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Secretion is a fundamental process in which cells release substances
to their external environments. Secretion is essential for many body
functions, including growth, digestion, and cell communication. To
be secreted, proteins must pass through various stations inside cells ,
which together form what is called the secretory pathway. In this
article, I will tell you about the secretory pathway and the stages that
proteins go through from their production up until their secretion.
Then, I will present the original work that we did in our lab to
identify genes related to the secretory pathway in yeast cells. Finally,
I will explain the importance of our work to the overall study of the
secretory pathway, both in yeast and mammalian cells.

Professor Randy Schekman won the Nobel Prize in Physiology or
Medicine 2013, jointly with Prof. James Rothman and Prof. Thomas
Südhof, for their discoveries of machinery regulating vesicle tra�c,
a major transport system in our cells.
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Schekman Secretory Pathway

THE SECRETS OF SECRETION

Our complex bodies perform various functions, many of which re quire
the transportation of substances from one place to another. One key
process involved in moving substances around in the body is cal led
secretion [1]. Secretion is the controlled release of substances fromSECRETION

A critical process by
which cells release
substances, such as
hormones and
enzymes, in a
controlled way.

inside a cell to the blood or to other cells. For example, cells in
the digestive tract secret digestive enzymes that help break down
the foods that we eat, and cells in our glands secrete hormones
that support our growth and development. Another type of secretion
occurs in the brain, where nerve cells secrete messengers calle d
neurotransmitters to communicate with other nerve cells.

Before a cell secretes a substance, the substance must �rst be
produced within the cell and then transferred from inside the cell
across a membrane to be released outside the cell. Sounds simple ,
right? Well, this process is actually quite complex. As you might
already know, the cells of all eukaryotes including humans are built

EUKARYOTES

Organisms whose cells
contain a nucleus.

in a compartment-like structure and contain various “organs”, cal led
organelles (Figure 1A). Each organelle performs speci�c functions
and requires its own special environment to function optimally. T his
environment can be very di�erent, and often compete with the
environments of other organelles or other areas within the cell.
Therefore, every organelle is enclosed by a membrane that sep arates
it from the rest of the cell. This membrane is like a barrier that p revents
the free movement of substances into and out of the organelle, in
the same way that the cell's membrane prevents the free movement
of substances into and out of the cell. So, it seems that we have a
problem—how do substances move through those membranes to be
secreted, if the membrane's job is to prevent the substances from
passing (Figure 1B)?

Figure 1

Figure 1

A cell's organelles are
important for
transporting materials.
(A) A eukaryotic cell is
de�ned as a cell with a
nucleus and multiple
organelles that are
separated from one
another by membranes.
Cells also have a
plasma membrane that
separates the contents
of the cell from the
outside environment. A
cell's membranes block
many substances from
passing through them.
(B) The process of
secretion requires
materials to be passed
between organelles
and to the outside of
the cell. But most
materials cannot freely
pass through the
membranes covering
the organelles and the
cell, so cells must have
a special process
for secretion.
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It turns out that there is a special mechanism that allows the passin g
of substances between organelles and out of the cell. This mechan ism
involves small carriers called vesicles, which are like little cars that takeVESICLES

Membranous sacs that
carry substances inside
the cell.

a passenger substance to its destination [ 1, 2]. In the next section, I will
tell you about the production and action of the vesicles that take par t
in the secretion of molecules called proteins, which are the “worker s”
that drive many processes in the body.

THE SECRETORY PATHWAY FOR PROTEINS

About 30% of the proteins made in the human body are secretory
proteins, which are proteins designed to be secreted from cells. L ike
all proteins, secretory proteins are produced in sewing machine -like
particles called ribosomes (the Nobel Prize in Chemistry in 2009 was
awarded to three researchers who studied the structure and function
of ribosomes). The ribosomes that produce secretory proteins a re
located on a special channel in the membrane of an organelle
called the endoplasmic reticulum (ER) . After secretory proteins

ENDOPLASMIC
RETICULUM (ER)

The organelle in which
secretory proteins are
produced and placed
into vesicles.

are produced, they pass through a channel embedded in the ER
membrane into a canal-like network of ER tubules that are spread
around the cell. There, other proteins called coat proteins form a
special structure on a small surface of the ER membrane, kind of l ike
a dome. This dome collects the secretory proteins and then pinches
o� small spheres of the membrane—the vesicles—which contain the
secretory protein cargo produced in the ER membrane. This proce ss
of vesicle formation, in which part of the ER membrane is pinched
o�, is called budding [1, 2]. After budding, coat proteins fall o� the

