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The human cytomegalovirus (HCMYV) UL37 exon 1 protein (pUL37x1), also known as vMIA, is the predom-
inant UL37 isoform during permissive infection. pUL37x1 is a potent antiapoptotic protein, which prevents
cytochrome ¢ release from mitochondria. The UL37x1 NH,-terminal bipartite localization signal, which
remains uncleaved, targets UL37 proteins to the endoplasmic reticalum (ER) and then to mitochondria. Based
upon our findings, we hypothesized that pUL37x1 traffics from the ER to mitochondria through direct contacts
between the two organelles, provided by mitochondrion-associated membranes (MAMs). To facilitate its
identification, we cloned and tagged the human phosphatidylserine synthase 1 (huPSS-1) cDNA, whose mouse
homologue localizes almost exclusively in the MAM. Using subcellular fractionation of stable HeLa cell
transfectants expressing mEGFP-huPSS-1, we found that HCMYV pUL37x1 is present in purified microsomes,
mitochondria, and MAM fractions. We further examined the trafficking of the full-length UL37 glycoprotein
cleavage products, which divergently traffic either through the secretory apparatus or into mitochondria.
Surprisingly, pUL37yy, and gpUL37 .0 Were both detected in the ER and MAM fraction, even though only
pUL37yyy, is preferentially imported into mitochondria but gpUL37 .y is not. To determine the sequences
required for MAM importation, we examined pUL37x1 mutants that were partially defective for mitochondrial
importation. Deletion mutants of the NH,-terminal UL37x1 mitochondrial localization signal were reduced in
trafficking into the MAM, indicating partial overlap of MAM and mitochondrial targeting signals. Taken
together, these results suggest that HCMV UL37 proteins traffic from the ER into the MAM, where they are

sorted into either the secretory pathway or to mitochondrial importation.

Human cytomegalovirus (HCMV) is the leading viral cause
of congenital birth defects, including mental retardation and
blindness, and the leading nongenetic cause of neurosensory
hearing loss in developed countries (8, 29). In addition to its
impact on neonatal health, HCMV is a significant pathogen in
immunosuppressed adults, particularly in transplant recipients
(7, 29).

Alternative processing of HCMV UL37 immediate-early
(IE) pre-mRNA, one of the first viral products produced dur-
ing infection, predominantly generates the unspliced UL37
exon 1 (UL37x1) RNA and 10 UL37 alternatively spliced
RNAs (1, 18, 21, 47, 50). These transcripts are predicted to
encode six UL37 protein isoforms (1, 18, 21). The UL37x1
protein (pUL37x1), also known as viral mitochondrion-local-
ized inhibitor of apoptosis (VMIA) and a product of the
UL37x1 unspliced RNA, is the predominant UL37 isoform
produced during permissive HCMV infection (18, 25, 42).
pUL37x1 induces Ca®>" release from endoplasmic reticulum
(ER) stores, resulting in reorganization of the F-actin stress
network and the characteristic cytopathology of permissive
HCMYV infection (35, 42).
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pUL37x1, the full-length UL37 glycoprotein (gpUL37), and
the medium isoform (pUL37,,) contain common NH,-termi-
nal 163 amino acids (aa) encoded by UL37x1 (18, 21) (Fig. 1).
These sequences include a strongly hydrophobic leader (aa 1 to
22) and a juxtaposed basic domain (aa 23 to 34), which jointly
serve as a bipartite signal to target UL37 proteins to the ER
and mitochondria (25, 27). This NH,-terminal targeting do-
main constitutes the first UL37x1 antiapoptotic domain, which
when combined with a downstream domain (aa 118 to 147) are
sufficient to confer its antiapoptotic activity (5, 18, 19, 28, 32,
34, 45). Between the UL37x1 antiapoptotic domains lies an
acidic domain (aa 81 to 108), which plays a role in the trans-
activation of HCMV early gene promoters, whose products are
needed for its oriLyt replication (13, 31, 52).

pUL37x1, gpUL37, and pUL37,, dually traffic to the ER and
to the mitochondrial outer membrane in transfected and in
HCMV-infected cells (2, 18, 19, 25-27, 42). Most mitochon-
drial proteins, including soluble and membrane-bound pro-
teins, are synthesized in the cytosol, transported to mitochon-
dria by heat shock proteins, and imported via translocation
complexes in the outer and inner mitochondrial membranes
(30, 36). Mitochondrial import requires that the cytosolic pre-
protein bind to cytosolic HSP70 and HSP90 and form a mul-
tichaperone complex, which then docks onto Tom70 (54). In
stark contrast, we found that a gpUL37 cleavage site mutant
was first translocated into the ER, where it was N glycosylated,
and subsequently imported into mitochondria (27). Because
this protein is anchored in the membrane by three transmem-
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FIG. 1. HCMV UL37 proteins and ORFs. The UL37x1 hydrophobic leader (aa 1 to 22) and juxtaposed basic (aa 23 to 29) and acidic (aa 81
to 108) domains are represented. The downstream UL37x2 and UL37x3 N-glycosylation domain, basic residues, transmembrane, and cytosolic tail
are present in gpUL37 and pUL37,,. The unique internal cleavage site of gpUL37 is indicated by the arrow at aa 193/194. The epitope for Ab1064
and DC35 (aa 27 to 40) and the C-terminal Flag tag (flag) are shown. For the pUL37x1 mutants, the sequences in pUL37x1 A2-23 and pUL37x1

A23-34 (19, 25), as well as the C-terminal Myc tag (hexagon), are shown.

brane domains, we hypothesized its sequential trafficking from
ER to mitochondria occurs through a continuous lipid bilayer
connecting the two organelles. Although localization of pro-
teins in the ER and in mitochondria is frequently observed (3,
9, 23), few cellular (12) and viral (27, 41) proteins are known to
traffic sequentially from the ER to mitochondria. Conse-
quently, this trafficking pathway connecting the ER to mito-
chondria is poorly understood.

