
1

Growth Hormone & its Receptor (Growth Hormone & its Receptor (extracellular extracellular domains)domains)

7.61 Eukaryotic Cell7.61 Eukaryotic Cell
Biology: Principles andBiology: Principles and

PracticePractice
20062006

Lecture 12Lecture 12
December 4, 2006December 4, 2006
Membrane TrafficMembrane Traffic

Secretory Pathway 
and Membrane Traffic

Questions arrising:
0. How do you break the membrane

barrier?
1. What happens to a protein as it

travels thru the pathway?
2. Why so many different

compartments? How are they
maintained in spite of
intercompartmental flow

3. What are the signals on the
protein?

4. What cellular machinary is
involved in decoding the signals?

5. How is specificity generated
(specificity of cargo, specificity of
targeting)?

6. How do you go about studying
such complex pathways?
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Vesicles everywhere!
Role in transport - 
e.g., intraGolgi traffic

RER

A schematic representation of four different models of intra-Golgi transport.   a | In the vesicular transport model, coatomer protein complex-I
(COPI) vesicles carry cargo and move in an anterograde fashion from one Golgi cisterna to the next. b | In the cisternal maturation model,
the COPI vesicles move in a retrograde fashion and function as a retrieving device that is used by Golgi enzymes to maintain their specific
and differential localization over the Golgi stack. ..c | The hybrid model proposes that COPI vesicles mediate both the anterograde
movement of cargo and the retrograde movement of Golgi-resident enzymes, and therefore possibly combines the vesicular transport and
cisternal maturation models. d | The intercisternal connections model does not involve COPI vesicles and proposes that cargo and Golgi-
resident enzymes move forwards and backwards, respectively, through tubules that connect the rims and the core of heterologous
cisternae in a given Golgi stack.

Schematic representation of four different models of intra-Golgi transport.

Rabouille C, Klumperman J. Opinion: The maturing role of COPI vesicles in intra-Golgi transport. Nat Rev Mol Cell Biol. 2005 Sep 15;
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Structure of the Golgi

http://www.rkm.com.au/CELL/organelles/organelleimages/golgi.jpg

3D-Reconstruction from
EM serial sections

Golgi Structure in Three Dimensions: Functional Insights from the Normal Rat Kidney Cell
Mark S. Ladinsky, David N. Mastronarde, J. Richard McIntosh, Kathryn E. Howell, and L. Andrew Staehelin

J. Cell Biol., Volume 144, Number 6, March 22, 1999 1135-1149

ERGIC - ER/Golgi intermediate compartment

The Golgi Ribbon:
Stacks, vesicles, tubules

cis

trans
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J Cell Biol. 1999 Mar 22;144(6):1135-49. Related Articles, Links
    Click here to read 
    Golgi structure in three dimensions: functional insights from the normal rat kidney cell.

    Ladinsky MS, Mastronarde DN, McIntosh JR, Howell KE, Staehelin LA.

    Laboratory for Three-Dimensional Fine Structure, Cellular, and Developmental Biology, University of Colorado, Boulder, Colorado 80309-0347, USA.

    Three-dimensional reconstructions of portions of the Golgi complex from cryofixed, freeze-substituted normal rat kidney cells have been made by dual-axis, high-voltage EM tomography at approximately 7-nm resolution. The reconstruction shown here ( app
roximately 1 x 1 x 4 microm3) contains two stacks of seven cisternae separated by a noncompact region across which bridges connect some cisternae at equivalent levels, but none at nonequivalent levels. The rest of the noncompact region is filled with both
 vesicles and polymorphic membranous elements. All cisternae are fenestrated and display coated buds. They all have about the same surface area, but they differ in volume by as much as 50%. The trans-most cisterna produces exclusively clathrin-coated buds
, whereas the others display only nonclathrin coated buds. This finding challenges traditional views of where sorting occurs within the Golgi complex. Tubules with budding profiles extend from the margins of both cis and trans cisternae. They pass beyond 
neighboring cisternae, suggesting that these tubules contribute to traffic to and/or from the Golgi. Vesicle-filled "wells" open to both the cis and lateral sides of the stacks. The stacks of cisternae are positioned between two types of ER, cis and trans
. The cis ER lies adjacent to the ER-Golgi intermediate compartment, which consists of discrete polymorphic membranous elements layered in front of the cis-most Golgi cisterna. The extensive trans ER forms close contacts with the two trans-most cisternae;
 this apposition may permit direct transfer of lipids between ER and Golgi membranes. Within 0.2 microm of the cisternae studied, there are 394 vesicles (8 clathrin coated, 190 nonclathrin coated, and 196 noncoated), indicating considerable vesicular traf
fic in this Golgi region. Our data place structural constraints on models of trafficking to, through, and from the Golgi complex.

