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ARTICLE INFO ABSTRACT

Keywords: The U, 47 gene product, VP8, is a major tegument protein of BoHV-1. While VP8 is not essential for virus

BoHV-1 replication in cell culture, a U;47-deleted virus exhibits a smaller tegument structure and is avirulent in cattle.

VP8 To obtain pure VP8 protein for structural analysis, we expressed a N-terminally truncated version of VP8 in

H$P60 . Eschericia coli. However, the recombinant VP8 was consistently co-purified with a tightly associated bacterial

Mitochondria protein; this protein was identified by mass spectrometry as GroEL, which has considerable homology with
mammalian heat shock protein-60 (HSP60), thus suggesting a new role for VP8 in virus-host interaction. A
physical interaction of HSP60 and VP8 in both VP8-transfected and BoHV-1-infected cells was demonstrated by
immunoprecipitation. Analysis of different truncated VP8 constructs revealed that amino acids 259-482 and
632-741 are involved in binding to HSP60. Full-length VP8 and VP8 219-741 (containing both interacting
domains, 259-482 and 632-741) co-localized with HSP60 and mitochondria. VP8 was localized in the mi-
tochondria from 2 to 14 h post infection in BoHV-1-infected cells. The mitochondrial membrane potential was
reduced in both VP8-transfected and BoHV-1-infected cells and was further diminished by overexpression of
HSP60 in the presence of VP8. In addition, VP8 expression decreased the ATP concentration during transfection,
as well as BoHV-1 infection. Thus, VP8 may play a role in the deregulation of mitochondrial function through
interaction with HSP60. This is consistent with the fact that BoHV-1 infection is known to promote mitochon-
drial dysfunction.

1. Introduction and kinase activity (Kelly et al., 2009). Hence, the tegument proteins

play a significant role during the establishment of virus infection.

Bovine herpesvirus-1 (BoHV-1) is an alpha herpesvirus and a major
pathogen in cattle (Jones and Chowdhury, 2007; Roizman et al., 1981),
causing several diseases, including conjunctivitis, infectious bovine
rhinotracheitis, balanoposthitis and abortions. Thus, BoHV-1 con-
tributes to significant economic losses to the North American cattle
industry (Jones and Chowdhury, 2007). BoHV-1 is a double-stranded
DNA virus with a ~140kb genome. It contains four different com-
partments; a DNA core enclosed within a capsid, a thick tegument layer
and an outer envelope with glycoproteins (Mettenleiter et al., 2009).
The tegument of the BoHV-1 virion is the most complex structure
containing ~ 20 virus-encoded proteins. The functions of the proteins
in the tegument are not well understood. In addition to their structural
role, tegument proteins contribute to multiple regulatory functions in-
cluding DNA replication, transcriptional regulation, capsid transport,

The U;47 gene product, VP8, is the most abundant tegument protein
of BoHV-1 (Carpenter and Misra, 1991). VP8 is not essential for viral
replication in vitro. However, a U;47-deleted BoHV-1 mutant has a
smaller tegument structure and does not replicate in cattle (Lobanov
et al.,, 2010). VP8 contains a nuclear localization signal (NLS) and at
least two nuclear export signals (NESs), which are responsible for
shuttling of VP8 between the cytoplasm and nucleus (Verhagen et al.,
2006; Zheng et al., 2004). Early during infection the virion VP8 and the
de novo synthesized VP8 can be detected in the cytoplasm. With the
progression of infection VP8 localizes to the nucleus and later during
infection VP8 is again observed in the cytoplasm (van Drunen Littel-van
den Hurk et al., 1995; Vasilenko et al., 2012). VP8 has also been de-
tected in the cisternae of the Golgi and found to interact with gB, gC,
and gD mRNAs (Islam et al., 2015; van Drunen Littel-van den Hurk
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et al., 1995).

VP8 is a multifunctional protein and is extensively involved in host-
pathogen interactions. BoHV-1 VP8 interacts with cellular CK2 and
viral US3 kinase (Labiuk et al., 2009). Recently, it has been demon-
strated that phosphorylated VP8 redistributes promyelocytic leukemia
(PML) (Zhang et al., 2015). Furthermore, VP8 interacts with DNA da-
mage-binding protein-1 (DDB1) (Vasilenko et al., 2012) and with the
cellular signal transducer and activator of transcription (STAT1) to
down-regulate interferon-$ (IFN-B) signaling (Afroz et al., 2016). Re-
cently, we demonstrated that VP8 induces apoptosis and increases DNA
damage-induced apoptosis (Afroz et al., 2018). Homologues of VP8 are
present in different herpesviruses, such as VP13/14 herpes simplex
virus-1"' (HSV-1). The C-terminal domain of VP8 is enriched with
alpha-helical structures and is conserved among some herpesviruses
(Afroz et al., 2016).

Heat shock protein-60 (HSP60), a molecular chaperone, is involved
in correct folding of a protein or degradation of a misfolded protein
(Bukau and Horwich, 1998). HSP60 is a major homolog of bacterial
GroEL (Zeilstra-Ryalls et al., 1991). This protein is synthesized in the
cytosol and imported into mitochondria where it functions as cha-
perone protein (Singh et al., 1990). HSP60 is also involved in multiple
other functions including pro-apoptotic functions and cell signaling
(Henderson et al., 2013). Some viral proteins, such as hepatitis B virus
(HBV) X protein, interact with HSP60 to induce apoptosis (Tanaka
et al., 2004).

Mitochondria play a pivotal role in supplying energy and regulating
apoptotic cell death processes. Herpes simplex virus-1"! (HSV-1) in-
fection has been associated with deregulation of mitochondrial func-
tion. During HSV-1 infection mitochondrial protein synthesis is pro-
gressively reduced (Latchman, 1988; Lund and Ziola, 1986). HSV-1
infection also induces mitochondrial membrane disruption (Tsurumi
and Lehman, 1990). Murata et al. demonstrated that mitochondria
migrate to the perinuclear region with the tegument proteins U;41 and
Up46 during HSV-1 infection (Murata et al., 2000). The tegument
protein UL16 also contains a mitochondrial localization signal and in-
teracts with mitochondria (Chadha et al., 2017). Likewise, BoHV-1 in-
fection induces mitochondrial dysfunction and is associated with sti-
mulation of apoptosis (Devireddy and Jones, 1999; Xu et al., 2012).
Moreover, BoHV-1 infection leads to mitochondrial dysfunction
through induction of reactive oxygen species (Zhu et al., 2016). Since
several viral proteins targeted to mitochondria are meant to subvert
host defenses (reviewed in (Castanier and Arnoult, 2011)), the de-reg-
ulation of mitochondrial functions by tegument proteins might be
correlated to the establishment of virus infection.

VP8 performs several of its functions through interactions with viral
or cellular proteins. Alpha-helical structures often mediate protein-
protein interactions (Watkins et al., 2015). The C-terminal domain of
VP8 contains mostly a-helical structures and is responsible for these
interactions (Afroz et al., 2016). While expressing and purifying an N-
terminally truncated VP8 for structural analysis in Escherichia coli (E.
coli), we observed a strongly interacting protein that was co-purified
with VP8. By mass spectrometry this bacterial protein was identified as
GroEL, which shows conserved homology with mammalian heat shock
protein-60 (HSP60). HSP60 is a molecular chaperone located in the
cytoplasm and mitochondria and implicated in correct folding and
transport of proteins to the mitochondrial matrix. We demonstrated
that VP8 interacts with HSP60 in both VP8-transfected and BoHV-1-
infected cells. Furthermore, VP8 was localized to mitochondria and
caused deregulation of mitochondrial functions.

