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Summary

By exploiting host cell machineries, viruses provide powerful tools for gaining insight into cellular
pathways. Proteins from two unrelated viruses, human CMV (HCMV) and HCV, are documented
to traffic sequentially from the ER into mitochondria, probably through the mitochondria-
associated membrane (MAM) compartment. The MAM are sites of ER-mitochondrial contact
enabling the direct transfer of membrane bound lipids and the generation of high calcium (Ca2*)
microdomains for mitochondria signalling and responses to cellular stress. Both HCV core protein
and HCMV UL37 proteins are associated with Ca2* regulation and apoptotic signals. Trafficking
of viral proteins to the MAM may allow viruses to manipulate a variety of fundamental cellular
processes, which converge at the MAM, including Ca2* signalling, lipid synthesis and transfer,
bioenergetics, metabolic flow, and apoptosis. Because of their distinct topologies and targeted
MAM sub-domains, mitochondrial trafficking (albeit it through the MAM) of the HCMV and
HCV proteins predictably involves alternative pathways and, hence, distinct targeting signals.
Indeed, we found that multiple cellular and viral proteins, which target the MAM, showed no
apparent consensus primary targeting sequences. Nonetheless, these viral proteins provide us with
valuable tools to access the poorly characterized MAM compartment, to define its cellular
constituents and describe how virus infection alters these to its own end. Furthermore, because
proper trafficking of viral proteins is necessary for their function, discovering the requirements for
MAM to mitochondrial trafficking of essential viral proteins may provide novel targets for the
rational design of anti-viral drugs.
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Introduction

Only two viral proteins are documented to traffic from the ER, possibly through the ER sub-
domain called mitochondria-associated membrane (MAM), into mitochondria. We review
literature characterizing the MAM, a key, yet poorly-understood ER sub-domain that
directly contacts mitochondria and is involved in regulating lipid biosynthesis, calcium
signalling, metabolism and cell survival (recently reviewed in [1]). Subsequently, we
provide an overview of the viral proteins which target the MAM. Trafficking of viral
proteins to the MAM is likely to place them at a nexus, where informed decisions about cell
survival are made during times of stress. Furthermore, these two proteins are derived from
two completely unrelated viruses; a human herpesvirus (HCMV) and a hepacivirus (HCV)
suggesting the possibility that more examples of this phenomenon may be found in the
future. These proteins will predictably include those encoded by conserved viral gene
sequences, such as those from primate CMVs, as well as analogous viral proteins that target
mitochondria-mediated apoptosis.

Historical perspective

By the 1960s, analyses of a wide variety of plant and animal tissues by EM had revealed
close relationships between mitochondria and ER [2]. Morphologic extensions of the outer
mitochondrial membrane (OMM) seemingly contiguous with adjacent ER membranes were
repeatedly observed. These extensions were predominantly identified as smooth ER (SER),
but ribosome-studded, rough ER (RER) were also observed in close proximity with
mitochondria [2, 3]. The frequency and appearance of these contacts led some researchers to
propose that the OMM was an extension of the ER [4]. Such proposals were controversial,
considering the propensity for artefacts to be produced from EM fixation. Nonetheless, in
1973, Lewis and Tata [5] demonstrated the tight association between the ER and
mitochondria by isolating a subcellular RER fraction with mitochondria in rat liver cells.
These authors concluded that mitochondria are enmeshed or entangled by the ER and that
this association might have a functional basis.

Connections between the ER and mitochondria are known as MAM

It is now well documented that mitochondria and the ER interact physically and functionally
in order to integrate cellular responses and functions between these organelles. The ER
controls trafficking and folding of membrane-anchored proteins and soluble proteins
through the secretory pathway, the biosynthesis of lipids, and is the main store of
intracellular calcium (Ca2*) [6, 7]. Mitochondrial functions include ATP generation, lipid
oxidation, oxygen radical production, hormone metabolism and intrinsic cell death signaling
[8-10]. Contacts between the ER and mitochondria are dynamic and transient [11-13], and
regulate critical aspects of cellular physiology, including metabolic flow, Ca2* signaling,
bioenergetics and cell survival [14-19]. These close contacts characterise the MAM
compartment which has been experimentally defined as ER sub-domains that co-sediment
with mitochondria [5, 18, 20, 21]. The contacts between the ER and mitochondria [21, 22],
and their quasi-synaptic organization [23], have been visualized using EM. The improved
resolution of electron tomography has resolved physical links or tethers between the ER and
mitochondria [22]. Associations (~10 nm) between OMM and the SER are closer than
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associations (~25 nm) of the RER with the OMM, which accommodate ribosomes [22].
Heterogeneity in the distances between the ER and OMM is consistent with the possibility
that their contacts may be differentially regulated.