250 nm

 3D EM reconstruction of the  3D EM reconstruction of the GolgiGolgi

 3D EM reconstruction of the  3D EM reconstruction of the Golgi Golgi ::
vesicles (white), vesicles (white), ciscis (light blue),  (light blue), transtrans (orange & red),  (orange & red), medialmedial (other) (other)

Vesicles everywhere!trans

cis
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Marsh BJ.  Lessons from tomographic
studies of the mammalian Golgi.
Biochim Biophys Acta. 2005 Jul
10;1744(3):273-92

Golgi region of the
pancreatic beta cell line,
HIT-T15, visualized by
high-resolution electron
tomography
The Golgi complex with the seven
cisternae (cis–trans: C1–C7) is at the
center. The color coding is as follows:
C1, light blue; C2, pink; C3, cherry red;
C4, green; C5, dark blue; C6, gold; and
C7, bright red. The Golgi is displayed in
the context of all surrounding
organelles, vesicles, ribosomes, and
microtubules: endoplasmic reticulum
(ER), yellow; membrane-bound
ribosomes, blue; free ribosomes,
orange; microtubules, bright green;
dense core vesicles, bright blue;
clathrin-negative vesicles, white;
clathrin-positive compartments and
vesicles, bright red; clathrin-negative
compartments and vesicles, purple;
and mitochondria, dark green.

Coated Vesicle Budding

Uncoating of vesicles

SNARE-mediated Fusion
to target membrane
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SNARE-mediated
Membrane fusion

Decision points:

1. Cytosol: cytosol or organelle
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Decision points:

1. Cytosol: cytosol or Organelle (focus on ER,

also mitochondrion and peroxisome and

nucleus)

2. ER lumen:  modifications, proper folding and

transfer to Golgi (conformation, assembly, Bip)

3. transitional ER or cis golgi:  return to ER

(KDEL sequence)

4. cis golgi:  modify for lysosomal targeting

5. cis golgi:  transfer to medial golgi

6. medial golgi: modifications and transfer to

trans golgi

7. trans golgi:  modifications and transfer to TGN

8. TGN: modifications, constitutive or regulated

secretion

9. TGN: lysosomal or cell surface targeting (or

retrograde)

10. TGN: differential sorting to polar surfaces

(apical, basolateral)

11. surface:  stable expression/recycling

12. endosomes: return to surface, transcytosis,

return to Golgi, degradation
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The apical surface is red,basal and lateral portions of the basolateral surface are green and blue, respectively.
Known components of the trafficking machinery specific to each pathway are indicated. AEE, apical early endosome;
ARE, apical recycling endosome; BEE, basolateral early endosome; CE, common endosome; LE, late endosome.

Polarized epithelial membrane traffic: conservation and plasticity.

Mostov K, Su T, ter Beest M.

Department of Anatomy, Genentech Hall, 600 16th Street, University of California,
San Francisco, CA 94143-2140, USA. Mostov@itsa.ucsf.edu

Most cells are polarized and have distinct plasma membrane domains, which are the
result of polarized trafficking of proteins and lipids. Great progress has been made in
elucidating the highly conserved polarized targeting machinery. A pre-eminent
challenge now is to understand the plasticity of polarized traffic, how it is altered by
differentiation and dedifferentiation during development, as well as the adaptation of
differentiated cells to meet changing physiological needs.

Polarized epithelial membrane traffic: conservation and plasticity. Mostov K, Su T, ter Beest M. Nat Cell Biol. 2003 5(4):287-93.

Polarized epithelial membrane traffic:
Biosynthetic Apical and Basolateral

Sorting

Lipid rafts,
Glycosylation?

AEE

AEE, apical early endosome
ARE, apical recycling endosome
LE, late endosome
CE, common endosome
BEE, basolateral early endosome

Processing of newly
synthesized proteins:
 cotranslational (ER) &

posttranslational (ER,
 Golgi, TGN, forming
 secretory vesicles)

Selected topics in secretion:
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A. glycosylation: N-linked (Asn), O-linked (Ser,Thr) and
proteoglycans (Ser,Thr) (disacharides (uronic
acid+GalNAc or GlcNAc; sulfation), O-GlcNAc

[Glc: glucose, Gal: galactose, GlcNAc: N-acetylglucosamine, etc….]
B. fatty acylation & polyisoprenylation: palmitate

(myristate on cytoplasmic), farnesylation
C. γ−carboxylation (requires: Vitamin K, molecular

oxygen, CO2), propeptide contains recognition element
"γCRS", membrane bound carboxylase), γ-
carboxyglutamic acid (Gla residues)-clotting

γ-carboxyglutamic
acid (Gla)

Vitamin K
Reductase #1
‘(VKOR’)

vitamin K quinone
(natural form)

In the 1920s in the US, a bleeding disease in cattle was shown to be due to the consumption of
improperly cured  sweet clover hay (unspoiled fodder had no effect) and consequently a deficiency in the
blood clotting factor prothrombin. At the same time, a prothrombin-deficiency based severe bleeding
condition in hens fed a nutrient-depleted diet was discovered and subsequently led to the discovery of
vitamin K, for which Doisy and Dam received the Nobel Prize in 1943. Dicumarol (3,3 -methylenebis-9 [4-
hydroxycoumarin]), the active component in the spoiled sweet clover is derived from oxidation of
coumarin (responsible for the sweet smell of the clover) by the action of fungi in the moldy hay.
Dicumarol proved to be relatively ineffective as a rodenticide (rat poison).  A more potent compound
discovered by Link and co-workers was 3-phenylacetyl ethyl 4-hydroxycoumarin.  Link assigned patent
rights to the Wisconsin Alumni Research Foundation, from which the name warfarin was derived. The
first clinical study with warfarin to help prevent deleterious blood clot formation was reported in 1955. In
the same year, President Eisenhower was treated with warfarin following a heart attack (blood clots often
contribute to heart attacks). Mechanism…

