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A Cysteine Residue of Human Cytomegalovirus vMIA Protein
Plays a Crucial Role in Viperin Trafficking to Control Viral
Infectivity
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ABSTRACT Viperin is a multifunctional interferon-inducible protein that is directly
induced in cells by human cytomegalovirus (HCMV) infection. The viral mitochond-
rion-localized inhibitor of apoptosis (VMIA) interacts with viperin at the early stages
of infection and translocates it from the endoplasmic reticulum to the mitochondria,
where viperin modulates the cellular metabolism to increase viral infectivity. Viperin
finally relocalizes to the viral assembly compartment (AC) at late stages of infection.
Despite the importance of VMIA interactions with viperin during viral infection, their
interacting residues are unknown. In the present study, we showed that cysteine res-
idue 44 (Cys44) of vMIA and the N-terminal domain (amino acids [aa] 1 to 42) of
viperin are necessary for their interaction and for the mitochondrial localization of
viperin. In addition, the N-terminal domain of mouse viperin, which is structurally
similar to that of human viperin, interacted with vMIA. This indicates that the struc-
ture, rather than the sequence composition, of the N-terminal domain of viperin, is
required for the interaction with vMIA. Recombinant HCMV, in which Cys44 of vMIA
was replaced by an alanine residue, failed to translocate viperin to the mitochondria
at the early stages of infection and inefficiently relocalized it to the AC at late stages
of infection, resulting in the impairment of viperin-mediated lipid synthesis and a
reduction in viral replication. These data indicate that Cys44 of vMIA is therefore
essential for the intracellular trafficking and function of viperin to increase viral repli-
cation. Our findings also suggest that the interacting residues of these two proteins
are potential therapeutic targets for HCMV-associated diseases.

IMPORTANCE Viperin traffics to the endoplasmic reticulum (ER), mitochondria, and viral
assembly compartment (AC) during human cytomegalovirus (HCMV) infection. Viperin has
antiviral activity at the ER and regulates cellular metabolism at the mitochondria. Here, we
show that Cys44 of HCMV vMIA protein and the N-terminal domain (aa 1 to 42) of viperin
are necessary for their interaction. Cys44 of vMIA also has a critical role for viperin traffick-
ing from the ER to the AC via the mitochondria during viral infection. Recombinant HCMV
expressing a mutant vVMIA Cys44 has impaired lipid synthesis and viral infectivity, which
are attributed to mislocalization of viperin. Cys44 of vMIA is essential for the trafficking
and function of viperin and may be a therapeutic target for HCMV-associated diseases.
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rological defects in infants (2, 3). HCMV triggers a wide range of viral and cellular
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events, including viral assembly and replication, transcriptional activation, and host cel-
lular modulation during viral infection (4, 5). HCMV also regulates the host cellular me-
tabolism to enhance viral infectivity (6-8). HCMV-induced glycolytic and lipogenic acti-
vations are mediated by viperin, which is a host protein that is directly induced by
HCMV infection (9, 10).

Viperin (also known as RSAD2 or cytomegalovirus-induced gene 5 protein) is an inter-
feron (IFN)-inducible protein (11) that has multiple roles in various cell types, including mac-
rophages, fibroblasts, dendritic cells, adipocytes, and astrocytes (9, 12-17). Viperin exhibits
antiviral activity against many viruses (12-15), mediates signaling pathways to produce IFNs,
IFN-stimulated genes (ISGs), and cytokines (17-19), and controls cellular metabolism (9, 10,
16). During HCMV infection, viperin exerts distinct functions depending on its intracellular
localization (9, 20). Viperin traffics to three cellular compartments during infection: the endo-
plasmic reticulum (ER), the mitochondria, and the viral assembly compartment (AC) (9, 20).
When viperin is preexpressed prior to HCMV infection, it localizes to the ER, where it inhibits
viral replication by blocking the ER-to-Golgi trafficking of soluble but not membrane-associ-
ated viral proteins, such as gB, pp65, and pp28 (20, 21). When viperin expression is induced
directly by HCMV at the early stages of infection, the viral protein vMIA (viral mitochond-
rion-localized inhibitor of apoptosis) binds to viperin and translocates it from the ER to the
mitochondria, where it interacts with mitochondrial trifunctional protein (TFP) and modu-
lates cellular energy and lipid metabolism to facilitate viral infectivity (9, 10). Viperin finally
relocalizes to the AC at the late stages of infection (20), although its function in the AC
remains unknown. Given that viperin function is closely associated with its intracellular local-
ization, the interaction between HCMV vMIA protein and viperin plays an essential role in
determining viperin function during viral infection.

vMIA is encoded by the UL37 exon 1 (UL37x1) gene of HCMV (22, 23). It is synthe-
sized in the ER, and predominantly localized to the mitochondria (24-26). vMIA inhibits
stimulus-induced apoptosis (22, 27-31) and mediates the cytopathic effects of HCMV
infection by modulating mitochondrial bioenergetics (32). vMIA also localizes to the
peroxisomes, where it induces peroxisomal fragmentation and morphological changes
and suppresses the IFN-independent production of ISGs (33). vMIA also plays a role as
a vehicle to transport viperin to the mitochondria during HCMV infection. vMIA interac-
tions with viperin are important for driving the proviral function of viperin (9, 10).
However, the precise residues of vMIA that interact with viperin are unknown, and the
mechanism of action is currently unclear.

In the present study, we identified the interacting residues between vMIA and
viperin in order to reveal their role in the trafficking and the function of viperin during
HCMV infection by generating a series of mutants. We also verified these potential
interacting residues by performing additional functional assays. By identifying the
interacting residues between viperin and vMIA, we have expanded our understanding
of virus-host interaction, which is crucial for the intracellular trafficking and function of
viperin and may help provide potential targets for anti-HCMV therapies.