High-resolution electron tomography has demonstrated that
the ER and mitochondria are in close proximity and have
numerous contacts (24). About 5 to 20% of the mitochondrial
network surface within a cell is in close apposition to the ER
(38). The mitochondrion-associated membrane (MAM), a sub-
domain of the ER, provides direct physical contact to mito-
chondria, as membrane bridges. Contacts between ER and
mitochondria provide sites for transfer of lipids (46) and po-
tentially of Ca®" (17, 33, 49, 53). MAM has been fractionated
to high purity from rat liver and is enriched in lipid synthetic
enzymes (4, 6, 46, 51). MAM has also been less well charac-
terized as a pre-Golgi compartment because of the presence of
Golgi specific and endoglycosidase H (EndoH)-sensitive mark-
ers (40). Phosphatidylserine synthase types 1 and 2 (PSS-1 and
PSS-2), fatty acid coenzyme A ligase 4 (FACL-4), ceramide
synthase, and sphingolipid-specific glycotransferases are en-
riched in MAM, permitting direct delivery of their membrane-
bound products to mitochondria (4, 6, 46, 51). Addition of an
NH,-terminal Myc tag to murine PSS-1 did not alter traffic its
trafficking pattern (46). Importation of phosphatidylserine into
mitochondria occurs through contact points between the
MAM and mitochondria and requires a mitochondrial mem-
brane protein and energy (43, 46). The contacts between ER
and mitochondria are partially stabilized by glucose regulated
protein 75 (Grp75) (48) and by PACS-2 (44).

Because of the documented role of MAM in trafficking

membrane-bound molecules from the ER to mitochondria, its
potential role as a microdomain for Ca®* transfer, and the
sequential trafficking of membrane-anchored UL37 proteins
from the ER to mitochondria, we tested whether HCMV
pUL37x1 traffics into the MAM. To that end, we adapted a
procedure to purify the MAM from the ER and mitochondria
from transfected cells (10, 51). Using highly purified fractions,
we found pUL37x1 trafficking into MAM in transfectants and
identified the MAM targeting signals. To determine the MAM
importation of other HCMV UL37 proteins, we also examined
the trafficking of the cleavage products of gpUL37, only one
of which traffics to the mitochondria. Surprisingly, both
pUL37wm» and gpUL37 ooy trafficked into the MAM, sug-
gesting that the MAM serves as a sorting compartment for
HCMYV ULZ37 proteins into the secretory apparatus or to mi-
tochondria.

MATERIALS AND METHODS

Cell culture, transfections, and infections. Life-extended human foreskin fi-
broblasts (LE-HFFs) (11) and HeLa cells were grown in Dulbecco modified
Eagle medium supplemented with 10% fetal calf serum, glutamine (4 mM),
nonessential amino acids (0.1 mM), and penicillin-streptomycin (100 U/ml/0.1
mg/ml). Cells were lipofected as previously described previously (27) with plas-
mid DNA expressing wild-type pUL37x1 (p327) (15), pUL37x1 A2-23-myc (19),
pUL37x1 A23-34-myc (19), gpUL37-Flag (p816) (14), or empty vector DNA
(p396, p796, or p790). Cells were harvested after transfection and fractionated as
described below and as previously published (10).

Cloning and expression of human PSS-1 (huPSS-1) gene product. Two gene
specific primers (forward, 5'-CGGGATCCGGACGGGGAGGCGGGCCATG-
3'; reverse, 5'-CGGGATCCTTTCTTTCCAACGCCATTGGT-3") were de-
signed by using the huPSS-1 gene sequence (GenBank accession number
NM_014754) to include the full open reading frame (ORF). Both primers con-
tained a BamHI restriction site used for subsequent cloning. poly(A)™ RNA was
isolated (Ambion) from HeLa cells and used for the generation of a cDNA
library by reverse transcription (47). A total of 100 ng of the HeLa cDNA library
was used as a template for the PCR amplification of huPSS-1 cDNA. PCRs were
performed for 35 cycles at 94°C for 1 min, 53°C for 30 s, and 72°C for 2 min and
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a final 10-min extension at 72°C. The PCR products were separated by electro-
phoresis in 1% agarose gels. The desired 1.4-kbp product was excised from the
gel and isolated by using a gel extraction kit (Qiagen). The purified cDNA
fragment was cloned into the pCR BLUNT 4 zero-TOPO plasmid vector (In-
vitrogen), and its sequence was verified by DNA sequencing as previously de-
scribed (47). DNA sequence comparisons were carried out by using BLAST 2.0
at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih
.gov/BLAST). The huPSS-1 cDNA was subcloned downstream of the monomeric
enhanced green fluorescent protein (MEGFP) ORF in the pmEGFP-C1 plasmid
vector, carrying the neomycin resistance gene, using the forward primer (5'-GG
GACTCGAGCCATGGCGTCCT-3'), containing an Xhol restriction site, and
the reverse primer (5'-CCCCCCGGGATCATTTCTTTCCAAC-3’), containing
a Smal restriction site, generating pmEGFP-huPSS-1 (p1420). HeLa cells were
lipofected with 7 pg of pmEGFP-huPSS-1 DNA. Stable transfectants were se-
lected by culturing cells in medium containing G418 (1,500 pg/ml). Individual
colonies were isolated, and the clone expressing the highest levels of mEGFP-
huPSS-1, designated PSS-1,,, was used for transfections and isolation of the
MAM fraction. PSS-1,, cells were cultured in a reduced concentration of G418
(500 pg/ml) throughout the experiments.