(Scent of new-mown grass)

Gla key for calcium chelation
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D. hydroxylation: lysine & proline (collagen), asp and asn:
erythro-ß-hydroxyaspartic acid and erythro-ß-
hydroxyasparagine, posttranslational hydroxylation of asp
and asn, domains homologous to EGF precursor, consensus
sequence: Cys-X-Asp/Asn-X-X-X-X- Phe/Try-X-Cys-X-Cys

E. SO4, on tyrosine and sugar chains, unique N-link on
hormones from pituitary, also PO4

F. Cleavage, insulin, preproopiomelanocortin - dibasic aa

What are functions of these modifications?  
Diverse- folding, targeting, activity

Where do these modifications take place along the pathway?

WHAT HAPPENS ONCE PROTEIN IN LUMEN OF ER?
Intrinsically important

Very useful tool

GTP

N

ribosome

SRP

SRPr
SSR

folding, oligomerization
S-S formation(PDI),
BiP, glycosylation,
trimming (2-15 min for
HA)

"Folding, Trimerization and Transport are
Sequential Events in the Biogenesis of
Influenza Virus Hemagglutinin" Copeland et.
al. Cell 53:197-209. 1988

How to assay folding, oligo-
merization, glycosylation, etc.?

Influenza Virus Hemagglutinin (HA) or Vesicular Stomatitis
Virus G-Protein (VSV-G):

conformation-specific monoclonals (detect trimeric only) or
polyclonal that detects all forms

Protease (trypsin ) and SDS dissociation resistance    (~7
minutes)

Sucrose gradient centrifugation to separate monomer and trimer,
check mobility for glycosylation

N-glycosylation markers
specific mutants in transported protein HA and VSV-G
use of Ts045 VSV-G (ts: 40°C->32°C refolds, reversible folding

block!), GFP-labeling to follow transport
Pulse-chase using metabolic labeling (~1 min to synthesize, 10

aa/sec)
low temp and ATP depletion to slow down or stop transport in

intact cells
EM localization (pulse chase)
Some proteins (SR-AI) used for S-S, oligomerization,

hydroxylation & glycosylation
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Membrane Trafficking andMembrane Trafficking and
thethe Secretory  Secretory PathwayPathway::

ER->ER->Golgi-Golgi->out>out

VesicularVesicular Stomatitis Stomatitis
Virus (VSV) G-protein:Virus (VSV) G-protein:
Trimeric Trimeric GlycoproteinGlycoprotein

Ts045: temperature-Ts045: temperature-
sensitive folding insensitive folding in
the ER, the ER,     VSVG-GFP:VSVG-GFP:
Green Fluorescent ProteinGreen Fluorescent Protein
(GFP) labeling, real-time(GFP) labeling, real-time
microscopymicroscopy

Movie 1: Formation and Life History of ER-to-Golgi Transport Intermediates

The ts045 vesicular stomatis viral G (VSVG) protein misfolds and is retained in the ER at 40°C and upon shift to 32°C moves as a
synchronous population to the Golgi complex before being transported to the plasma membrane (Bergmann, 1989). These properties
of VSVG are preserved upon addition of GFP to the cytoplasmic tail of the protein, allowing detailed analysis of the morphological
characteristics of ER-to-Golgi transport to be visualized in living cells (Presley et al., 1997; Scales et al., 1997). Movie 1 (from Presley
et al., 1997) (Figure 1) shows confocal images acquired at 8.6-s time intervals after shift from 40 to 32°C in COS cells expressing
VSVG-GFP. Note that within seconds of temperature shift, ER-localized VSVG-GFP became concentrated within bright, fluorescent
pre-Golgi intermediates that were widely distributed at ER sites scattered throughout the cytoplasm. Pre-Golgi structures never
appeared to arise at the same site as previous ones, which suggested they formed de novo from dynamically generated nonfixed ER
sites. Once formed, the pre-Golgi structures had only a finite lifetime and quickly translocated as units through the cytoplasm to the
Golgi complex with no loss of fluorescent material. During transport, the pre-Golgi intermediates often stretched into long tubular
elements as they moved along curvilinear tracks to the Golgi complex. This indicated that they were not small vesicles but larger,
pleiomorphic structures. Because pre-Golgi intermediates and their associated cargo translocate as discrete entities into the central
Golgi region, they may function both in membrane traffic and Golgi biogenesis. Additional studies are required to understand how
pre-Golgi structures arise from the ER and the extent they engage in membrane sorting and recycling processes.

