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136™ ANNUAL ACADEMY MEETING'
Presidential Plenary by Eric M. Rubenstein’
Clearing the Way: How Cells Unclog Clogged Channels

The following text is a summary of the plenary
presentation delivered by Eric M. (V.J) Rubenstein
at the 136" annual meeting of the Indiana Academy
of Science. Citations have been added.

It is my pleasure to share work performed by
the excellent high school, undergraduate, and
master’s students in my lab at Ball State
University concerning how cells unclog clogged
channels. Channels — tubes through which a
substance is transmitted from one end to another
— make life easier. We are familiar with many
channels that enable everyday life, such as straws,
highway tunnels passing through mountains, and
drainpipes. As long as they remain functional, we
often take these channels for granted. However,
when these channels become clogged or dysfunc-
tional, we become acutely aware of the purposes
they serve. Living systems also possess channels
that must be maintained in an unclogged and
functional state. These include macroscopic
channels, such as the human digestive tract, and
microscopic channels that permit the movement
of substances across otherwise impermeable
cellular membranes.

My lab is broadly interested in understanding
cellular and molecular mechanisms underpinning
human health and disease. However, fundamen-
tal experimentation on human subjects is not
always technically feasible, ethically advised, or
financially possible. Therefore, many cell and
molecular biology labs rely on model organisms,
which are well-characterized species that have a
number of important genetic and mechanistic
similarities with humans. The organism my
research team uses to study how cells unclog
clogged channels is Saccharomyces cerevisiae, or
budding yeast [1]. You are probably familiar with

' Due to COVID-19, the 136" Annual Academy
Meeting was a virtual meeting.

2 Professor of Biology, Ball State University,
Department of Biology, Ball State University,
Muncie, IN 47306; 765-285-8805 (phone);
emrubenstein@bsu.edu.

179

some of budding yeast’s delicious applications,
including beer and bread. My team uses budding
yeast for basic research.

All eukaryotic cells share features that are
necessary for life. Many of the molecules,
structures, and processes that exist in human cells
also exist in yeast. For example, yeast and humans
have the same types of macromolecules, mem-
branes, and organelles. Yeast can be infected by
viruses. Yeast perform metabolic reactions, and
they respond to their environment. Yeast undergo
cell division; in fact, virtually everything we know
about cancer (a disease characterized by unregu-
lated cell division) is based in some way on
foundational studies performed on yeast cells [2].
If you have visited a doctor and been prescribed a
medication, the research leading to that drug’s
approval almost certainly included basic biolog-
ical research conducted on yeast. In addition to
being used to study fundamental biological
processes, yeast are used as factories for thera-
peutic molecules and biofuels. For example, using
technology pioneered at Eli Lilly, yeast can be
used as a highly efficient insulin-producing system
for patients with diabetes [3, 4].

Many molecular systems that fail and give rise
to disease in humans also fail in yeast cells.
Scientists can study the consequences of these
molecular failures as well as investigate ways cells
resolve these failures. This may provide insights
for the development of treatments for human
disease. Yeast have played an important role in
understanding the novel coronavirus. In particu-
lar, investigators used yeast as a tool to efficiently
reconstruct the coronavirus genome (without the
need for human cells) [5], and yeast have been used
to understand how the coronavirus spike protein
interacts with human ACE2 receptor, an early
step in coronavirus infection [6]. Very recently,
yeast have been engineered to produce large
quantities of a cost-effective coronavirus vaccine
that is being shared with lower-income countries
[7, 8]. With the rise in baking in 2020, yeast even
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played an important role in coping with the
coronavirus pandemic [9].

