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Abstract

Upon emerging from the ribosome exiting tunnel, polypeptide folding occurs immediately with
the assistance of both ribosome-associated and free chaperones. While many chaperones known to
date are dedicated folding catalysts, recent studies have revealed a novel chaperoning system

that functions at the interface of protein biogenesis and quality control by using a special
“holdase” activity in order to sort and channel client proteins to distinct destinations. The key
component, Bag6/Bat3/Scythe, can effectively shield long hydrophobic segments exposed on the
surface of a polypeptide, preventing aggregation or inappropriate interactions before a triaging
decision is made. The biological consequences of Bag6-mediated chaperoning are divergent for
different substrates, ranging from membrane integration to proteasome targeting and destruction.
Accordingly, Bag6 can act in various cellular contexts in order to execute many essential cellular
functions, while dysfunctions in the Bag6 system can cause severe cellular abnormalities that may
be associated with some pathological conditions.
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Introduction

The HLA (human leukocyte antigen)-B-associated transcript 3 (Bat3) gene (also named
Scythe) was originally identified as a member of a cluster of genes located in the human
major histocompatibility complex (MHC) 111 locus on chromosome 6, a region containing
many genes essential for immune functions [1, 2]. Sequence analysis showed that the major
isoform of the human Bat3 gene encodes a 1,132 amino acid-long multidomain protein,
consisting of an amino-terminal ubiquitin-like (UBL) domain, a proline-rich segment
bearing short tracts of polyproline, polyglycine, and charged amino acids, and a zinc finger-
like domain (Fig. 1A). In addition, the carboxyl terminus of Bag6 contains a conserved BAG
domain that is found in a family of proteins. Therefore, Bat3/Scythe is also named as Bag6.
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Bag6/Bat3/Scythe (hereafter referred to as Bag6) is an abundant cellular protein highly
conserved in higher eukaryotes. It is ubiquitously expressed in multicellular organisms
with high expression detected in rat testis, suggesting a potential function in meiosis

and/or spermatogenesis [3-5]. Despite having a nuclear localization signal (NLS) [6],
immunofluorescence studies showed that endogenous Bag6 is primarily localized to the
cytoplasm with only a small fraction in the nucleus. This is at least in part due to the
interaction of Bag6 with a cofactor named TRC35, which masks the NLS [7]. In addition,
alternative splicing has been reported to generate a few Bag6 variants that lack the NLS and
therefore are preferentially localized to the cytoplasm [8]. Interestingly, the nuclear Bag6
levels were found to be increased in osteosarcoma tissue [9], suggesting a potential role for
nuclear Bag6 in tumorigenesis. Biochemical fractionation experiments also demonstrated the
presence of a small pool of Bag6 that is associated with the intracellular membrane system
including the endoplasmic reticulum (ER) [7].

The BAG domain in Bag6 is commonly found in a family of modulator proteins that interact
with the family of HSP70 chaperones [10]. The BAG domains contain 110-124 amino

acids that form three anti-parallel a-helices. The second and third helices are the sites to
which the ATPase domain of HSC70/HSP70 binds. The interaction of the BAG domain with
HSP70 is mediated by both electrostatic and hydrophobic interactions and is dependent on
the nucleotide state of HSP70 (Fig. 1B). Accordingly, it was reported that Bag6 can bind
the ATPase domain of a HSP70-like molecule named Stch [11]. Moreover, purified Bagé
has been shown to inhibit HSP70-mediated protein folding [12]. Another link between Bag6
and the HSP70-dependent folding machinery was established when a HSP70-interacting
cofactor named SGTA was identified as a Bag6 interactor [13]. Based on these observations,
Bag6 was proposed to function as a HSP70 co-chaperone. In addition to modulating the
activity of HSP70, Bag6 also regulates its expression levels under heat shock conditions.