Formation and Life History of ER-to-Formation and Life History of ER-to-Golgi Golgi TransportTransport
IntermediatesIntermediates

The ts045 VSVG-GFPThe ts045 VSVG-GFP confocal  confocal images acquired at 8.6-s time intervals afterimages acquired at 8.6-s time intervals after
shift from 40 to 32°C in COS cells ER->pre-shift from 40 to 32°C in COS cells ER->pre-Golgi Golgi intermediatesintermediates
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Movie 3: Role of Microtubules in ER-to-Golgi Traffic

Microtubules have long been thought to play a role in ER-to-Golgi traffic (Ho et al., 1989; Saraste and Svensson, 1991). These cytoplasmic filaments
emanate from the centrosomal Golgi region in many cells and form a polarized radial array---microtubule minus ends converging at the cell center and
plus ends scattered in the cell periphery. This organization is ideal for directing peripheral ER-derived membrane into the Golgi region. The requirement of
microtubules for translocation of pre-Golgi structures toward the central Golgi complex is shown in Movie 3 (Figure 3). (Images were acquired at 4-min
intervals using a confocal microscope.) Here, VSVG-GFP-expressing COS cells were treated with nocodazole to depolymerize microtubules prior to
temperature shift from 40 to 32°C. Note that soon after temperature shift, VSVG-GFP was efficiently exported out of the ER into peripheral pre-Golgi
elements, but these structures remained at peripheral sites. This effect of microtubule depolymerization was reversible, with pre-Golgi structures quickly
reattaching to newly formed microtubules and translocating microtubule minus end-directed into the Golgi region upon removal of nocodazole (Presley et
al., 1997). The microtubule motor complex of dynein/dynactin was shown to power this transport to the Golgi complex (Burkhardt et al., 1997; Presley et
al., 1997). How dynein/dynactin associates with pre-Golgi intermediates and how its interaction with microtubules is regulated are important questions for
future work.

Role of Microtubules in ER-to-Role of Microtubules in ER-to-Golgi Golgi TrafficTraffic

Images, acquired at 4-min intervals, of VSVG-GFP-expressing COS cellsImages, acquired at 4-min intervals, of VSVG-GFP-expressing COS cells
treated withtreated with nocodazole  nocodazole toto depolymerize  depolymerize microtubules prior to temperaturemicrotubules prior to temperature

shift from 40 to 32°C. (Efficient export out of the ER into peripheral pre-shift from 40 to 32°C. (Efficient export out of the ER into peripheral pre-GolgiGolgi
elements.elements.

Fate of Pre-Fate of Pre-Golgi Golgi Intermediates upon Reaching theIntermediates upon Reaching the Golgi Golgi
ComplexComplex

VSVG-GFP expressing COS cells whoseVSVG-GFP expressing COS cells whose Golgi Golgi-associated fluorescence was-associated fluorescence was
photobleached photobleached with high-intensity laser light at the time cells were warmedwith high-intensity laser light at the time cells were warmed
from 15 to 32°C.from 15 to 32°C.

Fate of Pre-Golgi Intermediates upon Reaching
the Golgi Complex

VSVG-GFP expressing COS cells whose Golgi-
associated fluorescence was photobleached
with high-intensity laser light at the time cells
were warmed from 15 to 32°C.

Movie 4, A and B: Fate of Pre-Golgi Intermediates upon Reaching the Golgi Complex

Targeting and fusion of pre-Golgi structures with Golgi membranes was visualized in VSVG-GFP expressing COS cells whose Golgi-associated
fluorescence was photobleached with high-intensity laser light at the time cells were warmed from 15 to 32°C. After photobleaching, time-lapse
images of the entire cell were collected with low-power laser light to follow movement of pre-Golgi structures into the Golgi region. As shown in
the movie sequence 4A (from Presley et al., 1997) (Figure 4A), pre-Golgi structures translocated inward to the Golgi complex, docked, and then
delivered their contents of VSVG-GFP into the Golgi system. These results indicate that pre-Golgi structures are the major source of delivery of
VSVG-GFP to the Golgi complex. The fact that the entire profile of the Golgi complex refilled with fluorescence within a short period after
photobleaching (see Movie 4B [Figure 4B]) further suggested that VSVG-GFP is rapidly transported throughout the Golgi complex after its
delivery by pre-Golgi intermediates.
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Movie 8: Effects of Brefeldin A (BFA) on Golgi Morphology and Dynamics

Golgi tubules are known to mediate retrograde membrane traffic in cells treated with BFA, a drug that prevents assembly of cytosolic coat proteins onto Golgi
membranes. As shown in Movie 8A (Figure 8A), Golgi tubules resembling those of untreated cells are observed in BFA-treated cells, but they formed at a more rapid rate.
Moreover, the tubules failed to detach from Golgi structures. This led to the formation of a dynamic Golgi tubule network within 5-8 min of adding the drug. When one
or more of the Golgi tubules fused with the ER, Golgi membranes redistributed rapidly into the ER, leaving no Golgi structure behind. The fact that Golgi membranes
redistributed unidirectionally into the ER (and not ER membrane into the Golgi) during BFA treatment suggests that the ER provides a lower free energy environment for
membrane proteins and lipids than the Golgi system.

Figure 8.   Movie 8 shows the effects of BFA on Golgi morphology and dynamics.

The sequences in Movie 8A are of GalTase-GFP in HeLa cells. They were acquired at 3-s time intervals on a cooled charge-coupled device microscope. Note that Golgi
protein redistribution into the ER occurred within 30 s after fusion of Golgi with ER. The speed of this redistribution has been shown by Sciaky et al. (1997) to be too fast
to be explained by simple protein diffusion. Instead, these authors suggest it is driven by a membrane tension-driven membrane flow (Bloom et al., 1991) that arises
from chemical potential or free energy differences between ER and Golgi membranes. This leads to unidirectional protein transport when ER and Golgi membranes fuse
during BFA treatment.

