glycine SDS-PAGE. Because of the
absence of cysteine residues in the A16-TBEVC sequence, the
crosslinked samples were not treated by any reduction and
alkylation agent, and they were immediately digested in solu-
tion at 37 °C for 16 h by Pierce MS-grade trypsin (Thermo
Fisher Scientific), using the trypsin-to-substrate ratio of 1:100
(w/w). The digestion was terminated by the addition of TFA to
the final concentration of 0.5% (v/v). The obtained peptide
mixture was then desalted by Pierce C18 Spin Columns
(Thermo Fisher Scientific) according to the manufacturer’s
instructions.

Nano-UHPLC/nano-ESI-Orbitrap MS

The obtained crosslinked peptide mixtures were analyzed
on an Ultimate 3000 RSLC nano-HPLC system (Dionex)
coupled to the EASY-Spray NG nano-ESI source of an Orbi-
trap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher
Scientific). The peptides were dissolved in 0.1% TFA and
separated using reversed-phase C18 columns (p-precolumn:
Acclaim PepMap 100 C18, 300 pm x 5 mm, 5 pum; separation
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column: Acclaim PepMap RSLC C18, 75 um x 250 mm, 2 pm;
Thermo Fisher Scientific). Peptides were eluted and separated
using gradients from 5% to 12% B (varying between 0 and
3 min), 12% to 35% (varying between 3 and 52 min), 35% to
90% B (1 min), 90% B (53-57 min), 90% to 5% B (1 min), and
5% B (58—65 min) with the constant flow rate of 300 nl/min,
where solvent A was 0.1% FA and solvent B was 100% ACN
containing 0.1% FA.

MS data were acquired in the data-dependent MS/MS mode
with the higher energy collisional dissociation fragmentation
technique. Each high-resolution full scan (m1/z 350-2000 Da,
R = 60,000) in the Orbitrap was followed by product-ion scans
(R = 30,000) also in the Orbitrap, starting with the most
intense signal in the full-scan mass spectrum (an isolation
window of m/z 1.6). The automatic gain control value was set
to 400,000 (MS) and 50,000 (MS/MS), whereas the maximum
accumulation time was set to 50 ms (MS and MS/MS). Pre-
cursor ions with charge states from 2+ to 6+ were selected for
the fragmentation. Dynamic exclusion (exclusion duration of
10 s and exclusion window of 10 ppm) was enabled.

Identification of crosslinked products

The measured spectra were analyzed by the MeroX (version
2.0.1.4) search engine to identify the crosslinked peptides. The
input data format MGF (Mascot generic format) obtained
from raw data by MSConvert (ProteoWizard) was used, and
the search parameters were set as follows: three potential
missed cleavage sites on the C terminus of K and R; the
cleavage site on the C terminus of K blocked when it forms a
crosslink; oxidation of methionines as variable modification
(maximum of two); the minimum peptide length—two; C2 as
crosslinker with the K and the N-terminal amine group as the
first linkable site; the N-terminal amine group, K, S, T, or Y as
the second linkable site; 5 ppm as MS mass tolerance; 10 ppm
as MS/MS mass tolerance; the lower mass limit of 200 Da; the
upper mass limit of 8000 Da; the S/N ratio of 2.0; the possible
ion types a, b, and y with the maximum of three neutral losses
per crosslink; the application of the Prescore with the value
above 10% intensity as the minimum fraction of signal in-
tensity identified, compared with the total-ion current. The
results were filtered with the FDR cutoff of 5%, only taking into
account the candidate scans providing a fragment ion of the
linkage as well as the duplet of C2 characteristic fragments
(mass deviation of 26 Da) and the minimum crosslink
sequence coverage of 50%.

HDX experiments and LC-MS analysis (HDX-MS)

For HDX labeling reaction, samples of A16-TEBVC were
mixed with D,O in ratio of protein:D,O 1:9 and incubated at
room temperature for 0, 20, 120, 1200, 7200, and 21,600 s. The
unwanted back-exchange was minimized, and protein was
denatured by the addition of quench solution (8 M urea, 1 M
glycine, 200 mM Tris(2-carboxyethyl)phosphine, pH 2.51) to a
final concentration of urea 4 mol/l and immediately freezed in
liquid nitrogen before LC-MS/MS analysis. Samples were
thawed and passed through an immobilized nepenthesin-II
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column (Affipro) at 100 ul/min (0.1% v/v FA) for 3 min. The
generated peptides were trapped and desalted on a 2.1 mm x
5 mm Waters Acquity UPLC BEH C18 1.7 pm VanGuard
precolumn and gradient eluted (10-35% ACN v/v with 0.1% v/
v FA; varying between 2 and 13 min) across a 1 mm x 100 mm
Waters Acquity UPLC 1.7 pm BEH C18 analytical column
with column washing and equilibrating procedure (35% to 85%
B [13-14 min], 85% B [14—18 min], and 85% to 10% B
[18-25 min]). Protein digestion and peptide desalting and
separation were conducted at 4 °C. The eluted peptides were
then subjected to Synapt G2 mass spectrometer (ESI-Q/TOF;
Waters). Data were acquired continually in sensitivity mode—
positive polarity, mass range 50 to 2000 Da, and scan time
0.4 s. To initiate fragmentation, the high trap collision energy
23 to 50 V was applied. During all MS analyses, the Leu-
enkephalin was used as a lock mass with mass of
556.2771 Da/e for charge state of 1, mass window of +0.5 Da,
scan time of 0.4 s, interval of 30 s, and number of scans to
average 3. The HDX experiments were performed in triplicates
for each labeling time point.