In Bag6 deficient mouse embryonic fibroblast (MEF) cells, heat shock induced-HSP70
MRNA expression is reduced when compared to wild type MEF cells [14]. Moreover, Bag6
deficiency also leads to ablation of the testis-specific HSP70 member, HSP70-2/HSPA2 in
male germ cells, although in this case its regulation appears to occur at a post-transcriptional
level via ubiquitin-mediated degradation of HSP70-2 [5]. Thus, the interaction of Bag6 and
HSP70 appears to be critical for stabilizing HSP70, at least during spermatogenesis. The
above mentioned evidence establishes a functional link between Bag6 and HSP70/HSC70.
However, the precise cellular function(s) executed by the interplays between these proteins
is unknown.

Bagb6 is a cell death regulator

The first cellular function attributed to Bag6 was as a regulator of apoptosis. Biochemical
studies by Thress et al. [15, 16] showed that Bag6 binds the C-terminal 50 amino acids of
Reaper, an apoptotic inducer in Drosophila. Bag6 also interacts with two other Drosophila
apoptotic modulators, namely Grim and Hid, as well as with a mammalian apoptotic factor
named Immediate Early gene X-1 (IEX-1) [17]. Using an in vitro cytochrome c releasing
assay, Thress et al. [15] demonstrated that Reaper-induced cytochrome c release, the
hallmark of mitochondria-mediated apoptosis, is dependent on Bag6. By contrast, depletion
of Bag6 has no effect on Caspase-induced apoptosis, suggesting that it is a specific regulator
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for Reaperinduced apoptosis. Thress and colleagues named this Reaperinteracting protein
Scythe. Subsequent studies revealed that a Bunyaviral nonstructural protein termed NSs
bears similar apoptotic activities to Reaper [18]. Strikingly, both these factors interact with
Bag6, which seems to cause the release of an apoptosis inducer normally sequestered by
Bag6. These results suggest that Bagé may be an anti-apoptotic regulator [16]. In addition
to sequestration of pro-apoptotic factors, Bagé may also protect cells from apoptosis by
promoting the degradation of certain apoptotic factors [18, 19]. Importantly, genetic ablation
of Bag6 in mice causes embryonic lethality as a result of developmental defects associated
with increased apoptosis and aberrant cell proliferation, confirming the involvement of Bag6
in developmentally regulated apoptotic events in vivo [20].

Intriguingly, although Bag6 deficiency elevates the levels of apoptosis in numerous murine
tissues, when compared to wild type cells, Bag6é deficient cortical neurons are actually
more resistant to thapsigargin and menadione-induced apoptosis, chemicals that induce ER
stress by affecting the calcium flux [20, 21]. Moreover, Bagé6 itself contains a Caspase-3
cleavage site near the C-terminal BAG domain and Caspase-3-mediated cleavage may be
critical for cell death induced by certain pathogenic bacteria [22, 23]. Thus, despite being
an anti-apoptotic regulator that inhibits programmed cell death under normal conditions,
Bag6 can also contribute to apoptosis when the cell death program has been initiated in cells
under some stress conditions. The complex roles of Bag6 in apoptosis regulation may stem
from the fact that as a special chaperone, Bagb6 is capable of rendering diverse functional
consequences to a large number of client proteins (see below).

Bag6 functions as a TMD specific chaperone in tail-anchored protein

biogenesis

Despite extensive studies on Bagé in the context of apoptosis, its precise cellular function(s)
has remained elusive until recently when a series of biochemical studies on the biogenesis
of a special class of ER-localized membrane proteins named tail-anchored (TA) proteins
rediscovered Bage6.