2. Materials and methods
2.1. Cells, viruses and plasmids

Madin-Darby bovine kidney (MDBK) and HeLa cells were main-
tained in Eagle’s minimum essential medium (MEM, Sigma-Aldrich
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Canada Ltd, Oakville, ON, Canada) supplemented with 10% heat-in-
activated fetal bovine serum (FBS, Gibco, Life Technologies, Burlington,
ON, Canada), 10 mM HEPES buffer (Life Technologies) and 1% anti-
biotic-antimycotic (Life Technologies). A 37 °C incubator with 5% CO,
was used to culture the cells. BoHV-1, BoHV1-AU; 47 and BoHV-1U; 47R
were generated previously, (Lobanov et al., 2010) and were propagated
in MDBK cells. The plasmid pFLAG-VP8, which allows expression of
VP8 with a N-terminal FLAG tag from a cytomegalovirus (CMV) pro-
moter (Labiuk et al., 2009) and pFLAG-EYFP (enhanced yellow fluor-
escent protein) (Afroz et al., 2016) were both described previously. The
bacterial expression vector pET His6 Sumo TEV LIC was a gift from
Scott Gradia (Addgene plasmid # 29659). A HSP60 expression plasmid
was obtained from Sino Biologicals Inc., Wayne, PA, USA.

2.2. Antibodies and other reagents

BoHV-1 VP8-specific murine monoclonal antibody was raised and
used as previously described (van Drunen Littel-van den Hurk et al.,
1995). HSP60-specific rabbit polyclonal antibody was obtained from
Cell Signaling Technology (Beverly, MA, USA. Murine monoclonal anti-
FLAG antibody was purchased from Sigma-Aldrich Canada Ltd,
(Oakville, ON, Canada). Anti-cytochrome C antibody was obtained from
Abcam (Cambridge, MA, USA). A mitochondria detection kit, MITO-ID
Red detection kit, was obtained from Enzo Life Sciences, Inc.
(Farmingdale, NY, USA). ATPlite 1step Luminescence Assay system was
purchased from PerkinElmer (Waltham, MA, USA).

2.3. Expression and purification of truncated VP8

A truncated ORF of VP8 (amino acids 219-741) was PCR amplified
using the primers, GAGGGATCCGAGCGGCTGTCGGAAGGGCCCCCGC
TCCTCAAC and CACCTCGAGCTACCGGCCGCCCAGGCGCGGGCCCCG
CCCATC, and then cut with BamHI and Xhol and cloned into a modified
version of pET His6 Sumo TEV LIC. This allowed for expression of
truncated VP8 with an N-terminal SUMO and His tag. A N-terminal
SUMO has been shown to enhance expression and solubility of proteins
(Marblestone et al., 2006); previous attempts to express VP8 in E. coli
without SUMO were unsuccessful (results not shown). A Tobacco Etch
Virus (TEV) protease site between the SUMO-his and VP8 allowed for
removal of the N-terminal tag from the purified protein. Recombinant
protein was expressed in transformed BL21 (DE3) competent E. coli
cells by inducing mid-log phase cells with Isopropyl 3-p-1-thiogalacto-
pyranoside (IPTG) at a final concentration of 250 mM and further in-
cubation at 37 °C for 5h. The cells were harvested by centrifugation at
10,000 x g for 15 min. and resuspended in 20 mM imidazole, 200 mM
sodium phosphate buffer, supplemented with a SIGMAFAST Protease
Inhibitor Cocktail tablet. The cells were lysed with a cell disruptor
(Constant system, LTD. USA) and purified with a GE Healthcare His-
Trap column. The purified protein was digested with Ac-TEV protease
to cleave SUMO-His from the truncated VP8 and was re-purified on the
Nickel column. The pure truncated VP8 was concentrated with an
Amicon concentrator. Proteins were analyzed by SDS-PAGE followed by
Coomassie Brilliant Blue staining and destaining.

2.4. Mass spectrometry

SUMO- and His-tagged truncated VP8 expressed in E.coli was pur-
ified by using a Nickel column. The purified protein was analyzed by
SDS-PAGE and stained with Coomassie Brilliant Blue in 10% acetic
acid, 40% methanol. After destaining the gel, the proteins bands were
excised and treated for in-gel trypsin digestion. The protein samples
were then analyzed using matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) in the Alberta
Proteomics and Mass Spectrometry Facility, University of Alberta,
Edmonton, Canada. Briefly, the excised protein bands were destained
(100mM ammonium bicarbonate/acetonitrile (50:50)); reduced
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(10 mm BME in 100 mm bicarbonate), alkylated (55 mM iodoacetamide
in 100 mm bicarbonate) and dehydrated. The dehydrated samples were
trypsinized with 6 ng/ul trypsin (Promega Sequencing grade) overnight
at room temperature (RT). The tryptic peptides were extracted with
97% water/2% acetonitrile/1% formic acid. The second extraction was
performed using 50% of the first extraction buffer and 50% acetonitrile.
Nanoflow HPLC (Easy-nLC II, Thermo Scientific) coupled to a LTQ XL-
Orbitrap hybrid mass spectrometer (Thermo Scientific) was used to
resolve the tryptic peptide fractions. The peptide mixtures were injected
onto the column, and the mass spectrometer data were obtained. The
data processing was performed with Proteome Discoverer 1.4 (Thermo
Scientific) and UniProt (uniprot.org) bovine, E. coli and VP8 databases.
The data were searched with SEQUEST (Thermo Scientific).

2.5. Cell lysates, immunoprecipitation, and Western blotting

HeLa cells were seeded one day before transfection and grown to
60-70% confluency. The cells were transfected with different plasmids
with Lipofectamine and Plus reagents (Invitrogen, Life Technologies).
At 24 h post transfection ice-cold phosphate-buffered saline (PSB, pH
7.4) was used to wash the cells followed by incubation with lysis buffer
(50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, pH 7.4)
supplemented with mammalian cell and tissue extract protease in-
hibitor cocktail (Sigma-Aldrich). The cell and lysis buffer mixture was
incubated on ice for 30 min followed by centrifugation at 12,000 x g
for 15 min at 4 °C. The cell lysates were collected and stored at —80 °C
for future use. MDBK cells were infected with BoHV-1 and mutant
viruses, and cell lysates were generated and collected as described
above.

For immunoprecipitation, the cell lysates were incubated with anti-
FLAG resin overnight. Alternatively, the cell lysates were incubated
with anti-HSP60 antibody overnight followed by incubation with G-
Sepharose Fast Flow beads (GE HealthCare, Niskayuna, NY, USA). The
protein complexes were washed, and the bound proteins were eluted by
adding SDS-PAGE sample buffer followed by boiling. The protein
samples were separated on 10% or 8-16% gradient gels, and then
transferred to a nitrocellulose membrane followed by incubation with
blocking buffer (5% skim milk in PBS containing Tween-20). The
membrane was incubated with an appropriate primary antibody fol-
lowed by incubation with IRDye680 —COonjugated anti-mouse IgG or
IRDye-800CW — COonjugated anti-rabbit IgG (LI—COR Bioscience,
Lincoln, NE, USA). The images were detected with an Odyssey Infrared
Imaging system (LI— COR Bioscience).