The MAM provides functional ER-mitochondrial junctions

The MAM appears to serve as a nexus, where pro-apoptotic (including Ca2* signaling,
ceramide transfer, HCV core protein) and anti-apoptotic (e.g., HCMV UL37 proteins)
machineries as well as cellular stress sensors (sigma-1 receptor, Sig-1R) converge. The
MAM associates with mitochondria at discrete junctions where the OMM and inner
mitochondrial membranes (IMM) meet, to affect lipid synthesis and transfer, and ultimately
cell fate decisions [24-26].

Lipid synthesis in the MAM

The MAM has lipid and protein compositions which can be distinguished from those of the
bulk ER. Although the MAM was characterized by Meier and Meyer in 1981 [11], it was
later ascribed a lipid synthetic function, when Jean VVance encountered it while studying
phospholipid synthesis and distribution throughout subcellular organelles [18, 25]. The
MAM, designated as Fraction X, was characterized in rat liver as either RER or SER, which
remained tightly associated with mitochondria after homogenization, but which could be
separated using Percoll gradients [5, 18, 27]. The MAM is enriched in lipid synthetic
enzymes, including phosphatidylserine (PS) synthase types 1 (PSS-1) and 2 (PSS-2),
phosphatidylethanolamine N-methyltransferase, fatty acid coenzyme A ligase 4 (FACL-4),
ceramide synthase, and sphingolipid-specific glycotransferases [18, 25, 28-33]. In contrast,
other enzymes targeted to the secretory pathway were lower in activities [18, 31, 34]. Based
upon these findings, Vance proposed that Fraction X was a sub-domain of the ER, tightly
associated with mitochondria, which allowed the generation of unique phospholipid pools,
and their transport to and from mitochondria. An extensive review of the lipid synthetic
capability of the MAM was recently published by Jean Vance [31]. Consistent with their
high lipid composition, viruses that target this compartment affect lipid metabolism. HCV
core protein associates with lipid droplets (LDs) and has a capacity to influence metabolic
events involving lipid storage [35-38] and very low density lipoprotein assembly and
secretion [39]. LD is a cytosolic organelle which stores neutral lipids, interacts with the ER,
and facilitates transport of lipids between organelles. HCV core protein recruits replication
complexes to the LD-associated membranes for virus particle assembly [40]. For its part,
HCMYV was found to dynamically regulate host bioactive sphingolipid levels during
infection [41].

Cellular proteins that reside exclusively in the MAM have not been identified. Because the
MAM coalesces within the existing framework of the secretory apparatus, it contains many
ER-localized chaperones [14, 27, 34, 42]. Their broader distributions in multiple organelles
make these unsuitable as MAM markers. Two lipid synthetic enzymes, PSS-1 and PSS-2,
are largely absent from peripheral ER and mostly restricted to the MAM [25] and, therefore,
serve as suitable organelle markers for identification of purified MAM fractions and display
a broad reticular distribution in cells (Figure 1) [27, 42].
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Lipid transfer from the MAM to the OMM

Membrane continuities between the MAM and mitochondria permit direct delivery of
membrane-bound lipids to the OMM. The MAM associates with the OMM at sites of IMM
contacts [21] that may facilitate the transfer of integral membrane products to the IMM. PSS
has been detected at these contact sites [21]. Vance and her colleagues demonstrated the
transfer of PS in rat liver from MAM to mitochondria using a reconstituted system in vitro
[43]. Translocation of PS to mitochondria was ATP-dependent, required a mitochondrial
membrane protein, and was stimulated by magnesium and Ca2* [43]. PS is a relatively
minor constituent of cellular membranes but plays important roles in signalling and
apoptosis [44, 45]. During the early phases of apoptosis, PS on the plasma membrane
becomes externalized to the outer leaflet [44, 46], which is widely used as an early marker
for apoptosis.

MAM de novo ceramide synthesis and transfer to mitochondria

De novo synthesis is important for generating the ceramide that induces mitochondrial
mediated apoptosis [47]. Increased levels of ceramide and ganglioside GD3 in the OMM
play roles in initiation and propagation of mitochondrial mediated apoptotic death [24, 47,
48]. Ceramide, synthesized in the MAM, can directly move into the OMM [24] with random
collision kinetics. Transfer appears to be catalyzed, although the protein involved in the
transfer has not yet been identified. Transferred ceramide can reach critical levels and result
in ceramide channel formation in the OMM. These channels can initiate the execution phase
of apoptosis by releasing pro-apoptotic proteins, including cytochrome c, from mitochondria
[24].

Calcium microdomains

Another critical function of the MAM is the control of Ca2* transfer between the ER and
mitochondria [10, 17, 49, 50]. The release of Ca?* from the ER is closely coupled with its
uptake by mitochondria, suggesting a privileged Ca?* transfer between the organelles [23].
Ca?* release from ER stores via inositol 1,4,5-triphosphate receptors (IP3Rs), which are
highly compartmentalized in the MAM, generates microdomains of high Ca2*
concentrations >20-fold higher than levels in the cytosol [23, 26, 49, 51]. The functional
significance of MAM for Ca?* transfer was demonstrated by the reduction of Ca2* transfer
following weakening of the physical coupling between ER and mitochondria [22].
Conversely, tightening of the connections improved mitochondrial Ca?* uptake.