TA proteins are inserted post-translationally into the ER membrane by a single C-terminal-
localized transmembrane domain (TMD) in a manner that is independent of the Sec61
translocon. While transiting through the cytosol, the hydrophobic TMDs require constant
chaperoning in order to prevent aggregation or inappropriate interactions. One chaperone
that fulfils such function is TRC40 in mammals or Get3p in yeast [24-27]. Structural and
biochemical studies showed that TRC40/Get3p forms a homo-dimeric complex, cycling
between a nucleotide free “open” and an ATP-bound “close” state. This conformational
change seems to occur while TRC40/Get3p is shuttling on-and-off the ER membrane
[28-33]. In the cytosol, TRC40/Get3p transiently adopts the closed ATP bound state,
allowing the capture of substrates released from the ribosome. Subsequently, the interaction
of the TRC40/Get3p-substrate complex with its membrane receptors results in an ATPase-
dependent release of the TA proteins from TRC40/Get3p for membrane insertion (Fig. 2)
[25, 32-35]. However, numerous lines of evidence suggest that TRC40/Get3p alone cannot
efficiently capture TA proteins released from the ribosome in a timely manner. Instead, it
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requires a cofactor(s) that helps upload the substrates. Using chemical crosslinking in an
elegant in vitro TA protein targeting assay, Hegde and colleagues identified a three-protein
complex that acts upstream of TRCA40 to facilitate TA protein biogenesis [36]. The central
component of this complex is Bag6, a TMD selective chaperone that was also independently
identified by Leznicki et al. [37]. Bag6 appears to be recruited to the ribosome in a

TA protein dependent manner, and the interaction of the Bagé complex with TMDs in
ribosome-associated nascent TA proteins effectively shields them from the aqueous cytosolic
environment. Bag6 then communicates with TRC40 through two cofactors, Ubl4A and
TRC35, leading to the transfer of the TA proteins to TRC40 for membrane targeting (Fig.

2) [36]. In addition to Bag6, another chaperone capable of recognizing TMDs to prevent
aggregation in mammalian cells is SGTA. Like TRC40, SGTA also interacts with Bag6
through Ubl4A [38], and the interplays between these chaperones might have important
roles in membrane targeting of certain classes of TA proteins in mammals [39]. The budding
yeast does not have a Bagé homolog, but it contains a SGTA homologue named Sgt2p,
which serves as the sole TMD selective chaperone for capturing TA proteins emerging from
the ribosome. Interestingly, despite sharing no sequence similarity, both Bag6 and Sgt2p
can transiently interact with the ribosome, bind TMDs located at the C-terminus of the

TA proteins, and transfer them to TRC40 (in mammals) or Get3p (in yeast) through two
homologous cofactors (Ubl4A and TRC35 in mammals or Get5p and Get4p in yeast) (Fig.
2) [32, 36, 40]. These studies established a conserved chaperone relay that channels nascent
TA proteins to facilitate their membrane targeting with Bag6 being a central component.

Bag6 is a master regulator of protein quality control

Degradation of defective cytosolic proteins requires Bag6

Although the first well-characterized biological function of Bag6 is to chaperone nascent
TA proteins, several earlier pieces of evidence had hinted that Bagé might also play pivotal
roles in proteasome-dependent protein turnover. Firstly, sequence analysis identified a UBL
domain present at the N-terminus of Bag6, a domain often implicated in protein turnover
by the ubiquitin proteasome system [2]. Secondly, a high throughput yeast two hybrid study
reported several Bag6 interactors, all of which are connected one way or the other to the
ubiquitin proteasome system [41]. These include SGT1, a HSP70-associated factor that is
also part of the Skp, Cullin, F-box containing (SCF) ubiquitin ligase complex [42, 43], a
putative proteasome adaptor named UBL?7 that contains both an ubiquitin-associated (UBA)
and a UBL domain, and the really interesting gene (RING) finger ubiquitin ligase RNF126.
Biochemical studies showed that Bag6 also associates with polyubiquitinated proteins,
although it is unclear whether or not this interaction is direct [44]. Finally, it was found

that Bag6 can also interact with a specific isoform of Rpn10 (Xrpn10c) in Xenopus [45].
Rpn10 contains an ubiquitin interacting motif (UIM) and is an integral component of the
26S proteasome with a proposed function in substrate recognition. The interaction of Bag6
with Xrpn10c is independent of the UIM domain and involves two distinct regions on Bag6,
suggesting the existence of multivalent interactions between Bag6 and the proteasome.

