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1. Introduction

Selective intracellular protein degradation is involved
in every aspect of cellular life. A unifying theme in
eukaryotic protein degradation is found in the tagging and
destruction mechanism called the ubiquitin proteasome
system (UPS): a particular protein is targeted for degrada-
tion by the recursive covalent addition of the small protein
ubiquitin (Ub), which leads to recognition of the resulting
multiubiquitin chain by the 26S proteasome. The breadth
of use of UPS in cellular life is allowed by the specificity
of target protein recognition; in this way, drastic differ-
ences in protein half-life can be observed in the same
cellular compartment, thus assuring the required specificity
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for a regulatory mechanism that is sufficiently flexible to
destroy any cellular protein.

Ubiquitination of proteins occurs by the successive action
of a cascade of three enzymes (Figure 1). This process is
extensively detailed in numerous reviews,' so a useful
summary is described here. The El ubiquitin-activating
enzyme uses ATP to covalently activate and then add
ubiquitin to an E2 ubiquitin-conjugating (UBC) enzyme.
Ubiquitin is then transferred from the ubiquitin-charged E2
to the substrate or the growing ubiquitin chain by the action
of an E3 ubiquitin ligase, resulting in a substrate-attached
multiubiquitin chain that is recognized by the proteasome,
leading to degradation of the ubiquitinated substrate. The
ubiquitination enzymes operate in a hierarchy: in yeast, there
is one El, 10 E2s, and nearly one hundred E3 ubiquitin
ligases. In the mammal, the same organization exists, but
with many more E2s and E3s. The E3 ligases are the most
immediately involved in selective targeting of ubiquitination
substrates and thus often the focus of investigation when
studying a degradation pathway. This three enzyme cascade
presents a skeletal picture; in most cases, ancillary factors
participate in substrate recognition and transfer of the
ubiquitinated product to the proteasome.?*

2. Degradation for Regulation or Protein Quality
Control

Despite the wide range of uses and recognition mecha-
nisms for UPS substrates, there are two general themes in
protein degradation, referred to here as regulation and quality
control. In regulation, ubiquitin-mediated degradation is used
to effect regulatory changes in a specific protein’s levels and
activity. Regulated degradation is keyed to physiological or
developmental signals to allow selective loss of a protein in
conditions that demand its levels to be altered. Examples
include the regulated degradation of p53,* temporally pro-
grammed destruction of cyclins and other cell cycle regula-
tors,> and the selective degradation of glucose-synthesizing
enzymes after feeding.® In all cases, unique features of the
targeted protein mediate destruction, ensuring high specific-
ity. Thus, many E3 ligases have specific binding sites for a
single or very few proteins; this specific ligase—substrate
interaction is a principle determinant of selective ubiquiti-
nation by many E3s. E3—substrate binding is often sufficient
to allow selective ubiquitination. This has been demonstrated
in experiments where nonrecognized proteins become sub-
strates when made able to bind to an E3 subunit either by
molecular biological alteration of the E37 or by use of a small
molecule to mediate binding to the heterologous target.®
Similarly, promoting binding of an E3 to a normally
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nonrecognized protein to cause that proteins’ selective
degradation is a tactic that viruses have employed in
numerous circumstances.”!°

Variations of regulated degradation abound, but all cause
highly specific alterations of a target protein level by selective
ubiquitination. Some of these include phosphorylation of a
targeted protein as a prerequisite for specific E3 association,!!
association of the plant hormone auxin to an E3 subunit to
create a binding site for an auxin-targeted transcriptional
repressor,'? or E3 recognition of HIF1a that has undergone
oxygen-dependent modification to couple HIFla levels to
oxygen demand.'? In even the most complex variations, high
specificity between the E3 and its target is a linchpin of the
regulatory strategy.

A distinct second theme in cellular proteolysis is protein
degradation for purposes of cellular quality control. That is,
the selective intracellular degradation of misfolded or inap-
propriately assembled proteins. Protein quality control is
implicated in maintaining acceptably low levels of aberrant
proteins and is thought to be an important component in
management of cellular stress. Separate pathways of protein
quality control exist in numerous, and probably all, compart-
ments of the cell'*!® and apparently in all kingdoms of
life.'6:17

It has been empirically observed in many instances that
degradative quality control is, like regulation of individual
proteins, highly specific and selective but in a totally different
sense. It is often found that a normal protein will be quite
stable while a mutant that does not fold correctly or folds
too slowly will be subject to selective degradation. A striking
example is found in the single point mutant of the yeast
vacuolar enzyme known as carboxypeptidase Y (CPY), called
CPY*. While the normal protein is folded in the lumen of
the ER and shipped off to the vacuole where it resides, the
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CPY* point mutant undergoes rapid quality control degrada-
tion. In fact, the CPY* variant was the prototype substrate
of the now widely studied quality control pathway of ER-
associated degradation (ERAD),'® described in more detail
below. Another example of this high specificity is found in
the disease-causing CFTR-AS508 variant of the CFTR
transporter. Homozygosity of the A508 allele is responsible
for the majority of cases of cystic fibrosis (CF). The CFTR-
A508 protein is functional and abundantly produced, but ER-
localized quality control degradation of this slowly folding
form brings about the pathologically low levels responsible
for the galaxy of CF symptoms.' Similarly, uncomplexed
subunits of multiprotein complexes, such as the T-cell
receptor or the alpha 2 repressor proteins, are often subject
to rapid degradation that ignores those proteins when part
of their correct multimers.2>?! Because many of the diseases
of aging appear to have underpinnings in the improper
management of misfolded proteins,?? it is clear that quality
control degradation has important roles in the etiology of,
and perhaps novel therapeutic strategies for, these various
and very serious pathologies.

3. Possible Functions of Protein Quality Control

Much of our limited understanding of degradative quality
control (QC) comes from the study of mutant proteins
generated by nature or molecular biology to gain insights
about recognition mechanisms that presumably operate on
natural substrates. Thus, the function of these degradation
pathways is not inherently revealed by the use of model
substrates. The reasonable speculation is that QC pathways
are present to limit levels of toxic and stress-inducing
misfolded proteins in the cell. This appears to be the case in
yeast ERAD, where loss of either pathway (HRD or DOA)
leads to increased UPR signaling, indicating higher levels
of naturally produced ER misfolded proteins, and increased
sensitivity to drugs that promote misfolding in the ER.?3**
Presumably there will be other examples of such “stress
homeostasis” functions in degradative quality control.

There are other possibilities for the cellular functions of
these degradative quality control pathways. Today’s QC
pathways may have evolved when protein folding was less
efficient so that a given protein had a larger range of
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Figure 1. The enzymes of ubiquitination. The covalent attachment
of the small (7.6 kD) protein ubiquitin (Ub) to a target substrate
(S) proceeds by a cascade of enzymes. The ubiquitin-activating
enzyme (UBE), or El, adds Ub to itself in a thioester linkage on
the E1. Ubiquitin-conjugating enzymes (UBCs), E2s, are charged
by transfer of ubiquitin from the E1 to a thioester linkage on the
E2. Finally, a ubiquitin ligase, or E3, brokers the transfer of
ubiquitin to the target substrate S, producing a ubiquitinated protein.
This process is continued by continued addition of the next ubiquitin
to the previously added one, producing a polyubiquitin chain. The
polyubiquitin chain is recognized with high specificity by the 26S
proteasome, causing degradation of the S target. The E3 is thus a
critical determinant of specificity in this modification scheme.
Typically, there is one El, tens of E2s (10 in yeast, ~50 in
mammals), and many E3s.

structures including those with poor, no, or even toxic
functions. The proto-QC pathways could have operated to
ensure optimal catalytic activity by lowering the number of
less effective structures of a given protein. Today, these
pathways may similarly function to effect the turnover of
many proteins in the cell and thus would be a critical part
of natural cellular proteostasis. The proteome is as a dynamic
entity; each “node” in the protein network has a steady-state
level defined by synthesis and degradation. Perhaps the
quality control pathways serve a broad function of allowing
the turnover of normal proteins, recognizing the extreme
members of the ensemble of structures that occur during a
normal protein’s “breathing” within its folded state. By this
speculative model, “quality control” mechanisms would
promote the turnover of many normal proteins, degrading
the naturally accessed conformations during its dynamic
motions, and the more extreme cases of truly misfolded
proteins caused by chemical or thermal damage or clever
molecular biologists.