IP3R, cytosolic glucose regulated protein 75 (Grp75), and voltage dependent anion channel
1 (VDAC1), an OMM channel, form a macromolecular complex at the ER-mitochondrial
interface [15]. The complex functionally controls Ca2* movement from ER stores through
the cytosol into mitochondria. Unlike Ca2* coupling between the dihydropyridine Ca2*
channel and the ryanodine receptor, synchronized activation of multiple IP3Rs results in
optimal activation of mitochondrial Ca?* uptake [23]. These microdomains provide
sufficient Ca2* concentrations to activate the low-affinity mitochondrial Ca2* uniporter [10,
23, 52].
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Chaperones that localize to the MAM include calnexin, BiP, and Sig-1Rs [14]. Sig-1R
localizes to globular, lipid enriched compartments (Figure 1) directly apposed to
mitochondria [14, 53]. Within the MAM, Sig-1Rs and BiP form a complex that is sensitive
to decreasing levels of ER Ca%*. Declining ER Ca2* levels promote the rapid dissociation of
Sig-1R from BiP and activate its chaperone function. Sig-1R then associates with and
stabilizes IP3R. This selectively affects Ca2* mobilization from the MAM to mitochondria
but not Ca2* influx from the bulk cytosol into mitochondria [14]. Prolonged ER stress can
provoke Sig-1R relocalization to the ER periphery [14, 53]. Thus, some MAM constituents,
such as Sig-1R, are responsive to Ca2* levels and ER stress.

Regulation and stabilization of ER-mitochondrial contacts

The functional association of ER and mitochondria is transient and dynamic [51]. These
contacts appear to be stabilized, in part, by the IP3R-Grp75-VDAC protein complex [15].
Indeed, siRNA knockdown of Grp75 reduced mitochondrial Ca2* uptake through the ER-
mitochondrial complex [15]. Further, association of ER to mitochondria, at least in some
sub-domains, is regulated by Ca2* [54]. Agonist induced Ca?* oscillations suppress
mitochondrial motility [55]. It has been proposed that mitochondrial motility and subcellular
distribution are controlled by cytosolic Ca?* and ATP levels, thereby ensuring generation of
energy where and when it is needed [56].

In addition to the roles of the IP3R-Grp75-VDAC complex and Ca2* in regulating ER-
mitochondrial connections, MAM association with mitochondria is stabilized by PACS-2, a
multifunctional sorting protein [32]. Reduction of PACS-2 levels by siRNA knockdown
caused extensive mitochondrial fragmentation and uncoupling of the ER from mitochondria
[32]. It has recently been found that mitofusin 2 (Mfn2), a mitochondrial dynamin-related
protein, which alters mitochondrial morphology, directly tethers the MAM to mitochondria,
thereby increasing IP3R Ca2* signalling to mitochondria [57].

Human Cytomegalovirus

Medical importance—HCMV, a medically significant beta-herpesvirus containing a
linear dsDNA genome, is the leading viral cause of congenital birth defects and the leading
non-genetic cause of neurosensory hearing loss in developed countries [58-60].
Microcephaly and polymicrogyria are the most prominent features of the brain abnormalities
in infants congenitally infected with HCMV [61, 62]. HCMV is also a significant pathogen
in immunosuppressed individuals, particularly in transplant recipients [60, 63]. An
association between HCMYV infection and cardiac allograft rejection and restenosis has been
suggested [64, 65]. HCMV seropositive persons are at a greater risk than others of
developing restenosis after coronary atherectomy [65]. High HCMV antibody titers are
associated with coronary artery disease and may predict post-coronary balloon angioplasty
restenosis [66].

HCMV UL37 proteins—During lytic growth in cultured cells, HCMV expresses its gene
products in a temporally regulated manner [60]. The immediate early (IE) proteins,
produced first, include several anti-apoptotic proteins, which protect the infected cell from
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programmed cell death. Several UL37 isoforms (Figure 2A), the UL37 exon 1 (UL37x1)
protein (pUL37x1), full-length UL37 glycoprotein (gpUL37), and UL37 medium protein
(pUL37),) as well as the UL36 protein (pUL36), are encoded by the HCMV UL36-38 IE
locus [67-71]. pUL37x1, also known as viral mitochondria-localized inhibitor of apoptosis
(VMIA), is the predominant UL37 product during permissive HCMV infection [71, 72].
Although gpUL37 shares its N-terminal sequences with pUL37x1\WMIA, its expression is
tightly regulated at the level of RNA [67, 73, 74] and the protein is produced at very low
levels during HCMV infection of cultured fibroblasts [70, 73, 75, 76]. pUL37), has not yet
been detected in infected cells but its encoding transcript has [68, 74, 77]. gpUL37 and
pUL37)y also display anti-apoptotic activity in transfected cells [68].