Peptide identification

To identify A16-TBEVC peptides obtained from non-
deuterated samples and assign their mass in labeled samples,
the ProteinLynx Global SERVER (PLGS; Waters; version
3.0.2)/DynamX (Waters; version 3.0) workflow was performed.
PLGS processing parameters for MS/MS data were used as
follows: chromatographic peak width—automatic; MS TOF
resolution—automatic; lock mass for charge 1 to 556.2771 Da/
e; lock mass window—0.25 Da; low energy threshold—135.0
counts; elevated energy threshold—30.0 counts; intensity
threshold—750.0 counts, and PLGS workflow parameters were
used as follows: searching against fasta file containing normal
and reverse sequences of A16-TBEVC, Nepenthesine-II (Uni-
Prot code: Q766C2), and standard contaminants; peptide
tolerance and fragment tolerance—automatic; minimum
fragment ion matches per peptide—three; minimum fragment
ion matches per protein—seven; minimum peptide matches
per protein—one; primary digest reagent—nonspecific; num-
ber of missed cleavages—one; fixed modifier reagent—12C dO
C; oxidation of methionines as a variable modifier reagent;
FDR of four; monoisotopic mass of peptides with charge 1+;
and instrument type ESI-QUAD-TOF.

Peptide mass assignment and visualization of results

The list of all A16-TBEVC peptides identified by PLGS
searching process in at least three from four nondeuterated
samples was then imported to the DynamX search engine for
peptide mass assignment and peptide filtering. The filtering
was performed using peptide thresholds as follows: minimum
intensity of 3000; maximum sequence length of 25; and min-
imum products per amino acid of 0.1. For processing of MS
files, the parameters were settled as follows: 556.2771 Da as a
lock mass for charge 1; lock mass window of 0.3; low energy
threshold of 10 as its lowest limit, and elution time range to
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search in for the data is 9 to 21 min. No DynamX advanced
processing parameters were applied.

The HDX data from all overlapping peptides were consoli-
dated to individual amino acid values using a residue averaging
approach. The data processed in DynamX resulted in the value
of RFU for each residue in A16-TBEVC sequence, where the
RFU considers the peptide length and its maximum deutera-
tion and scales the absolute uptake as a percentage of this
value. The values of absolute uptake of each amino acid in
individual labeling time points were visualized as a heat map
by using Draw Map tool available at MS tools (31) website.

X-ray crystallography of TBEVC-IMPa complex
Construct design

A gene fragment encoding TBEVC residues (75-
RKIKRTVSALMVGLQKRGKRR-95) was codon optimized
for E. coli expression and cloned into pGEX4T-1 using the
BamHI site. An N-terminal TEV protease site was incorpo-
rated, allowing cleavage of the GST affinity tag. The gene
encoding IMPu« has been described previously (69).

Recombinant expression and purification

IMPa expression in E. coli pLysS cells was undertaken using
the autoinduction method (70). The protein was purified as
described previously (71). Briefly, the cells were harvested by
centrifugation at 6000g for 30 min and resuspended in His
buffer A (50 mM phosphate buffer, 300 mM NaCl, 20 mM
imidazole, pH 8). Lysis was achieved through two freeze—thaw
cycles. The TBEVC-GST fusion protein was expressed iden-
tically to the IMPa protein, and resuspended in GST buffer A
(50 mM Tris, 125 mM NaCl, pH 8). Lysis was achieved
through two freeze—thaw cycles, the extracts of IMPa and
TBEVC were mixed, and lysis further performed through the
addition of 1 ml of 20 mg/ml lysozyme (Sigma—Aldrich). To
reduce viscosity of the sample, the extract was treated with
10 pl of 50 mg/ml DNAse (Sigma—Aldrich) and incubated for
1 h at room temperature. The extract was centrifuged at
12,000¢g for 30 min, filtered through a 0.45 pm filter, and
applied to a 5 ml HisTrap HP column (GE Healthcare Life
Science) pre-equilibrated in His buffer A. The column was
washed extensively with His buffer A to remove unbound
proteins (approximately 20 column volumes) and eluted by
applying a concentration gradient of His buffer B (50 mM
phosphate buffer, 300 mM NaCl, 500 mM imidazole, pH 8).
Samples were collected, pooled, and treated with TEV protease
to cleave the affinity tag. The sample was purified further via
SEC wusing a HilLoad 26/60 Superdex 200 column
(GE Healthcare Life Science) and pre-equilibrated in GST
buffer A. Protein fractions were pooled and passed over a 5 ml
GSTtrap HP column (GE Healthcare Life Science) to further
remove the cleaved GST tag from the complex. Sample was
concentrated to 28.23 mg/ml using an Amicon ultracentrifugal
filter unit molecular weight cutoff 10 kDa (Merck Millipore),
aliquoted, and stored at -80 °C.
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Crystallization of TBEVC and IMPa complex