2.6. Immunofluorescence

HeLa or MDBK cells were seeded in two-chamber Permanox slides
(Lab-Tek, Naperville, IL, USA) in MEM supplemented with 5% FBS.
Lipofectamine and Plus reagents were used for mock transfection or
transfection with pFLAG-VP8. At 24 h post transfection cells were fixed
with 4% paraformaldehyde followed by permeabilization with 0.1%
Triton X-100. The cells were blocked with 1% goat serum in PBS.
Subsequently, the cells were incubated with primary antibodies for 2 h
at RT. MDBK cells were mock-infected or infected with BoHV-1. At
2-24h post infection the cells were fixed, permeabilized and incubated
with primary antibodies. Following subsequent washes, the cells were
incubated with Alexa Fluor 488 goat anti-mouse IgG or Alexa Fluor 633
goat anti-rabbit IgG (diluted 1:500; Invitrogen, Life Technologies). The
nuclei were incubated with 4’,6-diamino-2-phenylindole (DAPI) con-
taining mounting medium. Mitochondria were detected with a MITO-ID
red detection kit (Farmingdale, NY, USA). The cells were treated with
MITO-ID red dye according to the manufacturer’s instruction. Green
laser excitation at 488 nm (Alexa 488), red laser excitation at 633 nm
(Alexa 633), and 461 nm for DAPI were used to analyze the confocal
images. A Leica SP5 confocal microscope (Leica Microsystems Inc.,
Concord, ON, Canada) was used to obtain immunofluorescence images.
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Pearson’s correlation coefficients were determined by using Coloc2
software in ImageJ.

2.7. RNA interference

HelLa cells were seeded in 6-well plates one day before transfection
with control and HSP60 siRNA containing a pool of 4 individual siRNAs
targeting HSP60 (SMART-pool ON-TARGETplus HSP60 siRNA, cata-
logue no: 1-010600-00-0005, Dharmacon, USA). At 24 h post transfec-
tion cells were transfected again with HSP60 siRNA together with
PFLAG-VP8. At 48 h post transfection with HSP60 siRNA and 24 h post
transfection with pFLAG-VP8, the cells were lysed and collected. The
protein concentration was measured, and 50 ug of each protein sample
were analyzed by Western blotting.

2.8. Measurement of cellular ATP levels

The cellular ATP level was determined with an ATPlite 1step
Luminescence assay system (PerkinElmer, Waltham, MA, USA). HeLa
cells were cultured in 96-well plates and mock-transfected or trans-
fected with pFLAG or pFLAG-VP8. At 48h post transfection, the ATP
level was measured according to the manufacturer’s instructions.
Briefly, the ATPlite substrate was added to the wells followed by in-
cubation for 5min at RT with shaking. Luciferase signals emitting at
560 nm were detected with a VICTOR X light luminescence plate reader
(PerkinElmer). The ATP concentration was determined from the stan-
dard curve. MDBK cells were mock-infected or infected with BoHV-1,
BoHV1-AU;47 or BoHV1-U;47R. At 24 h post-infection the ATP level
was detected as described above.

2.9. Mitochondrial membrane potential detection

A NIR mitochondrial membrane potential kit (Sigma-Aldrich) was
used to detect mitochondrial membrane potential (MMP). HeLa cells
were mock-transfected or transfected with pFLAG or pFLAG-VP8. At
48 h post-transfection cells were stained with the cationic membrane
potential dye according to the manufacturer’s instructions. MDBK cells
were mock-infected or infected with BoHV-1, BoHV1-AU;47 or BoHV1-
UL47R. At 2, 4 or 24 h post infection the cells were trypsinized and
processed to examine the mitochondrial membrane potential. Briefly,
mitochondrial membrane potential dye, Near Infrared (NIR), was added
to trypsinized cells followed by incubation for 15-30 min. After sub-
sequent washes, the cells were resuspended in assay buffer and were
analyzed by fluorescence activated cell sorting (FACS). Fluorescence
intensity was monitored with a flow cytometer equipped with a 635 nm
red diode laser and a 661 nm filter.