A dramatic illustration of unidirectional membrane flow from Golgi into the ER in BFA-treated cells is shown in Movie 8B (Figure 8B). In this experiment cells were treated
with nocodazole before addition of BFA. Note that upon addition of BFA to the cells no Golgi tubules formed, since microtubules are required for peripheral extension
and movement of tubules. Nevertheless, the time for Golgi redistribution into the ER was extremely rapid once Golgi and ER membranes fused. This suggests that
extension of Golgi tubules along microtubules serves only to increase the probability of fusion between Golgi and ER membranes. Once fusion between these two
organelles takes place (which can occur in the absence of Golgi tubule extension, because ER membranes are distributed through the cell), the Golgi rapidly and
completely empties into the ER.

The chemical basis for the free energy difference between ER and Golgi membranes that underlies unidirectional absorption of Golgi into the ER during BFA treatment is
unknown. An interesting possibility is that the work required to "pump" Golgi-destined components up in energy is supplied by the peripheral "coat" system, which
concentrates and packages proteins exported from the ER (Balch et al., 1994; Schekman and Orci, 1996). The fact that an immediate target of BFA is ADP ribosylation
factor, which in physical terms is an energy-driven assembly transport system for supplying COPI to membranes (Donaldson et al., 1992; Rothman and Wieland, 1996), is
consistent with this idea. When nucleotide exchange onto ADP ribosylation factor is inhibited by BFA, COP I proteins are quickly depleted from Golgi membranes. As
shown in Movie 8A, Golgi tubules proliferate and become longer in response. They also do not so readily detach from the Golgi complex. Ultimately, fusion with the ER
occurs and Golgi membrane quickly empties into the ER. These findings suggest that one function of COP I is to maintain the integrity of the Golgi complex, possibly by
severing potential links to other organelles. Future work needs to address the mechanisms that regulate Golgi tubule formation and detachment from the Golgi complex
and how free energy differences between the ER and Golgi complex arise.

Movie 9: Remodeling of the Golgi Complex in Response to Microtubule Depolymerization

The normal distribution of Golgi membranes within cells appears to represent a dynamic balance of forward and recycling pathways connecting with the ER. Thus,
inhibition of forward traffic into the Golgi complex without a corresponding effect on recycling typically leads to redistribution of Golgi material to the site of
perturbation. Fragmentation of the Golgi complex in nocodazole-treated cells is a good example of this phenomenon. Microtubule disruption by nocodazole is known to
block the inward translocation of pre-Golgi intermediates along microtubules (see Movie 3) without significant effects on Golgi to ER traffic (Saraste and Svensson, 1991;
Cole et al., 1996a). Because Golgi enzymes constitutively cycle between the ER and Golgi complex via these forward and reverse pathways (Cole et al., 1998), they
accumulate at ER exit sites when forward trafficking along microtubules is inhibited (Cole et al., 1996a; Yang and Storrie, 1998). This leads to rebuilding of Golgi stacks
at ER exit sites and results in the formation of hundreds of Golgi fragments distributed through the cell (Cole et al., 1996; Burkhardt, 1998; Storrie and Yang, 1998).
Movie 9 (Figure 9) (images collected at 1-min intervals on a confocal microscope) shows this process in HeLa cells expressing GalTase-GFP. Note that small Golgi
fragments are generated at significant distances from the central Golgi region within 15 min after nocodazole treatment. These fragments do not move in any directed
fashion after their formation and resemble the fragments containing VSVG-GFP in nocodazole-treated cells shifted from 40 to 32°C. The exact mechanism for
redistribution of Golgi enzymes to fragment sites is still under debate (e.g., recycling through the ER or vesicle transport through the cytoplasm) (Cole et al., 1996a;
Burkhardt, 1998; Sima et al., 1998; Storrie and Yang, 1998). Nevertheless, these observations indicate the Golgi complex is capable of de novo regeneration at ER exit
sites and imply a fundamental relationship between pre-Golgi structures and the Golgi complex.

Vesicle Coat Disruption (BFA) or Microtubule Vesicle Coat Disruption (BFA) or Microtubule DepolymerizaDepolymeriza--
tion tion ((nocodazolenocodazole) Effects on ) Effects on Golgi Golgi Morphology:Morphology: HeLa  HeLa cellscells
expressingexpressing GalTase GalTase-GFP -GFP (resident(resident Golgi  Golgi oligosaccharide processing enzyme)oligosaccharide processing enzyme)

Left: Left: Brefeldin Brefeldin A (BFA A (BFA induces induces the formation of a dynamicthe formation of a dynamic Golgi  Golgi tubule network within 5-8tubule network within 5-8
min of adding the drug. When one or more of themin of adding the drug. When one or more of the Golgi  Golgi tubules fused with the ER,tubules fused with the ER, Golgi Golgi
membranes redistributed rapidly into the ER, leaving nomembranes redistributed rapidly into the ER, leaving no Golgi  Golgi structure behind.structure behind.

