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From fission to fusion: A perspective on the research that won
the Nobel Prize in Physiology or Medicine, 2013
Secretion is widespread in all eukaryotic cells: all of us experience this in the course of daily life – saliva, mucus,
sweat, tears, bile juice, adrenalin, etc. – the list is extremely long. How does a cell manage to repeatedly spit out some
stuff without losing the rest? The answer is: through regulated vesicle trafficking within the cell. The Nobel Prize in
Physiology or Medicine 2013 was awarded to Drs Randy Schekman, James E Rothman and Thomas C Südhof for
their ‘discoveries of machinery regulating vesicle traffic, a major transport system in our cells’. Dr Randy Schekman
and his colleagues discovered a number of genes required for vesicle trafficking from the endoplasmic reticulum (ER)
and Golgi; the James E Rothman group unravelled the protein machinery that allows vesicles to bud off from the
membrane and fuse to their targets; and Dr Thomas C Südhof along with his colleagues revealed how calcium ions
could instruct vesicles to fuse and discharge their contents with precision. These enabled the biotechnology industry to
produce a variety of pharmaceutical and industrial products like insulin and hepatitis B vaccines, in a cost-efficient
manner, using yeast and tissue cultured cells.
[Ray K 2014 From fission to fusion: A perspective on the research that won the Nobel Prize in Physiology or Medicine, 2013. J. Biosci.
39 3–11] DOI 10.1007/s12038-014-9416-1

All biological cells are essentially held together by a lipid membrane and proteins. Biologists were always
enamored of the fact that in spite of having a seemingly intact plasma membrane, cells secrete, grow in size
and divide. Advent of electron microscopy also showed that all eukaryotic cells have intricate an internal
membrane system, somehow connected to the outer plasma membrane. In addition, specialized secretory
cells have large protein-filled vesicles in the cytoplasm, which presumably exit the cell. How do all these
happen without breaching the cell’s integrity? Of course, we now have relatively clearer answers to all these
questions. This year’s Nobel Prize in Physiology or Medicine awarded for unravelling the molecular details
of a part of the cell secretion system inherent to all eukaryotic cells, called the ER-Golgi trafficking,
recognized the enormous influence of this knowledge in both basic science and applications. The field of
research that led to this exhaustive description of the phenomenon began much earlier. These three
gentlemen who were awarded the prize this year, as well as many others, built on the legacy of some
legendary pioneers, such as George Palade and Gunter Blöbel, to lead us to the latest understanding. In
order to appreciate their contributions, it is now necessary to invoke a historical perspective.
1.

George Palade and Gunter Blöbel: The pioneering works

Let us start with a real basic and simple concept. Proteins are an integral component of any cell, and they are
everywhere. Almost all proteins are made either in the cytoplasm or on the ER membrane. Then, how do they
manage to reach different destinations within a cell?
Figure 1 illustrates a portion of a simplified membrane secretory scheme of a eukaryotic cell for you to
understand the relative scale of the events, as well as the problem. The mRNA is made in the nucleus, and
the proteins are synthesized by ribosome particles in the ER and cytoplasm (arrow). Then they travel quite a
distance to reach the plasma membrane. This also provides a view of the scale and complexity of the
problem posed to the researcher in early 1960s.
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Figure 1. Membrane dynamics within a living eukaryotic cell. The names in the boxes and the years reflect the period of discovery of the
indicated organelle/process. The highlighted area in the schematic indicate the ER-Golgi vesicle trafficking. The model was first proposed
by George Palade and Christian de Duve in late 1960s and later refined by the works of several others. The Schekman, Rothman and Südhof
groups, along with that of Lelio Orci, helped to establish the molecular basis of vesicle budding, fission, targeted fusion and directed
trafficking between the ER and Golgi. The Nobel Prize in Physiology or Medicine 2013 was given to Randy Schekman, James E Rothman
and Thomas C Südhof for their contributions.