My research group uses yeast as a model to
understand cellular traffic [10]. Rather than
tracking how cars or bikes get from point A to
point B, our team studies how proteins get from
the place in the cell they are synthesized to where
they ultimately function. Many proteins are made
on the outer surface of a cellular compartment
called the endoplasmic reticulum, or ER. These
proteins are “trafficked”, or moved, into the ER
and through a series of membrane-bound com-
partments to reach one of several different final
destinations, such as the Golgi apparatus or the
lysosome. Proteins destined to be secreted to the
outside of the cell, such as insulin, begin their
journeys at the ER. To enter the ER, proteins
must cross an otherwise impenetrable membrane
surrounding the ER. Proteins crossing the ER
membrane face a similar challenge to cars crossing
a mountain. Cars cut through mountains by
moving through tunnels; proteins cross the ER
membrane by moving through narrow molecular
tunnels called translocons [11]. A protein synthe-
sized on the outer surface of the ER must be
threaded through a translocon to reach the
interior of the ER. Once the protein has reached
the ER interior, it twists and turns and assembles
(or “folds”) into a three-dimensional structure,
which is its functional form. The protein is then
trafficked to its final destination inside or out of
the cell.

As with cars moving through a tunnel where an
occasional break down causes a traffic jam,
proteins can also “break down” as they pass
through translocons, effectively jamming the
tunnel [12]. This may occur if a protein begins to
fold prematurely. As a result, a portion of the
protein on one side of the translocon adopts a
structure that is too big to pass through the
narrow tunnel [13]. As a graduate student at the
University of Pittsburgh, I became very familiar
with the consequences of clogged tunnels. Cars
would become backed up on the highway, and
many people were late to work. Likewise, clogged
translocons cause cellular traffic buildups, leading
to accumulation of proteins outside of the ER,
unable to reach their final destinations [14].

Clogged translocons and other forms of trans-
locon dysfunction have been linked to human
disease, including Type II Diabetes and certain
forms of cancer [15, 16]. Therefore, if we can learn
how translocons become clogged, and the mech-
anisms by which cells unclog translocons, we may

be better able to understand and treat human
disease. Translocon structure and function are
highly similar in yeast and mammals (such as
humans) [17]. Thus, my research group’s central
goal is to understand how cells unclog clogged
translocons using yeast as a model system.

To study how cells unclog clogged translocons,
we stage engineered channel-clogging proteins in
translocons and monitor how long it takes cells to
identify and destroy these proteins [18, 19]. By
way of analogy, if one wanted to study how well a
city handles cars that have broken down in a
tunnel, they might send nearly broken-down
jalopies on the brink of failure into a tunnel and
monitor how long it takes tow trucks to arrive and
clear the scene.

In work that began during my postdoctoral
fellowship at Yale University and continues in my
research lab at Ball State University, my students
and I investigate how cells extract and destroy
translocon-clogging proteins. We use a technique
called cycloheximide chase analysis to character-
ize the rates at which cells degrade proteins
engineered to reliably break down in and clog
translocon channels [20]. In healthy yeast cells,
most of these translocon-clogging proteins are
destroyed within an hour [19-21].

We tested the hypothesis that an enzyme called
Hrdl (a member of a class of enzymes called
ubiquitin ligases, found in both yeast and
humans), which is located near translocons,
contributes to unclogging clogged translocons
[18, 21]. Indeed, using cycloheximide chase
experiments, yeast engineered to lack Hrdl
destroy translocon-clogging proteins at a much
slower rate than yeast that possess Hrdl. In
essence, Hrdl functions as a “molecular tow
truck” (Fig. 1).

Translocons are essential for cellular life. In
fact, mutations that reduce translocon function
cause cells to become sick [22]. This is analogous
to what happens if a highway tunnel is blocked or
if traffic is reduced to a single lane; the impacts are
widespread — many commuters will be late to
work at various locations throughout the city!
Having identified Hrd1 as a molecular tow truck,
we hypothesized that cells that lack Hrd1 would
be as unfit as cells with translocon defects. Given
how important translocons are, we reasoned that
the Hrd1 quality control enzyme that maintains
translocon function would also be important for
cellular fitness.