RESULTS

Cys44 of vMIA and the N-terminal domain of viperin are required for their
interaction. Viperin traffics from the ER to the mitochondria by interacting with vMIA in
the early stages of HCMV infection (9). To determine which domain of vMIA is responsible
for the interaction with viperin, we initially generated a series of vMIA mutants (Fig. 1A; see
Fig. S1A in the supplemental material). Transient transfection and coimmunoprecipitation
experiments revealed that viperin strongly interacts with amino acids (aa) 1 to 44 of vMIA,
but not aa 1 to 39 of vMIA (Fig. 1B). This indicates that aa 40 to 44 of vMIA are important
for the interaction with viperin. This segment consists of three lysine residues (aa 40 to 42),
an alanine residue (aa 43), and a cysteine residue (aa 44). Lysine is a positively charged ba-
sic amino acid that plays important roles in protein stability by forming electrostatic inter-
actions. Cysteine residues also play essential roles in protein structure and function by con-
ferring stability through disulfide bond formation and maintaining proper maturation and
localization through protein-protein intermolecular interactions (34-37). Therefore, we
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FIG 1 Cys44 of vMIA and the N-terminal domain of viperin are essential for their interaction. (A) Constructs of HA-tagged viperin and Myc-tagged
VvMIA. The N-terminal domain (NTD, residues 1 to 70) and an amphipathic a-helix (residues 9 to 42) of viperin and the N-terminal mitochondrial
targeting sequence (MTS, residues 2 to 36) of VMIA are shown. The amino acid sequence of VMIA is listed from aa 31 to 50, with Lys40-42 and
Cys44 shown in blue and red, respectively. (B to F) HEK-293T cells were transiently cotransfected with the indicated constructs for 24 h: (B) viperin
wild type (WT) and vMIA truncation mutants, (C) viperin WT and vMIA substitution mutants, (D) viperin WT and vMIA deletion mutants, (E) vMIA
WT and viperin mutants, and (F) the N-terminal domain of viperin and vMIA mutants. Coimmunoprecipitation was performed, and each protein
was detected by immunoblotting using specific monoclonal antibodies. Ribosomal protein subunit 14 (RPS14) was used as a negative control, and
Grp94 was used as the loading control. WCL, whole-cell lysate.
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suspected that the three lysine residues (aa 40 to 42) or the cysteine residue (aa 44) of
vMIA might be important for binding to viperin. Viperin interacted with vMIA mutants in
which one or two lysine residues within aa 40 to 42 of vMIA were replaced by alanine resi-
dues (Fig. 10), indicating that the lysine residues of VMIA are not necessary for the interac-
tion with viperin. However, viperin did not interact with vMIA mutants in which the cyste-
ine residue (aa 44) was deleted or replaced by an alanine residue, or with vMIA mutants
lacking a mitochondrial targeting sequence (MTS) (MTS full length, aa 2 to 36; MTS « subu-
nit, aa 2 to 22) (26) (Fig. 1D). This suggests that the cysteine residue 44 (Cys44) and the
MTS of vMIA are required for binding to viperin. Then, to identify which domain of viperin
is necessary for the interaction with vMIA, we constructed a series of viperin mutants (Fig.
S1B). All mutants, except for one lacking the N-terminal domain (A2 to 42) of viperin, inter-
acted with vMIA (Fig. 1E), indicating that the N-terminal domain is required for this interac-
tion. The N-terminal domain of viperin has a cysteine residue (aa 33). We expected that the
Cys33 of viperin might form a disulfide bond with Cys44 of vMIA. However, the Cys33 of
viperin was not required for binding to vMIA (Fig. 1E). To further confirm the interacting
domains of viperin and vMIA, we tested whether viperin expressing only the N-terminal
domain (aa 1 to 42) binds to vMIA mutants (Fig. S1C). As anticipated, this viperin mutant
(@a 1 to 42) bound to only vMIA mutants containing Cys44 (Fig. 1F). Taken together, these
data indicate that Cys44 of vMIA and the N-terminal domain (aa 1 to 42) of viperin are
essential for their interaction.

Cys44 of vMIA is critical for translocating viperin into the mitochondria. To
determine whether Cys44 of VMIA affects the intracellular localization of viperin, we per-
formed confocal microscopy on cells transiently expressing vMIA and/or viperin mutants.
All vMIA mutants, except for the mutant lacking the MTS domain (A2 to 34), were normally
localized to the mitochondria in transiently transfected Hela cells (Fig. S2A). The N-terminal
domain of viperin is crucial for its localization to the cytosolic face of the ER (21).
Consistent with previous reports, in the present study all viperin mutants, except for the
mutant lacking its N-terminal domain (A2 to 42), were predominantly localized to the ER in
transiently transfected cells (Fig. S2B). Meanwhile, viperin traffics from the ER to the mito-
chondria by interacting with vMIA (9). We observed that viperin was colocalized with vMIA
to the mitochondria in mutants that included the Cys44 residue in transiently cotrans-
fected cells. However, viperin was not translocated from the ER to the mitochondria when
it was coexpressed with vMIA mutants lacking the MTS domain or Cys44 of vMIA (Fig. 2A,
Fig. S2C). Mitochondrial localization of viperin and vVMIA mutants was further evaluated by
cellular fractionation (38, 39). HEK-293T cells transiently cotransfected with viperin and
vMIA wild type (WT) or vMIA Cys44 mutant were lysed and subjected to subcellular fractio-
nation. Each protein in the mitochondrial and cytosolic fractions was detected by immuno-
blotting (Fig. 2B). Consistent with the results of confocal microscopy, viperin was found in
the mitochondrial fraction when coexpressed with vMIA WT but not the vMIA Cys44 mu-
tant. Similarly, vMIA was colocalized in the mitochondria with viperin mutants expressing
the N-terminal domain (Fig. 2C). We also confirmed that the viperin mutant expressing
only the N-terminal domain could still colocalize with vMIA, except for the vMIA Cys44 mu-
tant (Fig. 2D). Additionally, similar intracellular localization patterns of vMIA and/or viperin
mutants were observed in Cos-7 cells (data not shown). Taken together, these data indicate
that Cys44 of vMIA and the N-terminal domain of viperin are essential for trafficking of
viperin from the ER to the mitochondria.

The structure of the N-terminal domain of viperin is necessary for its interac-
tion with vMIA. Viperin is highly conserved, even between distantly related vertebrates,
and viperin-like enzymes are also expressed in fungi, bacteria, and archaea (11, 40, 41). The
N-terminal domain of viperin contains an amphipathic a-helix, but its length and sequence
vary between species (11). The N-terminal domain of human viperin is structurally similar
to that of mouse viperin, but its sequence is different (Fig. 3A). To determine whether
viperin interactions with vMIA depend on the structure or sequence composition of the N-
terminal domain, we generated a series of mouse viperin mutants. As with human viperin
mutants, all the mouse viperin mutants except for the mutant lacking the N-terminal do-
main (A2 to 42) interacted with vMIA, and colocalized to the mitochondria in transiently
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FIG 2 Cys44 of vMIA is required for the mitochondrial localization of viperin. (A) Hela cells were transiently cotransfected with viperin WT and vMIA
mutants. Cells were stained with anti-HA and anti-myc antibodies, with MitoTracker Red as the mitochondrial indicator. DAPI (4',6-diamidino-2-
phenylindole) was used to stain the nuclei. A representative image from two independent experiments is shown. Scale bar = 10 um. (B) HEK-293T cells
were transiently cotransfected with viperin and vMIA WT or mutant (C44A) for 24 h. Cells were lysed and subjected to subcellular fractionation. Each
protein in mitochondrial (Mito) and cytosolic (Cyto) fractions was detected by immunoblot using specific monoclonal antibodies. Ribosomal protein
subunit 14 (RPS14) was used as a negative control. mtHSP70 and a-tubulin were used as mitochondrial and cytoplasmic markers, respectively. WCL,
whole-cell lysate. (C and D) Hela cells were transiently cotransfected with the indicated constructs: (C) vMIA WT and viperin mutants and (D) the N-
terminal domain of viperin and vMIA WT or mutant (C44A). Cells were stained with anti-HA and anti-myc antibodies, with MitoTracker Red as the
mitochondrial indicator. DAPI was used to stain the nuclei. A representative image from two independent experiments is shown. Scale bar = 10 um.
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FIG 3 The N-terminal domain of mouse viperin interacts with Cys44 of vMIA. (A) The amino acid alignment of human and mouse
viperin. Shared amino acid residues are shaded in blue. The amphipathic a-helix, which is shared among mammals, extends from
residues 9 to 42. (B) HEK-293T cells were transiently cotransfected with vMIA WT and mouse viperin mutants for 24 h. (B)
coimmunoprecipitation was performed, and each protein was detected by immunoblotting using specific monoclonal antibodies.
Ribosome protein subunit 14 (RPS14) was used as a negative control, and Grp94 was used as the loading control. WCL, whole-cell
lysate. (C) Cells were stained with anti-HA and anti-myc antibodies, with MitoTracker Red as the mitochondrial indicator. DAPI was
used to stain the nuclei. A representative image from two independent experiments is shown. Scale bar = 10 um. HEK-293T cells
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transfected Hela cells (Fig. 3B and C). We also confirmed that a mouse viperin mutant
expressing only the N-terminal domain interacted with vMIA mutants containing Cys44
and trafficked to the mitochondria (Fig. 3D and E). These data indicate that the structure,
rather than the sequence composition, of the N-terminal domain of viperin is required for
its interaction with vMIA.