3. Results
3.1. Identification of HSP60 as an interacting partner of BoHV-1 VP8

BoHV-1 VP8 consists of 741 amino acids. Since the C-terminal do-
main of VP8 is enriched with alpha-helices (Afroz et al., 2016), we
expressed this portion of VP8 (amino acids 219-741) in E. coli with N-
terminal SUMO and His tags. SUMO-His-VP8 219-741 was purified by
Nickel affinity chromatography. As shown in Fig. 1A, VP8 with an
apparent molecular weight of 75kDa co-purified with a 60 kDa bac-
terial protein. Some other minor contaminating proteins were also
present with VP8 after the first round of purification. After cleavage of
SUMO-His with Ac-TEV protease, we observed nearly complete diges-
tion, which resulted in 52kDa VP8 and 25 kDa SUMO-His. However,
the bacterial protein of 60 kDa remained present even after an addi-
tional round of Nickel affinity purification (Fig. 1A right panel); that the
60 kDa protein was not a truncated form of VP8 was confirmed by
Western blotting (Fig. 1B). Polyclonal VP8-specific antibody recognized
the 52kDa VP8, but not the 60 kDa protein. This suggested that VP8
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A) — WB Fig. 1. Identification of a bacterial protein co-purified
PABE B) with recombinant VP8. A) SUMO-His-VP8 219-741 was
L . . o .
<@ oﬁ%& ’s{bq' . % expressed in BL21 cells. Nickel column-purified VP8 was di-
\\QQ’ Ar}e’qcb’:e‘a bAQ \J gested with Ac-TEV protease and analyzed by SDS-PAGE fol-
«Q/ N &¥ lowed by Coomassie Brilliant Blue staining. In the right panel
& . .
L(kDa) ¢ L (kDa) Q¥ of A) purified VP8 was analyzed by SDS-PAGE B) Final pur-
220-18 fgg sl 75 ified VP8 and purified SUMO-His were analyzed by Western
| — . . . .
17°g: _VP8 75 -/ Unknown 50 blotting. L represents protein molecular weight ladder in kDa.
50 :\l;glénown proteln protein C) Purified VP8 was analyzed by SDS-PAGE followed by
i 50- - - -VP8 37 Coomassie Brilliant Blue staining. The upper 60 kDa protein
37- 37- - band (from Fig. 1 A, right panel) was excised and analyzed by
MALDI-TOF-MS. The identified peptides were used to search
25- Uniprot data bases and the sum of the score of peptides is
20- " 25-- presented in the table. D) Sequence homology between bac-
0 E 20 | terial GroEL and bovine and human HSP60 was analyzed by
ClustalW. The gray boxes represent homologous sequences.
Sample protein Accession No | Identified protien Description Score The number indicates amino acid position. A~ (asterisk) in-
dicates the position of a single, fully conserved residue. Con-
Unknown protein - Q1R3B6 GroEL, (HSP60Hu) 60kDa chaoeronin 653 . .. . ..
before TEV digestion 0=E.coli servation between groups of strongly similar properties is in-
dicated by a colon (:). A period (.) represents conservation
between groups of weakly similar properties.
Unknown protein - Q1R3B6 GroEL, (HSP60Hu) 60kDa chaoeronin 5918.24
after final purification 0S=E.coli
D)
Bacterial GroEL 1 MARKDVKEGNDARVKMERGUNVIADAVKVILGPKGR 36
Bovine HSP60 1  MLRLPAVLRQMRPVSRALALHLTRAYAKDVKFGADARALMLOGVDLLADAVAVIMGPKGR 60
Human HSP60 1 MLRLPTVFRQMRPVSRVLAPHLTRAYAKDVKEGADARALMLQGVDLLADAVAVIMGPKGR 60
KRKKKEK KKK, KEIAKgRKKKK KK RKRKK
Bacterial GroEL 37 NUVLDKSFGABTITKDGYSVARETELEDKFENMGROMVKEVASKANDARGDGTITATVEA 96
Bovine HSP60 61  TVIIEQSWGSPRVIKDGVTVAKSIDLKDKYKNIGAKLVODVANNTNEERGDGTTTATVIA 120
Human HSP60 61 'I‘VIIEQSWGSPKVTKDGVTVAKSIDLKDRYKNIGAKLVQDVA\NTNEEAGQQ’;‘TTATVLA 120
: Kok sRXKKK ARy KykohkKkssKaXhksshkgahhk 33Kk KKKKKKKAKRKKR
Bacterial GroEL 97 QA 1TEGLKAVAAGMNBMDLKRGIDKAVTAAVEEEKALSVECSDSKATRQUCTISANSDE 156
Bovine HSP60 121  RSIAKEGFEKISK| EIRRGVMLAVDAVIVELKKQSKPVITPEETAQVATISANGDK 180
Human HSPE0 121 RSIAXEGFEKISKGANRVEIRRGVMLS VDAVIAELKKQ SKBVITPEETAQVATISANGDK 180
1ax : shkkg Kk K, 3 KKK Kk Kk 3 3 KKKK KKKKK kg
Bacterial GroEL 157  TVGKL, KVGKEGVITVEDGTGLODELDVVEGHOFDRGY USPYFINKPETGAVELE 216
Bovine HSP60 181  EIGN KKVGRKGVITVKDGKTLNDELETI1EGMKEDRGY ISPYFINTSKGOKCEFQ 240
Human HSP60 181  EIGNIISDAMKKVGRKGVITVKDGKTLNDELEIIEGMKEDRGYISPYFINTSKGQKCEFQ 240
T*1: KRR RRNRR RN, NyRRKggsRARIARNRRRRARNR, st
Bacterial GroEL 217  SPFIEEADKKESNIREMLEVEEAVAKAGKPELITAEDVECEALATEVVNTMRGIVKUARY 276
Bovine HSP60 241  DAYVLLSEKKISSVQSIVBALEIANAHRKPLVIIAEDVDGEALSTLVLNRLKVGLOVVAV 300
Human HSP60 241 DAYVLLSERKISSIQSIVERLEIANAKR) LVIIAEDVDGEALSTLVLNRLKVGLOVVAY 300
sakkgakkRK, 22,22 sk k% KKK KXKKKK s hRKK s kAR sk 23 23Kk, k%K
Bacterial GroEL 277 GEGDRREKAMEODTATLIGETVI SE-EIGMELEKATLEDEG QAKRUVINKDTTTIIDG 335
Bovine HSP60 301  KAPGEGDNRKNQLKDMAIATGGAVEGEEGLNLNLEDVQPHDLGKVGEVIVIKDDAMLLKE 360
Human HSP60 301 KAPGFGD\IRKNQLKDMAIATGGAVFGEEGLTLNLEDVQPHDI.GKVGLVIV’I‘KDDAMY LXG 360
AKKKKKK KKk  KsKksk Kkkskg X saxk, JKKKg,  Kpa kk o33
Baoterial GroEL 336 VGEEEATOGRVAQTROQTEEATSDY DREKLOERVAKLACEVAV IKVGAATEVEMKE 395
Bovine HSP60 361  KGDKAQIEKRIQETIIEQLDITTSEYEKEKLNERLAKLSDGVAVLKVGGTSDVEVNE, 420
Human HSP60 361  KGDKAQ rxgmw 1EQLDVTTSEYEKEKLNERLAKLS DGVAVLKV! c'rsoyx 420
*ri* ®: *s TX1: sRR Ry RRRIARIARN KAKK AR,
Bacterial GroEL 396  VEDALHATRAAVEEGVVAGGGVALIRVASKIADLRGONEDONVGTKVALRAMEABLROTV 455
Bovine HSP60 421  UTDALNATRAAVEEGIVLGGDCALLRCIPALESITPANEDQKTGIEITKKTLKIEAMTIA 480
Human HSP60 421 VTDALNATRAAVEBGIVLGGGCALLRCIPALDSLTPANEDQKIGIEIIKRTLKIFAMT_IA 480
* KKK RKKKKKKKK g% KX, KAgk * L KxkkKy KKy *,
Bacterial GroEL 456~ LNCGEEPSVVANTVKGGDGNYGYNAATEEYGNMIDMGTLDPTKVTRSAIQYARSVAGEMI 515
Bovine HSP60 481  KNAGVEGSLIVEKIMQSSSEVGYDAMLGDEVNMVEKGEIDPTKVVRTALLDARGVASLLT 540
Human HSP60 481 KNAGVEGSLIVEKIMQSSSEVGYDAMAGDEVNMVEKGLIDRTKVVRTALLDAACVASLLT 540
¥,k K Ki:,2.3 ... XK:% s 1 KKgKKKKK Kgkk * KE Ky
Bacterial GroEL 516  @BTECMVTDLBKNDAADLGAAGEMECHMECHEEHMM - -~ 548
Bovine HSP60 541  MAEVVVTEIPKEEKD-———- PGMGGMGEMGEGMGGGMF 573
Human HSP60 541 DA vvvJ.:.lPKEEKD ----- PEMGAMGEMEGGMGGEMF 573
*: Tk KRRARE K

was strongly associated with a bacterial protein, which consistently co-
purified with VP8.

The identity of the co-purified 60 kDa protein was determined by
mass spectrometry of the protein bands excised from the gels before
TEV digestion and after final purification; in both cases the mass
spectrometry analysis showed high MASCOT scores with E. coli GroEL
(Fig. 1C). GroEL, a 60 kDa chaperonin protein, is required to maintain
proper folding of many proteins. Alignment analysis (Fig. 1D) demon-
strated considerable sequence similarity between bacterial GroEL and
bovine and human HSP60. The identity between bacterial GroEL and
human HSP60 is more than 50% (Zhang et al., 2005), while the
homology between human and bovine is 98%. The bacterial GroEL

40

lacks the N-terminal sequences that are responsible for targeting HSP60
to mitochondria in bovine and human cells. The fortuitous observation
that recombinant VP8 strongly associated with bacterial GroEL led to
the hypothesis that VP8 interacts with host HSP60 during viral infec-
tion contributing to virulence; the HSP60 may serve to stabilize VP8 or
translocate VP8 to the mitochondria leading to impairment of mi-
tochondrial function.

3.2. Interaction of BoHV-1 VP8 with mammalian HSP60

Interaction between HSP60 and VP8 was determined by im-
munoprecipitation following transfection of HeLa cells with plasmid
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IP:Anti-FLAG beads Input B) IP: Anti-HSP60 ab Input
Mock FLAG-VP8FLAG-EYFP Mock FLAG-VP8 FLAG-EYFP Mock FLAG-VP8 FLAG-EYFP [ Mock  FLAG-VP8 FLAG-EYFP
Qe — VP8— — { . = ’— VP8 —1 -—
| , pre—y : P
- - e -
-—— _HSPGO—_- -— e ’ — N  — JLHSPGO —‘ ———— E—— G }
i L J ————— — —
c) IP: Anti-VP8 ab Input D) IP: Anti-HSP60 ab Input
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Fig. 2. Interaction of BoHV-1 VP8 with HSP60 in eukaryotic cells. A) HeLa cells were mock-transfected or transfected with pFLAG-EYFP or pFLAG-VP8. Cell
lysates were collected at 24 h post transfection and incubated with anti-FLAG beads. B) HeLa cells were mock-transfected or transfected with pFLAG-EYFP or pFLAG-
VP8. Cell lysates were collected at 24 h post transfection and incubated with rabbit anti-HSP60 antibody, followed by with G Sepharose Fast Flow beads. In A) and B)
precipitated proteins (left panel) and input lysates (right panel) were detected with anti-FLAG and anti-HSP60 antibodies. C) MDBK cells were mock-infected or
infected with BoHV-1 or BoHV-1AU; 47 at a MOI of 3, and at 24 h post infection cell lysates were collected and incubated with mouse anti-VP8 antibody followed by
G Sepharose Fast Flow beads. D) MDBK cells were mock-infected or infected with BoHV-1 or BoHV-1AU; 47 as described above. At 24 h post infection cell lysates
were collected and incubated with anti-HSP60 antibody followed by G Sepharose Fast Flow beads. In C) and D) precipitated proteins (left panel) and input lysates
(right panel) were detected with anti-VP8 and anti-HSP60 antibodies. E) HeLa cells were mock-transfected or transfected with five N-terminally truncated VP8
versions. Cell lysates were collected at 24 h post transfection and incubated with anti-FLAG beads. F) HeLa cells were mock-transfected or transfected with pFLAG or
PFLAG-VP8 or four different C-terminally truncated VP8 versions. Cell lysates were collected at 24 h post transfection and incubated with anti-FLAG beads. In E) and
F) precipitated proteins (left panel) and input lysates (right panel) were detected with anti-FLAG and anti-HSP60 antibodies.