The UL37x1 ORF is highly invariant in primary HCMV strains [78]. pUL37x1\WMIA is
required for the growth of primary HCMV strains [79] and of some lab strains (AD169) [72,
80-82] but not others (TownevarATCC) [83] in cultured human diploid fibroblasts.

Sequential trafficking of HCMV UL37 proteins—ER to mitochondrial trafficking is
common to all studied UL37 isoforms [71, 84] and suggests important functions during
HCMV infection. The potent pUL37x1\WMIA anti-apoptotic activity requires its trafficking
into the OMM. UL37 proteins are inserted into the ER membrane by their N-terminal
hydrophobic leader, which remains uncleaved [70, 71, 84]. gpUL37 has two additional
downstream transmembrane (TM) domains spanning aa 178-196 and aa 433-459. The
second TM introduces downstream UL37 residues into ER lumen, where its consensus N-
glycosylation sites are modified [70, 75, 84]. By internal signal peptidase cleavage, two
stable fragments, pUL37nH2 and gpUL37coon, are produced. pUL37x1\WWMIA, pUL37nH2
and gpUL37¢cooH traffic into the MAM [84]. The MAM serves as a sorting compartment
from where gpUL37coon traffics to the secretory apparatus whereas pUL37x1\vMIA and
pUL37\H2, traffic to the OMM [75, 84].

During their trafficking, pUL37x1\wMIA and pUL37yn2 remain membrane anchored by
their uncleaved leader with downstream sequences (aa 23-163 and aa 23-193, respectively)
in the cytosol [84]. This anchoring and topology have implications for its activities, allowing
recruitment and retention of pro-apoptotic proteins, such as Bax and Bak, on the OMM
during mitochondrial mediated apoptosis. Although pUL37x1\WWMIA interacts tightly with
membrane inserted Bax, it fails to interact with soluble Bax [85]. Surprisingly,
pUL37x1\vMIA is also documented to interact with cellular proteins located in the IMM,
such as adenine nucleotide translocase (ANT) and the mitochondrial phosphate carrier (PiC)
[68, 86]. These interactions may reflect pUL37x1\WMIA trafficking from the MAM whose
contacts with OMM occur at sites of contact with the IMM.

The sequential trafficking of UL37 proteins was initially suggested by the trafficking of the
ER signal peptidase cleavage products into the MAM and mitochondria as well as by the
requirement for the pUL37x1\wMIA hydrophobic leader for its trafficking into mitochondria
[71, 75]. This trafficking pathway was verified using a full length gpUL37 cleavage mutant
[84]. Abrogation of its internal cleavage site generated a triply membrane-anchored,
gpUL37 cleavage site mutant. Mitochondrial importation of this N-glycosylated full-length
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mutant unequivocally established the precursor/product relationship of the ER to
mitochondrial pUL37 species [75, 84].

The pUL37x1\WMIA hydrophobic leader (aa 1-22) targets the nascent protein to the ER
membrane; whereas aa 2-34 are required for mitochondrial importation (Figure 2B).
pUL37x1\WWMIA mutants (A2-23) did not traffic efficiently to the ER, MAM or
mitochondria, whereas pUL37x1A23-34 was defective in mitochondrial import [71, 78]. The
likely importance of these sequences is supported by their conservation. Forty percent of the
primary residues in these HCMV domains are conserved in both chimpanzee CMV (CCMV)
and rhesus monkey CMV (RhCMV) pUL37x1\WWMIA; while 70% are conserved between
HCMV and CCMV.

UL37 protein functions

Anti-apoptosis—Most HCMV mutants defective in pUL37x1\WMIA anti-apoptotic
functions are also defective in growth [72, 81]. The UL37 NH,-terminal bipartite
mitochondrial targeting signal [71] constitutes the first UL37x1\vMIA anti-apoptotic
domain, which, when combined with a downstream domain (aa 118-147), is sufficient to
confer potent anti-apoptotic activity (Figure 2A) [68, 78, 85, 87-90]. Even though it lacks
primary sequence homology with Bcl-2 family members, pUL37x1\WMIA is known to
interact with Bax, Bak, and growth arrest and DNA damage 45 protein (GADDA45) [68, 85,
87, 90] (Table 1). In addition, there is evidence that pUL37x1\WMIA interacts with ANT and
the mitochondrial PiC, reducing ATP generation in transfected cells [68, 86, 91, 92].