Cys44 of vMIA is crucial for viperin trafficking during HCMV replication. Thereafter,
to investigate the effect of VMIA Cys44 on its interaction with viperin during HCMV infec-
tion, we created a panel of recombinant HCMVs in which several residues of vMIA were
deleted or substituted and a series of revertant HCMVs, in which the vMIA mutants were
rescued by the vMIA WT, using mutagenesis in the bacterial artificial chromosome (BAC)
pHB15-containing HCMV strain AD169 (kindly provided by T. Stamminger, Ulm University
Medical Center) (42) (Fig. S3A and B). Due to limitations in antibody availability, we also
generated hemagglutinin (HA)-tagged recombinant HCMVs, in which the HA-tag sequence
was inserted between the alternative splicing site and the stop codon of vMIA (UL37x1),
which encode the HA-tag for vMIA but not the full length of pUL37 (Fig. S3B). To ensure
correct targeting of recombination to the desired HCMV genomic location, the recombi-
nant BAC DNA was digested with BamHI and electrophoresed. Fragments distinguishing
the inserted KAN' cassette from the vMIA mutant in the target region were observed (Fig.
S3Q). Nucleotide sequence analysis of the PCR products amplified from these recombinant
BACs confirmed the correct insertion of the mutant. All recombinant HCMVs were har-
vested and amplified. The expression levels of viral proteins IE1 and VMIA mutants or
vMIA-HA mutants and viperin in cells infected with these recombinant viruses were similar
(Fig. S4A and B). There was no difference in the expression levels of viral proteins [E1 and
vMIA and viperin between cells infected with HCMV WT and cells infected with HA-tagged
HCMV (HCMV-vMIA-HA) (Fig. S4Q), indicating that HA-tagged recombinant HCMVs are suit-
able for downstream assays. Consistent with the results of transiently transfected cells (Fig.
1D), an immunoprecipitation assay showed that Cys44 of vMIA is required for binding to
endogenous viperin in virus-infected cells (Fig. 4A). Having previously observed that viperin
traffics to three distinct cellular compartments during HCMV infection (20), we next deter-
mined if vMIA Cys44 is responsible for viperin trafficking during viral replication. Confocal
microscopy did not detect viperin in the mitochondria at 1 day postinfection (dpi) in cells
infected with the recombinant HCMV encoding a vMIA mutant in which Cys44 is replaced
by alanine, although vMIA normally localizes to the mitochondria (Fig. 4B, Fig. S4D).
Conversely, viperin was observed in the mitochondria at 1 dpi in cells infected with rever-
tant viruses. We further evaluated the mitochondrial localization of viperin in cells infected
with the recombinant HCMVs by cellular fractionation. Virus-infected cells were lysed and
subcellular fractionation was performed at 1 dpi. Each protein in the mitochondrial and cy-
tosolic fractions was detected by immunoblotting (Fig. 4C). Consistent with the results of
confocal microscopy, viperin was found in the mitochondrial fraction of cells infected with
the HCMV WT and the revertant virus but not the recombinant HCMV encoding the vMIA
Cys44 mutant. vVMIA Cys44 is therefore a critical amino acid for the mitochondrial targeting
of viperin in the early stages of infection. Interestingly, the recombinant HCMV encoding
the vVMIA Cys44 mutant had impaired viperin localization to the AC at late stages of infec-
tion (5 dpi) (Fig. 4D). The efficiency of viperin trafficking to the AC was reduced by about
half in cells infected with the recombinant HCMV encoding the vMIA Cys44 mutant com-
pared with in cells infected with the HCMV WT, and this was restored in cells infected with
the revertant virus (Fig. 4D). These results indicate that the mitochondrial localization of
viperin immediately after infection is a prerequisite for its relocalization to the AC at later
stages of infection, suggesting that viperin travels to the AC mainly via the mitochondria
instead of the ER during HCMV infection.

FIG 3 Legend (Continued)

were transiently cotransfected with the N-terminal domain of mouse viperin and vMIA mutants for 24 h. (D) coimmunoprecipitation
and immunoblotting were performed with the indicated antibodies. (E) Cells were stained with anti-HA and anti-myc antibodies, with
MitoTracker Red as the mitochondrial indicator. A representative image from two independent experiments is shown. Scale bar =