Fractionation of MAM, mitochondria, and microsomes from cultured cells.
MAM, mitochondria, and microsomes were isolated from transfected PSS-1,,
cells as previously described (51) with our modifications (10). Briefly, PSS-1,,
cells were washed twice in phosphate-buffered saline (PBS) and pelleted by
centrifugation at 1,000 X g for 10 min. The pellet was resuspended in sucrose
homogenization medium (0.25 M sucrose, 10 mM HEPES [pH 7.4]), and cells
were lysed by using a motor-driven Potter-Elvehjem homogenizer. The homog-
enates were subjected at least twice to a centrifugation at 600 X g for 5 min at
4°C, and a sample of the supernatant was removed and used as the total in our
analysis. The supernatant was then centrifuged at 10,300 X g for 10 min in order
to separate the crude microsomal (microsomes and cytosol) from the crude
mitochondrial (MAM and mitochondria) fraction. The crude microsomal frac-
tion (supernatant) was subjected to an ultracentrifugation at 100,000 X g in a
Beckman SW41 rotor for 60 min at 4°C to pellet the microsomes, while the
supernatant was concentrated by using 4-ml centrifugal filter units (Amicon,
PLBC Ultracel-3 Membrane, 3 kDa) by centrifugation at 3,000 X g for 1 h at 4°C
and was used as cytosol in our analysis. The crude mitochondrial fraction (pellet)
was resuspended in 300 pl of ice-cold mannitol buffer A (0.25 M mannitol, 5 mM
HEPES, 0.5 mM EGTA) and layered on top of 10 ml of a 30% Percoll suspen-
sion in mannitol buffer B (0.225 M mannitol, 25 mM HEPES, 1 mM EGTA).
Mitochondria and MAM fractions were separated during the formation of the
self-generating Percoll gradient by ultracentrifugation at 95,000 X g in a Beck-
man SW41 rotor for 65 min at 4°C. Both isolated fractions were diluted five times
in sucrose homogenization medium and subjected separately to a centrifugation
at 6,300 X g for 10 min at 4°C. The pellet of the mitochondria centrifugation was
used as the purified mitochondria in our analysis, while the supernatant of the
MAM centrifugation was further separated by centrifugation at 100,000 X g in a
Beckman SW41 rotor for 30 min at 4°C, and the pellet was used as the purified
MAM fraction. All of the fractions were resuspended in sucrose homogenization
medium and analyzed by Western blot analysis.

Protein concentration determination. The protein concentration of each sub-
cellular fraction was determined by using a BCA reagent kit (Pierce), as sug-
gested by the manufacturer.

EndoH and PNGase treatment. Proteins in purificd MAM or microsomal
fractions were treated with EndoH or peptide-N-glycosidase (PNGase) as pre-
viously described (26). After denaturation, 10 ug of MAM or 20 pg of micro-
somal proteins was treated with 500 U of the desired enzyme in the appropriate
buffer for 30 min at 37°C. Deglycosylated proteins were precipitated using 80%
cold acetone and resuspended in 1X sodium dodecyl sulfate (SDS) loading buffer
prior to electrophoresis in 10% polyacrylamide gels.

Western blot analysis. A total of 10 g of total lysate and subcellular fractions
was separated by SDS-polyacrylamide gel electrophoresis (PAGE) in 12%
Bis-Tris NuPage gels (Invitrogen) and analyzed by Western analyses as previ-
ously described (10, 27). Blots were probed with the following primary antibod-
ies: rabbit anti-UL37x1 (aa 27 to 40) antisera (DC35, 1:1,000), mouse anti-Myc
(MADBYE10, Berkeley Antibody Company, 1:100), mouse anti-Flag (M2, 1:2,000;
Covance), goat anti-dolichyl phosphate mannose synthase 1 (DPM1; 1-20, 1:100;
Santa Cruz Biotechnology), mouse anti-Grp75 (SPA-825, 1:1000; StressGen Bio-
technologies), or mouse anti-GFP (sc-9996 at 1:100; Santa Cruz Biotechnology)
and with corresponding horseradish peroxidase-conjugated secondary antibody
(1:2,000 or 1:3,000). Protein bands were detected using an ECL detection kit
(Pierce). Each blot was stripped as described before (27) and reprobed for the
detection of the specific protein organelle markers. Digital images were gener-
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FIG. 2. pUL37x1 traffics into microsomes, mitochondria, and
MAM in transfected HeLa cells. PSS-1,, cells that stably express the
tagged MAM protein marker (mEGFP-huPSS-1) were transfected
with either empty vector (p396) or vector expressing pUL37x1 (p327)
and fractionated into microsomes, MAM, mitochondria, and cytosol by
using Percoll gradient fractionation (10). A total of 10 pg of micro-
somes (0.7% of fraction), MAM (9.8%), mitochondria (9.7%), and
cytosol (0.3%) was resolved by SDS-PAGE using 12% polyacrylamide,
blotted, and reacted with a rabbit polyclonal antibody (DC35, 1:1,000)
that recognizes UL37x1. The blots were stripped and reprobed with
antibodies to specific protein markers for mitochondria (Grp75, mouse
anti-Grp75 antibody, 1:1,000; Stressgen), MAM (mEGFP-huPSS-1,
mouse anti-GFP antibody, 1:100; Santa Cruz), and ER (DPM1, goat
anti-DPM1 antibody, 1:100; Santa Cruz) in order to verify the identity
of purified fractions.

‘ MEGFP-huPSS-1

‘ DPM1

ated by using Scan Wizard Pro version 1.21 and processed in Adobe Photoshop
version 7.0.

Indirect immunofluorescence. LE-HFFs, HeLa (1.6 X 10°), or PSS-1,, (10°)
cells were plated onto coverslips in six-well plates and transiently cotransfected
with vectors expressing the mitochondrion resident form of Discosoma red flu-
orescent protein (dsRed-1-Mito, 0.5 pg; Invitrogen), mEGFP-huPSS-1 (p1420),
mEGFP (pmEGFP-C1), and/or pUL37x1 (p327, 0.5 pg) and were harvested 24 h
later by fixation in ice-cold methanol. LE-HFFs (10°) cells were plated onto
coverslips in six-well plates and transiently cotransfected with vectors expressing
mEGFP-huPSS-1 and infected 24 h later with HCMV strain Ad169 at a multi-
plicity of 3 PFU/cell as indicated. Infected cells were harvested at 12 h postin-
fection in ice-cold methanol. Fixed cells were probed by staining with anti-
UL37x1 (aa 27 to 40; Ab1064, 1:300), human autoimmune antimitochondrial
antibody (1:50; ImmunoVision) (14), mouse anti-KDEL receptor (1:100; Stress-
gen), or anti-GFP (mouse anti-GFP; Santa Cruz) antibodies as previously
described (27). The secondary antibodies were fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse immunoglobulin G (IgG; 1:250; Jackson
Immunoresearch), Texas red (TR)-goat anti-rabbit IgG (1:250), TR-goat anti-
mouse IgG (1:100), cyanine 5 (Cy5)-conjugated goat anti-rabbit IgG (1:50),
Cy5-goat anti-mouse IgG (1:200), or Cy5-goat anti-human IgG (1:50).

