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Insulin secreting HIT cell: rapid frozen, freeze 
substituted, cut into 400nm sections

Specimen is tilted 120°, with high voltage EM 
images captured every 1.5°; process is repeated 
with 90° rotation

Computationally reconstructed in 3D 

Resolution = 6-7 nm





3D reconstruction



General Pathways of Membrane Traffic



The secretory pathway

ER -> Golgi -> Surface

HOW DO WE KNOW THIS?





3 minutes
3H-leucine



7 minute chase
3H-leucine



37 minute chase
3H-leucine





Compartments had different 
shapes & content.  Cargo 

seemed to pass through them.



Protein glycosylation enzymes are segregated in different 
Golgi compartments, consistent with entry at one face and 

exit at the other





Sialic acid addition





Yeast revealed molecules needed for the secretory pathway



In 1977, Susan Henry (Albert Einstein) showed a tight 
coupling of net cell surface growth with inositol 
metabolism.  Starve cells for inositol, and they became 
very dense.

Novick and Schekman (1980) showed that a Sec1 
mutant they thought was secretion deficient was also 
very dense in a gradient of Ludox--a commercial floor 
polish that is now improved as Percoll.  They, thus 
enriched for conditional mutant cells by density gradient.



Ludox gradient of a mix of wild type and sec1 cells



Novick and Schekman sought yeast mutants that 
were temperature sensitive for growth but continued 
protein and lipid synthesis for at least 3 hours.

•  shift cells to 37° for 3 hours
•  enrich on a density gradient
•  screen colonies for acid phosphatase and invertase 

secretion



Permissive and non-permissive temperatures: sec15-1















Transport Vesicles are proven 
intermediates

•  How do vesicles form?

•  How do vesicles find their targets?

•  What proteins mediate their fusion?

PERHAPS THESE GENE PRODUCTS HOLD 
THE ANSWERS!  Biochemical approaches came 
too…



See Balch et al. (1984) Reconstitution of Transport of 
protein between successive compartments of the 
Golgi…Cell 39, 405-416



Transport required cytosolic 
proteins and ATP

To purify the cytosolic factors, Rothman and 
colleagues used selective inhibition with N-
ethylmaleimide to selectively inhibit (and then 
purify) enzymes that had an active-site thiol.  

This led to the purification of NEM-sensitive 
factor (NSF) which is the same as Sec18p

Alpha SNAP (Sec17p) is needed for membrane 
association of NSF



Söllner, T. et al. (1993) SNAP receptors implicated in 
vesicle targeting and fusion.  Nature 362, 318-324.

SNAREs were identified by a search for the 
Alpha SNAP receptor on brain membranes…





Our current model for SNARE-mediated membrane fusion





NSF and alpha SNAP untangle 
SNARE pairs post-fusion



Tethers help SNAREs pair
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Vesicle budding from the ER

FROM:  Lee MC, Miller EA, Goldberg J, Orci L, Schekman R. (2004)  Bi-directional protein 
transport between the ER and Golgi.  Annu Rev Cell Dev Biol. 20:87-123



α-SNAP for SNARE recycling

NSF for SNARE recycling

V-SNARE

Sar1 GTPase GEF
COP-II coat
ER exit site scaffold
Sar1GAP, COP-II coat



What we have learned and how:  
Compartment identities and routes

Morphology
Enzyme markers and localization

Transport experiments to determine 
continuity and routes

Live cell microscopy and EM to determine 
continuity and routes

Mutations in the pathway
Drugs?  Protein blocks and Temperature 

blocks



What is required to set these 
compartments and pathways?

•  Compartment identity determinants
•  Retention/retrieval/signals/receptors

•  Compartment recognition during 
transport and for maintenance



What don’t we know?

Why is the Golgi cisternal? 
How is Golgi polarity is established?

How do you make an ER or Golgi and 
retain identity

Why do SNAREs only work in one 
direction--how are they regulated?