10 wm.
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FIG 4 Recombinant HCMV expressing the Cys44 vMIA mutant has impaired viperin trafficking during viral infection. (A) The interaction between the
VMIA mutant of the recombinant virus and endogenous viperin. HFF cells were infected with the recombinant HCMV expressing the HA-tagged vMIA
mutant at an MOI of 1. At 1 day postinfection (dpi), coimmunoprecipitation was performed, and each protein was detected by immunoblotting using
specific monoclonal antibodies. HCMV protein IET was used as the control for viral protein expression, and Grp94 was used as the loading control. WCL,
whole cell-lysate. (B and C) Intracellular localization of the VMIA mutant of the recombinant virus and endogenous viperin at the early stages of
infection. HFF cells were infected with the recombinant HCMV at an MOI of 1 for 1 day. (B) Cells were stained with antibodies specific to viperin and
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vMIA Cys44 is essential for viperin function to increase viral infectivity. Viperin
translocation to the mitochondria enables it to interact with and block the function of mito-
chondrial trifunctional protein (TFP), which mediates fatty acid-B-oxidation, resulting in
decreased cellular ATP levels and disruption of the actin cytoskeleton and thus facilitating vi-
ral infectivity (9). We therefore determined if the elimination of Cys44 of vMIA, which is re-
sponsible for viperin trafficking, would affect HCMV replication. We measured the kinetics of
replication for recombinant viruses from human foreskin fibroblasts (HFFs) by performing a
multistep growth assay. Viral infectivity was significantly reduced by more than 10-fold in
cells infected with the recombinant HCMV encoding the Cys44 vMIA mutant compared with
the HCMV WT, and this was restored in cells infected with the revertant virus (Fig. 5A). This
indicates that viperin’s interaction with vMIA enables it to enhance viral replication. To test
whether mutation of Cys44 in vMIA affects the function of intact vMIA in viral replication, we
analyzed mitochondrial morphogenesis and apoptosis in cells infected with the recombinant
viruses. Small punctate mitochondrial staining was observed in cells infected with the HCMV
WT, the recombinant HCMV encoding the Cys44 vMIA mutant, or the revertant virus,
whereas tubular and elongated mitochondrial staining was detected in noninfected cells,
indicating that the Cys44 vMIA mutant, like vMIA WT, can induce mitochondrial fragmenta-
tion (Fig. S5A). In addition, cell viability and apoptosis inhibition of cells infected with the
recombinant HCMV encoding the Cys44 vMIA mutant did not differ from cells infected with
the HCMV WT but increased compared with cells infected with a recombinant HCMV defi-
cient in vMIA (HCMV-AVMIA) (Fig. S5B). The results indicate that the Cys44 vMIA mutant spe-
cifically abrogates viperin-dependent but not viperin-independent functions. Viperin
increases fatty acid biosynthesis during HCMV infection, which leads to the accumulation of
lipids that are used for the formation of the viral envelope (10). We next measured the
expression levels of key lipogenic enzymes acetyl-coenzyme A carboxylase (ACC) 2, fatty acid
synthase (FAS), and diacylglycerol acyltransferase (DGAT) 2. The increase in the expression
levels of all measured transcripts was significantly less in cells infected with the recombinant
HCMV encoding the Cys44 vMIA mutant than in cells infected with the HCMV WT (Fig. 5B).
Increased lipogenic enzyme levels upon HCMV infection resulted in the enhancement of lipid
synthesis and the accumulation of lipid droplets (LD), which act as a storage compartment
for triglycerides and long-chain fatty acids (43-46). We therefore measured the levels of neu-
tral lipids synthesized in the recombinant virus-infected cells. Neutral lipid levels in cells
infected with the HCMV WT increased by 2-fold compared with noninfected cells, whereas
no change was observed in cells infected with the recombinant HCMV encoding the Cys44
vMIA mutant (Fig. 5C). We also examined the formation of LDs in cells infected with the
recombinant viruses. The number and size of LDs were significantly reduced in cells infected
with the recombinant HCMV encoding the Cys44 vMIA mutant compared with cells infected
with the HCMV WT (Fig. 5D and E). These metabolic alterations were also restored in cells
infected with revertant viruses (Fig. 5B to E). To determine whether these phenomena are
reproduced when vMIA mutants are overexpressed at similar levels during viral infection, we
generated immortalized human fibroblasts (HFtelos) stably expressing a series of vMIA dele-
tion and substitution mutants with or without HA-tag, as previously described (9). The pro-

FIG 4 Legend (Continued)

HCMV proteins VMIA and pp65. pp65 represents a stage of infection that is localized to the nucleus at early stages of infection and to the assembly
compartment (AC) at late stages of infection. DAPI was used to stain the nuclei. A representative image from two independent experiments is shown.
Scale bar = 10 um. (C) Cells were lysed and subjected to subcellular fractionation. Each protein in mitochondrial (Mito) and cytosolic (Cyto) fractions
was detected by immunoblotting using specific monoclonal antibodies. Noninfected cells were used as a negative control. HCMV protein IE1 was used
as the control for viral protein expression. mtHSP70 and a-tubulin were used as mitochondrial and cytoplasmic markers, respectively. WCL, whole-cell
lysate. (D) Intracellular localization of the vVMIA mutant of the recombinant virus and endogenous viperin at the late stages of infection. HFF cells were
infected with the recombinant HCMV at an MOI of 1 for 5 days. Cells were stained with antibodies specific to viperin and HCMV proteins vMIA and
pp65. DAPI was used to stain the nuclei. Closed arrows indicate ACs in which viperin and pp65 are colocalized, and open arrows indicate ACs in which
pp65 but not viperin is localized. A representative image from two independent experiments is shown. Scale bar = 10 um. The efficiency of viperin
localization to the AC in cells infected with the recombinant virus was quantified. Multiple frames from each coverslip were observed and imaged. A
total of 50 to 100 cells displaying pp65-localized AC were counted in each frame (>20 frames/coverslip) and calculated as the ratio of cells with
viperin-localized AC to cells with pp65-localized AC. As a control, the ratio in cells infected with HCMV WT was set to 100%. Data are presented as the
mean = SEM of duplicate samples and are representative of three independent experiments. Statistical analysis was performed by one-way ANOVA
with Dunnett’s multiple-comparison test. *, P < 0.05.
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FIG 5 Cys44 of vMIA is required for viperin-dependent lipid synthesis and virion production. (A) HFF cells were infected with the recombinant
HCMV at an MOI of 0.05 for the indicated duration. Virus yield was quantified by a fluorescence-based viral infectivity assay. (B) Relative mRNA
levels of lipogenic enzymes in HFF cells infected with the recombinant HCMV at an MOI of 1 for 1 day. ACC2, acetyl-coenzyme A (CoA) carboxylase
2; FAS, fatty acid synthase; DGAT2, diacylglycerol acyltransferases 2. HFF cells were infected with the recombinant virus at an MOI of 1 for 3 days:
(O) quantification of total neutral lipids. Total neutral lipids from 3 x 10° cells were extracted and quantified using a fluorescence-based lipid assay
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tein expression of vVMIA mutants was detected in these stable cell lines, whereas endogenous
viperin was not induced in the stable cells without viral infection (Fig. S6A). We analyzed mi-
tochondrial morphogenesis in cells stably expressing the vector control, the vMIA WT, and
the Cys44 vMIA mutant by cellular fractionation. Cell lysates were subjected to subcellular
fractionation. Each protein in the mitochondrial and cytosolic fractions was detected by im-
munoblotting (Fig. S6B). Elongated mitochondria accumulate in the heavy mitochondrial
fraction, and fragmented mitochondria accumulate in the light mitochondrial fraction (39).
Most mitochondria in these stable cells were found in the heavy mitochondrial fraction.
However, mitochondria from cells stably expressing the vMIA WT or the Cys44 vMIA mutant
but not the vector control were also found in the light mitochondrial fraction. The presence
of light mitochondria was consistent with the small punctate staining observed in cells
infected with the recombinant HCMVs (Fig. S5A). The results indicate that mitochondrial frag-
mentation is induced by the Cys44 vMIA mutant as well as the vMIA WT, confirming that
mutation of Cys44 in VMIA does not affect the function of intact vMIA. Next, we used a
recombinant HCMV in which vMIA was deleted (HCMV-AvMIA) to infect the stable cell lines
(Fig. S6C). Consistent with the results of the recombinant HCMV encoding vMIA mutants, the
effects of Cys44 of vVMIA on the interaction and trafficking of viperin were observed in the
stable cell lines infected with HCMV-AvMIA (Fig. 6A and B, Fig. S6D). The infectivity of HCMV-
AVMIA in cells stably expressing the Cys44 vMIA mutant was significantly reduced compared
with that in cells stably expressing the vMIA WT (Fig. 6C). However, there was no difference
in cell viability between these two stable cell lines infected with HCMV-AvVMIA (Fig. 6D), indi-
cating that Cys44 of vMIA does not affect the antiapoptotic function of vMIA. In addition, the
resultant enhancement of cellular lipogenesis was observed in the stable cell lines infected
with HCMV-AVMIA (Fig. 6E). Taken together, these results indicate that alterations to the cel-
lular lipid metabolism and viral infectivity that are induced by viperin during HCMV infection
can be attributed to Cys44 of vMIA, which is responsible for the interaction and intracellular
trafficking of viperin.