Confocal microscopy. Imaging was performed by using a Bio-Rad MRC1024
confocal laser scanning microscope (Center for Microscopy and Image Analysis,
GWU and Children’s Mental Retardation and Developmental Disabilities Re-
search Center) as previously described (14, 27). Confocal optical sections were
obtained by using with a X100 (NA = 1.35) lens and a 0.79-pm Z-dimension.
Individual signals were captured sequentially to avoid spurious overlap of the
emission signals. Images were generated by using Adobe Photoshop (version
7.0.1), Bio-Rad plug-ins, and Microsoft PowerPoint 2003.

RESULTS

HCMY pUL37x1 traffics into the MAM of transfected cells.
To determine whether HCMV UL37 proteins traffic into the
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FIG. 3. (A) Partial colocalization of mEGFP-huPSS-1 and dsRed-
1-Mito markers. PSS-1,, cells expressing mEGFP-huPSS-1 were tran-
siently transfected with a plasmid expression vector for DsRed-1-Mito.
After 24 h they were fixed and probed with mouse anti-GFP (1:200).
The secondary antibody was FITC-goat anti-mouse (1:250, green). The
cells were imaged for emissions at both 520 nm (FITC, left) and 615
nm (TR, middle) by using confocal microscopy. The overlaid image is
on the right. (B) Diffuse mEGFP localization in transfected HeLa
cells. HeLa cells were transfected with plasmids expressing mEGFP
(pmEGFP-C1) and DsRed-1-Mito. Cells were fixed 24 h later and
examined as in panel A for the presence of mEGFP and DsRed-1-
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MAM, PSS-1,, cells stably expressing a tagged, known MAM
marker (mEGFP-huPSS-1) were transiently transfected with
pUL37x1 expression vector and fractionated (10). Purified mi-
crosomes, MAM, mitochondria, and cytosol were examined by
Western analyses for the presence of pUL37x1 (Fig. 2). Con-
sistent with our previous results (25-27), pUL37x1 was de-
tected in microsomes and in mitochondria but not in the cy-
tosol. Substantial amounts of pUL37x1 were also detected in
the purified MAM fraction of transfected cells. The markers
for mitochondria (Grp75), MAM (mEGFP-huPSS-1), and ER
(DPM1) verified the identity and purity of the isolated subcel-
lular fractions. Importantly, the markers for ER and mitochon-
dria were faintly detectable in highly purified MAM, whereas
pUL37x1 was readily detected in the MAM. These results
demonstrate that the pUL37x1 localizes to the MAM, which is
known to provide contact points between the ER and mito-
chondria, and its presence there does not result from mito-
chondrial or microsomal contamination of the MAM fraction.

To verify the physical proximity of the MAM to mitochon-
dria in the PSS-1,, cells, we examined the colocalization of the
MAM marker, mEGFP-huPSS-1 (green), with a second mito-
chondrial marker, dsRed-1-Mito (red) by confocal microscopy
(Fig. 3A). Points of contact between MAM and mitochondria
were observed by colocalization seen as yellow in the overlaid
optical sections (right). In contrast, mEGFP was diffusely lo-
calized in control cells, transfected with pmEGFP expression
vector and did not colocalize specifically with the mitochon-
drial marker, dsRed-1-Mito (Fig. 3B). Taken together, these
results verify the close proximity of MAM and mitochondria in
the PSS-1,, cells, a finding consistent with the previously doc-
umented continuous membrane routes of transport between
the ER through the MAM to mitochondria in purified subcel-
lular fractions (46). Nonetheless, it is notable that the MAM
domains distal to mitochondria were also observed as unal-
tered green in the overlaid image.

To independently verify the presence of pUL37x1 in the

mito. Fixed cells were examined for DsRed (top) or probed with
human autoimmune anti-mitochondria antibodies (1:50) (bottom).
Secondary antibody was TR-goat anti-human IgG (1:50). Confocal
images were taken sequentially through a X100 objective lens. Zeiss
Lasersharp 2000 Acquisition software was used for additional magni-
fications. (C) Colocalization of pUL37x1 with mEGFP-huPSS-1 and
with dsRed-1-Mito. PSS-1,, cells expressing mEGFP-huPSS-1 were
transiently transfected with DsRed-1-Mito expression vector and a
pUL37x1 expression plasmid (p327). After 24 h they were fixed and
probed with mouse anti-GFP (1:200) and rabbit anti-UL37x1 (Ab1064,
1:250). The secondary antibodies were FITC-goat anti-mouse (1:250,
green) and Cy5-Goat anti-rabbit (1:50, blue). Cells were imaged by
using confocal microscopy at 520 nm (FITC, top row, left panel), 615
nm (TR, top row, middle panel), and 670 nm (Cy5, top row, right
panel). Panels also show the overlaid images of green-red (center row,
left), green-cyan (center row, middle), red-cyan (center row, right) and
green-red-cyan (bottom row, left). The bottom right panel shows detail
of the boxed area from the triple overlay. (D) Lack of colocalization of
mEGFP and pUL37x1 in transfected HeLa cells. HeLa cells were
transfected with expression plasmid for mEGFP (pmEGFP-C1) and
for pUL37x1 (p327). Cells were fixed 24 h later and examined as panel
C for the presence of EGFP and for pUL37x1 by using Ab1064 (1:300)
and TR-goat anti-rabbit IgG (1:300). Cells were imaged by using con-
focal microscopy at 520 nm (FITC, left panel) and 615 nm (TR, middle
panel). The overlaid image is on the right.
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FIG. 4. pUL37x1 partially colocalizes with mEGFP-huPSS-1 in permissive cells. LE-HFFs were transiently transfected with vectors expressing
mEGFP-huPSS-1. (A) Cells were HCMV infected (3 PFU/cell) 24 h later, harvested at 12 h postinfection, and stained with Ab1064 (anti-pUL37x1)
and MADb810 (anti-IE1/IE2). Cy5-Goat anti-mouse IgG (1:100) or TR-goat anti-rabbit IgG (1:100) secondary antibodies were used for visualiza-
tion. Green (upper left), red (upper right), cyan (lower left), and overlaid channels (lower right) are shown. (B) Uninfected LE-HFFs, transiently
expressing mEGFP-huPSS-1, were stained with human autoimmune anti-mitochondria (1:50) or (C) with mouse anti-KDELR (1:100). Cy5-goat
anti-human IgG (1:50) or TR-goat anti-mouse IgG (1:100) secondary antibodies were used for visualization. In panel B, the green channel is at
the top, red channel is in the middle, and the overlay is at the bottom. In panel C, the green channel is on the left, the red channel is in the middle,

and the overlay is on right.