This was first addressed by George Palade (Nobel Prize, 1975), who ushered in the era of modern cell
biology through his improvisations with electron microscopy and deep observational insights. He was a
self-made cell biologist. He studied medicine in Bucharest, Romania, served during the war, and moved to
USA in 1946. He joined The Rockefeller Institute under Albert Claude to learn electron microscopy. Later
he joined Keith Porter to establish the field of cell biology research, literally, and also started the first
journal of cell biology! A whole new understanding of biology emerged from his exploits with the electron
microscope. For the first time, it was revealed how freshly made proteins navigate through the cell interior.
It also highlighted the vital means of membrane formation inside a cell. He showed that tiny lipid vesicles,
carrying proteins, transfer from the ER compartment of the cell to the Golgi and finally to the plasma
membrane with precision. This connected the genes to protein functions and provided a new meaning to life
inside a cell (Farquhar 2012).
One of Palade’s key observations was the
following: when a cell expands its plasma
membrane, the new membrane is produced
through extension of the existing ones inside
the cell. He deduced that it happened through
a vesicular movement from the observations
in the pancreatic cells and hepatocytes
(Palade 1975). One of his seminal contributions is the cell secretion model (figure 1), for
which he was awarded the Nobel Prize in
1975.
His insights excited a host of researchers, called the Rockefeller Group, to explore the mechanistic aspects
of several cellular phenomena. Gunter Blöbel (Nobel Prize, 1999) was one of them. Born in Germany and
completed his studies at Wisconsin, he joined Palade at Rockefeller as a postdoctoral fellow in 1965. Soon,
he was promoted to direct his own group. His was among the first efforts towards quantitative analysis in
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Figure 2. Vesicle budding and fusion problem. All biological membranes are bilayers of lipids with hydrophilic charge groups (red balls)
facing the outer surfaces (as shown in the central box). This provides an energy barrier against the spontaneous merger of membrane in water.

cell biology. The field of cell biology moved from descriptive to quantitative molecular analysis
during this period. Together with David Sabatini and many others, he established the principles of
protein transfer from the cell interior to the cell surface, and then extended the ‘signal hypothesis’ to
show that proteins contain ‘topogenic’ signals that allow them to reach the required destination within
a cell (Rapoport 2007). He developed a multicomponent system to study the process in vitro and
identify the molecules involved (Blöbel and Dobberstein 1975). He was awarded the Nobel Prize in
1999 for his contributions.
One of the early key findings of the Blöbel lab was the fact that the N-terminal portion of IgG light chains,
which is coded in the mRNA, and absent from the secreted protein, contains a signal for its secretion. They also
showed that the presence of the so-called signal peptides in the proteins allows the synthesis to take place on the
ER membrane instead of the cytoplasm, resulting in the eventual secretion. These led to the findings that
mRNA-loaded ribosomes stop protein synthesis as soon as the signal peptide extrudes out. The complex then
docks on the ER membrane and restarts the process. Thus, the freshly synthesized proteins are directly expelled
into the ER lumen. There was a clear indication that some protein must be involved in creating the pore for the
polypeptide to get into the lumen. However, the exact details were unclear. It emerged through another
pioneering work of Peter Novick and Randy Schekman a decade later.
Around the same time, Seymour Singer and Garth Nicolson brought out the fluid mosaic model to
describe how plasma membrane proteins are embedded and distributed in the cell (Singer and Nicolson
1972). They showed that the glycosylated part of the embedded proteins always face the cell exterior.
Although the model itself was inaccurate, this was a hugely fundamental insight that eventually shaped a
critical assay to measure protein secretion.
By the late 1970s, a combination of all these observations helped to build the protein secretion doctrine
(figure 1). It was proposed that proteins made in the ER lumen are packed and secreted in vesicles that
would fuse to the proximal (cis) end of a multi-lamellar structure, Golgi bodies, then pass through the Golgi
stacks while they are modified by glycosylation, and exit in secretory vesicles from the distal (trans) end
(figure 1). A new crucial question evolved from these understandings: ‘how is it achieved?’
By this time, it was clear that a chemical specificity must exist to determine the directed flow of protein,
and it should work through vesicle exchange. This is particularly evident in the case of the viruses, which
skillfully hijack the cellular machinery to alter the protein trafficking selectively for virus particle synthesis.
However, there was no experimental evidence to prove the hypothesis. The picture was still incomplete and
full of errors.
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One of the key conceptual road blocks underlying these issues was: how does the membrane, as depicted
in figure 2, bend and form a vesicle; and most importantly, how does the vesicle fuse to the right target? In
other words, what is the molecular basis of budding, fission, transport and fusion? Membrane lipids are like
soft and flexible sheets, which do not bend on their own without assistance. Another underlying physical
problem involved with the fission and fusion of the lipid bilayer is the hydrophobic barrier (figure 2). It is
expected to require certain activation energy to overcome the barriers and facilitate the process. Intuitively,
one would say some enzymes would be needed for the job. Which enzymes?
2.