HCMYV UL37 proteins recruit Bax to the OMM through residues (aa 135-141) in its second
anti-apoptotic domain, trigger Bax oligomerization, and thereby block formation of the
permeabilization complex [85, 87, 90]. Only primate cytomegaloviruses have conserved
sequence homologues of pUL37x1\vMIA [93]; although murine CMV encodes a functional
analogue, m38.5, which binds to Bax and has anti-apoptotic activity [83, 94, 95]. Another IE
product of the HCMV UL36-38 locus, pUL36, targets caspase 8 and is defective in some
HCMYV strains [69]. An early product encoded by the same gene locus, the UL38 protein
(pUL38), blocks the action of tuberous sclerosis tumor suppressor complex, a modulator of
mTORC1 and protects the infected cell from apoptosis during late times [96, 97]. Of the
HCMV UL36-38 anti-apoptotic proteins, only the UL37 proteins target mitochondria
localized, Bax -mediated initiation and execution of apoptosis at the OMM and display this
unconventional ER to mitochondria protein trafficking.

Inhibition of serine protease-dependent CMV infected cell specific
programmed cell death (cmvPCD)—Late events in the HCMV infected cell result in
cell fragmentation through the action of serine proteases and independent of caspases [98].
HCMYV pUL37x1\WWMIA has evolved to also suppress this cmvPCD effected by
mitochondrial localized serine protease HtrA2/Omi, although it is not clear whether this
suppression results from direct or indirect effects of pUL37x1\wMIA on HtrA2/Omi [98].

Mitochondrial fragmentation—Through the action of pUL37x1\vMIA HCMYV infection
causes fragmentation of mitochondria that results from decreased fusion [88, 99, 100].
Because Ca2* waves can result in mitochondrial Ca* overload with its resulting loss of
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membrane potential and release of pro-apoptotic factors, mitochondrial fragmentation can
serve as protective mechanism to suppress apoptotic cell death [99]. Mitochondrial
fragmentation induced by pUL37x1\vMIA can be reversed by increased fusion through
ectopic expression of Bax [100]. The anti-apoptotic and mitochondrial fragmentation
activities of pUL37x1\vMIA are genetically separable, because mutants defective in anti-
apoptosis still cause mitochondrial fragmentation [85]. Rather, pUL37x1\vMIA mediated
mitochondrial fragmentation results from inhibition of mitochondrial PiC [92].

Ca?* efflux and F-actin rearrangement—HCMV pUL37x1\WMIA co-localizes with
SERCA, a sarcoplasmic reticulum Ca%* ATPase, induces Ca2* release from the ER, and
causes cytoskeletal changes during infection [72, 86]. Ca%* release reorganises the cellular
F-actin network and produces the characteristic early cytopathology of HCMV-infected cells
[72, 86, 87]. The defect in actin polymerization is not secondary to a defect in Rho-GTPase
function [86] nor does pUL37x1\vMIA have a direct catabolic effect on actin [86].

Transactivation—The HCMV UL36-38 locus is required for its oriLyt DNA replication
[101-104]. Expression of nuclear genes, including induction of the human heat shock
protein 70 (hsp70) and selected HCMV early genes, can be regulated by pUL37x1\vMIA
and gpUL37 [78, 105, 106]. The pUL37x1\vMIA acidic domain (aa 81-108) plays a role in
transactivation of HCMV early gene promoters required for viral DNA replication [107]
while the gpU37c00n TM/cytosolic domains transactivate cellular promoters [105].
pUL37x1\vMIA also negatively regulates the HCMV US3 IE promoter [108]. Because of
their predominant ER/MAM/mitochondrial localization, the mechanism of transactivation
by UL37 IE proteins is predictably indirect, possibly by Ca?* signalling, rather than direct
interactions with transcription machinery as observed with nuclear regulatory factors.

Hepatitis C Virus

Medical importance—HCYV is the major causative agent of non-A, non-B hepatitis [109]
and is estimated to chronically infect 3-5% of the world's population [110-112]. Importantly,
10-20% of chronically infected individuals develop liver cirrhosis, while 1-5% develop
hepatocellular carcinoma [113].

HCV is an enveloped virus of the Flaviviridae family, with an uncapped positive-sense,
single-stranded RNA genome of ~9.6 kb, which encodes a single ORF [114-116]. The
highly mutable genome gives rise to different viral subpopulations found in serum, liver, and
peripheral blood mononuclear cells; and has lead to the classification of HCV into 6 major
genotypes, which differ in genetic sequence by >30% [111].