BUDDING

A process where part of
the ER membrane is
pinched o� and form
a vesicle.

vesicles, and the naked vesicles containing the secretory protei ns are
passed on to an organelle called the Golgi apparatus. The Golgi s orts
and directs the secretory cargo vesicles to their �nal destination— the
cell membrane (also called the plasma membrane). In the plasma
membrane, with the help of additional proteins (such as SNAREand
RAB), the vesicles go through the last two stages before protein
secretion—docking and fusion [ 3]. In these stages, the vesicles come
very close to the membrane in a speci�c alignment, then �nger-lik e
structures on the vesicles and the membrane intertwine and pull the
vesicles and the membrane toward each other, kind of like Velcro.
When a vesicle and the membrane are close enough together, they
fuse spontaneously, somewhat like two soap bubbles merging. The n,
the secretory protein cargo is released to the other side of the
membrane, outside of the cell—a process called exocytosis .

EXOCYTOSIS

A process where a
substance is released
from within the cell to
the outside
environment by the
fusion of a vesicle with
the cell's
plasma membrane.

As you can see, the process of producing, transporting, and
secreting proteins is quite complex. You can think of it like an
automobile assembly plant, in which the automobile is put together
piece-by-piece along an assembly line before it can be sent o ut
of the plant. The “assembly line” for secretory proteins is calle d
the secretory pathway [4], and the process by which vesicles carry

SECRETORY
PATHWAY

The pathway used to
secrete proteins from
inside the cell to the
outside environment. It
includes organelles
such as the ER and
Golgi apparatus, as well
as the cell membrane
and vesicles.

substances between compartments within the cell and out of the cell
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is called vesicle tra�cking (Figure 2). You might be surprised to know
VESICLE
TRAFFICKING

The process in which
vesicle carry
substances between
compartments in the
cell and between the
cell and its outer
environment.

that many of the mechanisms that control vesicle tra�cking in the
secretory pathway have existed in cells for more than 2 billion yea rs!
This means that cells in our bodies, including the nerve cells i n our
brains, share basic secretion machinery with simpler organism s, such
as yeasts [5, 6]. In fact, the �rst discoveries about the machinery that
operates the secretory pathway were made using yeast [ 7– 9]. In the
next section, I will tell you about the early discoveries that were m ade
in yeast in my lab, which earned me the Nobel Prize in Physiology
or Medicine.

Figure 2

Figure 2

The secretory pathway.
The secretory pathway
in cells involves several
steps. First, secretory
proteins are produced
by ribosomes on the
membrane of the ER.
Vesicles containing the
proteins bud o� from
the ER membrane (step
1) and travel to the
Golgi apparatus, which
directs them to their
�nal destination: the
plasma membrane. The
vesicle's membrane
and the plasma
membrane hook
together like Velcro, in
a step called docking
(step 2 ), and then fuse
like two soap bubbles,
releasing the vesicle's
contents to the outside
of the cell ( step 3 ).

SECRETORY PATHWAY IN YEAST

When I started studying the secretory pathway with my students,
there were some hypotheses about the machinery controlling vesic le
tra�cking, but no one had identi�ed the genes involved in this
machinery. We believed that studying the genes involved in the
secretory pathway would be a powerful way to learn about vesicle
tra�cking. We chose to work on baker's yeast, a simple microorgan ism
that is used to make bread and beer. Baker's yeast was attractive to us
because we could easily grow it in the laboratory, and we had simpl e
techniques for accurately analyzing its genes.

To identify genes related to the secretory pathway in yeast, we exposed
the yeast cells to chemicals that cause random changes in the DNA,
called mutations. Random mutations a�ect one gene randomly, out of
the approximately 5,000 genes in yeasts. How, then, did we manage
to identify one speci�c secretory pathway gene in this haystack of
genes? First of all, we knew we were looking for essential genes, wh ich
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are genes that cells need to survive. We knew that if we introduced a
mutation into an essential gene that inactivated that gene completely ,
the cell would die and we would have no cells to work with. Therefore,
we needed to somehow introduce a mutation that would allow the
cell to stay alive long enough for us to study it. Among the many
mutations that we introduced randomly, some by chance change
the protein encoded by that gene to make it unstable at human
body temperature. Normal yeast cells are perfectly happy at hum an
body temperature but these particular mutations can only function
at room temperature. These are called temperature-sensitive lethal
mutations [10]. So, using temperature-sensitive lethal mutations, weTEMPERATURE-