The idea that normal proteins might be subjected to
degradation by a quality control mechanism by recognition
of naturally attainable extremes of the folding state allows
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for some interesting ideas about cellular employment of QC
pathways. One notion from our and others’ work on
regulation of sterol synthesis is that the high selectivity of
protein quality control is harnessed to bring about physi-
ological regulation of normal proteins. This “crossing” of
the conceptual boundary between regulation and quality
control will be described in detail for feedback regulation
of the rate-limiting enzyme of sterol synthesis, HMG-CoA
reductase (HMGR). Then some other potential examples of
this idea from other sectors of biology will be described. In
addition, the implications for understanding and harnessing
these quality control or “proteostatic” degradative pathways
will be discussed.

4. Regulated Degradation of HUG-CoA Reductase
(HMGR)

HMG-CoA reductase (HMGR) is a key enzyme of the
sterol pathway, by which sterols are synthesized from acetyl-
CoA (Figure 2). The HMGR-catalyzed reaction produces
mevalonic acid from HMG-CoA by reduction with NADPH.
The resulting six-carbon mevalonate is next converted into
the isomeric, phosphorylated five-carbon isoprene subunits
dimethylallyl pyrophosphate (DMAPP) and isopentyl pyro-
phosphate (IPP) that are used as building blocks to construct
myriad isoprenoids, including sterols such as cholesterol. This
long biosynthetic pathway is feedback regulated at multiple
levels, including transcription, translation, and regulated
degradation.”?® The basic theme in all modes is that
increased demand for more sterol pathway molecules results
in increased levels of the synthetic enzymes, while decreased
demand for sterol pathway products results in decreased
levels of those enzymes. The study of sterol pathway
regulation has led to an astonishing amount of basic biology,
and each branch of the regulation could (and often does)
encompass a separate review. This work will necessarily
focus on the regulated degradation of yeast HMGR and the
insights it has provided into possible functions and use of
cellular quality control.

Part of feedback regulation of the sterol pathway centers
on regulated degradation of HMGR, which is a key and often
rate-limiting enzyme for the sterol pathway. It was first
observed in mammalian cells that the stability of HMGR
was decreased when early sterol precursors or sterols were
added to cell culture medium, indicating that the stability of
HMGR was subject to feedback regulation. This was borne
out by a variety of studies showing that increased levels of
pathway products led to increased degradation of HMGR,
thus lowering enzyme levels, while decreased production of
sterol pathway products led to increased stabilization and
elevated enzyme levels. That is, feedback regulation in which
sterol pathway activity is keyed to the degradation rate of
the HMGR molecule. The mammalian HMGR molecule is
an eight-spanning ER-resident integral membrane protein.
A multispanning N-terminal domain keeps the protein
anchored in the ER, and a linker connects the membrane
anchor to the highly conserved, soluble catalytic C-terminal
region responsible for HMGR’s essential enzyme activity
in all eukaryotes and archebacteria.?”-* It is the N-terminal
multispanning domain that mediates regulated degradation
of the HMGR molecule, allowing replacement of the
C-terminal catalytic region with enzymatic or optical report-
ers while still preserving the regulated degradation of the
molecule.
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Figure 2. The sterol synthetic or mevalonate pathway. The
synthesis of sterols and other isoprenes occurs by the sequential
construction of the five-carbon pyrophosphorylated isoprenes, IPP
and its isomer DMAPP (not shown), followed by iterated condensa-
tion to produce 10, 15, and higher carbon pyrophosphates. Two
15-carbon farnesylpyrophosophate (FPP) molecules are then con-
densed by production of squalene (not shown) to make the 30-
carbon lanosterol, the first sterol in the pathway. This sterol is then
used to make a variety of sterols, with cholesterol being the principle
mammalian product and ergosterol being that of yeast. The
mevalonate pathway has many branches off the main pathway,
delivering a wide variety of isroprene lipids for use in many corners
of cell and organismal biology. One of these side branches included
production of 20-carbon GGPP from 15-carbon FPP, discussed
below. The key enzyme HMG-CoA reductase (HMGR) functions
at the point indicated, catalyzing the reduction of the six-carbon
hydroxymethylglutaryl group on the CoA with two NADPH to
produce free mevalonic acid, as shown. To simplify the diagram,
only the lipid structures are shown, while cofactors and non-lipids
are absent.

Yeast has two isozymes of HMGR, Hmglp and Hmg2p.
Both have a similar “body plan” to the single mammalian
HMGR: an N-terminal eight-spanning domain, a linker, and
the attached catalytic activity. The HMGR isozymes of yeast
are about 50% identical in sequence over the transmembrane
domain, and about 93% identical in the conserved catalytic
regions (Figure 3). Furthermore, both Hmglp and Hmg2p
have the conserved motif known as a sterol sensing domain
(SSD) that has been implicated in lipid sensing by a variety
of proteins including HMGR and Hmg2p (discussed below).
Nevertheless, only the Hmg2p isozyme undergoes regulated
degradation, in a manner strikingly similar to the mammalian
enzyme despite ~1 billion years of separate evolution: high
flux through the sterol pathway promotes more degradation,
while diminished production of sterol pathway products
causes high stability. In this way, the degradation of Hmg2p
can be modulated between a half-life of 10 min and one of
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Figure 3. Organization of the HMG-CoA reductase protein. The
integral ER membrane protein HMGR in both mammals and yeast
consists of an eight-spanning N-terminal membrane anchor, embed-
ded in the ER membrane (gray) as shown, attached by a linker to
the highly conserved catalytic domain that performs the essential
enzyme action. Regulated degradation requires the N-terminal
transmembrane domain. This region has the conserved sterol-
sensing domain (SSD) motif distributed among spans 2—5, as
discussed in the text.

6 h or more.” By contrast, Hmglp is highly stable in all
conditions so far tested.*

To gain insight into the mechanisms of regulated HMGR
degradation in yeast and in general, we have conducted
numerous genetic analyses to find the HRD genes responsible
for Hmg-CoA Reductase Degradation. Our initial work
discovered the core ubiquitin ligase components called Hrd1p
and Hrd3p.3! The ER-associated Hrd1p ligase is absolutely
required for regulated degradation of Hmg2p; in the absence
of Hrd1p, Hmg2p is completely stable no matter what the
level of sterol pathway activity. The subsequent results of
many genetic, biochemical, and proteomic studies have
yielded much detail about the HRD pathway, which mediates
one route of eukaryotic ER-associated degradation (ERAD).

5. The HRD Pathway: ERAD and Cellular Quality
Control

The ER is the site of robust protein degradation. It has
long been appreciated that both lumenal and membrane-
bound ER-localized proteins can be subject to degradation 3132
Collectively such degradation processes are now referred to
as ERAD. The range of substrates for ERAD is quite large,
and this process is best viewed as a quality control pathway
that mediates the degradation of misfolded and misassembled
lumenal and integral membrane ER-resident proteins. Thus,
substrates as distinct as the misfolded, soluble point mutant
CPY* and the mutant multispanning membrane protein
Sec61-2 are subject to degradation by the HRD pathway,
despite their complete lack of sequence similarity, while the
normal proteins are completely stable. It appears that the
HRD pathway functions in this capacity constitutively in
eukaryotic cells. The expression of HRD pathway compo-
nents is regulated by the unfolded protein response (UPR),
the monitoring system that measures unfolded proteins in
the ER and regulates the expression of proteins that help
remove or refold them.?** Cells that lack the HRD pathway
by null mutation of the Hrd1p E3 ligase have higher levels
of ER misfolded proteins in unstressed conditions and are
more sensitive to perturbations that increase ER stress. In
yeast, the HRD pathway functions alongside a distinct ERAD
pathway mediated by the DoalOp ubiquitin ligase, which is
involved in the degradation of a variety of misfolded ER
proteins that generally are not HRD pathway substrates, as
well as a number of proteins that do not reside in the ER.?
Like the HRD pathway, loss of the DOA pathway also causes
increased ER stress and increased sensitivity to agents that
trigger the UPR. Both pathways are conserved in mammals,
and probably distinct ERAD mechanisms operate in
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addition.>** Considering that the ER is the site of continuous
high-flux reception of nascent polypeptides that must be
folded and assembled, it is not surprising that a multibranched
and high-capacity system for degradation of misfolded
proteins is associated with this organelle.