expressing FLAG-tagged VP8. Since the transfection efficiency of MDBK
cells is very low (1.7-2.4%) (Osorio and Bionaz, 2017), HeLa cells were
used for transfection assays. At 24 h post transfection, cell lysates were
collected. Anti-FLAG resin precipitated VP8 and EYFP from VP8- and
EYFP-transfected cells, respectively, whereas HSP60 was precipitated
with FLAG-VP8, but not with FLAG-EYFP (Fig. 2A). Similarly, mock-,
PFLAG- and pFLAG-VP8-transfected cell lysates were analyzed by re-
verse immunoprecipitation with an anti-HSP60 antibody (Fig. 2B),
which precipitated HSP60 from mock-, FLAG- and FLAG-VP8-trans-
fected cells, as expected. However, anti-HSP60 antibody precipitated
only FLAG-VP8, and not FLAG-EYFP, confirming interaction of VP8
with HSP60.

To demonstrate interaction of VP8 with HSP60 in BoHV-1-infected
cells, MDBK cells were mock-infected or infected with BoHV-1 or BoHV-
1AU;47. At 24 h post infection cell lysates were collected and incubated
with a VP8-specific antibody followed by G-Sepharose Fast Flow beads
(Fig. 2C). The VP8-specific antibody precipitated VP8 from BoHV-1-
infected cells, but not from mock- or BoHV-1AU; 47-infected cells. The
precipitated VP8 pulled down HSP60 from BoHV-1-infected cells, but
not from mock- or BoHV-1AU;47-infected cells, thus demonstrating
that VP8 interacts with HSP60 during BoHV-1 infection. This was va-
lidated by reverse precipitation of VP8; mock-, BoHV-1- and BoHV-
1AU 47-infected cell lysates were incubated with an anti-HSP60
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antibody followed by G-Sepharose Fast Flow beads (Fig. 2D). HSP60-
specific antibody pulled down HSP60 from mock-, BoHV-1- and BoHV-
1AU 47-infected cell lysates, while VP8 was precipitated only from
BoHV-1-infected cells. This confirms that HSP60 interacts with VP8 in
BoHV-1-infected cells. Altogether, these experiments demonstrate in-
teraction of VP8 with HSP60 in both VP8-transfected and BoHV-1-in-
fected cells.

To determine the domain of VP8 interacting with HSP60, five dif-
ferent FLAG-tagged, N-terminally truncated VP8 versions (VP8
121-741, VP8 219-741, VP8 343-741, VP8 538-741, and VP8
632-741) were analyzed for precipitation of HSP60 (Fig. 2E). Anti-
FLAG resin pulled down all N-terminally truncated VP8 versions and
HSP60 indicating that a region between amino acids 632-741 of VP8 is
sufficient for interaction with HSP60. In addition, cells were transfected
with C-terminally truncated VP8 versions (VP8 1-120, VP8 1-258, VP8
1-482, VP8 1-631) and incubated with anti-FLAG resin. Only two C-
terminally truncated VP8 versions (VP8 1-482 and VP8 1-631) pre-
cipitated HSP60. This experiment revealed that when amino acids
259-482 are present, VP8 precipitated HSP60. Collectively, this sug-
gests that regions within amino acids 259-482 and 632-741 of VP8 are
involved in binding of VP8 to HSP60.
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Fig. 3. HSP60 co-localizes with VP8, but does not alter VP8 expression. A) HelLa cells were mock-transfected or transfected with pFLAG-VP8 or pFLAG-VP8
219-741. At 24 h post transfection cells were incubated with mouse anti-FLAG and rabbit anti-HSP60 antibodies followed by incubation with Alexa Fluor 488-
conjugated goat anti-mouse and Alexa Fluor 633-conjugated goat anti-rabbit IgG. Nuclei were identified with DAPI. Yellow boxes represent higher magnifications of
the selected areas. B) To quantify co-localization of VP8 and HSP60 Pearson’s correlation coefficients were determined by using Coloc2 software in ImageJ. Pearson’s
correlation coefficients of VP8 or VP8 219-741 and HSP60 were calculated from 20 random cells. Data are shown as mean * SD; C) MDBK cells were infected with
BoHV-1 at a MOI of 3 for 14 h. The infected cells were incubated with monoclonal anti-VP8 and polyclonal anti-HSP60 antibodies followed by incubation with Alexa
Fluor 488-conjugated goat anti-mouse and Alexa Fluor 633-conjugated goat anti-rabbit IgG. Nuclei were identified with DAPL The yellow box represents higher
magnifications of the selected area. D) To quantify co-localization of VP8 and HSP60 in BoHV-1 infected cells, Pearson’s correlation coefficients were determined by
using Coloc2 software in ImagelJ. Pearson’s correlation coefficients of VP8 and mitochondria were calculated from 20 random cells. Data are shown as mean = SD.
E) HeLa cells were mock-transfected or transfected with control siRNA or HSP60 siRNA for 24 h before transfecting again with control siRNA or HSP60 siRNA
together with FLAG-VP8 or with only FLAG-VP8. At 24 h post transfection cell lysates were collected, and 50 pg proteins of each sample were analyzed by SDS-PAGE
and Western blotting. HSP60, VP8 and actin were detected with anti-HSP60, anti-FLAG and anti-actin antibodies, respectively. F) EBTr cells were mock-transfected or
transfected with control siRNA or HSP60 siRNA for 24 h before transfecting again with control siRNA or HSP60 siRNA together with mock-infection or infection with
BoHV-1. At 48 h post transfection and 24 post infection cell lysates were collected, and 50 pug protein of each sample was analyzed by SDS-PAGE and Western blotting.
HSP60, VP8 and actin were detected with anti-HSP60, anti-VP8 and anti-actin antibodies, respectively.
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3.3. HSP60 co-localizes with VP8 but does not alter VP8 expression

Since VP8 interacts with HSP60 in mammalian cells, we in-
vestigated whether VP8 co-localizes with HSP60. HeLa cells were mock-
transfected or transfected with pFLAG-VP8 or pFLAG-VP8 219-741. At
24h post transfection cells were incubated with anti-FLAG or anti-
HSP60 antibodies. FLAG-VP8 219-741 contains the domains implicated
in binding to HSP60, but it lacks a nuclear localization signal. As de-
monstrated in Fig. 3A, VP8, as well as VP8 219-741, partially co-lo-
calized with HSP60. Pearson’s correlation coefficient analysis further
confirmed co-localization of VP8 and VP8 219-741 with HSP60
(Fig. 3B). To demonstrate co-localization of HSP60 with VP8 in BoHV-
1-infected cells, MDBK cells were mock-infected or infected with BoHV-
1. At 14h post infection the cells were incubated with anti-VP8 and
anti-HSP60 antibodies. VP8 contains at least two NESs and is exported
out of the nucleus and by 14 h post infection VP8 is detected in the
cytoplasm (Verhagen et al., 2006; Zheng et al., 2004). As indicated in
Fig. 3C, some VP8 was cytoplasmic at 14 h post infection and was co-
localized with HSP60 in BoHV-1-infected cells at this time point. Fur-
thermore, Pearson’s correlation coefficient analysis also indicated co-
localization of VP8 with HSP60 (Fig. 3D). These experiments demon-
strate partial co-localization of VP8 with HSP60.