HCV core protein—Translation of the HCV ORF initiates from an internal ribosome
entry site within the 5" untranslated region and produces a polyprotein (~3000 aa) which is
post-translationally cleaved by cellular and viral proteases to generate ten viral proteins. The
most N-terminal of these is the structural capsid protein, the core or C protein. Cleavage of
the large HCV polyprotein at aa191/192 by a host signal peptidase creates an immature
membrane-anchored form of the core protein, p23 (Figure 3). The immature core protein has
three domains [36, 117]. The N-terminal Domain | (aal-118) is hydrophilic and high in

Rev Med Virol. Author manuscript; available in PMC 2015 May 18.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Williamson and Colberg-Poley Page 9

basic residues, has potential phosphorylation sites [118], and functions in protein stability
and non-specific RNA binding. Domain Il (aa119-174) consists of a hydrophobic stretch of
residues, which are necessary for proper protein folding, multimerization, and association of
the mature core protein with membranes and LDs. Domain 111 (aal75-191) represents the
signal sequence of the HCV EL1 protein. Subsequently, the C-terminal membrane anchor
(Domain I11) is thought to be cleaved by an intramembrane presenilin-type signal peptide
peptidase [36, 119, 120] to release mature core protein, p21.

Localization and targeting of the HCV core protein—Mature HCV core protein is
mostly cytosolic and associates with ER membranes and LDs [35, 121, 122]. HCV core
protein recruits nonstructural proteins, HCV RNAs, and the replication complex to LD-
associated membranes [40]. This recruitment appears to be important for the assembly of
infectious progeny. The HCV core protein is also detected in the nucleus [123-126],
associated with the medial-Golgi compartment [127], on the RER in close proximity to
mitochondria [121], as well as in direct contact with OMM [125, 128, 129].

HCV core protein targeting sequences—Nuclear localization of the core protein uses
multiple, redundant primary sequence domains scattered throughout the protein [130]. In
contrast, a short sequence within Domain 11 suffices to target the HCV core protein to its
multiple cytosolic locations. McLauchlan and Hope first identified aa 119-174 in Domain |1
as necessary for LD association and protein stability of the core protein [117]. Subsequently,
others found aa 128-151 sufficient for ER retention of the precursor core protein (containing
the C-terminal membrane anchor) [131] and aal12-152 of the mature core protein, lacking
the C-terminal membrane anchor, sufficient to mediate membrane association with both ER
and mitochondrial membranes [130]. The amphipathic alpha-helix therein (aal17-134) was
predicted to direct membrane association [130]. Conversely, aa 149-158 were sufficient to
target a recombinant green fluorescent protein (GFP) to the OMM [128]. Whether
mitochondrial targeting of the core-GFP recombinant protein (which shares aa 149-152 but
lacks the amphipathic alpha-helix) occurs by a similar mechanism as the previously
characterized sequences has yet to be determined.

Targeting of HCV core protein to different subcellular locations also depends on factors
beyond its primary sequence. Protein expression levels affected its subcellular trafficking. In
transiently transfected HeLa and Huh-7 cells, high expression levels targeted the core
protein predominantly to ER and LDs. However, low core protein levels resulted in
mitochondrial localization [128]. High expression levels may saturate trafficking machinery
and result in targeting to alternate or secondary pathways. Alternatively, over-expression of
some viral proteins may alter the physiological state of the cell and, thereby affect protein
trafficking. Interestingly, recent studies link regulation of HCV core protein expression
levels with the levels of cellular vimentin, an intermediate filament protein, which attaches
to the ER, mitochondria and nucleus [132]. Additionally, it was reported that cell-specific
variations in LD composition may affect the subcellular localization of HCV core protein
[117].

HCV core protein activities—The HCV core protein is rich in proline and basic residues
and binds circularized HCV genomes to form viral nucleocapsids [133]. Besides playing a
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role in virion assembly, the HCV core protein has been implicated in the alteration of
cellular signalling pathways involved in lipid metabolism [35, 39], apoptosis [134],
transcription [135, 136], and transformation [137-140]. These alterations can lead to
enhancement of de novo fatty acid biosynthesis [141], increased production of cellular
reactive oxygen species [142], and impairment of the mitochondrial electron transfer system
[142].

Induction of apoptosis

ER stress—Over-expression of a transfected HCV genotype 1b core gene or of the full
length HCV replicon reproducibly causes ER stress and induction of Grp78/BiP, Grp94,
calreticulin, and SERCA expression levels [143]. HCV core protein overexpression also
increases CHOP/GADD153 expression, causes Bax translocation to the OMM, and induces
apoptosis [143].

ER Ca?* depletion—Over-expression of the HCV core protein also causes ER store Ca2*
depletion. Although ER stress occurred prior to ER Ca2* depletion, no association between
the two events has been verified. In liver-derived cells, ER Ca?* depletion appeared to result
from inhibition in Ca2* absorption into the ER, conflicting with similar studies in transfected
Jurkat (lymphoid) cells, which attributed ER CaZ* depletion to induction of Ca?* leakage
from the ER [144].

Both ER Ca?* depletion and CHOP/GADD153 induction are known to activate Bax and
trigger its translocation to OMM [145, 146]. In cells expressing core protein, mitochondrial
membrane depolarization, resulting from Bax translocation, could be inhibited either by
treatment of cells with a Ca2* chelator or by treatment with the pancaspase inhibitor, z-
VAD-fmk. Thus, HCV core protein may redundantly encode pro-apoptotic functions via ER
stress activation as well as ER Ca2* depletion.