Randy Schekman: The SEC mutants

A young assistant professor at Berkley, Randy Schekman, who had just started his career after finishing his
PhD in 1975 under Arthur Kornberg at Stanford University, took upon the responsibility to address this
issue. He decided to identify the molecular components of protein translocation and transportation through
genetic manipulations in baker’s yeast. Together with his student Peter Novick, he devised a remarkably
straightforward way to identify mutant yeast cells deficient in secretion. This led to the discovery of 23
essential genes/proteins involved at various stages of secretion (Novick et al. 1980). These, called the sec
mutants, opened the door to a new frontier and generated countless applications in the biotechnology
industry (Schekman and Novick 2004).
After experimenting with many different brute force methods, which yielded the first secretion defect mutant
of yeast, Novick and Schekman hit on the right assay in 1980. Working on a clue that a block in phosphoinositol
synthesis increases the buoyant density of yeast cells, due to the accumulation of numerous small vesicles, they
hypothesized that secretion defect cells should also have the same property (figure 3). For the pilot test, they
mixed 100-fold excess of wild-type cells with sec-l
mutant cells and then sedimented the mixture on a
gradient of Ludox after 3 hour incubation at 37°C.
Ludox (also known as Percoll) is a component of
commercial floor polish that had been adapted for the
purpose of cell separations for the first time. As
expected, the mutant cells generally accumulated
at the bottom of the tube. This formed the basis
of the assay to identify the other mutants, which
helped to clone the corresponding genes (Novick
et al. 1980).
How does the discovery of these proteins involved
in secretion helped to understand the biology?
First, it showed that the protein machinery used for secretion is remarkably conserved from yeast to
humans (figure 4). Second, it provided a genetic handle to disturb the secretary process and identify the
roles of each protein in the process. Finally, it opened the possibility to identify the molecular machinery
used for various types of secretions in the cell. For the most part, the SEC screen hit on the principal
pathway involved in protein secretion ER to Golgi, as well as the fusion machinery. It also identified the
essential components of the Golgi-ER recycling pathway, as well as the targeting systems (Schekman
2010). These made a far reaching impact.
3.

James E Rothman: COPs and ‘SNARE’-ing of vesicles

Schekman’s exploits are perfectly complemented by the efforts of another young faculty at Stanford, James
E Rothman, who devised the biochemical assay needed to evaluate the functions of the SEC proteins. He
approached the problem with a biochemical perspective. Started in the late 1970s at the biochemistry
department in Stanford, almost at the same time as Randy Schekman, Rothman was profoundly influenced
by Arthur Kornberg’s principle (who was the department chair at that time) that everything can be
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Figure 3. The Novick-Schekman screen. Schematic illustrates the concept of the elegant screen for isolating secretion defect (sec)
yeast (S. cerevisiae) mutants that brought about a paradigm shift in the understating of cell secretion. The screen yielded 200
mutants under 23 complementation groups, which essentially helped to identify 23 different proteins involved in different aspects
of cell secretion. It turned out that all these proteins are present in all organisms including humans and acts in pretty much the
same fashion everywhere (Schekman and Novick 2004).

reconstructed in vitro through systematic biochemical analysis. Along with his postdoctoral and graduate
students, he developed an in vitro system using isolated ER and Golgi stacks, much like his mentors Eugene
Kennedy and Harvey Laddish, and set out to purify and manipulate the protein complexes associated with the
vesicles secreted from the ER and Golgi, respectively. This led to the identification of a new range of proteins
necessary for targeted transfer of vesicles from ER to Golgi and backwards, as well as within the Golgi (Faini et
al. 2013; Rothman 2002).
Let me now explain the assays. In my opinion,
Rothman’s lab introduced three main assays. The
first one utilized the knowledge of a vesicular stomatitis virus glycoprotein (VSV-G) synthesis and
transport through the Golgi. It is extensively glycosylated in the Golgi and then transported to the
plasma membrane. They used the ER-Golgi membrane, purified from cells deficient in certain Nacetylglucosamine (GlcNAc) transferase and expressing VSV-G (which they called G-protein),
and mixed them to the Golgi stacks purified from
the wild-type uninfected cells in the presence of radioactive 3H-labelled UDP-GlcNAc. The glycosylation
process happens inside the Golgi, lumen, and VSV-G can only be exchanged between the Golgi stacks through
targeted vesicular fission and fusion. Therefore, a measure of the radioactive VSV-G in the mixture gave the
proportionate level of transportation (Glick and Rothman 1987; Melancon et al. 1987). The experimental design
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Figure 4. Molecular mechanisms of the vesicle budding from different intracellular membrane and fusion. The figure illustrates three primary
mechanisms of vesicle budding from the ER and Golgi membranes. Note that the molecules involved in the budding processes are distinct for the
cis and trans Golgi, as well as for the ER (Faini et al. 2013). Both the budding/fission and fusion processes require energy expenditure. GTPGDP exchange on certain GTPases, such as the Sar1p and Arf1, induces vesicle budding from ER and cis-Golgi membranes, respectively; the
GTP hydrolysis induces the fission, whereas ATP-ADP exchange and subsequent hydrolysis complete the fusion. The fusion mechanisms,
though involves similar principles, use vesicle (v-SNARE) and target (t-SNARE) membrane-specific adapters, as well as associated SNAP25.
Additional set of SNAPs and NSF complex are involved in disengaging the SNARE complex after fusion. Interestingly, the fusion process is
always triggered by calcium using Synaptotagmin, a t-SNARE, as the sensor (Südhof 2013). Different types of Synaptotagmins are used for
controlling the rates of fusion.