Although there are at least two distinct ERAD pathways
in yeast and more in mammals, there are features of the
process that are common to all. All substrates are either
present in the lumen of the ER as soluble proteins or
embedded in the ER membrane. Substrates appear to be
selected for degradation based on structural criteria that can
be shared, apparently, between totally distinct proteins. The
recognition of lumenal substrates can involve specific gly-
cosylations, features of the misfolded substrate, or both.?¢-7
Lumenal substrates must be partially moved to the cytosol,
since the required E3 ligase active sites and E2 ubiquitin-
conjugating enzymes are all in the cytosol. This dislocation
or retrotranslocation continues as ubiquitination of the
substrate proceeds, although the detailed order or interde-
pendence of these processes has not been discerned. Finally,
the ubiquitinated protein is delivered to the proteasome,
which also resides in the cytosolic space, perhaps in loose
association with the ER membrane. ER membrane protein
degradation follows a similar path. Although ubiquitination
of integral membrane substrates could be initiated on
cytosolic lysines, membrane proteins similarly require the
retrotranslocation machinery for ERAD, and these substrates
are completely removed from the ER membrane in the course
of degradation (ref 38 and R. Garza et al., manuscript
submitted). Thus, ERAD is a ubiquitin-mediated pathway
that is intimately involved with the cell biology of the ER
where it is localized.

6. The Machinery of the HRD Pathway

This basic scheme of recognition, retrotranslocation,
ubiquitination, and proteasomal degradation occurs for all
HRD substrates and presumably in all ERAD pathways. The
HRD machinery is fairly well characterized, although many
questions remain about their functions. The HRD pathway
is mediated by an ER-localized complex of proteins, includ-
ing the E3 ligase Hrd1p, and a number of proteins that work
in conjunction with Hrd1p to mediate recognition, ubiquiti-
nation, and retrotranslocation of both membrane and lumenal
substrates out of the ER (Figure 4). Hrdlp is an eight-
spanning, ER-localized membrane protein with an N-terminal
membrane anchor linked to the C-terminal cytosolic domain
that bears a canonical RING-H2 ubiquitin ligase motif. Hrd1p
is responsible for the ubiquitin ligase activity of the HRD
complex. Hrdlp employs two E2 ubiquitin-conjugating
enzymes, primarily Ubc7p and to a lesser extent Ubclp. The
Ubc7p is held on the cytoplasmic face of the ER by Cuelp,
which serves both as a docking site for this otherwise soluble
E2 and as a potent activator of the E2 as well.** No
mechanism of docking for Ubclp has been discerned,
although it does appear to show localization to the ER surface
(T. Sommer, personal communication).

Together with Hrdlp and Hrd3p, a number of other
proteins form a “HRD complex” that mediates the broad
range of degradation events that hallmark this and other
ERAD pathways (Figure 4). Hrd1p is found in stoichiometric
complex with Hrd3p, another integral ER membrane protein
with the majority of its sequence in the ER lumen. Hrd3p
appears to participate in the recognition of some ER
substrates and the recruitment of lumenal factors involved
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Figure 4. Proteln machinery of the HRD pathway. The HRD
complex functions in ER-associated degradation (ERAD) to
recognize and ubiquitinate misfolded and misassembled ER pro-
teins. The Hrd1p E3 ubiquitin ligase works in a complex that is
involved in all aspects of ERAD substrate recognition, ubiquitina-
tion, and movement to the cytosolic face where the proteasome
resides. Hrd1p and Hrd3p are the E3 complex, and Ubc7p is the
principle E2. The Cdc48 AAA-ATPase hexamer functions to
remove substrates from the ER. Hrd3p, Kar2p, and Yos9p all
function to recognized luminal ERAD substrates. The Usalp protein
regulates Hrd1p stability and specificity along with allowing optimal
Hrdlp activity. The HRD pathways has a large set of substrates
that are recognized by a variety of criteria that hallmark poor
folding.

in detection and “HRDing” of substrates to Hrd1p-dependent
ubiquitination. These lumenal factors include the classical
Hsp70 chaperone Kar2p (BiP in mammals) and the lectin/
chaperone Yos9p.*~*2 How Kar2p, Yos9p, and Hrd3p divide
the responsibility of lumenal substrate recognition is not clear
and probably depends on the structural features of a given
substrate. In addition, there are several integral membrane
proteins of the HRD complex, including the prototype
“derlin” called Derlp, Ubx2p, and Usalp. Derlp and derlins
in general have been proposed to be involved in movement
of lumenal proteins across the ER membrane to the cyto-
plasmic ubuiquitiation machinery.**~*> Consistent with this,
a derlA null mutation causes full stabilization of lumenal
ERAD substrates such as CPY*.# Ubx2p has a role in
recruiting the cytosolic Cdc48p AAA-ATPase complex
Cdc48p/Npldp/Ufd1p to the ER membrane.*’*® The Cdc48p
ATPase complex is required for retrotranslocation of both
lumenal and membrane substrates’® and probably functions
to power retrotranslocation or dislocation by using its
hexameric AAA-ATPase domains to derive ATP energy for
this action (R. Garza et al., manuscript submitted). Although
it has reasonably been proposed by numerous investigators
that a protienacious channel mediates movement of ERAD
substrate polypeptide segments across the ER membrane
during retrotranslocation, no fully convincing candidate has
emerged, although the derlins, the anterograde channel Sec61,
and the large transmembrane domain of Hrdlp itself have
all been put forth as reasonable candidates for this function.
In addition, mechanisms that involve lipid intermediates
rather than a canonical channel have been put forth but so
far with no experimental evidence for this channel alternative
view.* Our recent work on Usalp indicates that it has roles
in both Hrdlp function and regulation. Usalp is also
absolutely required for Hrdlp-mediated self-degradation,
which has been proposed to be a mechanism for self-
regulation of this potentially toxic ligase.*’ In addition, Usalp
also diminishes the toxicity of overexpressed Hrdlp by
mechanisms independent of its degradation-mediating effects
(S. Bartle and R. Hampton, manuscript submitted).
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The broad range of damaged, unassembled, and misfolded
proteins that are under the umbrella of HRD substrates begs
the question of how such a panoply of proteins are
recognized. Instead of there being a specific “degron” that
allows recognition of each substrate, in all likelihood the
substrates have shared structural features that allow entry
into the HRD pathway. For Hrd1p substrates, there is likely
to be some division of recognition labor among the lumenal
factors Yos9p, Kar2p, and Hrd3p itself to recognize mis-
folded lumenal proteins. Furthermore, both folding features
and particular glycosylations can be involved the decision
for glycoproteins to enter ERAD pathways. There are some
substrates for which the appropriately modified N-linked
glycan chain is required for ERAD and some for which
glycosylation is not a requirement for ERAD, including both
membrane-bound proteins such as Hmg2p (our unpublished
observations) and some lumenal substrates.**3” Perhaps such
a broad range of substrates requires a number of separate
molecular devices dedicated to recognition of distinct criteria
of misfolding. However, a genetic feature of the HRD
pathway indicates that there may be multiple modes of
recognition possible for a given substrate. Overexpression
of the HRD1 gene from a strong promoter can override a
number of individual null mutants that show strong HRD
defects when the ligase is at its normal genomic levels. The
hrd3A null mutant shows degradation of both Hmg2p and
CPY* when Hrd1p is sufficiently elevated, and overexpres-
sion of Hrdlp can similarly override the stabilizing effect
of a usalA null or a yos9A null (ref 40 and S. Carroll et al.,
manuscript submitted). Thus, no one factor appears to be
required for recognition. One possibility is that Hrd1p has
intrinsic ability to recognize substrates that is augmented by
these lumenal factors. Alternatively, it may be that there are
multiple routes for substrate recognition, so that removal of
one factor by null mutation allows for lower efficiency
recognition by the remaining factor(s) to be revealed by
elevation of Hrd1p. It will be important to parse out the train
of events and molecular components that bring about
recognition, membrane localization, presentation to the
cytosolic RING domain, and eventual retrotranslocation of
HRD substrates.

7. Degradation of Integral Membrane Proteins:
ERAD-M

A defining feature of the HRD pathway is its ability to
degrade both lumenal and membrane-anchored proteins. The
degradation of membrane-bound substrates is more poorly
understood than the degradation of lumenal ones but appears
to involve fewer ERAD components. For example, degrada-
tion of Hmg2p does not require Derlp, Kar2p, or Yos9p>
(S. Carroll and R. Hampton, manuscript submitted and
unpublished observations). Furthermore, although Usalp is
strongly required for degradation of lumenal substrates, it
plays only a small role in Hmg2p degradation. Such
differences have led to separate designations of substrates
as ERAD-L (for lumenal) and ERAD-M (for membrane).
While these designations are made with a fairly small number
of usually artificial substrates, they probably reflect differ-
ences between the mechanisms of degradation of each class
that will be general.