This interaction may also engage additional proteasomal subunits because mammals do not
have this Rpn10 isoform, yet an interaction between Bag6 and the proteasome has been
demonstrated by co-immunoprecipitation using human cells [44].
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Minami et al. [44] first established a role for Bag6 in proteasomal degradation while
investigating cellular factors associated with a model proteasome substrate (enhanced green
fluorescent protein (EGFP)-CL1; Fig. 3A). The study identified Bag6 together with various
other chaperones as the factors that interact with this proteasome-bound substrate carrying a
C-terminally localized hydrophobic degradation signal (ACKNWFSSLSHFVIHL). shRNA-
mediated depletion of Bag6 inhibits the turnover of EGFP-CL1, suggesting that Bag6 is
functionally required for the degradation of this model substrate. In addition to EGFP-CL1,
Bag6 also associates with a large number of defective nascent polypeptides synthesized

by the ribosome (also named defective ribosome products or DRIPs) in order to facilitate
their turnover, a process that is thought to generate the MHC class I-presenting antigenic
peptides [46]. Accordingly, Bag6 depletion results in reduced cell surface presentation of
antigen-loaded MHC class | molecules [44].

Bag6 promotes ubiquitination and turnover of mislocalized proteins

Another guality control process that involves the Bagé complex is the degradation of
mislocalized membrane proteins (Fig. 3B). It is thought that membrane protein integration
through either the canonical Sec61 pathway or the TRC40 system may not always proceed
with 100% accuracy. Instead, certain membrane proteins may be integrated less efficiently
than others, resulting in the accumulation of mislocalized proteins in the cytosol. This

may be a particularly problematic issue when cells undergo ER stress, a condition that
reduces the efficiency of membrane protein integration [47]. Mislocalized proteins often
contain surface exposed hydrophobic TMD domains that are prone to aggregation. In an
attempt to study how cells deal with such mislocalized polypeptides, Hegde and colleagues
discovered that many mislocalized proteins are subject to ubiquitination by a cytosolic
ubiquitin ligase in a manner dependent on the Bag6é complex. It appears that after the capture
of newly synthesized TA proteins released from the ribosome by Bag6, a “sorting” decision
is made, which ends up with either transferring the substrates to the TRC40 complex for
membrane insertion or ubiquitination of the substrates by an unknown Bag6-associated
ubiquitin ligase for proteasomal degradation [48]. The nature of this sorting step requires
further investigation.

ER-associated Bag6 channels dislocated ERAD substrates to the proteasome

Finally, a connection between Bag6 and an ER quality control process named ER-
associated protein degradation (ERAD) was recently established by our laboratory, while
we investigated the function of the ER-associated ubiquitin ligase gp78 (Fig. 3C). ERAD is
an evolutionarily conserved quality control system in eukaryotes that utilizes a sophisticated
chaperoning network in the ER lumen to identify misfolded or unassembled proteins and
subsequently target them for retrotranslocation into the cytosol and for elimination by the
cytosolic proteasome [49, 50]. Upon emerging into the cytosol, these retrotranslocation
products are subject to polyubiquitination by a few membrane-associated ubiquitin ligases,
which include gp78 [51, 52]. Subsequently, ubiquitinated substrates are extracted from the
membrane by a multiprotein complex consisting of the ATPase associated with diverse
cellular activities (AAA), ATPase p97 and two cofactors Ufd1 and Npl4 [53-57]. The
dislocated ERAD substrates are believed to be shuttled to the proteasome, either directly by
p97 or with the assistance from some adaptor proteins, although the underlying mechanism
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is still obscure [58]. Using affinity chromatography, the Bag6-Ubl4A-TRC35 complex
was identified as a new cytosolic component that is associated with the gp78- and p97-
containing retrotranslocation complex [7]. Bag6 was also found to interact specifically
with deglycosylated ERAD intermediates that have apparently undergone retrotranslocation
[7, 59, 60], suggesting that it plays a role in ERAD downstream of p97-mediated
retrotranslocation. Consistent with this notion, depletion of each component of the Bag6
complex stabilizes ERAD substrates, including both membrane and soluble proteins, and a
fraction of the stabilized substrates still carry polyubiquitin conjugates that are generated
during retrotranslocation. Importantly, a large amount of substrates accumulated in Bag6-
depleted cells form protein aggregates that cannot be extracted by a non-ionic detergent,
providing a plausible explanation on their resistance to proteasome-mediated turnover [7].
These observations suggest that the Bag6 chaperoning activity is required to maintain the
solubility of dislocated ERAD substrates and facilitate their delivery to the proteasome for
degradation.

