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Outline

• Classic work that led to identification and characterization of the 
secretory machinery in cells (a few landmark papers)

• Approaches for studying the secretory pathway (classic to modern)

• From single cells to complex multicellular systems

2



Approximately 39% of the 19613 human protein-coding genes are predicted to have 
either a signal peptide and/or at least one transmembrane region, suggesting transport 
of the corresponding protein out of the cell (secretion) or location in an intracellular 
membrane compartment. Many “druggable” (by mABs) proteins are secreted or cell 
surface proteins. 

https://www.proteinatlas.org/humanproteome/tissue/secretome

The “Secretome”
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The secretory apparatus

exocrine pancreatic cell
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The central dogma

• Newly synthesized secreted and membrane proteins travel from the ER 
through the Golgi apparatus to the plasma membrane
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How do we know?
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Palade´s pulse-chase experiment

Which route do proteins take through the 
secretory apparatus? 

• Pulse labeling of pancreatic exocrine cells (why?)  
with 3H-Leucine, incubate cells for a given time 
(chase), fix, EM autoradiography 

• Visualize subcellular localization of newly 
synthesized secretory proteins

• Secreted proteins are never released into the 
cytosol. They transit through a series of membrane 
compartments: ER > Golgi apparatus > secretory 
vesicles > plasma membrane

Jamieson & Palade (1967) J Cell Biol 34(2):577-96.
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Hirschberg et al. (1998). J Cell Biol 143, 1485–1503.

VSVGts-GFP 

Synchronization by temperature: VSVG-ts

ER Golgi 
apparatus

Plasma 
membrane

• VSVGts: Vesicular Stomatitis Virus Glycoprotein, conditional temperature-sensitive (ts) 
mutation, causes misfolding and retention in the ER at restrictive temperature (40°C)

• Shift to permissive temperature (32°C) allows folding of VSVGts -> exit from ER
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Detection of compartment-specific 
modifications

• N-glycosylation pathway in the ER modifies proteins with N-linked Man8(GlcNAc)2 
oligosaccharide

• Mannose trimming in cis-Golgi partially removes Mannose units from Man8(GlcNAc)2 

• Trimmed, but not untrimmed, oligosaccharide is cleaved by Endoglycosidase D -> dinstinguish 
fractions of protein in ER and cis-Golgi -> steady state is reached after approx. 40 min

VSVGts
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Identification of machinery responsible 
for vesicle formation and fusion

• Genetic analyses in yeast (R. Schekman)

• in vitro reconstitution of membrane transport reactions (James Rothman)

• Biochemistry of isolated transport vesicles (synaptic vesicles; Thomas Südhof)

• Other: proteomics, identification of neurotoxin targets, mutations associated 
with human disease, etc.
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Genetic dissection of the secretory 
apparatus in yeast

• Isolation of yeast (S. cerevisiae) mutants with temperature-sensitive defects in secretion

• Landmark paper: P. Novick, C. Field, and R. Schekman (1980) “Identification of 23 
complementation groups required for post-translational events in the secretory pathway.” 
Cell 21, 205-215.

• Approach: Isolate yeast mutants with temperature-sensitive defects in secretion, classify 
mutants according to their phenotypes, identify and characterize molecules involved. 

• Basis for isolating sec mutants: At restrictive temperature, cells with temperature-sensitive 
mutations in the secretory pathway will stop secreting proteins. However, the cells will 
continue to produce secretory proteins. These proteins accumulate in membrane 
compartments inside the cells, yielding the mutant cells more dense than wild-type cells.
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Genetic dissection of the secretory 
apparatus in yeast

• Mutagenize cells, grow at permissive temperature (24 ºC)

• Shift cells to 37 ºC (restrictive temperature) for several hours

• Separate cells by density gradient centrifugation. Plate dense cells at 24 ºC (permissive 
temperature)

• Screen individual colonies from these plates for defects in secretion. Analyze subcellular 
morphology by EM. 
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Genetic dissection of the secretory 
apparatus in yeast

Novick, P., Field, C., and Schekman, R. (1980). Identification of 23 complementation groups required for post-translational events in the yeast secretory pathway. Cell 21, 205–215.

25°C sec15-1 after 2 h at 37°C

wild-type 
morphology

accumulation 
of vesicles 

(vesicles form 
and accumulate 

because of 
failed release) 
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 Five classes of secretion  mutants

• 23 complementation groups of secretion-defective mutants, assigned to specific 
steps of the secretory pathway by EM analysis

• Analysis of double mutant combinations (epistasis) allowed to determine the 
sequential order of steps carried out by the proteins
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Classes of secretion  mutants
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Classes of secretion  mutants

Spang, A. (2015). Anniversary of the discovery of sec mutants by Novick and Schekman. Mol Biol Cell 26, 1783–1785.
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Reconstitution in vitro:
cell-free transport assays

• Cell-free transport assay: purified Golgi membranes carry out transport and enzymatic 
modifications of VSVG protein