How are misfolded membrane proteins detected and
degraded? The most obvious difference between the two
classes of substrates are the bilayer-crossing membrane spans
present in the ERAD-M substrates. A misassembled or
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misfolded membrane protein might present structural hall-
marks of these problems in the secluded environment of the
bilayer. If so, the proteins used for detection of ERAD-L
substrates, such as Kar2p or Yos9p, would not have access
to this compartment and so would not be useful for detecting
intramembrane features of ERAD-M substrates. Furthermore
the soluble detectors may use totally distinct biophysical
criteria to do their job. In both cases, the misfolded proteins
would present residues that are normally buried due to the
folding or the assembled state of the normal protein. A
misfolded soluble protein would be expected to present
hydrophobic residues that are normally sequestered away
from water in a folded core or a protein—protein interface.
By contrast, a misfolded or misassembled membrane protein
might reveal hydrophilic residues that are normally seques-
tered away from the hydrophobic environment of the bilayer.
Thus, the detection apparatus would require access to the
bilayer space and might use aberrantly exposed hydrophilic
residues as part of the recognition scheme. Biophysical
studies show that this mechanism can mediate intramembrane
protein interactions.’’> Hrdlp has a large transmembrane
domain and is able to recognize membrane substrates without
need for many of the recognition factors for lumenal, soluble
substrates. An appealing idea is that the Hrd1p transmem-
brane region directly participates in the detection of in-
tramembrane determinants of misfolding present in ERAD-M
substrates. Inspection of the Hrd1p transmembrane region
reveals a surprising number of hydrophilic residues distrib-
uted over numerous helices, which could be employed to
engage exposed hyrophilic substrate residues in the bilayer
by noncovalent binding, thus signaling the presence of an
eligible substrate.

8. Hrd1p in ERAD-M Substrate Recognition

In recent work, we tested the importance of the Hrdlp
transmembrane region in ERAD substrate recognition by
systematic mutagenesis of this portion of the E3 ligase. Each
of the numerous hydrophilic residues was individually
changed to a more bilayer-friendly alanine. In addition,
residues conserved between Hrd1p homolgues were modi-
fied, resulting in a collection of 78 site-directed point mutants,
which were tested for degradation of ERAD-L or ERAD-M
substrates and Hrdlp self-degradation (B. Sato et al.,
manuscript submitted). The results strongly indicate that
Hrdlp has a central role in the recognition of membrane-
bound substrates. Within our collection of Hrdlp variants
are mutants that only stabilize ERAD-M substrates and have
no effect on lumenal substrates such as CPY*, indicating
that ERAD-M may involve distinct recognition mechanisms.
Consistent with this, the mutant library also contained
separate Hrd1p variants deficient for degradation of a single
ERAD-M substrate but normal for all others. Further analysis
of a triple mutant, 3A-Hrd1p, indicates that the intramem-
brane residues altered in 3A-Hrdlp are involved in the
decision to degrade Hmg2p independent of binding detected
by cross-linking or native co-immunoprecipitation (co-IP).

The model that emerges from these and earlier work is
that Hrdlp “queries” a variety of polytopic membrane
proteins by transient interactions that do not distinguish
substrates from nonsubstrates and that structural information
gleaned by the transmembrane domain then activates the
Hrdlp ligase for ubiquitination of only those proteins with
hallmarks of misassembly or misfolding. Apparently our
selective mutants can alter this “assessment phase” in a
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highly substrate-specific manner. However, until a detailed
structure of Hrd1p is available, these conjectures will be hard
to resolve. However, this demonstration that Hrd1p directly
participates in recognition of membrane substrates will
hopefully lend impetus to structural biologists accomplishing
this important milestone.

9. Sterol Pathway Regulation of Hmg2p Stability

This review starts by describing a basic conceptual
distinction between protein degradation for regulation and
degradation for quality control. However, Hmg2p regulation
inconveniently crosses this boundary. Hmg2p degradation
is under stringent regulation: its half-life can vary from less
than 10 min to over 6 h depending on the availability of the
sterol pathway signals that feedback on Hmg?2p stability. But
this regulated degradation of Hmg2p is mediated by the HRD
quality control pathway that functions in the maintenance
of ER proteostasis by degrading a wide variety of structurally
aberrant proteins. So this is a case of regulated protein quality
control, which smears the boundaries described (and still
often very useful) in no uncertain terms. The regulation of
Hmg2p by the HRD pathway and how the HRD pathway is
employed to bring this about will next be described.

The HRD-dependent degradation of Hmg2p is under the
control the sterol pathway, in a manner consistent with
feedback regulation. When pathway flux is high, degradation
of Hmg2p tends to be high, resulting in lower levels of
enzyme. Conversely, when flux is low, degradation is slowed
and the steady-state levels tend to be high.?*3 In this way,
increasing demand for sterol pathway products is met with
an increase in HMGR to increase their production. The sterol
pathway in all eukaryotes has a uniform set of reactions
whose products are used to form the sterol skeleton, which
is then modified to form cholesterol in mammals, ergosterol
in yeast, and phytosterol in plants (Figure 2). Although the
“linear pathway” depicted appears simple, the five-carbon
units defined by the isopentyl pyrophosphate (IPP) and
dimethylallyl pyrophosphate (DMAPP) can be combined and
modified to give thousands of distinct products. It has been
estimated that there are approximately 30 000 distinct
isoprenes generated by branches of this basic mevalonate
pathway. Truly, the mevalonate pathway is “Darwin’s
combinatoric library”, generating a staggering array of
distinct lipid shapes from a simple chemical platform to
perform tasks in all walks of organismal and cellular life.
This potential diversity means that there are many possible
structures for a low-abundance regulatory signal, and this
caveat should be held in mind when analyzing sterol pathway
sensing and regulation.

10. FPP as a Positive Regulator of Hmg2p

The degradation of Hmg2p is regulated by the production
of the 15-carbon isoprenoid farnesyl pyrophosphate (FPP)
also called farnesyl diphosphate (Figure 5). We choose the
term pyrophosphate to avoid ambiguity about where the
phosphates reside on the molecule. Our earlier studies using
a variety of in vivo techniques point to FPP being a positive
regulator of Hmg2p degradation.? Inhibition of enzymes
upstream of FPP, such as HMG-CoA reductase itself or
HMG-CoA synthase, stabilize Hmg2p. These manipulations
would be expected to deplete FPP and other molecules
downstream of these enzymes. Conversely, inhibition of the
enzyme squalene synthase with the highly specific natural
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Figure 5. Isoprenes relevant to Hmg2p regulated degradation. The
structures of three isoprenes discussed in detail are shown, including
15-carbon farnesyl pyrophosphate (FPP), farnesol, and 20-carbon
geranylgeranyl pyrophosphate (GGPP). FPP levels in the cell are
directly correlated with degradation rate of Hmg2p. Farnesol was
employed in a limited proteolysis assay to observe selective
misfolding of the Hmg2p transmembrane domain. GGPP is featured
in our most current studies on the signal that regulates Hmg2p
degradation. The lower panel shows the metabolic reaction that
generates GGPP from FPP by addition of five carbons from IPP,
as shown. This reaction is catalyzed by the BTS1 gene product.

product zaragozic acid (ZA) causes a drastic increase in
Hmg2p degradation and ubiquitination. Since FPP is the
substrate of squalene synthase, these drug studies indicate
that FPP is a key positive regulator of Hmg2p degradation.
Consistent with this idea, overexpression of squalene syn-
thase (SS; Figure 2), which depletes its substrate FPP, causes
a striking increase in the stability of Hmg2p, and this effect
is reversed by the squalene synthase inhibitor ZA. The facility
of yeast genetic manipulation allowed further testing of the
FPP model by directly manipulating the enzymes responsible
for its synthesis or use in the sterol pathway. The prediction
was that loss of FPP synthase, responsible for FPP produc-
tion, would stabilize Hmg2p, while loss of squalene synthase
would, like inhibition with ZA, cause enhanced degradation
of Hmg2p. The use of simple null mutations for this
metabolic mapping is not possible because the pathway
enzymes are all essential. Instead the individual promoters
for the genes encoding relevant pathway enzymes were
replaced with the methionine-regulated promoter from the
MET3 gene, allowing acute shut-off of that enzyme by the
addition of methionine to the culture medium. These studies
bore out the prediction that FPP controls HRD-dependent
Hmg2p degradation. More FPP production results in more
Hmg2p degradation; lowered FPP production results in less
Hmg2p degradation.