The TBEVC-IMPa protein complex was crystallized by
mixing 1.5 pl of the protein with 1.5 pl of a reservoir solution
containing 0.7 M sodium citrate, 0.1 M Hepes, pH 6.5. The
solution was placed over the reservoir solution and crystallized
using hanging drop vapor diffusion at 22 °C. Crystals appeared
after approximately 2 days and cryoprotected in a solution
comprised of the reservoir solution incorporating 20% glyc-
erol, prior to being flash cooled in liquid nitrogen.

Data collection and structure determination

A single crystal was used to collect X-ray diffraction data at
the Australian Synchrotron on the MX2 beamline (72).
Diffraction data were indexed and merged in iMOSFLM (73)
and then scaled and merged in Aimless (74, 75). Phasing was
undertaken by molecular replacement using Phaser (Phaser
Scientific Software) (76) and the PDB structure 6BWO (77) as a
search model. Model rebuilding and subsequent refinement
were undertaken using Coot (78, 79) and Phenix (80),
respectively.

SDS-PAGE
Gel preparation

Solutions for making gels were prepared as follows.

Tris—tricine SDS-PAGE—  Separating gel mixture—
33.5% Tris buffer (3 M Tris—HCI, 0.3% SDS [w/v], pH 8.45) (v/
v), acrylamide mix (10% T, 3% C), 10% glycerol (w/v), 1%
ammonium persulfate (APS), and 0.05% N, N, N, N'-tetra-
methylethylenediamine (TEMED).

Stacking gel mixture—25% Tris buffer (3 M Tris—HCI,
0.3% SDS [w/v], pH 8.45) (v/v), acrylamide mix (4% T, 3%
C), 1% APS, and 0.1% TEMED.

Tris-glycine SDS-PAGE—  Separating gel mixture—25%
Tris buffer (1.5 M Tris—HCl, pH 8.8) (v/v), acrylamide mix
(15% T, 3% C), 0.1% SDS (w/v), 1% APS, and 0.1% TEMED.

Stacking gel mixture—12.5% Tris buffer (0.5 M Tris—HCI,
pH 6.8) (v/v), acrylamide mix (5% T, 3% C), 0.1% SDS (w/v),
1% APS, and 0.2% TEMED. The gel mixtures were poured into
the casting modules. The separating gel mixture (approxi-
mately 5 cm high) was carefully overlaid with protective layer
of water (Tris—tricine SDS-PAGE) or butanol (Tris—glycine
SDS-PAGE). After polymerization, the protective layer was
replaced by stacking gel mixture (approximately 2 cm high)
with comb.

Sample preparation

Protein solutions were mixed with 2x loading buffer
(100 mM Tris—HCI, pH 6.8, 4% SDS [w/v], 24% glycerol [w/v],
0.02% Coomassie Brilliant Blue R-250 [w/v], and 0.72%
B-mercaptoethanol [v/v]) in volume ratio 1:1 and heated at
100 °C for 10 min. Samples (10—15 pl) and standards (5 pl)
were applied into the wells.
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Run conditions

Electrophoresis was performed at room temperature using a
voltage stepped procedure.

Tris—tricine SDS-PAGE—Cathode buffer (0.1 M Tris—HCI,
0.1 M tricine, 0.1% SDS [w/v]), and anode buffer (0.2 M
Tris—HCI, pH 8.9), 40 V for 30 min followed by 120 V until
the tracking dye reached the bottom of the gel.

Tris—glycine SDS-PAGE—Tris—glycine buffer (25 mM Tris—
HC], 0.25 M glycine, 0.1% SDS [w/v]), 90 V for 15 min followed
by 180 V until the tracking dye reached the bottom of the gel.

Staining and destaining

Immediately after electrophoresis, gels were stained in 45%
methanol (v/v) and 10% acetic acid (v/v) with 0.25% Coomassie
Brilliant Blue R-250 (w/v) for 45 min at room temperature
while gently shaking. Destaining of gels was accomplished in
25% methanol (v/v) with 10% acetic acid (v/v), shaking for
30 min at room temperature, repeated at least three times.

Data availability

All data are contained within the article or supporting in-
formation. Both the NMR and X-ray structural data were
deposited into the Worldwide Protein Data Bank (wwPDB) via
the OneDep system. The resonance assignment is listed in the
BMRB with accession number BMRB ID: 34709. Coordinates
and structure factors are located in the RCSB PDB with
accession numbers PDB ID: 7YWQ (NMR-resolved 3D
structure of d1I6TBEVC) and 8ECH (X-ray crystallography of
TBEVC-IMPa complex).
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