Right: Small Right: Small Golgi Golgi fragments are generated at significant distances from the centralfragments are generated at significant distances from the central Golgi Golgi
region within 15 min afterregion within 15 min after nocodazole  nocodazole treatment.treatment.

Glycosylation

Function:
Folding, Conformation, Activity, Stability, Sorting

N-linked

O-linked

Lipid-linked (glycolipids)

Proteoglycans (O-linked)
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Initial N-glycosylated
Protein, Oligosaccharide
Structure Variable, often removed

‘high mannose’‘complex’

Gal = galactose; SA = sialic acid

“triantennary”
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Glc, Glucose; Fr-6-P,
fructose 6-phosphate;
Man, mannose; GlcNAc,
N-acetylglucosamine;
Gal, galactose; SA,
sialic acid; Fuc, fucose;
Dol-P, dolichol
phosphate.

“biantennary”

PROTEOGLYCAN
SUGARS (GAGs):

GLYCOCONJUGATES:
Glycoproteins &
Glycolipids

(mucin-like)

Laminin
Lassa fever
Leprosy
(micobac.)



16

Nucleotide Sugar Precursors are the substrates of the
Glycosyl Transferases that generate Glycoconjugates

Boehmelt G, Wakeham A, Elia A, Sasaki T,
Plyte S, Potter J, Yang Y, Tsang E, Ruland J,
Iscove NN, Dennis JW, Mak TW. Decreased
UDP-GlcNAc levels abrogate proliferation
control in EMeg32-deficient cells. EMBO J.
2000 Oct 2;19(19):5092-104.

Scheme depicting the
synthesis of nucleotide
sugars (boxed)…Main routes for
further use of UDP-GlcNAc are
indicated. Doubleheaded arrows
represent several enzymatic steps not
depicted in detail. Adapted from
Schachter (1978).

UDP-GlcNAc
(2-5% of all

cellular glucose)

2
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Nature Structural & Molecular Biology 13, 365 - 371 (2006)

Reversible O-GlcNAcylation:
Cytoplasm and Nucleus

Levels of UDP-GlcNAc, and the subsequent addition of O-linked beta-N-acetylglucosamine (O-GlcNAc) to Ser/Thr
residues, is involved in regulating nuclear and cytoplasmic proteins in a manner analogous to protein

phosphorylation. O-GlcNAc protein modification is essential for life in mammalian &
plant cells, highlighting the importance of this simple post-translational
modification in basic cellular regulation. Recent research has highlighted key
roles for O-GlcNAc serving as a nutrient sensor in regulating insulin signaling,
the cell cycle, and calcium handling, as well as the cellular stress response.
Zachara NE, Hart GW. Cell signaling, the essential role of O-GlcNAc! Biochim Biophys Acta. 2006 May-Jun;1761(5-6):599-617.

http://glycoforum.gr.jp/science/word/glycoprotein/GPA09_images/fig_01.gif
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FOXO

Zachara NE, Hart GW. Cell signaling,
the essential role of O-GlcNAc!
Biochim Biophys Acta. 2006 May-
Jun;1761(5-6):599-617.

Also: Proteasome, Stress, 
Cell Cycle & Viral Proteins

~100-500
proteins
subject to O-
GlcNAcylation

Zachara NE, Hart GW. Cell signaling, the essential role of O-GlcNAc! Biochim Biophys Acta. 2006;1761(5-6):599-617.
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Figure 3. The O-GlcNAc modification of several proteins involved in glucose metabolism in adipose tissue may lead to perpherial
insulin resistance. Increased flux through the hexosamine biosynthetic pathway (HBP) results in greater UDP-GlcNAc levels upon
which OGT is highly dependent. The increased O-GlcNAcylation of glycogen synthase (GS) reduces glycogen storage. Increased
O-GlcNAcylation of IRS and PI3K leads to suppressed AKT activity and Glut4-mediated glucose uptake. glutamine: fructose-6-phosphate
transferase (GFAT), phosphoinositide-dependent kinase (PDK)

Slawson C, Housley MP, Hart GW. O-GlcNAc cycling: how a single sugar post-translational modification is changing the way we think about
signaling networks. J Cell Biochem. 2006 Jan 1;97(1):71-83.  http://www3.interscience.wiley.com/cgi-bin/fulltext/112101836/HTMLSTART

O-GlcNAc: Potential Role
in Glucose Metabolism &
Insulin Resistance

FOXO

Pathways altered by changes in glucose/glucosamine metabolism

Zachara NE, Hart GW. Cell signaling, the essential role of O-GlcNAc! Biochim Biophys Acta. 2006 May-Jun;1761(5-6):599-617.

o
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Regulatory Crosstalk

Fig. 3. The reciprocal relationship between O-GlcNAc and protein phosphorylation is indicated. In this model, O-
GlcNAc and phosphorylation compete for the same Ser/Thr residues and thus regulate the levels of each other.

Regulatory Crosstalk
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N-Glycosylation in the Secretory Pathway

Reversible.
Why?