The linear isoprenoids like 15-carbon FPP and its 20-
carbon derivative GGPP are used to covalently modify, or
prenylate, a variety of proteins that have important functions
in membrane dynamics. The observation of FPP as a key
regulator of Hmg2p degradation leads one to wonder whether
this molecule affects degradation by farnesylating a protein
involved in Hmg2p degradation. For example, perhaps a
positive regulator of Hmg2p degradation becomes farnesy-
lated to cause degradation, thus connecting FPP levels to
enhanced degradation by increased farnesylation of a positive
regulator. Although this is not ruled out, we know that
regulation by increasing FPP occurs in the absence of protein
synthesis. Since farnesylation (and other prenylations) usually
occur cotranslationally and irreversibly,’* the ability of FPP
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to control Hmg2p degradation when farnesylation of this
putative regulator cannot occur casts doubt on that mecha-
nism, and we currently favor a direct mechanism of isoprene
regulation of Hmg2p. Nevertheless, the sterol regulation field
is full of interesting mechanistic surprises, so we cannot rule
out the possibility that a noncanonical prenylation could still
be involved or that a prenylated protein could work in concert
with the direct signal.

How does FPP control Hmg2p entry into the HRD quality
control pathway? Increasing cellular FPP production by a
variety of means increases ubiquitination and degradation
of Hmg2p, while lowering the levels of FPP decreases
ubiquitination and degradation. FPP is a lipid, and many Hrd
proteins including the Hrdlp E3 ligase have membrane-
spanning domains. The simplest model that FPP somehow
increases the general activity of the HRD pathway is not
valid, since the degradation rates of many HRD substrates,
including variants of Hmg2p itself, are unresponsive to
changing levels of FPP.2%3° Thus, the sterol pathway regula-
tion of Hmg2p is specific.

11. The Hmg2p Transmembrane Region

The Hmg2p transmembrane region is necessary and
sufficient for FPP-regulated degradation; versions of Hmg2p
with the C-terminal catalytic region replaced with reporter
genes such as GFP are subject to regulation, while the free
Hmg2p catalytic region is not. Extensive mutagenic analysis
of Hmg2p has shown that loss of regulation can occur by
many mutations, including gross changes like insertion of
six tandem myc epitopes in a section of the transmembrane
anchor®! or very subtle mutations involving a few amino
acids replaced by those with similar hydrophobicity.**> In
many cases, the resulting mutants are constitutively degraded
by the HRD pathway and no longer have degradation rates
that are dependent on FPP levels. This is not that surprising,
since the HRD pathway functions to find and degraded
misfolded proteins. Many of these constitutive mutants are
not quite normal in structure and thus are HRD pathway
substrates. A genetic version of this type of observation
strengthens the idea that the wild-type, correctly made
Hmg2p transmembrane domain functions to respond to the
FPP-derived signal.

In a genetic screen for yeast genes required for regulation
of Hmg2p, we isolated mutants that would not stabilize
Hmg2p when the FPP-derived signal was lowered with an
early blocker of the sterol pathway, incorporating counter-
screens to cull those mutants that were simply unresponsive
to the screening drug.”® This screen turned up 37 alleles of
the same gene, COD1/SPF I, which encodes an ER-localized
P-type ATPase transporter. The substrate that the Codlp
pump transports is not known,>’ although we suspect it is a
lipid flippase.®® In a codlA null, Hmg2p undergoes constitu-
tive HRD-dependent degradation, unaffected by levels of FPP
in the cell. The encoded Codlp protein is needed for a
number of ER functions, including correct insertion of model
ER membrane proteins.” Consistent with this, in direct
structural analyses of Hmg2p, it is clear that Hmg2p has an
altered structure in a codlA strain.>® Thus, the codIA null
mutant renders Hmg2p nonregulated by disallowing forma-
tion of its correct shape. Taken together, our studies indicate
that the Hmg2p transmembrane domain has structural
information required for regulated entry into the HRD
pathway. Loss of that information by direct mutation or
altered ability to fold Hmg2p results in Hmg2p that is
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Figure 6. The structural transition model for Hmg2p regulation.
Regulated degradation of Hmg2p is posited to occur by a regulated
change in structure to one that is more susceptible to HRD pathway
degradation. Three ways of altering the stability of Hmg2p are
indicated, with the direction of arrow showing the effect of each
item. The FPP-derived signal causes more degradation and is
thought to alter the structure to one with more features of a
misfolded protein. Conversely, Nsglp or glycerol (a chemical
chaperone) both effectively stabilize Hmg2p. Similarly, lowering
the FPP-derived signal causes improved folding and thus increased
stability.

constitutively degraded the HRD pathway or, in some cases,
Hmg2p that is constitutively stable.

The Hmg2p transmembrane domain allows the degradative
response to the FPP-derived signal. There are many scenarios
that would allow such a regulatory loop, involving interme-
diary proteins. However, the studies on Codlp imply that
Hmg2p regulation might be fairly direct, since this high
saturation screen (over 300 000 haploid colonies) only turned
up only alleles of CODI (37 of them) and no other genes.
Although the absence of factors does not prove their absence
in Hmg2p regulation, this outcome lent impetus to examining
a direct role of the Hmg2p transmembrane domain in FPP-
regulated Hmg2p degradation. The simplest model for the
action of the FPP-derived signal is that it directly affects
Hmg?2p structure, allowing more efficient entry into the HRD
pathway. We call this model the structural transition
hypothesis.

12. Regulated Misfolding of Hmg2p

The structural transition hypothesis predicts that normal
Hmg2p acquires features of a misfolded protein when the
FPP-derived signal is high (Figure 6). The degradative
behavior of Hmg2p is consistent with it being recognized
as a misfolded protein when the degradation signal is high.
Hmg2p degradation is significantly temperature sensitive,
showing marked slowing at room temperature, as is the
degradation of a number of misfolded membrane proteins
such as CFTR-A508. Many misfolded proteins undergo
improved folding, both in vivo and in vitro, by treatment
with a class of small molecules known as chemical chaper-
ones, or cosmotrophs (order producers), the prototype
molecule being glycerol, which acts as a chemical chaperone
at 10—15% by volume and is quite benign to most living
cells.®’ In cells where Hmg2p is undergoing rapid degradation
due to high levels of signal, Hmg2p degradation is remark-
ably stabilized by the addition of glycerol at concentrations
appropriate for chemical chaperoning.®®> The effect is almost
instantaneous (within 5 min) and completely reversible:
removal of glycerol from the medium allows the immediate
reinitiation of Hmg2p degradation. Importantly, grossly
misfolded versions of Hmg2p, which are also HRD sub-
strates, are not stabilized by glycerol. Furthermore, the
stabilizing effects of glycerol and the stabilizing effect of
FPP-lowering drugs are not additive. These studies indicate
that in conditions of rapid degradation (high FPP), Hmg2p
has features of a partially misfolded proteins, that is, more
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Figure 7. Limited proteolysis assay for evaluating structural
changes in Hmg2p. A myc epitope tag (“tag”) was added to the
first lumenal loop of Hmg2p-GFP to create the normally regulated
myc;-Hmg2p-GFP, depicted on the right. The tag is protected in
the ER lumen, allowing detection of fragments generated during
limited proteolysis of intact ER microsomes. A typical proteolysis
experiment is shown in the left, in which microsomes are incubated
with trypsin for the indicated times and then subjected to SDS-
PAGE and myc tag immunoblotting. All perturbations described
in the text cause changes in the rate of proteolysis without any
change in the order or pattern of fragment appearance. Stabilizing
treatments such as chemical chaperones or preincubation with early
sterol pathway inhibitors cause the proteolysis pattern to be
generated more slowly. Conversely, treatments that cause more
rapid degradation promote more rapid generation of the trypsinolysis
pattern. The left portion of the figure (proteolysis data) is reprinted
with permission from Ref. 61. Copyright 2004 The American
Society for Biochemistry and Molecular Biology.

readily recognized by the HRD machinery, but remediable
by chemical chaperones or low temperature.