A recent study also implicated the Bag6 partner SGTA in ERAD. SGTA contains a
tetratricopeptide (TPR) domain that binds HSP70, although the biological significance of
this interaction is unclear. SGTA also contains an N-terminal dimerization domain [61].
Upon dimerization, this domain forms an unusual UBL-binding motif, which interacts
preferentially with the Ubl4A UBL, and only weakly with the Bag6 UBL, although the

two UBL domains share significant sequence homology [38, 61]. On the other hand, the
Bag6 UBL, but not Ubl4A UBL can bind specifically to the CUE (coupling of ubiquitin
conjugation to ER degradation) domain in gp78, a motif previously implicated in ubiquitin
recognition [62]. These observations suggest that the two UBLs in the Bag6 complex serve
as distinct “joint bolts” that connect the chaperone complex to different ERAD components.
SGTA appears to be an essential cofactor of Bag6 in ERAD as SGTA depletion also leads
to accumulation of ERAD substrates in detergent insoluble aggregates. In addition, SGTA
deficiency leads to reduced substrate binding by Bag6 [38]. These observations suggest that
SGTA may serve as a co-chaperone that assists Bag6 in capturing substrates in ERAD.
Interestingly, a recent report showed that purified SGTA can antagonize Bag6-mediated
ubiquitination of mislocalized TA proteins in vitro, and also in cells overexpressing

SGTA the expression of certain membrane proteins is increased [63]. If this phenotype

is caused by inhibition of protein turnover as proposed, then it indicates that the functional
interplays between SGTA and Bag6 can be variable in different cellular contexts. In TA
protein biogenesis, some substrates might be constantly partitioned between SGTA and
Bag6 in a dynamic and reversible way. The flow of substrates towards SGTA may favor
membrane insertion whereas the flow of substrates in the opposing direction targets them for
degradation. In ERAD, the substrates may be delivered in a unidirectional way from SGTA
to Bag6 or another proteasome-interacting factor, which restricts the chaperone system to
only function in favor of protein turnover. Sgt2p in Saccharomyces cerevisiae may also have
a role in protein quality control given the observation that Sgt2p can interact with a yeast
prion protein to modulate its propagation [64].
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Is the Bag6 complex a direct mediator of protein degradation?

Since both the Bag6 complex and SGTA have been implicated in biogenesis of TA proteins,
which have broad cellular functions including protein turnover, the question of whether

the proteolysis defect associated with depletion of the Bag6 system is an indirect effect

of abnormality in TA biogenesis should be addressed. Several pieces of evidence argue

that Bag6 can serve a direct function in ERAD as well as other protein quality control
processes. Firstly, as pointed out above, the Bag6 system is intimately connected with the
ubiquitin proteasome system as demonstrated by its interaction with both ubiquitin ligases
and the proteasome. Secondly, for proteasomal substrates that require Bag6 for turnover, an
interaction between Bag6 and the substrates can often be established, suggesting a direct
chaperone-client relationship [7, 44, 59, 60]. Most importantly, the involvement of the
Bag6 system in proteasomal degradation has been established using several in vitro protein
degradation assays. For instance, Minami et al. used an engineered luciferase transcript
lacking stop codon to generate a model defective ribosome product. They found that in vitro
ubiquitination and degradation of this substrate can be inhibited by an anti-Bag6 antibody
[44]. Likewise, immunodepletion of Bag6 from the cytosol blocks in vitro ubiquitination
of mislocalized membrane proteins [48]. Finally, in an in vitro retrotranslocation assay,
depletion of the Bag6 complex results in reduced turnover of an ERAD substrate [7].
These in vitro studies showed that Bag6 acts upstream of ubiquitin ligases and is often
required for substrate ubiquitination in the cytosolic quality control pathways, while in
ERAD, Bag6 only captures substrates after they have been ubiquitinated. This is not
entirely surprising given that ubiquitination is known to be required for retrotranslocation
of misfolded ER proteins across the membrane and that retrotranslocation is an apparent
prerequisite for Bag6 binding, at least for soluble ERAD substrates. Mechanistically,
ubiquitin ligase-associated Bag6 may use different mechanisms to assemble ubiquitin chains
in the ER and cytosol quality control pathways. The cytosolic E3s may use Bag6 as a
“holdase” (see below) that prevents premature release of substrates prior to the completion
of the polyubiquitination reaction, whereas the ERAD ubiquitin ligase gp78 is capable of
transferring preassembled ubiquitin chains from its cognate E2 Ube2g2 to a substrate, thus
alleviating the necessity of engaging a chaperone in ubiquitination [65, 66]. Collectively,
these studies establish the Bag6 system as multifaceted cytosolic chaperone machinery,
capable of acting at the interface of protein biogenesis and degradation.