SENSITIVE LETHAL
MUTATIONS

Cells that act normally
at low temperatures
but die at higher
temperatures.

could narrow our search down to about 1,500 essential genes out o f
the 5,000 total genes of yeast. This is still a large number, so we nee ded
another parameter to help us �nd the genes responsible for vesicl e
tra�cking. For that, we based our search on a hypothesis made by
George Palade, a Nobel Prize winner who pioneered the study of the
secretory pathway. Palade hypothesized that secretion is linked to cell
growth through vesicle fusion. That is a logical assumption beca use
when vesicles fuse with the plasma membrane, the membrane should
get bigger. This allowed us to use another search parameter in our
study—we looked for mutations that prevented the yeast cells from
getting bigger, and that also caused secretory proteins to build up
inside the cells.

Speci�cally, we were searching for the piling up of a protein call ed
invertase, which is the enzyme that breaks sucrose (table sugar) i nto
two smaller sugars—fructose and glucose. Normally, invertase i s found
in the cell wall of yeast cells, so when the secretion process works

CELL WALL

The outermost layer of
the cell that covers the
cell's membrane.

properly, we expect to see the same amount of fructose and glucose
products when we incubate whole cells in sucrose as we do when
we break the cells open and incubate the pieces in sucrose. However ,
when the secretion process does not function properly and invertase
piles up inside the cells, we should get a larger amount of fructo se
and glucose when we incubate broken cells compared to whole cells.
That is the exact result we got in an experiment led by my brillia nt
student Peter Novick, which we published in 1979 [ 7]. We called the
gene that was changed by this mutation sec1. When we examined cells
with mutated sec1 using a powerful microscope called an electron
microscope, we saw that many vesicles containing invertase had
accumulated inside the cell ( Figure 3A). This was very exciting—it was
the �rst time that vesicle accumulation inside a cell was ever seen .
This �nding also supplied strong evidence to support George Pa lade's
hypothesis that secretion and cell growth are related. From there, we
had to keep working to understand the speci�c role that the sec1
protein (produced from the instructions in the sec1 gene) played i n
vesicle tra�cking.

Eventually, we found out that the sec1 protein is involved in the �na l
step of the secretion process, namely docking and fusion. Soon a fter
we identi�ed the sec1 mutant, we identi�ed more mutants involved
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Figure 3

Figure 3

The Nobel
Prize-winning
discovery of Sec1 in
Baker's yeast. (A) The
discovery that led to
the Nobel Prize
involved the piling up
of vesicles containing a
protein called invertase,
inside a baker's yeast
cell with a mutation in a
gene called sec1
(image adapted from
[7]). (B) After I won the
Nobel Prize, I was
invited by my
colleagues at UCLA,
where I received my
undergraduate degree,
to give the
commencement
address. I arrived at the
very same pavilion
where my basketball
idol, Kareem Abdul
Jabbar (previously
named Lewis Alcindor),
used to play. He
introduced me in front
of 20,000 people, and
then placed an
honorary medal around
my neck. This was a
surreal moment that I
will never forget (Image
credit: UCLA).

in the yeast's secretion process [ 8], and we began to understand
the order of the events that occur in the secretory pathway of
yeast [9]. Our discoveries of genes involved in the yeast secretory
pathway also advanced the understanding of how this process occur s
in mammals, including humans [ 6]. More speci�cally, many of the
genes and proteins we discovered were found to have counterparts
in mammalian cells. One of the leading scientists who found some o f
the counterparts of the genes we discovered is Prof. James Rothman,
with whom I shared the Nobel Prize in Physiology or Medicine in 201 3.
After winning the Nobel Prize, I even got to meet my basketball idol
Kareem Abdul Jabbar! (Figure 3B).

Our work was pioneering for two reasons: �rst, due to our speci�c
�ndings of genes involved in the secretory pathway; but also due to
our novel, successful use of microbial genetics to study the secr etory
pathway. Our �ndings opened a new line of research, which many
of my students and their students have followed over the years.
Once the secretory pathway in yeast was well-understood, people
started using that knowledge for medical applications. One impor tant
example in which I took part is the use of the yeast secretion pathway
to produce human insulin to treat diabetes [ 10]. As secretion is
such a fundamental process in the human body, there are many
more examples of medical conditions that could be treated based
on our increasing understanding of the secretory pathway—such as
heart diseases and digestion problems. Though I never intende d to
be involved in the development of medical applications, I am gl ad
that our work contributes to treatments that help people all over
the world.