Recent advances in the field have allowed studies using HCV infection in vitro. Intriguingly,
infection of liver derived cells with an HCV genotype 2a virus did not result in induction of
Grp78 or ER stress [147]. However, similar to the transfection studies, HCV infection did
cause increased Bax activation as well as induction of apoptosis through the intrinsic
pathway. ER Ca2* depletion was not assessed in these infection studies. Whether this
downplays the role of ER stress during HCV infection or simply reflects a genotype specific
phenomenon [148] has yet to be determined.

Targeting of viral proteins to the MAM and mitochondria—L.ittle is known about
how MAM domain boundaries are demarcated within the broader context of the ER, the
extent of continuity of ER-mitochondrial bridges formed by MAM, or how limited cargo
exchange between ER and mitochondria is accomplished without extensive amalgamation of
the two organelles. Understanding how proteins are targeted to, and through, the MAM will
certainly yield valuable insights into its structure and function.

Both soluble and integral membrane cellular proteins have been found associated with or
within the MAM. Some MAM proteins target high lipid density domains or lipid rafts.
However, to our knowledge, there is no published evidence of cellular proteins trafficking
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from the MAM into OMM, although their lipid products and Ca2* are readily transferred
between these compartments. In contrast, viral proteins, including HCMV UL37 proteins
and HCV core protein, appear to traffic from the MAM into mitochondria. Predictably, we
will discover differences in how they use this trafficking pathway.

Although HCV core protein can exist as an integrally-associated membrane precursor
protein, its predominant form is a mature, soluble and cytosolic protein, which associates
peripherally with cellular membranes. In contrast, HCMV UL37 proteins remain membrane
anchored during their sequential trafficking. Because of their distinct topologies and targeted
MAM domains, these proteins use different targeting signals to traffic to the MAM (Figure 2
and 3). We found that comparison of multiple cellular and viral proteins that target the
MAM show no apparent consensus targeting sequences (data not shown).

We propose that HCMV UL37 proteins may traffic through the MAM into the OMM by one
of a few mechanisms (Figure 4). Based upon the precedent of lipid exchange at the MAM
and OMM at membrane bridges and the presence of visible tethers between the MAM and
OMM [22, 43], pUL37x1\MIA could traffic by membrane bridges used for lipid exchange.
There is some evidence that HCMV pUL37x1\WMIA is located in close proximity in the
MAM to mitochondria, potentially sites of their transfer [42, 128]. However, the resolution
of the confocal microscopy is not sufficient to confirm direct transfer of viral proteins.
Alternatively, trafficking could be mediated by vesicles as in the secretory pathway or by
transfer of MAM lipid-rich domains, possibly rafts, between closely apposed MAM and
OMM membranes. This may reflect the high density of lipid synthetic enzymes and of their
products in the MAM. We have indications that HCMV pUL37x1\vMIA is in high lipid
domains in close proximity to Sig-1R (Figure 5). We are investigating whether direct or
indirect mechanisms underlie the transfer of HCMV UL37 proteins.

Summary—Both RNA (cytoplasmic) and DNA (nuclear) viruses tap into the MAM,
indicating convergent evolution has targeted this crucial ER-subdomain. The MAM
monitors in both ER and mitochondria and responsively regulates metabolism, protein and
lipid trafficking, calcium signalling, and cell survival. Trafficking of viral proteins to the
MAM places them at a nexus where ER and mitochondrial functions are integrated.
Machineries that regulate apoptosis, Ca2* signalling, lipid synthesis and transport and
metabolism can be usurped at this site for viral replication. Gaining the ability to manipulate
diversified cellular machineries, by accessing MAM sub-domains, predictably affords
viruses the flexibility to usurp control from a wider variety of cell types under a variety of
physiological states. Manipulation of these cellular pathways will dictate, in large measure,
the ability of the infectious progeny to be produced in the infected cell. Particularly in terms
of medically pertinent HCMV infection, it is easy to conceive a role of the “quasi-synaptic”
MAM for viral persistence in neuronal and cardiac cells, as well as in disease phenotype.
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Mitochondria

Sigma-1 Receptor

Figure 1. Multiple morphologies of MAM markers
Representative morphologies of ER and mitochondrial organelles are shown in the top row.