Our lab measures cellular fitness by comparing
growth rates of yeast cultures [23]. We compared
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Figure 1.—Hrdl and Ste24 have overlapping function in unclogging clogged translocons. Clogged
translocons may be resolved by the ubiquitin ligase Hrd1 (left) or Ste24 (right). Hrd1 attaches multiple copies
of the small protein ubiquitin to the surface of target proteins. These ubiquitin molecules flag the tagged
protein for destruction. Ste24 cleaves target proteins into multiple fragments.

the growth of healthy yeast cells possessing Hrd 1
to yeast cells engineered to lack Hrd1. In contrast
to our hypothesis, yeast grew at the same rate
regardless of whether they possess Hrdl1 [19, 24—
26]. This vexed us for some time. If translocon
channels are so important, why was this quality
control mechanism that surveys these channels
not similarly essential for cellular fitness?

A clue came when we reevaluated our cyclo-
heximide chase experiments where we tracked the
degradation rate of translocon-clogging protein
in cells possessing or lacking Hrd1 [19, 21]. When
Hrdl was missing, the clogging protein was
strongly stabilized, but it was still degraded over
time, albeit at a substantially reduced rate. This
suggested there must be at least one additional
quality control mechanism resolving clogged
translocons! This made intuitive sense: perhaps
translocon function is so important to cellular
health that there is inbuilt redundancy. This
would be analogous to a city having contracts
with two different tow truck companies to ensure
traffic does not grind to a halt if drivers for one of
the companies do not come to work.

We commenced a search for additional molec-
ular tow trucks that maintain functional trans-
locons. As we conducted our investigations,
another lab led by Dr. Maya Schuldiner at the
Weizmann Institute of Science in Rehovot, Israel
was also investigating how cells maintain func-
tional translocons. The Schuldiner lab found that

a second enzyme called Ste24 (previously impli-
cated in other aspects of cell signaling) functions
as a molecular tow truck to extract translocon-
clogging proteins [13]. Ste24 is a member of a class
of enzymes called metalloproteases found in both
yeast and humans; it is believed to cut translocon-
clogging proteins into smaller fragments prior to
their extraction from translocons (Fig. 1).

We were very excited to compare the function
of Hrdl and Ste24. The Schuldiner lab was
gracious in sharing yeast strains and reagents
with our lab. We first tested whether loss of Ste24
affected cellular health. We hypothesized that
Ste24 was the primary molecular tow truck and
that cells would suffer if we mutated the gene that
encoded it. However, similar to loss of Hrd1, loss
of Ste24 proved to be tolerated by yeast cells [19].
Yeast possessing Ste24 and yeast lacking Ste24
grow at similar rates, suggesting Ste24 is not
required for cellular health.

Hrdl functions as a molecular tow truck to
unclog translocons but is not required for cellular
health. Ste24 functions as a molecular tow truck
but also is not required for cellular health. We
therefore hypothesized that either one of these
enzymes is sufficient to promote degradation of
translocon-clogging proteins and maintain cellu-
lar fitness. We analyzed degradation of trans-
locon-clogging proteins in healthy yeast
possessing both Hrdl and Ste24, yeast lacking
Hrdl but possessing Ste24, yeast lacking Ste24
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but possessing Hrd 1, and yeast lacking both Hrd 1
and Ste24. Translocon-clogging proteins were
rapidly destroyed in healthy cells possessing both
Hrdl and Ste24. When Hrdl was missing,
clogging proteins were partially stabilized (as we
previously observed) [19, 21]. Similarly, when
Ste24 was missing, clogging proteins were also
partially stabilized (as previously observed by the
Schuldiner lab) [13, 19]. However, when both
Hrdl and Ste24 were absent, clogging proteins
were more abundant and stable than when either
tow truck protein was individually missing [19].