The nuclear functions of Bag6

The presence of a NLS on Bag6 suggests that it must have a function(s) in the nucleus.
Although the precise function of Bag6 in the nucleus is not entirely clear, a few recent
studies have implicated it in gene transcription regulation/DNA damage response, possibly
via modulating posttranslational modification of histones or other nuclear factors. The first
nuclear function attributed to Bag6 was that of a regulator of the tumor suppressor p53
acetylation, which is essential for transactivation of some p53 target genes in response

to genotoxic stress. Bag6 seems to enhance p53 acetylation by stabilizing an interaction
between p53 and the acetyltransferase p300, which likely involves a direct interaction
between Bag6 and p300 [67, 68]. More recently, Bag6 was shown to interact with two
histone methyltransferases, SET1A, and DOTLL, which regulate histone H3K4 and H3K79
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dimethylation, respectively [69, 70]. H3K4 dimethylation, associated with the recruitment
of the Bag6-SET1A complex to DNA promoters, regulates the expression of certain pro-
carcinogenic genes such as Myc and BRCA1 [69], whereas H3K79 dimethylation was
proposed to mediate the recruitment of 53BP1 to the site of ionizing radiation-induced
DNA damages, an event critical for DNA damage signaling and repair [70]. The nuclear
function of Bag6 clearly requires its presence in the nucleus, thus excluding the possibility
that TRC35 may also participate in these events. However, Ubl4A often accompanies Bag6
to the nucleus. Its potential involvement in Bag6-dependent DNA damage/transcriptional
regulations awaits further elucidation.

A “holdase” activity rules all

How can Bag6 and its associated cofactors participate in so many different biological
processes? Biochemical studies on both TA protein biogenesis and protein quality control
have provided some important clues. Despite its association with HSP70, Bagé itself
contains a critical chaperoning activity distinct from that of HSP70. Initial studies show that
Bag6 can directly interact with nascent TA proteins in a TMD dependent manner, suggesting
that it may prefer binding polypeptides with exposed long hydrophobic segments [36]. This
activity was similarly demonstrated for Sgt2p, the yeast homologue of human SGTA [40].
The precise mode of substrate recognition by Bag6 awaits structural characterization, but it
is tempting to speculate that the interaction may to some extent resemble how TRC40/Get3p
binds TA proteins. Structural studies show that Get3p cycles between an ATP bound closed
conformation that contains a long hydrophobic groove, accommaodating the TMDs in TA
proteins, and a nucleotide free open conformation that likely represents a substrate free state
[28, 29, 31, 71]. Bag6 may involve a conceptually similar conformational cycle coupled to
substrate binding and release, but in this case, the trigger of substrate association and release
must be controlled by Bag6-binding co-factors rather than the nucleotide. The binding of
Bag6 to nascent TA proteins provides a sufficient time window that allows a sorting decision
regarding the fate of the bound TA proteins to be made [39].

The chaperoning activity of Bag6 appears applicable to substrates without TMDs because

in protein quality control processes, Bag6 can regulate the turnover of both soluble and
membrane substrates [7, 44]. In addition, purified Bag6 is capable of binding heat-denatured
luciferase that does not carry any TMDs. Intriguingly, unlike conventional chaperones such
as HSP70, the binding of Bag6 to heat-denatured luciferase does not promote its refolding.
Instead, Bag6 seems to hold its substrates tightly in an unfolded yet soluble state, a condition
that favors their turnover by the proteasome [7]. The strong propensity of Bag6 to bind
unfolded polypeptides raises the question of how Bag6-bound substrates are released.