Step 2: GlcNAc
Transferase I;
required for
subsequent step 3
(Mannosidase II)

(Sialic Acid (SA))
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Tools:
Inhibitors of glycosylation:

tunicamycin: UDP-GlcNAc:dolichyl-P GlcNAc-P transferase, ER,
nucleoside antibiotic blocks all N-glycosylation, no chemical analogue
for O-links (step 1); however, ldlD cells have mutation (reversible
block)

castanospermine: plant alkaloid, glucosidase I (step 2)

1-deoxynorjirimycin: glucosidases I & II, delays exit from ER (steps 2&3)

deoxymannojirimycin: mannosidase I -Man9GlcNAc2 chains (step 4)

swainsonine: indolizidine alkaloid, mannosidase II in Golgi, gives hybrid
structures
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• tunicamycin sensitive electrophoretic mobility: probably has N-linked chains,
drug must be added during synthesis

• Endoglycosidase F or N-glycanase sensitive: protein has N-linked chains, Asn-
>Asp

Tools used for marking probable site of glycoprotein in
ER->Golgi pathway:

• tunicamycin sensitive electrophoretic mobility: probably has N-linked chains,
drug must be added during synthesis

• Endoglycosidase F or N-glycanase sensitive: protein has N-linked chains, Asn-
>Asp

• Endoglycosidase H sensitive - Endo H used with proteins whose fully mature
forms have "complex-type" N-linked chains.  Endo H sensitive protein (usually
shift in electrophoretic mobility of metabolically labeled protein) has probably
not been processed through the medialmedial Golgi - during synthesis of complex N-
linked chain, the precursor forms are Endo H sensitive, after addition of
GlcNAc (by GlcNAc transferase I, step 2) and subsequent removal of a specific
mannose in the medial Golgi (step 3) , the chain becomes Endo H resistant.  N-
linked chains whose normal mature form is hybrid or high mannose chains are
always Endo H sensitive. Cuts between GlcNAcs.

Tools used for marking probable site of glycoprotein in
ER->Golgi pathway:

EndoH resistant!EndoH sensitive!
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• tunicamycin sensitive electrophoretic mobility: probably has N-linked chains,
drug must be added during synthesis

• Endoglycosidase F or N-glycanase sensitive: protein has N-linked chains, Asn-
>Asp

• Endoglycosidase H sensitive - Endo H used with proteins whose fully mature
forms have "complex-type" N-linked chains.  Endo H sensitive protein (usually
shift in electrophoretic mobility of metabolically labeled protein) has probably
not been processed through the medialmedial Golgi - during synthesis of complex N-
linked chain, the precursor forms are Endo H sensitive, after addition of
GlcNAc (by GlcNAc transferase I, step 2) and subsequent removal of a specific
mannose in the medial Golgi (step 3) , the chain becomes Endo H resistant.  N-
linked chains whose normal mature form is hybrid or high mannose chains are
always Endo H sensitive. Cuts between GlcNAcs.

Tools used for marking probable site of glycoprotein in
ER->Golgi pathway:

• Sialidase (neuraminidase) sensitive: protein N- and/or O-linked chains have
been modified with sialic acid, usually occurs in the trans Golgi or TGN.

• O-glycanase: protein may have "mucin-type" (GalNAc-attached) O-linked
chains, specific for O-GalNAc-Gal, usually must treat with sialidase first to
remove any blocking sialic acid.

• Alkaline borohydride sensitive: protein may have "mucin-type" (GalNAc-
attached) O-linked chains.

• Oligosaccharide metabolic labeling with [3H]glucosamine added to cells.

Pulse ([35S]met/cys) /Chase, Immunoprecipitation, SDS-PAGE
Analysis of the Biosynthesis of the LDL Receptor in Cultured

Cells: Several N-linked chains, many O-linked chains

120 kD

160 kD

N-linked

N-linked

O-linked
cluster

~2kD/complex N-linked chain
membrane

O-linked cluster
N-linked

1
2

3

4

56
7

A

B

C

YWTD
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Estimate ~>6 chains, actually 11 (mutagenesis) [2 essential]

HDL Receptor (mSR-BI)

HDL Receptor (mSR-BI)

?????
11 N-linked
chains,
Why no shift?
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WHY IS THERE SUCH COMPLEXITY IN GLYCOSYLATION?
E.G., N-LINKED PROCESSING IN THE ER, 3 Glucoses added,

only to be removed in the ER!!

GTP

N

ribosome

SRP

SRPr
SSR

folding, oligomerization
S-S formation(PDI),
BiP, glycosylation,
trimming (2-15 min for
HA)

ER Quality Control:
Proper protein folding
Glucose removal and addition (3a)
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Molecular Chaparones in the ER:
Glucose is ‘unfolded’ signal

from: Helenius A, Aebi M. Roles of N-linked glycans in the endoplasmic reticulum. Annu Rev Biochem. 2004;73:1019-49.