HSP60 is known to regulate the folding and maintain the stability of
mitochondria- imported proteins (Lin and Rye, 2006). Since VP8 in-
teracted and co-localized with HSP60, we investigated whether HSP60
was required for VP8 expression. HelLa cells were transfected with
control or HSP60-specific siRNA, and 24 h later the cells were again
transfected with HSP60-specific siRNA and with pFLAG-VP8. At 24h
after transfection with pFLAG-VP8 cell lysates were collected, and equal
amounts of the cell lysates were analyzed by Western blotting. The
HSP60 level was similar in mock- and control siRNA-transfected cells
(Fig. 3E), but was substantially reduced in cells transfected with HSP60-
specific siRNA. However, the level of VP8, as detected by Western
blotting, was not notably altered by the silencing of HSP60 suggesting
that HSP60 does not play a major role in maintaining VP8 protein le-
vels. Next, we investigated whether HSP60 functions to maintain VP8
expression during BoHV-1 infection. Since we had to transfect cells with
HSP60 siRNA, we used embryonic bovine tracheal cells (EBTr) cells
which can be readily transfected (Vassilev et al., 1997) and infected
with BoHV-1. While Madin-Darby bovine kidney (MDBK) cells are
widely used for BoHV-1 infection, the transfection efficiency in MDBK
cells is very low, approximately 1.7%-2.4 % (Osorio and Bionaz, 2017).
EBTr cells were transfected with control or HSP60-specific siRNA. At
24 h post transfection the cells were again transfected with control or
HSP60-specific siRNA and were either mock-infected or infected with
BoHV-1. At 24 h post infection and 48 h post transfection cell lysates
were subjected to Western blotting. In mock- and control siRNA-
transfected cells HSP60 expression was unchanged. HSP60 expression
was notably reduced in HSP60 siRNA-transfected cells (Fig. 3F) com-
pared to mock- and control siRNA-transfected cells. However, the VP8
expression pattern remained unchanged in BoHV-1-infected and HSP60
siRNA-transfected cells, whereas minimal HSP60 was present compared
to BoHV-1-infected and control siRNA-transfected cells. This result
demonstrates that HSP60 is not required for maintaining VP8 expres-
sion during BoHV-1 infection.

3.4. Localization of HSP60 and VP8 to mitochondria

HSP60 is a mitochondrial protein and contains a mitochondrial lo-
calization signal (Singh et al., 1990). We confirmed the localization of
HSP60 to the mitochondria by incubating HeLa cells with anti-HSP60
antibody and mito-tracker red dye (Fig. 4A). Since VP8 interacts with
HSP60, and HSP60 localizes to mitochondria, we anticipated that VP8
might be localized to the mitochondria. HeLa cells were mock-trans-
fected or transfected with pFLAG-VP8 or pFLAG-VP8-219-741. At 24h
post transfection the cells were incubated with anti-FLAG antibody and
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with mito-tracker red dye. The full-length VP8 and VP8 219-741 were
both partially localized to mitochondria, which indicates that like
HSP60, VP8 is targeted to the mitochondria and that the C-terminal
domain of VP8, VP8 219-741, is sufficient for the mitochondrial loca-
lization of VP8 (Fig. 4B). Furthermore, Pearson’s correlation coefficient
analysis supported co-localization of VP8 and VP8 219-741 with mi-
tochondria (Fig. 4C). VP8 expression appeared to substantially change
the mitochondrial matrix. In addition, we identified the mitochondria
with anti-cytochrome C antibody. HeLa cells were mock-transfected or
transfected with pFLAG-VP8. At 24 h post transfection the cells were
incubated with anti-FLAG and anti-cytochrome C antibodies (Fig. 4D),
which showed co-localization of VP8 with cytochrome C. This was
confirmed by Pearson’s correlation coefficient analysis (Fig. 4E).

To investigate localization of VP8 to the mitochondria during BoHV-
1 infection, MDBK cells were mock-infected or infected with BoHV-1. At
14h post infection cells were incubated with anti-VP8 antibody and
mito-tracker red dye. As shown in Fig. 4F, VP8 partially localized to
mitochondria in BoHV-1-infected cells. Furthermore, Pearson’s corre-
lation coefficient analysis also confirmed co-localization of VP8 with
mitochondria in BoHV-1 infected cells (Fig. 4G). These experiments
confirm partial localization of VP8 to mitochondria in both VP8-
transfected and BoHV-1-infected cells.

3.5. Localization of VP8 to mitochondria at different time points during
BoHV-1 infection

Since VP8 localized to mitochondria in both VP8-transfected and
BoHV-1-infected cells, it was of interest to investigate at which time
point this occurs during infection. MDBK cells were mock-infected or
infected with BoHV-1, and at different times post infection the cells
were fixed and incubated with an anti-VP8 antibody and mito-tracker
red dye. As shown in Fig. 5, VP8 was cytoplasmic at 2 h post infection,
as previously demonstrated (Afroz et al., 2016; Vasilenko et al., 2012),
and some VP8 was localized to the mitochondria at this time. As the
infection progressed, at 4h post infection VP8 was observed in the
nucleus, the peri-nuclear region, and the cytoplasm. Some of the peri-
nuclear VP8 co-localized with the mitochondria. At 6 h post infection
most of VP8 was nuclear, but some peri-nuclear VP8 was localized to
the mitochondria. As reported previously VP8 is exported to the cyto-
plasm later during infection (van Drunen Littel-van den Hurk et al.,
1995; Vasilenko et al., 2012). At 14 h post infection, VP8 was localized
in the cytoplasm and some VP8 was observed in the mitochondria. This
experiment illustrates that VP8 partially localized to mitochondria at
different time points throughout BoHV-1 infection.

3.6. Effect of VP8 on mitochondrial function

During HSV-1 and BoHV-1 infection mitochondrial dysfunction is
caused by the reduction of the MMP (Murata et al., 2000; Zhu et al.,
2016). Since VP8 interacted with HSP60 and localized to the mi-
tochondria, we examined whether VP8 causes mitochondrial dysfunc-
tion. To measure the MMP in VP8-transfected cells in the absence of any
other viral protein, HeLa cells were mock-transfected or transfected
with pFLAG, pFLAG-VP8 or pFLAG-VP8 219-741. At 48h post trans-
fection the MMP was determined with NIR MMP dye and analyzed by
FACS (Fig. 6A). The MMP was reduced from approximately 98% in
mock- or pFLAG- transfected cells to about 78% in pFLAG-VP8 or
PFLAG-VP8 219-741-transfected cells.