The nuclear functions of Bag6 are likely to be mechanistically linked to this “holdase”
activity. Bag6 may capture certain aggregation prone proteins in the nucleus to prevent
promiscuous interactions/aggregation until these proteins meet their functional partners or
have been delivered to the correct subcellular compartments. In support of this view, it
has been demonstrated that under certain conditions, Bag6 can shuttle polypeptides from
the cytosol into the nucleus, resulting in either the activation or inactivation of the bound
polypeptides [37, 72-74].
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Collectively, it seems that we can view Bag6 as a special transporter that uses its “holdase”
activity to carry aggregation prone substrates, ensuring their safe transit through the aqueous
cellular environment and proper integration into various functional systems. For those clients
that fail to be properly targeted, Bag6 may use its connections with the ubiquitin proteasome
system to turn them over. The final destinations of the Bag6-bound substrates may be
determined by both the cofactors associated with Bag6 as well as by the precise interplays
between substrates and the Bag6 system.

Bag6/Bat3/Scythe and human diseases

The diverse functions of the Bag6 system suggest that deficiency in Bagé may be the cause
of certain human diseases or developmental defects. Consistent with this view, a genetic
study showed that Bag6 knockout mice die early during embryonic development [20]. In
addition, human genetic studies have identified Bag6 as a potential candidate gene of which
mutations may cause some diseases. For instance, haplotypes including a genetic variation
in the Bag6 gene have been associated with the Kawasaki Syndrome, an autoimmune
disease in which inflammation occurs in the medium-sized blood vessels throughout the
body [75], as well as with rheumatoid arthritis [76]. Bi-allelic inactivating mutations were
also found in the Bag6 gene in several colon cancer cell lines that showed microsatellite
instability [77]. The association of Bag6 polymorphisms with rheumatoid arthritis suggests a
potential function for Bag6 in immune regulation, particularly in inflammation control. This
is consistent with the fact that Bag6 is genetically clustered with several other inflammation
regulators such as TNF at the MHC class 11 region [78]. Bagb6 likely influences the immune
system by regulating a variety of substrate proteins essential to immune regulations. This

is exemplified by the recently established association of Bag6 with Tim3, an inhibitory

type | membrane receptor expressed on exhausted T cells during infection with human
immunodeficiency virus (HIV)-1 and hepatitis C virus, which represses Tim3 function and
thus protects helper type 1 (T(H)1) cells from galectin-9-mediated cell death [79]. Similar
functional interplays between Bag6 and client proteins essential for neuronal functions have
also been reported, which may play crucial roles in protecting neurons from apoptosis
elicited under various disease conditions such as the Parkinson’s disease [80].

Finally, it is worth mentioning that the intracellular bacterial pathogen Legionella
pneumaophila can inject several F-box proteins into the host cells during infection. Several
of these F-box proteins can join host factors to form multisubunit E3 ubiquitin ligase
complexes that interact with Bag6. The precise function of these interactions in L.
pneumaophila infection is unclear, but it is likely that the Bag6 system is leveraged by the
bacteria to ubiquitinate and/or shuttle certain host factors, which may promote the bacterial
infection cycle [81].

Conclusions and perspectives

Recent studies have revealed a novel and important cellular chaperoning system with what
appears to be an enormous functional capacity. A unique feature of the Bag6 system is that
it interacts with both the ribosome and the proteasome, and therefore can function at the
interface of protein biogenesis and turnover. The system uses a special “holdase” activity to
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“sort” client proteins and chaperone them to distinct destinations. Therefore, its functions
may stem far beyond those described here. Thus, systematic identification of physiological
substrates of Bag6 will certainly reveal its functional scope.