The calnexin/calreticulin cycle. Immediately
after addition of the core glycan to a
growing polypeptide chain by
oligosaccharyl transferase (OST), the
outermost of the three glucose residues (n)
is removed by glucosidase I. Soon
thereafter, glucosidase II removes the
middle glucose (m). Via the
monoglucosylated core glycans thus
generated, the glycoprotein binds to
calnexin (CNX) and calreticulin (CRT).
These sequester the nascent or newly
synthesized chains and expose them to
ERp57, a thiol-disulfide oxidoreductase
that provides assistance during disulfide
bond formation. When glucosidase II
removes the remaining glucose (l), the
glycoprotein dissociates from calnexin and
calreticulin. The protein now encounters
one of three possible fates. If properly
folded, it is free to leave the ER. Exit may
be assisted by mannose lectins, such as
ERGIC-53, VIP36, and VIPL. If it is
incompletely folded, UDP-Glc:glycoprotein
glucosyltransferase uses UDP-glucose
transported by a UDP-glucose/UMP
exchanger from the cytosol to
reglucosylate the high-mannose glycans
located in improperly folded regions.
Through these glycans, the glycoprotein
rebinds to calnexin and calreticulin. The
third fate is ER-associated degradation
(ERAD) after retrotranslocation of the
misfolded glycoprotein to the ER most
likely through the translocon complex.
ERAD of glycoproteins occurs when they
have stayed in the ER lumen for some time
and when they are recognized by a putative
lectin (EDEM) because they have lost a
mannose (i) through the action of ER
mannosidase I. Red triangles are glucose
residues. Abbreviations used are EDEM,
ER degradation-enhancing -mannosidase-
like protein; VIP36, vesicular integral
protein 36; VIPL, VIP36-like protein; ERAD,
ER-associated protein degradation; ERGIC,
ER-Golgi intermediate compartment; and
ERp57, ER protein 57.

UDP-Glucose:Glycoprotein Glucosyltransferase
   is the folding ‘sensor’

OTHER SIGNALS:  SORTING
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Caveat Emptor:
If it can be more complex than we have proposed,

 it probably is!
For Example

Coated Vesicle Transport Mechanisms

Roles of Coats and Coat Associated Proteins:
Endocytosis and AP2

Caveolae Caveolin From Plasma Membrane & others
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Coated 
Vesicle-
Mediated
Transport

Clathrin Coated 
Pit/Vesicle-

Mediated Endocytosis

2

2
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Clathrin Coats on surface endocytic vesicles
(fast freeze, deep etch)

Figure 2 Image reconstruction of a clathrin hexagonal
barrel (heavy chains only) at 7.9 Å resolution. There
are 36 clathrin triskelions in the structure, which has
D6 symmetry. Thus, there are three symmetry-
independent triskelions (or nine symmetry-
independent legs). The coloured triskelions show one
choice of the three independent triskelions. Noisy
central density, from spatially disordered and
substoichiometric AP-2 complexes, has been flattene

(Beta propeller)

(alpha
 zigzag)

Light Chain

Heavy Chain

Clathrin 
Triskelion

Fotin et al. Molecular model for a complete clathrin lattice from electron cryomicroscopy. Nature. 2004 Oct 24

7.9 Å resolution
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Clathrin Clathrin Assembly Movie (T. Assembly Movie (T. KirchhausenKirchhausen))

TGN PLASMA MEMBRANE

Clathrin-interacting protein network

Traub LM. Common principles in clathrin-mediated sorting at the  Golgi and the 
plasma membrane. Biochim Biophys Acta. 2005 Jul 10;1744(3):415-37
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AP2 binding to membranes and Cargo

Collins BM, McCoy AJ, Kent HM, Evans PR, Owen DJ. Cell. 2002 May 17;109(4):523-
35. Molecular architecture and functional model of the endocytic AP2 complex.
http://www.cell.com/content/article/abstract?uid=PIIS0092867402007353    
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 Motley, A., Bright, N.A., Seaman, M.N., and Robinson, M.S. (2003). J. Cell Biol. 162, 909-918.
Hinrichsen, L., Harborth, J., Andrees, L., Weber, K., and Ungewickell, E.J. (2003). J. Biol. Chem., in
press.
Conner, S.D. and Schmid, S.L. (2003). J. Cell Biol. 162, 773-780.
Reviewed in:
Sever S. Ap-2 makes room for rivals. Dev Cell. 2003 Oct;5(4):530-2.

Direct siRNA depletion of clathrin blocks transferrin
receptor and EGFR (YXXφ-type sorting signals)
endocytosis, as well as LDLR (NPXY-type sorting
signals) endocytosis

Depletion of either of 2 AP2 subunits (μ2 or α )
dramatically reduces surface clathrin coats (AP2), but
not Golgi (AP1), coats and blocks transferrin
endocytosis

BUT did not block EGFR or LDLR (chimera)
endocytosis!!!!

Inactivation of AP-2 by overexpression of the adaptor-associated kinase
(AAK1) led to similar results

end
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Autosomal Recesive Hypercholesterolemia:
Similar to LDLR negative Familial Hypercholeserolemia
High Plasma LDL, atherosclerosis, CHD, early death
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Current Hypothesis: Coiled-Coil long Golgins 
(GM130, giantin) tether vesicles to target membranes 

prior to SNARE-mediated fusion 

 J. Shorter and G. Warren 2002 GOLGI
ARCHITECTURE AND INHERITANCE Annu.
Rev. Cell. Dev. Biol., January 1,; 18(1): 379 - 420.

Short B, Haas A, Barr FA. Golgins and GTPases, giving identity and structure to the 
Golgi apparatus. Biochim Biophys Acta. 2005 Jul 10;1744(3):383-95

Proposed Membrane 
Tethering Systems 
at the Golgi