DISCUSSION

During human cytomegalovirus (HCMV) infection, viperin plays opposing roles
depending on when it is expressed and where it is localized (11). Viperin has antiviral
activity in the ER when expressed prior to infection but has proviral activity in the mito-
chondria during the early stages of infection (9, 10, 20). Viperin is relocalized to the vi-
ral AC during late stages of infection, although its function in the AC is unknown. This
relocalization suggests that viperin trafficking determines its function during HCMV
infection and that some viral or cellular factors are involved in its trafficking and func-
tion. At least one viral protein, HCMV vMIA, is responsible for the trafficking of viperin
from the ER to the mitochondria during the early stages of infection (9, 10). In the pres-
ent study, we identified the interaction domains between viperin and vMIA for the first
time. We determined that residue Cys44 of vMIA is required for viperin trafficking and
clarified its role in the mitochondria during viral replication.

vMIA is an essential protein for viral replication. The two domains (aa 5 to 34 and aa
118 to 147) of vMIA are necessary for its mitochondrial localization and antiapoptotic
activity (47). In addition, the acidic domain (aa 81 to 108) of VMIA is required for trans-
activation of HCMV early gene promoters (48). In the present study, we showed that
the residue of VMIA that interacts with viperin is distinct from its functional domains,
which suggests that viperin trafficking is independent of the known functions of vMIA.

Viperin is composed of three domains: an N-terminal amphipathic a-helix domain
(aa 1 to 42), which is responsible for its association with the cytosolic face of the ER, a

FIG 5 Legend (Continued)

Journal of Virology

kit. (D) Accumulation of lipid droplets (LDs). Cells were stained with BODIPY 493/503 neutral lipid dye, a marker for LDs, and an antibody specific
to HCMV protein IE1 to identify infected cells. A representative image from three independent experiments is shown. Scale bar = 20 um. (E)
Quantification of LDs. The LD number is the mean of 20 cells = SEM; the LD diameter is the mean of 150 LDs = SEM. Data are presented as the
mean = SEM of triplicate samples and are representative of three independent experiments. Statistical analysis was performed by one-way ANOVA

with Dunnett’s multiple-comparison test. *, P < 0.05; **, P < 0.01; ***, P < 0.0001.

June 2023 Volume 97 Issue 6

10.1128/jvi.01874-22 11


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01874-22

Interacting Residues between vMIA and Viperin Journal of Virology

A HCMV-AVMIA (1dpi) C
vMIA-HA HCMV-AvMIA
o < N o
5§35 <3 MOI = 0.1 MOI =
IP: HA 0 o o ¥ o
O T T X O ey =
> 339049 = E 4 ‘E 51
IB: Viperin | .- \ =1 *rk = I Vector
7)) n 41 W VMIAWT
[ 3 : 3] H vMIA (C44A)
-oa =
hiFs mu= - " wCL £ é 21
Viperin () 49 GREDED = =2t
Grpo4 [ o == = = S So
7dpi 7dpi
B HCMV-AVMIA (1dpi) D HCMV-AvVMIA
Viperin ;\? 150, n.s. 3 Vector
= ik | vMIAWT
= 100+ Il VMIA (C44A)
WT a
)
> 501
3
0 . .
: Non-infected  1dpi
- E
A40-42 HCMV-AvMIA
< ACL ACC2
T E E
< o3 * o 10 o
= Vieri M = = [ Vector
2 perin | Werge 2, <8 B VMIA WT
€ e H vMIA (C44A)
0 ¢ ?
N40-44 = Z 2
©0 T 0
Y Non-infected 1dpi 14 Non-infected 1dpi
Viperin | Merge . E FAS 5 DGAT1 . DGAT2
3 . 35 e D40
< <4 B < 30
C44A Z g Z 2
€ £, €
o 0] o 10
2 21 2
© © ©
00 ; ; 00 y ; o 0 n "
Y Non-infected 1dpi ¥ Non-infected 1dpi 14 Non-infected 1dpi

FIG 6 Viperin interaction and trafficking in cells stably expressing vMIA mutants during vMIA-deficient HCMV infection. (A and B) HFtelo cells stably
expressing HA-tagged vMIA WT and mutants were infected with an HCMV mutant lacking vMIA (HCMV-AvVMIA) at an MOI of 1 for 1 day. (A) Viperin
interaction with vMIA mutants. Coimmunoprecipitation was performed, and each protein was detected by immunoblotting using specific monoclonal
antibodies. HCMV protein pp65 was used as the control for viral protein expression, and Grp94 was used as the loading control. WCL, whole-cell lysate. (B)
Intracellular localization of vMIA mutants and endogenous viperin during HCMV-AvMIA infection. Cells were stained with antibodies specific to HCMV
proteins pp65 and HA-tagged vMIA and viperin. DAPI was used to stain the nuclei. A representative image from two independent experiments is shown.
Scale bar = 10 um. (C and D) HFtelo cells stably expressing vMIA WT and the mutant (C44A) were infected with HCMV-AvMIA (C) at an MOI of 0.1 or 1 for
7 days and (D) at an MOI of 1 for 1 day. (C) Viral yield was quantified by a fluorescence-based virus infectivity assay. (D) Cell viability was analyzed by a
trypan blue dye-exclusion assay. (E) Relative mRNA levels of lipogenic enzymes in HFtelo cells stably expressing vMIA WT and mutant (C44A) during HCMV-
AVMIA infection. ACL, ATP-citrate lyase; ACC2, acetyl-coenzyme A (CoA) carboxylase 2; FAS, fatty acid synthase; DGAT1 and DGAT2, diacylglycerol
acyltransferases 1 and 2. Data are presented as the mean = SEM of triplicate samples and are representative of three independent experiments. Statistical
analysis was performed by one-way ANOVA with Dunnett’s multiple-comparison test. *, P < 0.05; **, P < 0.01; ***, P < 0.0001.

central domain (aa 71 to 182), in which the Fe-S cluster binding motif is essential for its
functional activities, and a C-terminal domain (aa 183 to 361), which is highly con-
served but functionally undefined (11). The Fe-S cluster binding motif of viperin is
required for its ability to alter lipid metabolism during HCMV infection (9, 10). We
found that the N-terminal domain of viperin is necessary for its interaction with vMIA.
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Moreover, we demonstrated that the structure, rather than the sequence composition,
of the N-terminal domain of viperin is required for its interaction with vMIA by proving
that the N-terminal domain of mouse viperin, which is structurally similar to that of
human viperin, interacts with vMIA. Human and mouse viperin have similar motifs and
amino acid residues, although they are not identical. The N-terminal domain of human
and mouse viperin contains a leucine zipper motif (aa 14 to 42), which is typically
hydrophobic (11, 21). This motif is responsible for the binding of viperin to the intracel-
lular membrane by enhancing the electrostatic interactions in protein-protein bonds
(21, 49). It has been suggested that the N-terminal domain of viperin might be required
for the electrostatic interaction with vMIA. Human and mouse viperin also both have a
cysteine residue (Cys33) within the N-terminal domain. However, Cys33 of viperin was
not required for the interaction with Cys44 of vMIA, indicating that the interaction
between viperin and vMIA is not caused by forming a disulfide bond between cysteine
residues. Expression of mouse viperin rescues the HCMV WT phenotype in terms of vi-
ral replication in human viperin knockdown cells (9). Our data suggest that the N-ter-
minal domain of mouse viperin can functionally replace that of human viperin during
HCMV infection, although the structural mechanism by which vMIA interacts with
viperin needs to be further elucidated.