MAM detected by subcellular fractionation, we examined
the localization of pUL37x1 with the MAM marker and
mitochondrial markers (Fig. 3C). Consistent with the find-
ings above (Fig. 3A), physical proximity of the MAM and
mitochondria was detected by the yellow signal in the over-
lay between mEGFP-huPSS1 (green) and dsRed-1-Mito
(red) (Fig. 3C, center row, left panel). Moreover, pUL37x1
(blue) colocalized with the MAM marker (mEGFP-huPSS1)
as shown by the aquamarine signal (center row, middle
panel). Colocalization of pUL37x1 with the MAM (aqua-
marine) and of pUL37x1 with mitochondria (purple) was
detected in proximal sites (bottom row), suggesting poten-

tial sites of exchange. To verify the specificity of the colo-
calization, control cells expressing mEGFP and pUL37x1
were examined by confocal microscopy (Fig. 3D). As ob-
served above, mEGFP distribution in the transfected cells was
broad and did not colocalize specifically with pUL37x1. These
results independently establish the presence of pUL37x1 in the
MAM in regions of close proximity with mitochondria. Because
colocalizations of pUL37x1 with the MAM marker and with the
mitochondrial marker are separable, they verify that the MAM-
localized pUL37x1 species observed previously in subcellular frac-
tionation does not arise from mitochondrial contamination of the
MAM fraction.
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Partial colocalization of pUL37x1 and the MAM marker in
HCMV-infected cells. To determine whether pUL37x1 could
be visually detected in the MAM of permissively infected cells,
we examined HCMV-infected LE-HFFs transiently expressing
mEGFP-huPSS-1 (Fig. 4A). mEGFP-huPSS-1 in infected LE-
HFFs was broadly distributed, suggestive of a reticular pattern
of MAM, similar to the MAM morphology described in rat and
mouse cells using anti-PSS-1 antibodies probes (46) and simi-
lar to that seen herein with PSS1,, cells (Fig. 3A and B). As we
previously found (42), pUL37x1 was detected in a reticular
pattern in the cytosol of infected cells also expressing IE1/2 at
12 hpi. Partial colocalization of pUL37x1 with the MAM
marker was detected in small, circumscribed regions of the
infected cell, suggesting its transient presence in the MAM.

To determine whether MAM are in proximity of mitochon-
dria in LE-HFFs, we performed colocalization studies with
markers for each compartment. LE-HFFs, transiently express-
ing mEGFP-huPSS-1, were stained with anti-human mitochon-
drial antibody (Fig. 4B). The broad distribution of MAM,
observed in infected cells at 12 h postinfection, was also ob-
served in these uninfected cells. Partial colocalization of the
MAM and mitochondrial markers was observed, suggesting
their proximity in permissive cells.

Since the MAM have also been reported to be pre-Golgi
compartments (40), we examined the colocalization of MAM
compartment and a cis-Golgi marker, KDEL receptor (Fig.
4C). As above, the MAM was broadly distributed. Moreover, it
was distinguishable from the cis-Golgi although some colocal-
ization was observed between the two compartments.

Both gpUL37 cleavage products, pUL37yy, and gpUL37oomn,
traffic into MAM of transfected cells. The HCMV full-length
UL37 glycoprotein, gpUL37, is internally cleaved at its unique
ER signal peptidase I cleavage site between aa 193 and 194
(Fig. 1) (26, 27). Its stable NH,-terminal fragment traffics into
mitochondria, whereas the C-terminal fragment, gpUL37 o0y, 1S
preferentially retained in the secretory apparatus (26, 27). To
determine whether these UL37 proteins also traffic into the
MAM, we examined microsomes, MAM, mitochondria, and
cytosol of cells transfected with a vector expressing gpUL37-
Flag (Fig. 5). Similarly to pUL37x1, pUL37yy, was detected in
microsomes, MAM, and mitochondria but not in the cytosol
(Fig. 5A, left top panel). After a stripping step, the blot was
reacted with antibody against the C-terminal fragment. Sur-
prisingly, gpUL37-n0p, Which preferentially traffics through
the secretory apparatus, was enriched in the MAM fraction, as
detected by its Flag tag of the microsomes, MAM and mito-
chondria (right panel). These results indicate that multiple
HCMV UL37 proteins traffic into the MAM, but only a subset
(pUL37x1 and pUL37y;,) of these traffics into mitochondria.
These results further suggest that the MAM serves as a sorting
compartment for HCMV UL37 proteins, which traffic diver-
gently upon exiting the MAM subcompartment.

Because of this unanticipated finding that the gpUL37 o0
fragment also trafficked into MAM, we examined whether the
MAM was targeted after ER translocation but before Golgi
trafficking. To that end, we examined the N glycosylation of the
gpUL37oon using endoglycosidases (Fig. 5B). In addition to
its role as a direct contact with mitochondria, MAM has been
characterized as a pre-Golgi compartment in that EndoH?*
proteins traffic through it in their trafficking to the plasma

J. VIROL.

membrane (40). Treatment of banded MAM fractions from
cells expressing gpUL37 with EndoH or peptide-N-glycosidase
resulted in the reduction in the mass of gpUL37 5oy detected
in the MAM fraction, similar to the species present in the
microsomal fraction. These results indicate that gpUL37 o0
in the MAM is N glycosylated and EndoH?®, a finding consistent
with its previously characterized role of the MAM as a pre-
Golgi compartment.