was immensely powerful as it would prove that transport of vesicles happens between the mutant and wild-type
Golgi stacks, and it allowed identification of the chemical specificity and direction of this transportation.
They found that although the VSV-G transfer occurs quite efficiently, the size of the donor and the
acceptor Golgi stacks does not change even after a long time after mixing. This indicated that the exchange
between the two Golgi stacks occurs through vesicles. One has to admire their insight, because it was teased
out through extremely accurate and meticulous biochemistry combined with extensive electron microscopy.
Furthermore, the technology to monitor the movement of vesicle in the mixture was not available. It was
developed much later after the discovery of the Green Fluorescent Protein and its applications in late 1990s
(another Nobel Prize–winning work).
The second assay was designed to purify certain ER-Golgi vesicles according to their size and
buoyant densities in a near homogenous form, and strip the coating material for identification and
analysis. In combination with powerful pharmacological perturbations and exquisite TEM study, done
by the collaborator Lelio Orci at the University of Geneva, they discovered most of the crucial proteins
needed to exit vesicles from the Golgi and ER. These were named Coatomer Protein complexes, or
COPs (Malhotra et al. 1989).
The third assay was designed to determine the roles of essential coat complex through reconstitution of
purified components along with phospholipid membrane and GTP. This helped to generate vesicle similar
to the ones purified from the ER and Golgi membrane (Orci et al. 1989).
Armed with these assays, the relentless efforts of both Rothman’s groups and many others for
more than two decades unveiled the primary vesicle budding mechanism from the Golgi membrane
(figure 4). It starts with the activation of Arf1-GTP on the Golgi membrane, which catalyses a
systematic assembly of the COPI on the membrane and results in bending the part of the membrane
into a vesicle. Proteins, containing a tetra-peptide, Lysine-Aspartate-Glutamate-Leucine (KDEL), are
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harnessed by the Arf1 receptor (a transmembrane protein) inside the Golgi vesicle, and p23/p24
dimer latches on to the receptor on the other side of the membrane. The process continues in the
2D cooperative manner, and the polycrystalline form of the COPI helps to shape the membrane
into a vesicle. Thus, it manages a selective enrichment and secretion of ER-bound proteins from
the Golgi. Once the vesicle buds off form the Golgi membrane (fission due to GTP hydrolysis
by Arf1), the COPI coat peels off. These vesicles are then targeted towards ER and fuse onto
the ER membrane.
The composition of COPI complex is different
from that of COPII, which is used for the same
process at the ER membrane. The story is remarkably similar from the ER end. Lelio Orci
noticed that the vesicles budding out of the ER
have a fuzzy coat, which is distinct from the ones
budding from the plasma membrane. Following
this, Schekman and his colleagues discovered
that many of the SEC proteins associated with
the coat are involved in the ER budding. They
the purified proteins to demonstrate the process. It turned out that many of the COPII complex proteins
are the same as the SEC proteins, and led to the establishment of the COPII-based cargo selection and
budding model (Schekman 2010). Proteins containing the ER export signal, recognized by sar1p, are
diverse. This is commensurate with the presence of several different Sar1p receptors. Thus, it could
maintain the specificity and targeted exchange like a two-way conveyer belt. Proteins carrying distinct
signal peptides can be gathered on the membrane inside the ER or Golgi for directed transport
(Faini et al. 2013).
Although these efforts solved the first aspect of fission, a question remained: How do these
vesicles fuse after budding? Once again the Rothman and Schekman groups made seminal contributions in this area. Rothman and his colleagues identified a novel protein, necessary for the vesicles to
fuse and deliver its content to the target membrane, called NSF (Malhotra et al. 1988). This led to the
discovery of SNAPs (soluble NSF-associated proteins), and SNAREs (SNAP receptors), which are also
required for vesicle fusion (Clary et al. 1990). They showed that three different SNAREs combine to
achieve the fusion and create a pore between the membranes (Rothman 2002). This realization raised
another new challenge. How is it triggered? For this, I now have to discuss the works of Thomas Südhof.
4.