The structural transition model was more directly evaluated
with a limited proteolysis assay. Our extensive mutagenic
analysis to find transmembrane determinants of Hmg2p
regulated degradation also revealed regions of the Hmg2p
transmembrane domain that could be altered without regula-
tory consequence.*® We chose such a “cold spot” to place a
myc epitope tag in the first lumenal loop of the Hmg2p-
GFP coding region, so that the myc tag was present in the
ER lumen in the expressed protein. The resulting protein is
called myc;-Hmg2p-GFP. Hmg2p-GFP is not catalytically
active, but undergoes regulated degradation, which can be
quantitatively assessed by use of time-dependent flow
cytometry in living cells.%! As expected, myc; -Hmg2p-GFP
was normally regulated and so provided a way to evaluate
the effect of altering degradation on the structure of the
transmembrane domain. Microsomes prepared from strains
expressing mycL-Hmg2p-GFP remain right-side out, leaving
the myc epitope protected in the lumenal space. Treatment
of the microsomes with proteases such as trypsin causes a
time-dependent cleavage of the protein without loss of
epitope signal, allowing an empirical gauge of the structure
of the transmembrane region (Figure 7). When myc, -Hmg2p-
GFP expressing microsomes are treated with trypsin and
subject to myc immunoblotting after electrophoresis, a series
of fragments are produced as the trypsin cuts at its sites.
The order and timing of fragment appearance is very
reproducible, and this time-dependent pattern is a readout
of Hmg2p structure. Alterations in the pattern reflect changes
in the structure of Hmg2p caused by conditions of interest.
For example, the presence of glycerol or other chemical
chaperones in the limited proteolysis assay causes a drastic
slowing of fragment generation, while trypsinolysis of the
glycerol-unresponsive 6myc-Hmg2p was unaffected. Inter-
estingly the fragments appear in the same temporal order,
but the rate of their production was about 10 times slower.
Just as with its in vivo actions, the effect of glycerol on
Hmg2p limited proteolysis was very rapid and completely
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reversible: removal of the glycerol from the microsomes
resulted in a subsequent trypsinolysis rate identical to
untreated membranes.®! Thus, the structure of the Hmg2p
transmembrane domain is highly sensitive to the presence
of these folding-promoting substances.

These limited proteolysis studies show that the Hmg2p
structure “tightens up” in the presence of the chemical
chaperones, rendering the accessibility of the cut sites lower.
This “structural flexibility” of Hmg2p could explain the
stabilizing effect of glycerol on in wvivo degradation of
Hmg2p by the HRD pathway: presentation of misfolding
determinants as the protein goes through its range of steady-
state conformations (its “breathing” as that process is
sometimes called) occur less frequently in glycerol, so HRD-
dependent degradation has slower kinetics. But does this
pertain to the more physiological FPP-dependent regulation?
We used the limited trypsinolysis assay to evaluate the action
of the FPP-derived signal both in vivo and in vitro. In
particular, we wondered whether the same simple “more
open—less open” effect seen in the chemical chaperone
studies is related to the action of the FPP-derived signal. If
this were the case, increasing the FPP-derived signal would
increase the rate of production of the trypsinolysis products,
decreasing this signal would slow the production of the assay
products, and the temporal order of fragment production
would be the same. To study the effects of the FPP-derived
signal in vivo, strains expressing mycL-Hmg2p-GFP were
treated with drugs to raise or lower the FPP signal, and then
the microsomes from each were isolated and subjected to
the limited proteolysis assay.> The results were surprisingly
simple: increased exposure to FPP in vivo resulted in more
rapid production of the product, and lowered FPP in vivo
resulted in slower production of the same products. The
pattern of band production was unaffected by changing
intracellular FPP, but the rate of generation increased with
increasing signal. Thus the physiological regulation of
Hmg2p structure, at least at the resolution of the proteolysis
assay, has similar structural features to the manipulation of
stability with chemical chaperones. In both cases, conditions
that promote degradation result in more access to the same
trypsinolysis sites and conditions that promote stability result
in less access to those sites.

A third mode of stability control in vivo also appears to
use the same structural features of Hmg2p. We have found
that the yeast homologues of the Insig proteins, so important
for control of mammalian HMGR stability (see below), play
a key role in regulated degradation of Hmg2p. Insigs are a
conserved family of multispanning membrane proteins first
discovered as centrally involved in mammalian sterol regula-
tion by their ability to bind mammalian HMGR and a protein
with a related transmembrane domain called SCAP.?® The
yeast Insig, called Nsglp, is able to stabilize Hmg2p,
rendering it stable even in the presence of high degradation
signals.® Nsglp binds directly to the Hmg2p transmembrane
domain and is required at similar levels to Hmg2p to effect
stabilization. The limited proteolysis assay showed that the
effect of Nsglp on Hmg2p structure was similar to the other
stabilizing influences of lowering the FPP-derived signal or
increasing chemical chaperones: the presence of stabilizing
levels of Nsglp in the microsomes caused a slowing of
Hmg2p trypsinolysis rate, again without any change in the
pattern. Thus, we proposed that the Nsg proteins in yeast,
and perhaps Insigs in general, are dedicated intramembrane
chaperones that bind to Hmg2p and improve its folding.
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Taken together, it appears that chemical chaperones, FPP-
mediated regulation, and Nsg-dependent stabilization all
operate by altering Hmg2p along the same structural
spectrum (Figure 6), although rigorous testing of this idea
must await more sophisticated methods.

13. Direct Action of Isoprenoid Molecules on
Hmg2p Structure

The paucity of regulatory genes from our screens implied
that the effects of the degradation signal on Hmg2p structure
could be direct. We examined the action of candidate FPP-
related lipids on Hmg2p structure by adding them directly
to the isolated microsomes of the limited proteolysis assay.
Of the lipids tested, we found that farnesol, the 15-carbon
alcohol that results from removal of the FPP phosphates,
caused the same opening of Hmg2p structure seen in the
experiments where FPP levels were altered in vivo prior to
the atssay.55 The effect of farnesol was reversible, such that
removal of the lipid from microsomes by sequestration
restored Hmg2p proteolysis to that of untreated microsomes.
Furthermore, a mutant form of Hmg2p that is unresponsive
to the in vivo degradation signal, called NR1, was unaffected
by farnesol in vivo. Finally, in vitro farnesol causes myc; -
Hmg2p-GFP to adopt a more unfolded state, as measured
by a thermal denaturation assay; this unfolding effect of farnesol
is also not seen with the unregulated NR1 mutant, implying
that the altered trypsinolysis and thermal stability are both
indications of the same structural effects of the lipid. These
effects of farnesol had some structural specificity. The 20-carbon
geranylgeraniol has some effect. The 10-carbon analogous
alcohol geraniol did nothing at very high concentrations, nor
did fully hydrogenated farnesol with the same o bond structure
but none of the hallmark isoprene double bonds.

Our model is that in vitro farnesol causes a structural
change in Hmg2p that is the same as that caused by the FPP-
derived signal in vivo, due to the numerous similarities
between the two: in both cases, the pattern of cleavage
products produced by trypsin is not changed, but the time
course is altered by the presence of the signal. The in vitro
effect, like the degradation-enhancing effect of elevated in
vivo signal, is reversed by chemical chaperone glycerol.
Hmg2p variants that are degraded by the HRD pathway but
unresponsive to the signal in vivo are also unresponsive to
farnesol in vitro. Thus, it appears the in vitro structural assay
is recapitulating aspects of the in vivo regulation that allows
regulated degradation by the HRD quality control pathway.

We previously harbored the simple model that farnesol
itself was the in vivo regulator. However, we have recently
discovered that a more distal candidate molecule is most
likely to be the FPP-derived regulator (R. Garza et al.,
manuscript submitted). Surprisingly, direct addition of the
20-carbon geranylgeranyl pyrophosphate (GGPP; Figure 5)
to intact yeast cells causes rapid, high-potency enhancement
of Hmg2p degradation. In striking contrast, addition of
farnesol, while very toxic to yeast, does not have any effects
on Hmg2p degradation, nor does added FPP or the dephos-
phorylation product of GGPP called GGOH. Added GGPP
does not stimulate degradation by inhibiting squalene syn-
thase, and this molecule can override the Hmg2p-stabilizing
effects of sterol pathway inhibition, indicating a direct role
in Hmg2p regulation. Elevation of the enzyme Btslp that
endogenously produces GGPP from FPP (Figure 5) similarly
accelerates degradation, while a bts/A null strain has a
demonstrable slowing of Hmg2p degradation, indicating that
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GGPP production contributes to Hmg2p degradation in vivo.
Like farnesol, GGPP causes the same in vitro structural
transitions in the trypsinolysis assay described above, but
unlike farnesol, it has direct activity in the living cell as well.
Because the in vitro trypisinolysis assay will not support
interconversion between added isoprenes, it appears that the
ability to cause the in vitro effects on Hmg2p structure is a
necessary condition of stimulated degradation shared by a
number of related isoprenes, but only GGPP (or a molecule
derived from it in vivo) has the other features needed to bring
about regulated entry into the HRD pathway. These studies
indicate that the FPP-derived molecule GGPP or a derivative
is a, and perhaps the, bone fide regulator of Hmg2p. For
now, we will continue to use the still-accurate term FPP-
derived signal, with the understanding that it may well be
GGPP or something derived from it. Interestingly, a gera-
nylgeranyl signal has been implicated as participating in
mammalian HMGR degradation, along with the more central
sterol signal that clearly controls HMGR stability in mam-
mals (see below). Whether this connection is a mechanistic
bridge between the two regulatory processes will be an
important future avenue to explore.