The MAM importation signals span UL37x1 aa 2 to 34. To
determine the UL37x1 targeting signal for the MAM, we ex-
amined the trafficking of two C-terminally tagged pUL37x1
deletion mutants, known to be partially defective in mitochon-
drial importation (19). PSS-1,, cells were transfected with a
vector expressing pUL37x1 A2-23-myc and fractionated. Mi-
crosomes, MAM, and mitochondria were examined for the
presence of pUL37x1 A2-23-myc (Fig. 6A). The importation of
pUL37x1 A2-23-myc into both MAM and mitochondria was
severely reduced compared to other fractions. As we previ-
ously found (25), the Myc-tagged UL37x1 mutant was aber-
rantly detected in the cytosol. However, in contrast to our
previous finding of its absence from the ER fraction using a
sonication protocol and banded ER (25), pUL37x1 A2-23-myc
was detected here in the microsomal fraction. This detection
likely results from use of this gentler homogenization lysis and
suggests peripheral (but not integral) association of the
pUL37x1 A2-23-myc mutant with the ER membrane, because
of the lack of the strong hydrophobic leader sequence. The
markers used verified the identity and purity of the mitochon-
dria (Grp75), MAM (mEGFP-huPSS-1), and microsomes
(DPM1).

We then examined a second pUL37x1 deletion mutant,
which lacks the juxtaposed basic domain (aa 23 to 34) is selec-
tively defective for mitochondrial importation (Fig. 6B). Trans-
fected HeLa cells expressing pUL37x1 A23-34-myc were frac-
tionated and examined for the presence of tagged mutant
protein. As previously found (25), mitochondrial importation
of pUL37x1 A23-34-myc was reduced compared to the wild-
type pUL37x1. Although trafficking of pUL37x1 A23-34-myc
into MAM was reduced, this reduction was comparable to that
observed in trafficking of the wild-type pUL37x1 into the
MAM. Again, the tagged mutant was observed in the cytosol as
previously found (25). The markers for mitochondria (Grp75),
MAM (mEGFP-huPSS-1), and microsomes (DPM1) verified
the identity and purity of the fractionated organelles. Taken
together, these results suggest that the pUL37x1 hydrophobic
leader and, to a lesser degree, its juxtaposed basic domain play
a role in the importation of pUL37x1 protein into the MAM.

DISCUSSION

The findings that some HCMV UL37 isoforms sequentially
traffic from the ER to mitochondria and remain anchored to
membranes (27) led us to examine whether the MAM might
serve as a connection for their trafficking to mitochondria. To
that end, we modified a Percoll gradient fractionation protocol
to carefully separate MAM from mitochondria. We report
here that UL37 proteins traffic into the MAM fraction of
transfected cells. To verify the identity of the MAM fraction,
we cloned, NH,-terminally tagged, and characterized the hu-
man homologue of the PSS-1 gene. The mouse PSS-1 gene
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FIG. 5. Both gpUL37 cleavage products traffic into microsomes, mitochondria, and MAM in transfected HeLa cells. PSS-1,, cells that stably
express the tagged MAM protein marker (NEGFP-huPSS-1) were transfected with either empty vector (p790) or vector expressing gpUL37-Flag
(p816) and fractionated into microsomes, MAM, mitochondria, and cytosol by using Percoll gradient fractionation (10). A total of 10 pg of
microsomes (0.6% of fraction), MAM (2.1%), mitochondria (1.6%), and cytosol (0.3%) were resolved by SDS-PAGE using 12% polyacrylamide
and blotted. The blot was reacted with DC35 (anti-UL37x1, aa 27 to 40, 1:1,000) (left panel), stripped, and then reacted with anti-Flag antibody
(M2, 1:2,000; Covance) (right panel) that recognizes the C-terminal tag of gpUL37. Blots were stripped and reprobed with antibodies against
specific protein markers for mitochondria (Grp75, mouse anti-Grp75 antibody, 1:1,000; StressGen), MAM (mEGFP-huPSS-1, mouse anti-GFP
antibody, sc-9996, 1:100; Santa Cruz), and ER (DPM1, goat anti-DPM1 antibody 1:100; Santa Cruz) to verify the identity of the purified fractions.
In the left panel, the pUL37yy, monomeric (arrowhead) and multimeric (filled circle) species are marked. The asterisk marks a background band.
On the right, the multiple N-glycosylated gpUL37-c0p species are indicated. (B) Endoglycosidase sensitivity of gpUL37-o0n in MAM fraction.
The microsomal (10 pg) and MAM (20 wg) proteins from panel A were treated with either PNGase (+) or EndoH (+). Control reactions were
treated with buffer but lacked the added enzyme. Samples were then resolved by SDS-PAGE, blotted, and reacted with anti-Flag antibody as
described above.

product is known to localize almost exclusively to the MAM of independently verified the physical presence of pUL37x1 in the

rodent cells (46). mEGFP-huPSS-1 and other known cellular
markers substantiated the efficient separation of the MAM
fraction from mitochondria and from ER during fractionation.
Fluorescent colocalization of pUL37x1 with mEGFP-huPSS-1

MAM. Finally, by the subcellular fractionation, we found that
the NH,-terminal UL37x1 targeting signals required for its
mitochondrial importation also target importation of pUL37x1
into the MAM.
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FIG. 6. Inefficient trafficking of pUL37x1 NH,-terminal deletion mutants to both MAM and mitochondria subcellular fractions. PSS-1,, cells
were lipofected with empty vector (p796) or vector expressing (A) pUL37x1 A2-23-myc (p856) or (B) pUL37x1 A23-34-myc (p857) and fractionated
into microsomes, MAM, mitochondria, and cytosol. A total of 10 pg of p856 transfected microsomes (2.1% of fraction), MAM (3.3%),
mitochondria (8.7%), and cytosol (1.5%) and 10 pg of p857 transfected microsomes (2% of fraction), MAM (4%), mitochondria (7.9%), and
cytosol (1.2%) were analyzed by Western blot analysis by using a mouse antibody to the C-terminal Myc tag (1:100, MAb9E10; BabCo).
Membranes were stripped and reprobed with antibodies to organelle-specific markers as described in Fig. 2.