Thomas C Südhof: Signalling the release

Südhof started with a simple-minded approach: to identify the mechanism through which synaptic vesicles
could fuse to the plasma membrane. This was part of his long-term plan to learn ‘how information transfer is
triggered at a synapse rapidly and precisely’. Over
the last two decades, his laboratory demonstrated
that the neurotransmitter release is triggered when
calcium binds to a protein, called Synaptotagmin,
at the presynaptic region of a neuron. This acts as
a switch. The actual release occurs due to fusion
of neurotransmitter-containing vesicles at the
occurs due to fusion of neurotransmitter-containing vesicles at the active zone of the presynaptic neuron. He was
motivated to unravel a complete view of ‘how synapses release neurotransmitters’, and secure ‘insights’ into
neurodegenerative disorders.
Let us now examine his work in the context of synaptic transmission that eventually led to the
understanding. In a chemical synapse, the pre-synaptic vesicles containing neurotransmitter fuse to the
synaptic membrane upon neuronal depolarization, and release their contents into the synaptic cleft
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(figure 5). This requires membrane fusion and the system offered a robust quantitative measure of each
fusion event in the form of electric potential change, the rate of the events, and durations of the events. In
other words, one can measure all aspects of the fusion kinetics using this system. Südhof and his colleagues
decided to clone all ‘major’ proteins present in the synapse, to facilitate studying their roles in the process
(Südhof 2013).
Their efforts, in collaboration with various others’, helped to achieve the fundamental composition of the
fusion machinery (figure 5). It consists of Synaptobrevin (a v-SNARE), Syntaxin (a t-SNARE), SNAP-25
and several other SNAPs and NSF complex. In addition, it turned out that Synaptotagmin (another
t-SNARE) plays a significant role in the calcium-triggered neurotransmitter release (Südhof 2013). They
cloned and solved the structure of Synaptotagmin in the presence and absence of Ca++ to realize that it is a
cooperative calcium sensor which can catalyse the fusion complex assembly like a switch at higher calcium
(figure 5). It turned out that the mechanism using similar proteins are employed for all kinds of vesicle
fusions in the cell.
Thus, in an unexpected way, Südhof’s work contributed one of the missing pieces in the fission–fusion
puzzle. There are still many unknowns and important side stories that are not discussed here. It is also
necessary to note that rab-GTPases and associated proteins play a key role in the targeted fusion of
membrane at various intracellular compartments and that the mechanism of vesicle budding form plasma
membrane, as well as all other intracellular compartments except for the ER and Golgi, uses a different set
of coat complex formed by Clathrin, AP-2 and associated protein. The Schekman screen and Rothman
assay contributed a third of the understanding of how membrane vesiculate in the cell. It is also fascinating
to note that all three processes involve inherently similar molecular action principles. Only the components
are different (Faini et al. 2013). This allows the specificity and targeted delivery of proteins inside the cell.
Together, these laid a solid foundation for further growth in the future.
As always, fundamental research has a profound impact on the industry. On the application side, the
understanding of vesicle fission, fusion and targeted delivery has now enabled the industry to adapt yeast
cells to produce human proteins, such as insulin, in a cost-effective manner. It also allowed efficient and
precise manipulations of cell signalling pathways in a tissue-specific manner for managing unregulated cell
growth, producing stem cells and treating cancer.

Figure 5. Synaptic vesicle fusion and fission cycles. A typical vesicle fusion and fission cycle at the presynaptic bulb is initiated by the arrival
of action potential, which depolarizes the nerve terminal and induces Ca++ entry into the presynaptic bulb. This triggers the presynaptic vesicles
filled with neurotransmitters to dock and fuse at the designated region of the plasma membrane. The flow chart on the right illustrates the
molecular events during the docking-fusion process as revealed by the works of Thomas C Südhof and his collaborators (Südhof 2013). This is a
standard mechanism of vesicle fusion at all places in the cell, and in many ways the process is conserved in all organisms.
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The scope of this commentary is to highlight the scientific breakthroughs behind the Nobel winning works. Citations
list is not exhaustive. Readers are encouraged to read the original works listed in latest reviews.
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