These experiments provided the first direct
evidence that cells possess two redundant trans-
locon quality control enzymes. Each is able to
recognize and degrade broken-down proteins that
clog translocon channels. This redundancy likely
reflects that critical nature of maintaining func-
tional translocons for cellular health. We next
analyzed the impact of simultaneous loss of both
Hrdl and Ste24 on cellular fitness. As previously
observed, cells engineered to lack either Hrd1 or
Ste24 exhibited no impairment of cellular fitness.
However, simultaneously removing genes encod-
ing both enzymes dramatically reduced cell
fitness; these double mutant yeast exhibited a
substantially reduced growth rate compared to
either healthy yeast or single mutants [19]. In our
highway tunnel model, this is analogous to a
situation in which workers for both tow truck
agencies go on strike; traffic would grind to a halt,
and the city would suffer.

Hrdl and Ste24 are multifunctional enzymes.
In addition to extracting and degrading trans-
locon-clogging proteins, Hrd1 and Ste24 process
anumber of different cellular proteins [27, 28]. We
hypothesized that the reduced fitness observed
when both enzymes are missing reflects defective
translocon surveillance; however, it was alterna-
tively possible that reduced fitness was due to loss
of other, translocon-unrelated functions of Hrd1
and Ste24. To test this hypothesis, we asked
whether Hrdl and Ste24 remain essential for
maximum fitness when translocon clogging is
reduced by other means. To thisend, we evaluated
fitness of yeast cells that either possess or lack both
Hrdl and Ste24 enzymes. We introduced an
additional, unrelated mutation into these yeast
cells that reduces the frequency of clogging events
(breakdowns) in translocon tunnels. This muta-
tion is equivalent to a reduced speed limit in a
mountain tunnel; if all cars move just a little more
slowly, crashes occur less frequently. In yeast with

this additional mutation, translocons become
clogged much less frequently.

Our results were striking. In the context of the
additional mutation that reduces the frequency of
translocon clogging, the absence of Hrdl and
Ste24 no longer impaired cellular fitness [19]. By
reducing the speed limit of proteins moving
through translocons, fewer crashes occur, and
the need for molecular tow trucks is greatly
diminished. When everyone in the city drives
carefully, the tow trucks are not so important!
This result strongly suggests that the fitness defect
of cells lacking both Hrd1 and Ste24 is linked to
their function at the translocon (and not to their
functions unrelated to translocon surveillance).

In summary, my students and I have discovered
that Hrd1 and Ste24 are “molecular tow truck”
enzymes with overlapping function in unclogging
clogged translocons (Fig. 1). The presence of
either Hrdl or Ste24 is sufficient to maintain
cellular health, but eliminating both enzymes
dramatically impairs fitness. If translocon clog-
ging is prevented from occurring in the first place,
the cellular need for Hrd1 and Ste24 is dramat-
ically reduced. Drawing an analogy to another
important channel de-clogger, if a toilet is never
clogged, the plunger is merely decorative.

This work leaves us with several unanswered
questions. First, we do not yet understand how
Hrdl and Ste24 “see” clogged translocons and
distinguish whether a particular protein is clogged
in a translocon rather than being in the process of
moving through a channel. Second, recent data
from our lab indicate that translocon unclogging
functions are impaired during specific forms of
cellular stress (similar to cellular stress experi-
enced in some human diseases, including several
neurodegenerative conditions) [29, 30]. How
stress impairs translocon unclogging remains
uncharacterized. Further, the crucial nature of
Hrdl and Ste24 for cellular function suggests
clogging is likely to be a frequent occurrence;
however, we know little about which proteins or
types of proteins are most likely to clog translocon
channels. We presently have knowledge of a
limited number of naturally occurring translocon-
clogging proteins (e.g. [31]). Improved mechanis-
tic understanding of how cells relieve traffic jams
will be enhanced by characterization of additional
proteins that clog translocons and contribute to
human diseases. Finally, given that translocon
clogging and dysfunction have been linked to
Type I1 Diabetes, some forms of cancer, and other
disorders[15, 16], can the human versions of Hrd1
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and Ste24 be targeted therapeutically? Further
investigation of translocon quality control is
likely to reveal novel, fundamental cell biology
and may lead to enhanced intervention in human
disease.
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