Since the hydrophobic leader is not cleaved, pUL37x1 and
pUL37.» are anchored by their NH, termini to membranes
during trafficking and localization in ER and mitochondria.
Consistent with this membrane anchoring is the finding that
wild-type, untagged pUL37x1 is not detectable in the cytosol
fraction of either transfected or HCMV-infected cells. How-
ever, two Myc-tagged pUL37x1 deletion mutants, defective in
their trafficking to MAM and mitochondria, were aberrantly
detected in the cytosol (19, 25).

Because of their sequential trafficking from the ER to mi-
tochondria and their integral membrane association, we exam-
ined the trafficking of UL37 proteins into the MAM, which is
known to serve as a venue for the translocation of membrane-
bound phospholipids and glycosphingolipids into mitochon-
dria. We report that HCMV pUL37x1 and the cleavage prod-
ucts of gpUL37, pUL37yy,, and gpUL37,ooy target the
MAM, presumably as a trafficking pathway from the ER into
either the secretory pathway (gpUL37oop) Or the mitochon-
dria (pUL37x1 or pUL37yyy,). All of the HCMV UL37 pro-
teins examined here (pUL37x1, pUL37yy,, and gpUL37o0p)
were detected in the MAM fractions, suggesting that the MAM
subcompartment may represent a key juncture for sorting of
UL37 proteins into mitochondria or the secretory apparatus.
This suggestion is supported by the finding that the gpUL37
cleavage fragments were both readily detected in the micro-
somes and in the MAM, whereas only pUL37yy,, trafficked
efficiently into mitochondria. This possibility is consistent with
the previous characterization of the MAM both as a pre-Golgi
compartment of the secretory route through which albumin
and apoproteins B traffic (40) and as a membrane bridge be-
tween the ER and mitochondria, which transfers lipids (46, 51)
and HCV core protein (41) into mitochondria. Although

pUL37x1 trafficking into mitochondria occurs efficiently, it,
too, can traffic through the secretory apparatus, and we have
previously detected pUL37x1 in the Golgi apparatus (14).

Our purification of low-density MAM relied on the previous
fractionation methods initially developed for rat liver MAM
(51). We increased the resolution between densities spanning
the MAM and mitochondria in the self-generating Percoll gra-
dients (10) and obtained highly purified MAM. Critical to the
verification of the MAM fraction was the use of suitable known
markers. As predicted from its identity as an ER subcompart-
ment, MAM, banded in Percoll gradients, from human cells
contained calreticulin, DPM1, and huPSS-1 (10). huPSS-1
tagged at its NH, terminus with monomeric EGFP provided an
invaluable tool for monitoring the MAM fractionation because
it is highly enriched in the MAM. Murine PSS-1 protein is
found almost exclusively in the MAM and is not detectable in
the ER, and its low abundance in the microsomal fraction is
attributable to residual MAM in the microsomal fraction (46).
Moreover, unlike HCMV UL37 proteins, the tagged human
homologue, mEGFP-huPSS-1, is selectively retained in the
MAM and does not traffic into mitochondria and therefore
served to distinguish these two closely apposed subcellular
fractions.

Several lines of evidence suggest that the presence of
pUL37x1 in MAM does not result from mitochondrial con-
tamination. First, the abundance of mitochondrial marker
(Grp75) is exceedingly low in banded MAM and does not
correlate directly with the observed abundance of pUL37x1 in
the MAM fraction. Because they do not correlate, the detected
presence of pUL37x1 in the MAM is unlikely to result from the
very low levels of mitochondrial contamination in transfected
cells. In addition to fractionation studies, direct fluorescent
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colocalization of pUL37x1 with the MAM marker, mEGFP-
huPSS-1, independently verified the presence of pUL37x1 in
the MAM. As the Grp75 is concerned, it was recently reported
(48) that an extramitochondrial Grp75 pool resides in the
low-density MAM fraction and participates in high-molecular-
weight complexes with ER and outer mitochondrial membrane
proteins. Using confocal microscopy with the corresponding
markers, the overlapping signals of the MAM (EGFP-huPSS1)
and pUL37x1 (Abl064) were distinguishable from those of
mitochondria (dsRed-1-Mito) and pUL37x1 (Ab1064). Our
findings are consistent with the identification of MAMs as
direct contacts between the ER and mitochondria. Thus, the
imaging studies show that some MAM domains are adjacent to
mitochondria, likely sites of contact and transfer of lipids and
UL37 proteins.

pUL37x1 traffics into the MAM of HCMV-infected HFFs,
devoid of mitochondrial markers, as determined by subcellular
fractionation (our unpublished results). In contrast, the colo-
calization of pUL37x1 in HCMV-infected cells was scantly
detectable by confocal microscopy throughout infection (Fig.
3A) (C. D. Williamson and A. M. Colberg-Poley, unpublished
results), suggesting that trafficking of this low-abundance
HCMV protein through the MAM is rapid and transient in
HCMV-infected cells and difficult to visualize with the highly
expressed, transfected MAM marker mEGFP-huPSS-1.

To identify the sequences needed for targeting the MAM
subcompartment, we made use of pUL37x1 deletion mutants,
known to be defective in mitochondrial trafficking (19, 25). By
the subcellular fractionation, we found that one of these mu-
tants was also defective in MAM importation, indicating that
the NH,-terminal UL37x1 mitochondrial localization signal
also dictates importation of pUL37x1 into MAM. The lower
level of pUL37x1A23-34 in the MAM was comparable to the
levels observed with wild-type pUL37x1. These results suggest
that the hydrophobic leader plays a more critical role than
the basic domain for entry into the MAM. The fact that
gpUL37c0p that lacks this signal also traffics into MAM
implies that the two cleavage products (pUL37yy, and
gpUL376on) could remain associated, possibly through in-
termolecular interactions or by joint chaperone escort, after
cleavage in the rough ER. Thus, the NH,-terminal importation
signals could dictate the simultaneous importation of both
products into the MAM subcompartment, from which they
eventually traffic into different cellular locations. Alternatively,
the UL37 C-terminal sequences unique to gpUL37-oop can
independently mediate MAM trafficking.