A three-dimensional model has been generated of the interaction between vMIA
and the apoptosis regulator Bax based on their sequence-to-structure alignment. vMIA
recruits Bax to the mitochondria and triggers the oligomerization of Bax by establish-
ing multivalent and/or cooperative interactions with Bax (30, 31). Similar to the vMIA-
Bax interaction, the vMIA interaction with the N terminus of viperin might affect the
oligomerization of viperin as well as its targeting to the mitochondria.

We generated a series of recombinant HCMVs to analyze the effect of vMIA Cys44 on
the interaction with viperin during viral infection. vMIA is also known as pUL37x1. The im-
mediate early gene of HCMV, UL37, produces an unspliced transcript encoding pUL37x1
and two spliced transcripts encoding gpUL37 and gpUL37M (22, 23, 50). In the present
study, the HA-tagged recombinant HCMVs, in which the HA-tag sequence was inserted
between the alternative splicing site and the stop codon of vMIA (UL37x1), encode the HA-
tag for vMIA, but not gpUL37 or gpUL37M. The expression levels of other viral proteins, IE1
and pp65, were not altered in cells infected with the recombinant viruses compared with
cells infected with HCMV WT. Therefore, our strategy was appropriate to verify the effect of
vMIA on the interaction with viperin during viral infection.

Many cellular and viral proteins temporally alter their subcellular localization during HCMV
infection. Various proteins, such as the ER-Golgi intermediate compartment (ERGIC) marker
proteins (51), lysosomal marker proteins, soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptor (SNARE) family members (52, 53), and endosomal sorting complex
required for transport (ESCRT) components (54, 55), as well as several viral proteins, including
gB and pp65, localize to the AC during the late stages of infection. Viperin also localizes to
the AC during the late stages of infection, although VMIA remains associated with the mito-
chondria. This suggests that viperin moves from the mitochondria to the AC, or directly from
the ER to the AC, by interacting with cellular or viral proteins other than vMIA. In the present
study we showed that the efficiency of viperin trafficking to the AC was remarkably reduced
in cells infected with the recombinant HCMV encoding the Cys44 vMIA mutant compared
with cells infected with the HCMV WT. This indicates that viperin mainly migrates to the AC
via the mitochondria, rather than directly from the ER, although a small amount of viperin is
still observed in the AC of cells infected with the recombinant HCMV encoding the vMIA
Cys44 mutant. Therefore, we hypothesize that viperin traffics from the ER to the AC via the
mitochondria during HCMV infection. The mitochondrial localization of viperin is a prerequi-
site for AC localization. In summary, viperin's interaction with vMIA is essential for its traffick-
ing to the mitochondria, and Cys44 of vMIA is also crucial for the trafficking of viperin.

Failure of viperin to localize to the mitochondria results in insufficient lipogenesis and
thus reduces viral replication (10), The mitochondrial localization of the viperin mutant
lacking the Fe-S cluster binding motif is similarly impaired (10). Consistent with these data,
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we found that the mislocalization of viperin in cells infected with the recombinant HCMV
encoding the Cys44 vMIA mutant produces defects in cellular lipogenesis and viral replica-
tion. Our data indicate that the function of viperin is determined by its localization during
viral infection, although the domain of viperin that is responsible for its interaction with
vMIA is distinct from the domain that exerts its other functions. Altogether, the interacting
domains of vMIA and viperin are required for the trafficking and function of viperin that
result in enhanced viral replication.

In conclusion, we demonstrated that Cys44 of vMIA is a critical amino acid for viperin
trafficking during HCMV replication. The multiple roles of viperin, which depend on its
localization, during viral infection are primarily dependent on a single amino acid of the
HCMV protein vMIA. Our findings suggest that this may be a potential therapeutic target
for HCMV-associated diseases.

MATERIALS AND METHODS

Cells, viruses, antibodies, and reagents. HelLa, COS-7, and HEK 293T cells were used for transient
transfection experiments. Human foreskin fibroblast (HFF) and telomerase-immortalized human fibroblast
(HFtelo) cells were kindly provided by P. Cresswell (Yale University). All cells were cultured and maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (HyClone)
and 1% penicillin-streptomycin (HyClone) at 37°C in a 5% CO, incubator.

The bacterial artificial chromosome (BAC) pHB15 containing HCMV strain AD169 was kindly provided by
T. Stamminger (Ulm University Medical Center) (42), and the recombination system using rpsL-neo selection
was provided by J. H. Ahn (Sungkyunkwan University) (56). The recombinant HCMVs used in the present
study were generated utilizing a recombination strategy in HCMV (AD169)-BAC. Recombinant BACs were
reconstituted to viruses by transfecting BAC DNA into HFFs with a Nucleofector kit (Lonza) according to the
manufacturer’s instructions. Cells infected with the recombinant viruses were harvested, and viral DNA was
isolated using a QlAamp DNA minikit (Qiagen). Nucleotide sequence analysis of PCR products amplified from
viral DNA was used to confirm that the recombinant viruses contained the desired mutations. HCMV strain
RVHB5 WT and HCMV RVHB5 AvMIA mutants were kindly provided by E. S. Mocarski (Emory University) (57).

HCMV-encoded proteins were detected with specific monoclonal antibodies (MAb). The mouse MAb to
VvMIA (4B6-B) was a gift from T. Shenk (Princeton University). The mouse MADbs to IE-1 (UL123) (P63-27) and
pp65 (UL83) (28-19) were gifts from W. J. Britt (University of Alabama at Birmingham). The mouse MAb to
viperin (MaP.VIP) was provided by P. Cresswell (Yale University) (14, 20). The mouse MAbs to Myc (4A6) (Merk
Millipore), mtHSP70 (JG1) (Abcam), and a-tubulin (DM1A) (Sigma-Aldrich), the rabbit MAbs to hemagglutinin
(HA) and calnexin (Abcam), and the rat MAb to Grp94 (Enzo Life Sciences) were purchased from their respec-
tive suppliers. Goat anti-rabbit, anti-mouse, and anti-rat IgG secondary antibodies (Abs) were purchased from
Jackson ImmunoResearch Laboratories. Normal rabbit serum (NRS) and normal mouse serum (NMS) were
also used as negative controls. Mitotracker Red (Invitrogen), BODIPY 493/503 neutral lipid dye (Molecular
Probes), Lipofectamine 2000 (Thermo Fisher Scientific), Polybrene (Merk Millipore), and G418 (Duchefa
Biochemie) were purchased from their respective suppliers.