The characteristic reticular ER morphology was visualized using a commercially available,
soluble ER lumen fusion protein, pPECFP-ER (Clontech). Similarly, both the thread-like and
punctuate morphologies associated with dynamic mitochondria are observed using a marker
for the mitochondrial inner membrane, DsRed1-Mito (Clontech). Two different markers for
the MAM are shown in the bottom row, Sig-1R (left panel) and PSS-1 (right panel),
revealing multiple morphologies associated with this ER subdomain. Primary diploid
fibroblasts were lipofected with either pECFP-ER, DsRed1-Mito, mMEGFP-human PSS-1
[42], or with Sig1lR-EYFP (a generous gift from Drs. Hayashi and Su) [14]. 24 hours after
transfection, cells were fixed with ice cold methanol as described [42] and imaged using
confocal microscopy with a Zeiss LSM510 and a 63x objective (NA 1.4). Panels show
single optical sections (0.8 microns) of transfected cells.
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Figure2. HCMV UL 37 proteins
A. Schematic representation of the predominant UL37 protein isoforms. The bipartite leader

sequence is shared by all UL37 isoforms and is comprised of a hydrophobic domain
(cylinder, aa 1 to 22) and downstream residues (aa 23 to 34). Internal TM domain (cylinder,
aa 178 to 196), internal signal peptidase | cleavage site (arrow, aa 193/194), consensus N-
glycosylation sites, and C-terminal TM domain (aa 433 to 459) are indicated for gpUL37.
Elements common to multiple UL37 isoforms are repeated in each protein. Consensus N-
glycosylation sites for pUL37), are marked by open circles to denote that they are not used,
as this isoform lacks an internal TM domain needed to direct downstream sequences into the
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ER lumen. The two anti-apoptotic domains (aa 5 to 34 and 135 to 141), present in all three
isoforms, are highlighted at the bottom of the figure.

B. Cartoon representation of the pUL37x1\VMIA N-terminal bipartite leader sequence,
highlighting the sequences needed for ER and mitochondrial importation [71]. The lower
panel displays the sequence similarities in pUL37x1\WMIA leader sequences of HCMV
(Accession number=ABV71569), CCMV (Accession number=AAMO00687), and rhesus
monkey CMV (Accession number=AAZ80560). Bolded residues are strictly conserved,
while those boxed show regions of alpha helical structure (predicted by HMMTOP).
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Figure 3. HCV core protein domains
The domains of HCMV core protein important for membrane association and proper

subcellular protein trafficking are shown. On the right are descriptions of the amino acid
segment as well as the references which characterized them.
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Figure 4. Models of translocation of HCMV pUL37x1\vMIA protein from the MAM tothe
OMM

Detail of the proximity between the MAM and mitochondria is shown. The lipid enriched
membrane of the MAM is represented (blue region) in the membrane. Complexes stabilizing
the ER-mitochondrial contacts (PACS-2, Mfn2, and IP3R-Grp75-VDAC) are represented as
well. Tethers observed by Csordas et al. [22] may serve as sites for direct transfer of
pUL37x1\wMIA. Alternatively, lipid rich membrane domains may be distorted allowing
close proximity between the membranes and the generation of vesicles/microvesicles or as
lipid rafts that may traffic to the OMM. The key of the symbols is at the bottom of the
figure.
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Figure 5. Physical proximity of HCMV pUL37x1 tolipid enriched MAM domains
A. Shown is a single optical section of human fibroblasts expressing HCMV pUL37x1-

Cerulean fluorescent protein (CFP) and Sig-1R-enhanced yellow fluorescent protein
(EYFP). 24 hours after transfection, cells were fixed and imaged as in Figure 1.
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B. Surface-rendered 3D recreation of a Z-stack series through the transfected cell in Panel
A. Regions where pUL37x1 and Sig-1R are in close proximity are circled and enlarged on
the bottom of the figure. Similar morphology and curvatures are seen with both proteins in
these regions, suggesting that they occupy the same compartment.
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Table 1
HCMYV pUL 37x1\MI A functional inter actions’

Interacting Protein Sub-cellular Location Activity References

Adenine nucleotide translocase  Inner mitochondrial membrane anti-apoptosis Goldmacher et al., 1999
(ANT) Vieira et al., 2001
Poncet et al., 2006

Bcl-2 family members

BAX Outer mitochondrial Membrane anti-apoptosis Poncet et al., 2004; 2006
(OMM) Arnoult et al., 2004
Pauleau et al., 2007
Norris and Youle, 2008
BAK oMM anti-apoptosis Karbowski et al., 2006
Norris and Youle, 2008
Growth arrest and DNA Cytosol anti-apoptosis Smith and Mocarski 2005

damage 45 (GADD45)

Inorganic phosphate carrier Inner mitochondrial membrane decrease ATP synthesis Poncet et al., 2006

(PiC)

PiC Inner mitochondrial membrane mitochondrial fragmentation Pauleau et al., 2008
Unknown ER membrane Ca?* release from ER Sharon-Friling et al., 2006
Unknown Intramitochondrial inhibition of HtrA2/Omi-dependent, McCormick et al., 2008

cmvpeDT

*
Proteins that have been documented to interact with pUL37x1\WMIA are listed. Also included are the probable site of interaction, the resulting
activity and the reference for each interacting protein.
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