Although numerous proteins localize to both the ER and the
mitochondria (bcl-2, cytochrome), sequential trafficking of
proteins from the ER to mitochondria has been rarely found
(12, 27, 41). More often, the case is that separate but compet-
itive trafficking of proteins occurs into either secretory appa-
ratus or mitochondria (16, 22, 39). Cytochrome b5, NADH-
cytochrome bs reductase, and cytochrome P450 2E1 have all
been reported to traffic alternatively into either the secretory
pathway or the mitochondria (16, 22, 39). In these competitive
pathways, modification of the targeting signals oftentimes dic-
tates selective importation into either organelle. Sequential
ER to mitochondria trafficking has been reported in very few
cases. Spiro and coworkers (12) reported the translocation in
rat liver cells of an unidentified glycoprotein from the ER into

HCMV pUL37x1 TRAFFICS THROUGH THE MAM 2723

mitochondria. A portion of the hepatitis C virus core protein
has also been shown to associate with the ER, mitochondria,
and stable membrane bridges connecting the two, suggesting
sequential trafficking from one organelle to the other (41).

Because correct protein targeting is necessary for proper
function, these studies examining pUL37x1 trafficking provide
insight into the requirements for pUL37x1 localization and
resulting function in cells. pUL37x1 traffics unconventionally
through the MAM, which serves as the ER-mitochondrion
interface, en route from the ER to mitochondria, the site of its
antiapoptotic activity. Importantly, the potent antiapoptotic
effects of pUL37x1 are a downstream consequence of ER
translocation and trafficking through the MAM. This particular
routing suggests a required function. It has been suggested that
the MAM serves as a microdomain for Ca®* transfer from ER
to mitochondria (17, 33, 48, 49, 53). HCMV pUL37x1 colocal-
izes with SERCA (a sarcoplasmic reticulum Ca*" ATPase),
induces Ca®>" release from the ER, and causes cytoskeletal
changes during infection (35, 42). Trafficking of pUL37x1 from
the ER through the MAM compartment will predictably affect
several of its key known functions, including calcium release
and antiapoptosis. Consistent with that suggestion is the find-
ing that pUL37x1 mutants (A2-23 and A23-34) that are defec-
tive in trafficking through the MAM (the present study) and to
mitochondria are defective in antiapoptosis (19, 25). HCMV
UL37x1 viral mutants, defective in antiapoptotic activities, are
also defective in their growth (37, 42). Taken together, these
studies are important because they provide insight into how
UL37 proteins traffic from the ER to mitochondria, where they
play important roles for the survival of the infected cell.

In a broader sense, these studies with viral proteins substan-
tiated a more global role of the MAM as a sorting compart-
ment to both mitochondria and the Golgi apparatus. HCMV
UL37 proteins represent useful tools for the characterization
of the poorly understood MAM. Furthermore, the UL37 bi-
partite leader sequences could potentially allow scientists in-
vestigating mitochondrial dynamics or apoptosis a novel way to
dynamically visualize mitochondria that have interacted with
ER subdomains.

Based upon our results and those of others, we propose a
model (Fig. 7) in which UL37 proteins (represented by
gpUL37 and pUL37x1) are synthesized in the rough ER, pro-
cessed, and remain anchored to the ER membrane by trans-
membrane domains (Fig. 7, step 1). Our previous findings of
ER processing of UL37 proteins, including signal peptidase I
cleavage, prior to mitochondrial importation (27) are consis-
tent with step 1. We further propose that UL37 proteins traffic
to the MAM compartment of the ER, where commitment to
one of two pathways is chosen (Fig. 7, step 2). Detection of
both gpUL37 proteolytic fragments and of pUL37x1 in the
MAM is consistent with this trafficking in step 2. We then
suggest that gpUL37-o05p, Which is preferentially retained in
the secretory pathway (26, 27), and low levels of other UL37
proteins commit to the secretory pathway using the MAM as a
pre-Golgi compartment (Fig. 7, step 3). The finding that
gpUL37oon is EndoH® is consistent with the previous de-
scription of MAM as a pre-Golgi compartment (40). This sug-
gestion is further supported by the finding that gpUL37 pro-
duced during HCMV infection becomes EndoH resistant,
supporting its subsequent processing in the Golgi (2), and by
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FIG. 7. Model of UL37 protein sorting through the MAM to the Golgi or mitochondria. (Step 1) UL37 proteins are synthesized anchored to
the ER membrane. The UL37x3 sequences are translocated into the ER lumen, where they are cleaved by signal peptidase I and N glycosylated.
(Step 2) pUL37x1 and both cleavage products of gpUL37 traffic into the MAM. The presence of PSS-1 in the MAM is shown. Sorting of UL37
proteins from the MAM to the Golgi apparatus (step 3) or into mitochondria (step 4) is represented. Mitochondrial importation likely occurs
through direct membrane contacts between the MAM and mitochondria, which are stabilized by PACS-2.

its detection at the plasma membrane of transfected cells (14).
pUL37x1, which preferentially traffics to mitochondria, does to
a lesser degree traffic through the secretory pathway and has
been detected in the Golgi apparatus (14). PACS-2, which is
known to affect the trafficking of polycystin-2 through the se-
cretory apparatus (20), may likewise affect gpUL37 50y con-
tinued trafficking through the secretory apparatus.

We further propose in the model that pUL37x1 and
pUL37y, commit to a second trafficking pathway to mito-
chondria (Fig. 7, step 4). The presence of pUL37x1 and
pUL37ym, that traffic efficiently into mitochondria in highly
purified MAM is consistent with step 4 in Fig. 7. When the
bridges transiently form between the MAM and mitochondria,
UL37 proteins could traffic into the mitochondrial outer mem-
brane, where they have antiapoptotic activity. Its topology and
anchoring to membranes enables pUL37x1 to preferentially
interact with the membrane-bound proapoptotic Bax protein,
inducing its oligomerization and leading to its functional neu-
tralization (5, 32). Nonetheless, the finding that multiple
HCMYV UL37 proteins traffic into the MAM, whereas only a
subset of these is specifically committed into mitochondrial
importation, shows that MAM localization is insufficient to
commit UL37 proteins into mitochondrial importation.
Rather, our results suggest that multiple trafficking fates can be
achieved from the MAM subcompartment. Thus, there ap-

pears to be a bifurcation in the trafficking pattern of HCMV
UL37 proteins to either continue in secretory apparatus or
transfer into mitochondria from the secretory apparatus at a
decisive step within the MAM.
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