Bacmid mutagenesis. The HCMV (AD169)-BAC clone was used as the template for mutagenesis. HCMV
(AD169)-BAC clones containing UL37x1 (vMIA) mutations were generated using a counter-selection BAC
modification kit (Gene Bridges) according to the manufacturer’s instructions. Briefly, the rpsL-neo cassette, to-
gether with 50 nucleotides of the AD169 sequence flanking the target region within the HCMV genome, was
generated by PCR amplification using the primer set (rpsL-neo-set1) listed in Table S1. The rpsL-neo cassette
with homology arms was introduced into E. coli DH10B containing HCMV (AD169)-BAC by electroporation
using a Gene Pulser Il (Bio-Rad). HCMV (AD169)-BAC clones with homologous recombination of the rpsL-neo
cassette were selected on LB plates containing kanamycin (Sigma-Aldrich). Thereafter, the rpsL-neo cassette
was replaced by annealed oligonucleotide DNAs consisting of vMIA mutations with homology arms of 50 nu-
cleotides. The primer set for PCR amplification of vMIA mutants is listed in Table S1. HCMV (AD169)-BAC
clones with homologous recombination of vMIA mutants were selected on LB plates containing streptomycin
(Sigma-Aldrich). HCMV (AD169)-BACs encoding HA-tagged vMIA mutants were then generated from the
recombinant HCMV (AD169)-BACs encoding vMIA mutants. The rps-neo cassette flanked by homology arms
was reinserted into the target region of the recombinant HCMV (AD169)-BACs. Thereafter, the rpsL-neo cas-
sette was replaced by the DNA fragments containing HA-tagged vMIA mutants with homology arms by
recombination. The HA-tag sequence was added after nucleotide 489 of vMIA, which is a splice site for UL37.
The primer set (rpsL-neo-set2) for PCR amplification of this rps-neo cassette and the vMIA-HA primer set are
also listed in Table S1. Revertant HCMV (AD169)-BACs were also generated from the recombinant HCMV-
BACs encoding VMIA mutants as described above. The target regions of the recombinant HCMV-BACs were
amplified by PCR and sequenced to verify the desired mutations.

Plasmids and transfections. Human and mouse viperin cDNA constructs of the wild type (WT), trunca-
tion of residues 1 to 42 or 1 to 80, deletion of residues 2 to 42 (A2 to 42), and substitution of cysteine residue
33 to alanine residue (C33A) were generated by PCR amplification and were then cloned into pcDNA3.1 with a
C-terminal HA-tag or 6Myc-tag. The coding region for vMIA (UL37x1) was produced by PCR from genomic
HCMV (strain AD169) DNA. vMIA cDNA constructs of the WT, a series of truncation mutants (1 to 22, 1 to 34, 1
to0 39, 1to 44, 1 to 49, 1 to 54, or 1 to 60), deletion mutants (A2 to 34, A2 to 22, A35 to 39, A40 to 44, A40 to
42, A45 to 49, or A50 to 60), and substitution mutants (C44A, K40A, K41A, K42A, KK4041AA, KK4142AA,
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KK4042AA, or KKK404142AAA) were generated by PCR amplification, and were then cloned into pcDNA3.1
with a C-terminal HA-tag or 6Myc-tag. Ribosomal protein subunit 14 (Rps14), a negative control, was
amplified by PCR and cloned into pcDNA3.1 with a C-terminal HA-tag or 6Myc-tag. pBMN-Z-IRES-Neo plasmid
and pCL-Ampho plasmid were kindly provided by Peter Cresswell (Yale University). Constructs were trans-
fected into HFFs using a Nucleofector kit (Lonza) according to the manufacturer’s instructions or HEK 293T,
Hela, and COS-7 cells using Lipofectamine 2000 (Thermo Fisher Scientific), according to the manufacturer’s
instructions.

Stable cell lines. HEK 293T cells were cotransfected with two plasmids: 12 ng of pBMN-vMIA-IRES-Neo
plasmid and 12 ug of pCL-Ampho plasmid, using Lipofectamine 2000. The cotransfected cells were incu-
bated at 37°C for 8 h and then transferred to 32°C. After 1 day, the supernatant containing lentiviruses was
collected every 24 h three times. HFtelo cells were spin-infected with the supernatants containing viruses for
90 min (2,500 rpm) at 32°C in the presence of Polybrene (8 g/mL) three times and incubated at 32°C. After
1 day, the infected cells were transferred to 37°C and selected with neomycin (1 mg/mL). Protein expression
efficiency was assessed by Western blot analysis from cells stably expressing the indicated vMIA mutants.

Immunoblot analysis. Cells were harvested and lysed with 1% Triton X-100 in Tris-buffered saline
(TBS) containing proteinase inhibitors. The supernatants of the lysates were collected, and the concen-
tration of protein was determined by bicinchoninic acid (BCA) assay (Thermo Fisher Scientific). The pro-
teins were separated electrophoretically on 12% SDS-PAGE gels and transferred to polyvinylidene fluo-
ride (PVDF) membranes (Merk Millipore). The blots were blocked with 5% skim milk and 0.05% Tween in
phosphate-buffered saline (PBS), incubated with primary antibodies, and probed with horseradish per-
oxidase-conjugated secondary antibodies, followed by incubation with enhanced chemiluminescence
reagent (Thermo Fisher Scientific). Grp94 was used as the loading control.

Coimmunoprecipitation. HEK 293T cells were seeded on 60-mm dishes (SPL Life Sciences) and cotrans-
fected with the indicated plasmids. Cells were harvested 24 h after transfection, washed three times with
PBS, and lysed with 1% Brij 98 (Sigma-Aldrich) in TBS for 1 h at 4°C. The cell lysates were precleared with nor-
mal mouse or rabbit serum and protein G or A Sepharose (GE Healthcare) for 1 h at 4°C. The precleared
lysates were immunoprecipitated by incubation with specific antibodies and protein G or A Sepharose for
1 h at 4°C. Immunoprecipitates were rinsed three times with 0.1% Brij 98 in TBS, eluted in reducing sample
buffer, electrophoresed on 12% SDS-PAGE gels, and then blotted with specific antibodies. HFFs or HFtelo
cells stably expressing VMIA WT and mutants were seeded on 10- mm dishes (SPL Life Sciences) and
infected with the recombinant HCMVs at a multiplicity of infection (MOI) of 1 for 24 h. Cells were harvested
at the indicated time and lysed. The cell lysates were immunoprecipitated as described above.