• Use of membrane and cytosolic fractions of uninfected wild-type cells to complement 
extracts from VSV-infected mutant cells -> delineate specific steps of the secretory pathway

Fries, E., and Rothman, J.E. (1980). Transport of vesicular stomatitis virus glycoprotein in a cell-free extract. Proc Natl Acad Sci USA 77, 3870–3874.
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Example: trafficking between the ER 
and the Golgi apparatus
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Types of transport vesicles

• Vesicle coat determines cargo 
selection and shape of vesicle

• COPII vesicles transport newly 
synthesized proteins from the ER to 
the Golgi

• COPI vesicles traffic within the 
Golgi and from Golgi to ER 
(retrograde traffic)

• Clathrin-coated vesicles mediate 
endocytosis at the plasma 
membrane and transport from the 
trans-Golgi to endosomes
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Assembly principles of clathrin, COPII, 
and COPI coats

Faini, M., Beck, R., Wieland, F.T., and Briggs, J.A.G. (2013). Vesicle coats: structure, function, and general principles of assembly. Trends Cell Biol 1–10.
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Formation of a COPII-coated vesicle

• monomeric coat-recruitment 
GTPases (ARF for COPI and clathrin 
coats, Sar1 for COPII coat)

• Sar1-GEF (Sec12) in ER membrane 
activates Sar1, conformational change 
mediates tight anchorage in ER 
membrane

• Active Sar1 recruits Sec23-Sec24 
(inner) coat subunits, recuit outer 
coat proteins (Sec13-31)

• Sec24 (4 paralogues in human cells) 
selectively (?) bind cargo directly or 
via adaptor proteins

• GTP hydrolysis by Sar1 triggers coat 
disassembly (“timer”), allowing the 
uncoated vesicle to fuse with a 
target membrane
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Sec13
Sec31
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Sec13

Fath et al. Cell (2007),
Bi et al. Dev Cell (2007)

Structure of the COPII cage

• Sec13/31 crystal structure, fitted into electron density map from 
cryo-EM tomography
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• FIB-SEM: Focused ion beam scanning electron microscopy

https://www.embl.de/services/core_facilities/em/services/fibsem/

FIB-SEM tomography
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Bykov et al. (2017). The structure of the COPI coat determined within the cell. eLife 6.

Structure determination in situ by cryo-
electron tomography

• high-pressure frozen 
(“vitrified”) Chlamydomonas cells 

• cryo-FIB-SEM tomography

• extracted 267 buds and vesicles 
showing COPI coats

• structures mapped onto cryo-
electron tomogram -> 
(dis)assembly intermediates 
become visible (un)coating 

intermediates?
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coating and uncoating, cargo 
selection, packaging and release

Bykov et al. (2017). The structure of the COPI coat determined within the cell. eLife 6.cryo-electron tomogram, Chlamydomonas reinhardtii
25



What to do with large cargo?
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Specialized large vesicles for large cargo

• “packaging helper” proteins (Tango1, Sedlin) mediate alternative coat assembly pathway and 
geometry

• Tango1 recruits the TRAPP complex subunit Sedlin -> modulates Sar1 GTPase cycle -> 
altered kinetics of coat assembly

• Additional mechanisms: ubiquitination of Sec31; alternative coat protein variants (four Sec24 
paralogues in mammals)

Tango-1
Sedlin

Venditti et al. (2012). Sedlin controls the ER export of procollagen by regulating the Sar1 cycle. Science 337, 1668–1672.
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Transport through the Golgi: anterograde, 
retrograde, or both? 

• Vesicular transport connects stable compartments: Golgi proteins remain in their 
specific location, cargo moves through compartments by anterograde traffic, retrograde 
traffic retrieves escaped ER and Golgi proteins and returns them to upstream compartments

• Cisternal maturation: Dynamic Golgi cisternae successively mature from cis to medial 
to trans; processing enzymes are continuously transported back

Glick, B.S., and Luini, A. (2011). Models for Golgi Traffic: A Critical Assessment. Cold Spring Harbor Perspectives in Biology 3, a005215–a005215.

28



How to study membrane trafficking in cells?

• membrane trafficking is highly dynamic. Multiple processes occur simultaneously 
(protein synthesis, forward and retrograde trafficking, recycling, degradation).

• Following the route of a given protein through the secretory apparatus requires 
synchronization of trafficking (pulse-chase experiments, temperature shift expts. with 
VSVG-ts: limited to particular cells and proteins)
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The “Retention using selective hooks”
(RUSH) system

Boncompain et al. (2012). Synchronization of secretory protein traffic in populations of cells. Nat Meth 9, 493–498.
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Trafficking of E-Cadherin in HeLa cells

SAStreptavidin-KDEL
(ER retention signal) SBP-GFP-E-Cadherin

SBP
G
F
P

Boncompain et al. (2012) Nat Meth 9, 493–498.

cells transfected with
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