To further determine involvement of the VP8 and HSP60 interaction
in reduction of the MMP, we analyzed the cellular MMP in the presence
of exogenous HSP60 and VP8. HeLla cells were mock-transfected or
transfected with pFLAG, pFLAG-VP8, pFLAG-VP8 219-741 or pFLAG-
VP8 1-218 (the domain that does not interact with HSP60) together
with empty vector or plasmid encoding HSP60 (Fig. 6B). At 48 h post
transfection, cells were incubated with NIR MMP dye, and the MMP
was determined by FACS. As demonstrated in Fig. 6B, transfection of
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Fig. 4. Localization of HSP60 and VP8 to mitochondria. A) HeLa cells were incubated with polyclonal anti-HSP60 antibody followed by Alexa Fluor 488-
conjugated goat anti-mouse IgG. Mitochondria were identified with mitotracker red dye followed by nuclear staining with DAPI. B) HeLa cells were mock-transfected
or transfected with pFLAG-VP8 or pFLAG-VP8 219-741. At 24 h post transfection cells were incubated with monoclonal anti-FLAG antibody followed by Alexa Fluor
488-conjugated goat anti-mouse IgG. Mito-tracker red dye was used to identify mitochondria. Nuclei were incubated with DAPI. C) —. Pearson’s correlation coef-
ficients for VP8 or VP8 219-741 and mitochondria were calculated from 20 random cells by using Coloc2 software in ImageJ. Data are shown as mean *= SD. D)
HelLa cells were mock-transfected or transfected with pFLAG-VP8. At 24 h post transfection cells were incubated with anti-FLAG and anti-cytochrome C antibody
followed by Alexa Fluor 488-conjugated goat anti-mouse IgG and Alexa Fluor 633-conjugated goat anti-rabbit IgG. Nuclei were incubated with DAPI. E) The
Pearson’s correlation coefficient for VP8 and cytochrome C was calculated from 20 random cells as described above. Data are shown as mean + SD. F) MDBK cells
were infected with BoHV-1 at a MOI of 3 for 14 h. The infected cells were incubated with a monoclonal anti-VP8 antibody followed by Alexa Fluor 488-conjugated
goat anti-mouse IgG. Mitochondria were incubated with mito-tracker red dye. DAPI was used to identify the nucleus. Yellow boxes represent higher magnifications of
selected areas. G) The Pearson’s correlation coefficientfor VP8 and mitochondria were calculated from 20 random cells as described above. Data are shown as
mean * SD.
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Fig. 5. Localization of VP8 to mitochondria during BoHV-1 infection at different time points. MDBK cells were mock-infected or infected with BoHV-1 at a MOI
of 3. Cells were fixed at 2, 4, 6h or 14 h, and then incubated with a monoclonal anti-VP8 antibody followed by Alexa Fluor 488-conjugated goat anti-mouse IgG.
Mitochondria were identified with mito-tracker red dye. DAPI was used to identify the nucleus.

cells with empty vector together with pFLAG-VP8 or pFLAG-VP8
219-741 significantly reduced the MMP (to ~ 68-71%) when com-
pared to mock transfection or transfection with pFLAG together with
empty vector (~ 95%). However, in the cells co-transfected with
PFLAG-VP8 1-218 and empty vector the MMP was maintained at ~
91%. In addition, when cells were co-transfected with pFLAG-VP8 or
PFLAG-VP8 219-741 and HSP60, the MMP significantly declined (to ~
49-53%) when compared to cells co-transfected with or pFLAG-VP8
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1-218 and plasmid encoding HSP60 (~ 88%). Introduction of HSP60-
encoding plasmid and pFLAG did not reduce the MMP. This experiment
demonstrates that overexpression of VP8 and HSP60 contributes to the
reduction of MMP, and that VP8 219-741 causes reduction of MMP at a
similar level as VP8.

Since we observed loss of MMP in VP8-transfected cells, we de-
termined the effect of VP8 on MMP in BoHV-1-infected cells. In this
experiment, MDBK cells were mock-infected or infected with BoHV-1,



S. Afroz et al.

Virus Research 261 (2019) 37-49

A) B)
140- N 140
.‘_‘ ek % %
i~} r T 1 1204
s 120+ —_—— c _— ek Hkk
£ . § £ 1004
S 5 1001 g%
-
=T €
o
=2 80 — 7 8 80
[TIR-% 2 g
s 2 ® 5
e 5 607 % 'E 60-
£ E’ £ 2 a0
3 40 H €
2 @
E ) -
O 20- g 20
o ®
0- 0=
> (4 X » Empty vector N N - -
© Q Q) pty + + + + +
) ¥ X\ 4
i <& & ¥ HSP60 Oy
<~ R FLAG ...
v.o’ FLAG-VP8 - -+ - - -+ - :
< FLAG-VP8219741 - - -  + - - - 4 -
FLAG-VP81-218 - - - - 4 - - - %
C) D)
Il Mock
s I BoHV-1
407 T 140-
= b [ BoHV-1AU, 47
§ 120 e o S 1204 BoHV-1U 47R
2 R
§ gmo— E g 1004 _
€S ]
s o
§ g_ 80+ — E % 80-
- @
‘= €
85 o0 S & 604
§ g 2 Qo
2 £ 404 £ g 40+
] 3 £
S 20 o 20+
s °
0- C\g 0
o RO 5 Nl S S NS
° & > o V )
< b N
& &
<° <°

Fig. 6. Effect of VP8 on mitochondrial membrane potential. A) HeLa cells were mock transfected or transfected with pFLAG, pFLAG-EYFP, pFLAG-VP8 or pFLAG-
VP8 219-741. At 48 h post transfection cells were trypsinized, incubated with NIR MMP dye and analyzed by FACS. B) Hela cells were transfected with empty vector
together with pFLAG, pFLAG-VP8, pFLAG-VP8 219-741, pFLAG-VP8 1-218, or pHSP60, or transfected with pHSP60 together with pFLAG-VP8, pFLAG-VP8 219-741
or pFLAG-VP8 1-218. At 48 h post transfection the cells were trypsinized and then incubated with NIR MMP dye. The cells were analyzed by FACS. C) MDBK cells
were mock-infected or infected with BoHV-1, BoHV-1AU;47 or BoHV-1U;47R at a MOI of 3 for 24 h. The MMP was detected with the NIR dye and the cells were
analyzed by FACS. D) MDBK cells were mock-infected or infected with BoHV-1 at a MOI of 3. At 2h and 4 h post infection, the cells were trypsinized and then
incubated with MMP dye. The cells were analyzed by FACS. The data were analyzed by unpaired t test. Statistical significance is indicated by asterisks (****,

P < 0.0001).

BoHV-1AU;47 or BoHV-1U;47R. At 24 h post infection the cells were
processed for MMP detection, and were evaluated by FACS. As shown in
Fig. 6C, in mock- and BoHV-1AU;47-infected cells the MMP was
maintained in approximately 90% of the cells, whereas the MMP was
retained in approximately 70% of the BoHV-1 and BoHV-1U;47R-in-
fected cells. Thus, BoHV-1 and BoHV-1U;47R infection significantly
decrease cellular MMP. Since BoHV-1AU; 47 infection retained MMP in
a higher percentage of cells compared to BoHV-1 and BoHV-1U;47R
infection, VP8 can reduce the MMP during BoHV-1 infection.

To determine whether the localization of VP8 to mitochondria at
early time points reduces the MMP, we determined the MMP at 2 h and
4 h post infection (Fig. 6D). MDBK cells were mock-infected or infected
with BoHV-1, BoHV-1AU;47 or BoHV-1U;47R. The cells were collected
at 2h and 4 h post infection and then incubated with NIR MMP dye. The
cellular MMP was analyzed by FACS. As indicated in Fig. 6D, the MMP
was maintained at these time points of the infection. This experiment
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demonstrates that the localization of VP8 to mitochondria early during
infection does not cause reduction of MMP.

Mitochondria are associated with the energy metabolism by gen-
eration of ATP. Proper MMP maintains maximal ATP production. Many
viruses modulate mitochondrial function to promote infection. HSV-1,
as well as BoHV-1, reduce ATP production during productive infection
(Murata et al., 2000; Zhu et al., 2016). Since we observed reduction of
MMP in the presence of VP8, we evaluated the total cellular ATP level
in VP8-transfected cells. HeLa cells were mock-transfected or trans-
fected with pFLAG, pFLAG-VP8, or pFLAG-VP8 219-741. At 48 h post
transfection the total ATP concentration was measured. As demon-
strated in Fig. 7A, the total ATP concentration was significantly de-
creased in VP8- and VP8 219-741 -transfected cells when compared to
mock- and FLAG-transfected cells. Thus, this experiment suggests that
the presence of VP8 reduced the total ATP level in transfected cells. To
determine the effect of VP8 on the total ATP level during BoHV-1
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infection, MDBK cells were mock-infected or infected with BoHV-1,
BoHV-1AU; 47 or BoHV-1U;47R. At 24 h post infection, the cellular ATP
concentration was evaluated (Fig. 7B). The amount of total ATP was
significantly reduced in cells infected with BoHV-1 or BoHV-1U;47R.
However, in BoHV-1AU;47-infected cells the ATP concentration was
not affected. Hence, VP8 contributes to the reduction of ATP levels
during BoHV-1 infection.