Immunofluorescence. HFFs and HFtelo cells stably expressing vMIA WT and mutants were grown in 24-
well tissue culture plates (SPL Life Sciences) containing a 13-mm-diameter coverslip. After the cells reached 80
to 90% confluence, they were infected with recombinant HCMVs at an MOI of 1 for the indicated times. The
coverslips were harvested by washing the cells with PBS and then fixing cells with 3% paraformaldehyde
(Sigma-Aldrich) in PBS for 45 min at room temperature. The coverslips were washed with PBS and permeabil-
ized with 0.1% Triton X-100 and 0.01% SDS in PBS for 7 min. The coverslips were then blocked with 0.2%
Tween in PBS containing 10% normal goat serum (Thermo Fisher Scientific) for 20 min at room temperature,
followed by the addition of primary antibodies, and then incubated for 1 h at room temperature. The cover-
slips were washed with 0.2% Tween in PBS and incubated with anti-mouse IgG secondary antibodies (Thermo
Fisher Scientific) for 45 min at room temperature. The coverslips were washed with 0.2% Tween in PBS, rinsed
once in PBS, and mounted with ProLong Gold antifade reagent (Molecular Probes). Images were acquired with
a LSM700 scanning laser confocal microscope (Carl Zeiss AG) and analyzed using Zeiss ZEN 2012 software and
Image) software. Lipid droplets (LDs) were monitored by immunofluorescence. HFFs were grown on coverslips
and infected with recombinant HCMVs at an MOI of 1 for 3 days. The coverslips were fixed and permeabilized
with 0.5% saponin in PBS for 10 min. The coverslips were then incubated with the indicated antibodies fol-
lowed by the addition of 10 wg/mL BODIPY 493/503 neutral lipid dye in 150 mM NaCl for 20 min at room
temperature. HeLa and COS-7 cells grown on the coverslips were transfected with the indicated plasmids.
After 24 h, the coverslips were fixed and stained with specific antibodies as described above. To visualize
mitochondria, cells were incubated with Mitotracker Red before fixation.

Subcellular fractionation. Cells were fractionated to isolate heavy mitochondrial fractions, light mito-
chondrial fractions, and cytosolic fractions as described previously (38, 39). Briefly, cells were collected,
resuspended in 1 mL of homogenization buffer (0.25 M sucrose, 10 mM HEPES-NaOH [pH 7.4], and T mM
EDTA) supplemented with protease inhibitor cocktail (Roche), and then placed on ice for 10 min. Cells
were broken by needle passage (15 to 20 passages through 25-gauge needles), followed by centrifugation
at 1,000 x g for 10 min at 4°C to remove nuclei and unbroken cells. The supernatant was subsequently
centrifuged at 3,000 x g for 10 min at 4°C, and the pellet was used as a heavy mitochondrial fraction. The
supernatant was further centrifuged at 17,000 x g for 10 min at 4°C, and the pellet was used as a light mi-
tochondrial fraction. The supernatant was separated by ultracentrifugation at 65,000 x g for 60 min at 4°C
to eliminate microsomes (pellet) from cytosol (supernatant). The purified mitochondrial pellets were
washed twice in PBS and suspended in SDS-PAGE sample buffer until assay.

RNA extraction, cDNA preparation, and quantitative real-time PCR. Cells were collected, and total
RNA was extracted using a cultured cell total RNA purification kit (Favorgen). The ¢cDNA was synthesized
from 1 wg RNA template using a PrimeScript RT reagent kit according to the manufacturer’s instructions
(TaKaRa Bio). The cDNA was quantified by quantitative real-time PCR (qQRT-PCR) using a TB Green fast qPCR
reagent kit (TaKaRa Bio). The primers used for PCR are listed in Table S2. The PCR was performed in triplicate
for each sample. Quantitation was performed using the comparative threshold cycle (C,) (222¢") method.
The C; value for target genes in each sample was normalized to that of SB-actin. Three independent experi-
ments were analyzed to determine differences in the mean values, and P values are indicated in the figures.
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Measurement of neutral lipids. Cells were grown on 100-mm dishes (SPL Life Sciences) and then
infected with recombinant HCMVs at an MOI of 1 for 3 days. The cells were counted and lysed in 0.3 mL of
Triton X-100 (0.5% in H,0). Neutral lipids were extracted by sequentially adding 0.75 mL of methanol, 0.75 mL
of chloroform, 0.75 mL of chloroform, and 0.75 mL of H,O, with vortexing. Samples were centrifuged at
3,000 x g for 15 min at room temperature, and the organic phase (lower phase) was recovered. The amount of
neutral lipids was measured with a lipid assay kit (Abcam ab242307) according to the manufacturer’s instruc-
tions. In brief, samples and neutral lipid standards were added into a black, clear-bottom microplate (SPL Life
Sciences) and incubated at 55°C for 30 min. The plate was cooled for 3 min at 4°C, followed by the addition of
isopropanol, and then incubated for 5 min at room temperature. Fluorometric reagent was added, and fluores-
cence was measured as excitation/emission (Ex/Em) = 490 nm/585 nm. The fluorescence intensity expressed as
relative fluorescence units (RFU) was converted into the lipid concentration using lipid standard solutions. The
data sets were analyzed statistically for differences in the mean values, and P values are indicated in the figures.

Cell viability assay. HFtelo cells stably expressing vMIA WT and mutants were grown in 6-well tissue
culture plates (7 x 10° cells/well) (SPL Life Sciences). The cells were infected with RVHB5 lacking vMIA
(AVMIA-HCMV) at an MOI of 1 for 1 day. The cells were washed with PBS, trypsinized with 0.25% trypsin-
EDTA (HyClone), and resuspended in the culture medium. The cells were then pelleted by centrifugation,
resuspended in 1 mL of fresh culture medium, and stained with trypan blue (Thermo Fisher Scientific).
Cell viability was determined by counting the number of live and dead cells under a phase-contrast
microscope. The assay was performed in duplicate for each sample.

Annexin V/propidium iodide (Pl) apoptosis assay. HFFs were seeded on 60-mm dishes (2 x 10°
cells/dish) (SPL Life Sciences) and incubated overnight in 5% CO, at 37°C. Cells were infected with recombinant
HCMVs at an MOI of 2 for 3 or 5 days. Supernatants and cells were harvested and then washed twice in cold
PBS. Apoptotic cells were identified by incubation in 100 uL Annexin V binding buffer containing 200 wg/mL
of Alexa Fluor 647-conjugated Annexin V and 1 wg/mL of Pl for 15 min in the dark at room temperature. Cells
were examined using a BD FACS Verse Il flow cytometer (Becton, Dickinson). In total, 10,000 cells were ana-
lyzed per measurement. Untreated cells were used as a negative control. Data were analyzed using FlowJo
10.0.7 software (Tree Star, Inc, Ashland, OR, USA). Three independent experiments were analyzed statistically
for differences in the mean values, and the P values are indicated in the figures.

Virus replication assay. HFFs were infected with recombinant HCMVs at an MOI of 0.05 for 2 h and then
washed and cultured in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin. Supernatants and
cells were harvested at 1, 3, 5, and 7 dpi. Viral yield was measured by performing a fluorescence-based viral
infectivity assay (58). HFtelo cells stably expressing VMIA WT and mutants (C44A) were infected with RVHB5
lacking vMIA (AvMIA-HCMV) at an MOI of 0.1 or 1 for 2 h. Viral yield was then assayed as described above.

Statistical analysis. The data are presented as the mean * standard error of the mean (SEM).
Statistical significance was determined using one-way analysis of variance (ANOVA) with Dunnett’s mul-
tiple-comparison test. P values of <0.05 were considered statistically significant.

Data availability. All relevant data are within the manuscript and its supplemental material files.
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