14. The Sterol-Sensing Domain (SSD) in Hmg2p
Regulation

We have recently improved our understanding of how the
FPP-derived signal alters Hmg2p degradation by exploring
the role of a highly conserved motif called the sterol-sensing
domain (SSD). The Hmg2p transmembrane domain contains
detailed molecular information for responding to the FPP-
derived signal. Even small perturbations in the structure or
sequence cause loss of regulability, rendering versions of
Hmg2p that are unresponsive to the degradation signal or
lipids in the limited proteolysis assay. This strong dependence
on Hmg2p structure led us to explore the role of a conserved
sequence required for recognition of sterol pathway mol-
ecules in a variety of circumstances (T. Davis and R.
Hampton, unpublished). The sterol-sensing domain (SSD)
is a protein motif embedded in the lipid spanning helices of
a variety of proteins involved in cholesterol homeostasis. In
particular, the mammalian proteins SCAP and HMGR have
SSDs that are intimately involved in feedback regulation of
the sterol pathway. The SCAP protein is required for sterol
regulation of SCAP-dependent activation of the SREBP
transcription factor that causes transcription of sterol-
synthesizing and LDL receptor genes.?® Similarly, the SSD
of HMGR mediates the sterol-stimulated degradation of
HMGR, which occurs when sterol synthesis is abundant, in
analogy to the regulation of Hmg2p by earlier pathway
signals derived from FPP. It has been directly shown that
SCAP binds cholesterol with high affinity in an SSD-
dependent manner,* and this is thought to be the mechanism
by which all SSDs operate. Hmg2p has a conserved SSD,
and we wondered whether this motif were similarly important
for recognition and response to the FPP-derived signal. We
made point mutations (usually alanine replacements) of each
residue conserved between the SCAP mammalian SSD and
the SSD found in yeast Hmg2p. The collection of mutants
had several interesting features. Many of the mutants had
no effect on regulation of Hmg2p, indicating that there the
mutated residues were not generally involved in the global
structure of the transmembrane region. However, some of
the mutations (e.g., S215A) had strong stabilizing effects on
Hmg?2p, consistent with the SSD having a role in recognition
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of the FPP-derived degradation signal, which although from
the sterol pathway is not a sterol. If this is the case, then the
SSD would have a wider range of ligands and perhaps in
fact be a signal-sensing domain, keyed to the measurement
of a variety of lipids depending on the details of the residues
and the structural environment in which the SSD is embed-
ded. Consistent with this idea, the Drosophila SCAP may
be involved in recognition of the phospholipid phosphati-
dylethanolamine.®® However broad the role of this motif turns
out the be, the Hmg2p SSD plays a critical role in the
recognition of sterol pathway products that signal HRD
pathway degradation.

The exact nature of the reversible structural transition that
brings about Hmg2p entry into the HRD pathway is not
known. One possibility is that individual Hmg2p transmem-
brane domains change in the presence of the signal, allowing
increased probability of entry into the HRD pathway.
Alternatively, it may be that the Hmg2p molecule exists as
a multimer and that the structural transition that allows entry
into the HRD pathway is production of monomers that are
quality control substrates. In this scenario, the FPP-derived
signal would increase the production rate of that species,
again increasing the chance for recognition by the HRD
pathway. Although much remains to be done, the model that
emerges from regulated degradation of Hmg2p is generally
interesting and potentially useful both technically and
clinically.

15. Regulated Protein Quality Control in Biology
and Medicine

As mentioned in the Introduction, regulation and quality
control are usually considered to be separate arenas of
intracellular protein degradation. To selectively degrade a
protein for a desired regulatory outcome, it makes sense to
capitalize on a highly specific E3 interaction with that protein.
Since quality control is keyed to structural features shared
by a wide variety of substrates, the mechanisms of recogni-
tion might not be seen as useful for controlling the degrada-
tion of a single protein. But the example of Hmg2p
demonstrates a way to employ protein quality control for
selective regulation of a particular target protein. Instead of
the E3 determining the specificity, the interaction of the
regulator (in this case the FPP-derived signal) with the target
protein is highly specific, causing only Hmg2p to undergo a
structural change that improves the efficiency of the HRD
pathway recognition and destruction. So in the regulatory
strategy, the high selectivity of protein quality control for
misfolded (or misassembled) proteins is harnessed through
selective misfolding of only the target protein. This idea has
some interesting implications. First, since there appear to
be multiple quality control pathways in each compartment
of the cell and all kingdoms of life, the idea of employing
quality control pathways through selective misfolding of
target proteins could be broadly used in biology; several
possible cases will be described. The diversity of examples
indicates that the specificity of protein quality control
pathways may be used in many circumstances.

Regulated quality control may also have applications in
drug discovery. Hmg2p regulation provides a natural proof-
of-concept that there could be a new class of drugs that would
work by specifically driving a protein target down a quality
control pathway to effect its clinically desirable elimination
or diminution. Such “degradation antagonists” could be every
bit as selective as enzyme inhibitors or receptor antagonists
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but would work by selectively misfolding only the desired
target. In a sense, this idea is the opposite of the very exciting
“pharmaceutical chaperones” that Bouvier and others are
pioneering.®® A pharmaceutical chaperone binds to a par-
ticular protein by virtue of a specific binding site on that
protein and promotes its folding or stabilization. Some clear
examples of this effect come from studies of the multispan-
ning G-protein coupled receptors (GPRCs) that undergo ER
protein quality control during their biogenesis.®”’ "% Applica-
tion of the correct receptor binding ligand will selectively
spare the ligand-binding receptor from quality control due
to improved binding-driven folding, leading to escape from
ER quality control, and thus increased expression of the
receptor on the cell surface. Pharmaceutical chaperones are
being explored as a way correct a disease-causing mutants
of GPCRs that undergo deleterious ER degradation due to
their mutations, resulting in low cell surface levels and
clinical symptoms as a result of low receptor levels. In this
case, the specific binding of a ligand might spare disease
variants from quality control, thus bringing about improved
cell surface levels and alleviation of the clinical symptoms.”

Our example of “degradation-based antagonists”, called
this because they would lower or decrease (antagonize) the
activity of a target by stimulating degradation, would be the
opposite case: the specific binding of a molecule would cause
selective misfolding rather than improved folding. Although
it is often assumed that binding of a ligand to a protein would
always stabilize the structure, that does not have to be the
case. If the binding energy of the ligand can be harnessed to
cause local or even global unfolding or a change in
multimer—monomer steady state, then this specific interac-
tion could bring about selective enhancement of quality
control degradation. Whether such compounds can be found
and exactly how to find them is still an open question but
hopefully one of sufficient interest and utility to promote
creative attempts to explore these ideas.

16. Examples of Regulated Quality Control

The example of Hmg2p undergoing regulated quality
control degradation demonstrates a potentially useful and
clearly interesting interface between distinct sectors of this
field. But possibility and utility are two different features,
and only the former is demonstrated by a single example.
In this section, examples from a range of biological processes
will be described to show that nature appears to have
capitalized on protein quality control to effect regulation of
a specific protein in a number of circumstances. Thus, there
is evolutionary utility in using this regulatory strategy;
perhaps clinical utility will follow in the future.