Another big mystery is how Bag6 can interact with so many different substrates

with hydrophobic segments of different length and hydrophobicity. The answer to this
question requires careful mapping of the substrate binding domain followed by structural
characterization of the Bag6-substrate interactions. In addition, since Bag6 binds to its
substrate with high affinity, it is unclear how the bound substrates are released after they
reach the final destination. How Bag6 cooperates with other cofactors such as SGTA and
whether HSP70 functions in various Bag6-mediated processes are also intriguing questions
that await further studies. Whether or not the Bag6 system may be subject to regulation
in the cell is also unknown. Finally, more genetic studies in animal models particularly
with conditional deletion of Bag6 or its associated cofactors will contribute to unveil the
physiological importance of this chaperoning system.
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Abbreviations:

AAA ATPase associated with diverse cellular activities
Bat3 HLA (human leukocyte antigen)-B-associated transcript 3
CUE coupling of ubiquitin conjugation to ER degradation
DRiPs defective ribosome products

EGFP enhanced green fluorescent protein

ER endoplasmic reticulum

ERAD ER-associated degradation

HIV human immunodeficiency virus

MEF mouse embryonic fibroblast

MHC major histocompatibility complex

NLS nuclear localization signal

RING really interesting gene

SCF Skp, Cullin, F-box containing complex

TA tail-anchored

TMD transmembrane domain
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Figure 1.

The BAG domain and BAG6. A: The domain structure of human Bag6. UBL, ubiquitin-like;
Pro-rich, proline-rich domain; NLS, nuclear localization signal. B: A schematic model of the
BAG domain and HSP70 interaction. Step 1: A BAG domain binds the nucleotide binding
domain of HSP70 in ADP-bound state, promoting the exchange of ADP with ATP. Step 2:
ATP binding causes a conformational change in HSP70, leading to the release of the BAG
domain. Step 3: ATP is converted to ADP by HSP70. Whether this cycle can be leveraged by
the BAG domain in Bag6 to engage HSP70 is unclear.
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Figure2.
Roles of TMD selective chaperones in TA protein biogenesis. In mammals, Bag6 serves

as a TMD selective chaperone that targets TA proteins to the ER membrane (upper panel).

In step 1, Bag6 recognizes hydrophobic transmembrane domain (TMD) in a nascent TA
protein exiting the ribosome translation tunnel. In step 2, the TA protein is transferred to

the ATP-bound TRC40 dimer. This reaction requires the Bag6 cofactor TRC35 and Ubl4A,
which serves as a major link between Bag6 and TRCA40. In step 3, the TRC40-TA complex
is recruited to the membrane by interacting with a membrane receptor complex consisting of
WRB and CAML, which also promotes TA protein insertion into the membrane. In yeast,
the process occurs in an analogous manner with the exception that Sgt2p serves as the initial
TMD selective chaperone (lower panel) while Getlp and Get2p act as membrane receptors.
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Figure 3.
Bag6 regulates protein turnover. A: Bag6 regulates the degradation of folding defective

nascent polypeptides. Newly synthesized defective polypeptides are detected by Bag6 and
ubiquitinated by a yet-to-be identified E3 ubiquitin ligase that interacts with Bag6. Bag6
may escort the substrates to the proteasome for degradation. B: Bag6 assists mislocalized
proteins in reaching the proteasome. TA proteins bound by Bag6é can have different fates.
Some may be transferred to the downstream ATPase TRC40 for membrane targeting,
whereas others are ubiquitinated by Bag6-associated ubiquitin ligases for degradation by
the proteasome. Bag6 may function as a timer, analogous to the one in the ER lumen that
dictates the degradation of misfolded glycoproteins. For those TA proteins that fail to be
efficiently targeted to the membrane, Bag6 would triage them to the degradation pathway. C:
Bag6 escorts ERAD substrates to the proteasome in order to enhance degradation efficiency.
The recruitment of the Bag6 system to the gp78- and p97-containing retro-translocation

Bioessays. Author manuscript; available in PMC 2022 August 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lee and Ye

Page 18

complex seems to mark Bag6 as the preferred chaperone that channels dislocated ERAD
substrates to the proteasome. Bag6 may interact with the proteasome either directly or via an
unknown adaptor indicated by the question mark.
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