4. Discussion

To obtain purified protein for structural characterization, we ex-
pressed the C-terminal domain (amino acids 219-741) of VP8 in E.coli.
The addition of a SUMO tag, which often enhances production and
solubility of recombinant proteins, permitted substantial expression of
soluble VP8 in E. coli. The recombinant VP8 consistently co-purified
with a strongly associated bacterial protein, which was identified as
GroEL protein, a homolog of mammalian HSP60, a mitochondrial
chaperone protein. VP8 interacted with HSP60 in eukaryotic cells, both
after transfection with VP8-expressing plasmids and infection with
BoHV-1. Among the three structural domains of GroEL or HSP60,
apical, intermediate and equatorial, the equatorial domain contains the
most a-helical structures and facilitates interactions with other proteins
(Braig et al., 1994). BoHV-1 VP8 might bind to this equatorial domain
of HSP60 in a similar manner as other substrates of HSP60. GroEL
substrates usually contain two or more domains with a-helices or f3-
sheets (Houry et al., 1999). According to the predicted secondary
structure, the VP8 C-terminal domain is enriched with a-helical struc-
tures (Afroz et al., 2016). Immunoprecipitation analysis of different
truncated versions of VP8 showed that sequences in its central and C-
terminal domain, amino acids 259-482 and 632-741, were involved in
interaction with HSP60. Hence, the presence of a-helices at the C-ter-
minus of VP8 might facilitate association of HSP60 and VP8. As HSP60
is a chaperone protein that promotes proper protein folding and sta-
bility (Lin and Rye, 2006), we speculated that HSP60 might promote
VP8 stability. However, knock down of HSP60 by HSP60-specific
siRNA, did not alter VP8 levels suggesting that HSP60 does not play a
major role in maintaining the level of VP8 expression.

HSP60 is translated in the cytosol before migrating into the mi-
tochondria (Singh et al., 1990). Consequently, HSP60 is localized both
in the cytoplasm and mitochondria (Itoh et al., 2002). In heart and
muscle cells around 25-30% of HSP60 has been detected in the cyto-
plasm, whereas in other cell types this ranges between 15-20% (re-
viewed in (Gupta and Knowlton, 2005)). The localization of HSP60 in
various cellular compartments implies different functions (Henderson
et al., 2013), including correct protein folding, cell signaling, matura-
tion and activation of pro-caspase-3 in the cytosol, and activation of
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nuclear factor kappa beta (NF-k() (reviewed in (Henderson et al.,
2013)). The 26 amino acids at the N-terminus of HSP60 drives this
protein to the mitochondria (Singh et al., 1990). Since VP8 was de-
tected in both cytoplasm and mitochondria, the interaction of VP8 with
HSP60 in the cytoplasm might serve to guide VP8 to mitochondria, or
alternatively, VP8 might move to the mitochondria independently to
interact with HSP60, thereby interfering with the maintenance of the
MMP. HSP60 is localized to the mitochondrial matrix (Gupta and
Austin, 1987) (Singh et al., 1990), and thus, VP8 is most likely co-lo-
calized in this compartment of the mitochondria. In addition, the pre-
sence of a mitochondrial targeting peptide in VP8 was examined by
TargetP1.1 server, which is used to determine the subcellular locali-
zation of proteins (Emanuelsson et al., 2000). Hepatitis B virus X pro-
tein (HBX), a known viral mitochondrial protein, forms a complex with
HSP60 and induces mitochondria-mediated apoptosis (Shirakata and
Koike, 2003; Takada et al., 1999; Tanaka et al., 2004). The score for the
presence of a mitochondrial targeting peptide in HBX was 0.43,
whereas this score was 0.37 for VP8. Thus, VP8 might possess a mi-
tochondrial targeting peptide, which might also facilitate import of VP8
into mitochondria.

Incubation of VP8-transfected cells with cytochrome C-specific an-
tibody demonstrated that VP8 co-localized with cytochrome C. Due to
the reduced MMP cytochrome C appeared to be partially released into
the cytosol; this can trigger caspase activation (Liu et al., 1996) and
agrees with the ability of VP8 to induce caspase activation (Afroz et al.,
2018).

The localization of VP8 to the mitochondria correlated to mi-
tochondrial dysfunction as determined by the reduction of MMP and
ATP levels. Mitochondria are vital organelles to regulate cellular
functions, and targeting mitochondria is a widely known strategy that
viruses use for their survival, replication, and escape from the cells. For
instance, hepatitis C virus (HCV) proteins localize to mitochondria
where their function is impaired through reduction in MMP and in-
crease of reactive oxidative stress (ROS) during productive infection
(Piccoli et al., 2006). Similarly, human immunodeficiency virus (HIV)
Vpr is targeted to mitochondria, facilitates reduction of MMP (Azuma
et al., 2006), and promotes release of cytochrome C, which triggers
apoptosis (Jacotot et al., 2000). Another viral protein, HBV X, interacts
with HSP60 as well as with mitochondria (Tanaka et al., 2004), causes
mitochondrial aggregation (Takada et al., 1999), and triggers cyto-
chrome C release, which induces apoptosis (Kim et al., 2008). Fur-
thermore, HBX reduces the MMP to trigger mitochondria-dependent
cell death (Shirakata and Koike, 2003).

During BoHV-1 infection, VP8 was detected in the mitochondria at
2h and continued to be localized to the mitochondria till at least 14 h
post infection. While the MMP was reduced at 14h after BoHV-1
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infection, no reduction of MMP was observed at 2 or 4 h post infection.
This is consistent with the fact that cellular MMP is maintained in HSV-
1 infected cells till 6 h post infection, but reduced later after infection
(Murata et al., 2000). HSV-1 tegument proteins, U; 41 and U; 46, are
also associated with mitochondria, and the authors suggested that these
tegument proteins migrate to the peri-nuclear region with mitochondria
(Murata et al., 2000).

HSP60 maintains the MMP, as down-regulation of HSP60 reduces
cellular MMP (Ghosh et al., 2010). Proper maintenance of MMP is as-
sociated with a normal level of ATP production. Any changes in the
MMP level reduces ATP production (Bagkos et al., 2014). In agreement
with the fact that VP8 expression decreased cellular MMP, a reduction
in the ATP production was also observed in the presence of VP8. Ad-
ditionally, during BoHV-1 infection, VP8 reduced MMP and ATP con-
centrations, whereas BoHV-1AU; 47 did not influence MMP and the ATP
levels. These observations suggest a role of VP8 in perturbing mi-
tochondrial function during infection by reducing MMP and ATP levels.
In agreement with these results, BoHV-1 infection is known to induce
mitochondrial dysfunction through reducing MMP, increasing oxidative
stress and reducing ATP levels (Zhu et al., 2016), which can now be
(partially) ascribed to VP8.

In conclusion, we report a new role for the multifunctional protein,
VP8 of BoHV-1. VP8 interacted with HSP60, which may facilitate
translocation of VP8 to mitochondria. In addition, or alternatively, the
interaction of VP8 with HSP60 may prevent it from maintaining the
MMP, which results in reduced ATP production and mitochondrial
dysfunction during BoHV-1 infection.
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