RECOMMENDATIONS FOR YOUNG MINDS

I think that one of the most fundamental traits that a scientist should
have and try to develop is the excitement of discovery. In my view,

kids.frontiersin.org September 2023 | Volume 11 | Article 1063926 | 6



Schekman Secretory Pathway

science is the process of discovery—not just a list of facts abo ut what is
already known and established. If you have a passion for scienc e, you
should �nd an independent way of exploring—do not limit yours elf
to the material you learn in class. When it comes to expanding your
knowledge, I believe that independent study such as in a laborato ry is
just as important as reading from textbooks. To understand whether
you can be a good research scientist, you must experience resea rch
yourself. Research is frequently very frustrating—lots of thing s fail
and you must learn to persevere in the face of constant failure. Y ou
can only equip yourself for that by experiencing laboratory re search
�rsthand. This is also how you can develop faith in yourself and
in your skills, which will allow you to believe that things can work
out and that you can reach your goal, even when the process
is very complicated. That is why I advise every young student to
start working in the lab or in some form of independent study
straight away.

Another aspect of a good scientist is the ability to identify an exci ting
problem to study and to fully commit to it. This means that you must
keep focusing on that speci�c problem and think independently a bout
the design and execution of experiments, observation or theory tha t
can help you solve it. Even if you experience challenges along the way,
you should keep thinking about the problem, turning it over in yo ur
head until you �nd a new way to approach it. I know that focus can be
hard, especially for creative people who have many new ideas al l the
time. But each of us has only a certain amount of time and energy, a nd
if we do not focus, we are not able to make good progress. Therefor e,
my advice is to keep your eyes on the prize and persevere until you
�nd a solution to one important problem to which you have decided
to dedicate yourself.

ADDITIONAL MATERIALS
1. A pathway of a hundred genes starts with a single mutant: Isolation

of sec1-1 .
2. Publishing important work in the life sciences: Randy Schekman at

TEDxBerkeley.
3. Rothman and Schekman: Uncovering the Secretory Pathway -

Youtube .
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YOUNG REVIEWERS

ANJISHNU, AGE: 15
Hello, my name is Anjishnu and I am in tenth grade. I have a passion f or writing,
reading, and science. I enjoy playing tennis. I want to study biol ogy when I grow up
so that I can pursue a career in science.

ELISA, AGE: 11
Hi! My name is Elisa. I am 11 years old, and am in 6th grade. I have pla yed the
violin since I was 5 years old, and also have played tennis since I was 5 years old.
I love doing many things, such as being outside with friends, readin g, being with
animals, playing the violin and tennis, and playing games. My fav orite animals are
dogs (DOGS RULE).

JOONSAH, AGE: 10
Hi, my name is Joonsah. I am 10 years old. I like to play sports, such as soccer, tennis,
and skiing. My favorite animal is a snake. I play three instrumen ts: piano, viola, and
trumpet. I also speak four languages: English, Korean, Chinese and some German. I
really like science too.
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Prof. Randy Schekman is a professor of molecular and cell biology at the University of
California, Berkeley, United States. Prof. Schekman completed a bachelor's degree at
the University of California, Los Angeles, where he performed a research project on
the replication of bacteriophages. He then went on to perform his graduate research
in the laboratory of the Nobel laureate Prof. Arthur Kornberg at S tanford University, in
the �eld of DNA replication. After his graduation in 1974, Prof. S chekman continued
to the University of California, San Diego, where he studied t he cell membrane. In
1976, Prof. Schekman became a faculty member at the University of Cal ifornia in
Berkeley, where he still works today. During his years there, Pr of. Schekman studied
the secretory pathway in yeast, work for which he was awarded th e Nobel Prize
in Physiology or Medicine in 2013. Prof. Schekman won numerous oth er prizes
and awards throughout his career, including the Gairdner Foundat ion International
Award (1996), Lasker Award (2002), Louisa Gross Horwitz Prize (2002), Massry Prize
(2010), and E. B. Wilson Medal (2010). Prof. Schekman is an avid supporter of open
science publication, a topic he has been promoting for decades. After the death
of his wife from Parkinson's disease a few years ago, Prof. Schek man organized a
worldwide e�ort to engage scientists in a collaborative program of basic science
to uncover the mechanism of Parkinson's disease. This e�ort con tinues today.
*schekman@berkeley.edu
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