16.1. Mammalian HMGR

In elegant work by Debose-Boyd and colleagues, mam-
malian HMG-CoA reductase (HMGR), like Hmg2p, was
shown to undergo ubiquitin-mediated regulated degradation
in response to sterol pathway signals.”' HMGR degradation
is mediated by gp78, an ER-localized multispanning trans-
membrane ubiquitin ligase with sequence homology to
Hrdlp. In contrast to Hrd1p, gp78 has additional sections in
its C-terminal RING domain that allow direct engagement
of the principle ERAD E2 Ube2g2, which is the mammalian
homolgue of Ubc7p.”* Furthermore, gp78 can also directly
bind the retrotranslocation factor p97/Cdc48,” while in yeast
the ER association of this factor is mediated by the
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independent membrane protein Ubx2p*’® and probably other
unknown anchors as well. Thus, gp78 can be viewed as
“Hrd1p with a backpack™ allowing more direct association
with the necessary trans factors for ubiquitin transfer and
substrate removal from the ER membrane. Regulation of
HMGR degradation by gp78 is controlled by the sterol
pathway molecule lanosterol, which is the first actual sterol
produced in sterol biosynthesis (Figure 2) and thus is a
unique indicator of the level of sterol synthetic activity in
the cell. When lanosterol levels are elevated, the HMGR
transmembrane domain binds more efficiently to Insig, which
in turns mediates the recruitment of gp78.”* Thus, Insig is
part of the complex required for HMGR degradation. This
is in curious contrast to the yeast Insig homolgue Nsglp,
which functions to block Hrdlp-mediated degradation of
Hmg2p, also by binding it, and appears to improve the
folding of Hmg2p, lowering the efficiency of HRD-mediated
degradation.®® This “opposite” behavior of the Insigs led us
to propose that they may be diverged chaperones of HMGR,
since promoting folding of a partially folded substrate or
recruitment of an E3 ligase to degrade such a substrate are
two distinct functions of the more traditional chaperone
Hsp70 in different biological contexts. In addition to the
mechanistically well-understood sterol-mediated recruitment
of gp78, there is a suspected role for the 20-carbon isoprenoid
GGPP, due to the observed stimulation of HMGR degrada-
tion when cells are treated with GGOH, the nonphosphory-
lated precursor of this molecule.”! Whether this other axis
is similar to the clear effects of GGPP in yeast is an intriguing
open question. A more general question is whether controlled
misfolding is part of regulated HMGR degradation, or
alternatively whether the QC ligase is prompted to degrade
HMGR simply by brokering gp78 proximity to the normal
protein in a lanosterol-dependent manner. Whatever the
mechanism, it is clear that a quality control pathway is also
employed to effect feedback regulation of HMGR in the
mammal as well as yeast.

16.2. Mammalian Inositol Triphosphate Receptor
(IP3R) Regulation

The ER-localized IP3 receptor is an integral membrane
protein of the sacroplasmic reticulum that releases Ca?" stores
into the cytoplasm in response to the soluble signaling
molecule inositol triphosphate (IP3). Ongoing work by the
Wojcikiewicz laboratory has shown that IP3R is subject to
feedback regulated degradation keyed to its signaling func-
tion. When cytoplasmic levels of both the IP3 signal and
cytoplasmic calcium are elevated to the ranges that occur
during IP3-gated calcium release, the receptor molecule is
selectively ubiquitinated and degraded, thus providing a
governor on the release pathway.”>’® Since the sarcoplasmic
reticulum is a specialization of the ER, this is another example
of an ERAD pathway being employed to program the selective
degradation. The details of the ubiquitination mechanism are
not yet clear, but two observations indicate that a quality control
pathway is used for this purpose. First, the p97/Cdc48 AAA-
ATPase is required for IP3R degradation,”” as would be
expected for an ERAD substrate. Also, a novel ER-localized
protein discovered in the analysis of this pathway, called
SPFH2, is required for the stimulated ubiquitination of IP3R
and for the degradation of a variety of other misfolded ERAD
substrates.”® The simplest model is that the combination of
IP3 and Ca®' ion causes a change in the large cytoplasmic
domain of IP3R, presumably by binding, that promotes more
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efficient ubiquitination and degradation by one of the
numerous ERAD E3 present in mammalian cells. The
identity of the responsible ligase will be a most interesting
part of this important example of regulated quality control.

16.3. Regulated Cytochrome P450 Degradation

The cytochrome P450 (CYP) family of oxidoreductases
comprise a metabolic system for the detoxification and
oxidation of a wide variety of endogenous and xenobiotic
compounds. The human genome encodes 50 or more of these
enzymes, which may have expanded to this number for
enhanced protection from numerous toxins encountered in
the hunter—gatherer period of hominid existence. These
enzymes reside on the surface of the ER, anchored by a single
membrane span and are thus potentially susceptible to
degradation by ERAD mechanisms. The levels of P450
enzymes vary greatly depending on the physiological and
toxicological circumstances. For example, induction of
CYP2EI, the cytochrome involved in ethanol toxicity, is
induced through stabilization by acetone, one of its sub-
strates.” CYP2E1 undergoes degradation by several mech-
anisms, including chaperone-dependent ubiquitination by the
quality control ligase CHIP.8" The mechanism of acetone-
induced stabilization is not yet clear, but it would be
consistent with a substrate-based version of pharmacological
chaperoning.

The ER localization of CYPs leads one to wonder whether
ERAD pathways are involved in regulated degradation of
this family of enzymes. Studies from the Corriera laboratory
show that in a yeast model of CYP450 degradation and in
cultured cells that naturally express the protein, CYP3A is
subject to altered stability when encountering substrates, and
in some cases inhibitors of the enzyme that alter the
structure.8"82 It appears in both organisms that the ER-
localized enzyme undergoes altered susceptibility to ER-
associated degradation when certain inhibitors or substrates
that specifically bind the cytochrome are present. The suicide
inhibitor called DDEP, which specifically alters the mam-
malian CYP3A enzyme, causes increased ubiquitin-mediated
degradation that appears to occur through ERAD mecha-
nisms. In contrast, the use of a different inhibitor called TAO
stabilizes CYP3A, indicating that small molecules can
specifically alter ERAD of a protein toward degradation or
stability. This stabilization it thought to involve substrate-
mediated protection of the enzyme from mechanism-based,
self-inflicted oxidative damage that triggers ERAD due to
the misfolding that this oxidation can cause. P450 regulation
is complex and varies widely among differing isozymes. It
is not clear whether these mechanisms of altering degradation
by small molecules are part of natural induction or regulation
of the enzyme. However, the observation of small molecules
that alter ERAD of a particular P450 isoform bodes well for
the idea that selective enhancers of quality control degrada-
tion can be found for a desired target protein.

16.4. Feedback Regulated Degradation of the
LpxC in Bacteria

The above examples involve proteins that are situated at
the ER surface and thus accessible to known or novel ERAD
pathways. In the future, as more pathways of quality control
degradation are revealed it will be most interesting to evaluate
whether they too can be harnessed by biology or biotech for
selective degradation of a target protein. The final example
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implies that this will be the case, since it takes us far away
from the surface of the ER, to the eubacterial cytoplasm.
Lipid A, the lipid core of lipopolysaccaride (LPS), is an
essential phosphorylated lipid that resides on the outer leaflet
of the Gram negative bacterium. It is the principle outer
leaflet lipid of the bilayer and is thus required for the
functions and structure of that membrane. Lipid A in LPS
is also one of the principle “molecular patterns” recognized
by the innate immune systems of mammals and other
metazoans, and thus it plays key roles in both the physiology
and medical biology of this class of prokaryotes. The lipid
A biosynthetic pathway starts with N-acetyl glucosamine as
the starting compound for the two sugar, six acyl chain
structure of mature lipid A. One of the early reactions is
catalyzed by a deacetylase called LpxC that removes the
N-linked acetyl group from monoacylated N-acetyl glu-
cosamine to allow subsequent acylation of the denuded
2-nitrogen.

LpxC levels are regulated due to the need for the correct
amount of this enzyme in the Gram negative organism; too
much or too little activity each can have lethal ramifications.®*
Studies with mutants in the lipid A pathway and inhibitors
of LpxC itself show that the LpxC enzyme is under feedback
control: lowering flux through the pathway by a hypomorph
in an enzyme upstream of LpxC, or by application of the
inhibitor at sublethal doses causes a dramatic increase in the
amount of the LpxC protein new,3* with no change in the
mRNA, indicating the enzyme’s degradation may be under
feedback control. Indeed, LpxC is degraded by the FstH
hexameric ATPase, which is required for the proteolysis of
some misfolded and misassembled membrane proteins.® The
FtsH quality control protease is the only essential ATP-
dependent protease, and this lethality is suppressed by
lowering LpxC levels. This indicates that the normal and
essential function of FtsH is to keep the levels of LpxC low
enough to avoid the toxic effects of overabundance. Thus a
reasonable model is that a molecule from the lipid A pathway
causes the degradation of LpxC by promoting its FtsH-
mediated degradation, perhaps through exposure of a C-
terminal degron caused by binding of the regulator.’® The
direct connection between LpxC degradation rate and altered
flux through the lipid A pathway has not yet been directly
tested, although an impressive number of tools await
application to this intriguing aspect of lipid regulation.’”:%8

It would appear that there are many potential examples
of regulated degradation of proteins that capitalize on
machinery of proteostasis. Hopefully, the breadth of this
naturally employed strategy bodes well for an equally wide
application of these ideas to understanding regulation of
cellular proteins, and to the development of new methods to
selectively control the levels of clinical targets.
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