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PREFACE
The evolution of modern cell biology tools, such as confocal imaging

techniques and advanced electron microscopy methodologies, has allowed
for ever improving structural and functional characterizations of the cell.
Such methods complement classical genetics and biochemistry in the ongoing
effort to define cellular science. This is especially apparent in the area of
organelle biology. Studies dating back over 100 years to the present have
revealed the elaborate collection of distinctive membrane-bound cytoplasmic
subcompartments, termed organelles, within the eukaryotic cell and defined
their roles in mediating numerous specialized functions in cellular physiology.
Organelles play an essential role in the cell in large part through ensuring a
tight regulatory and functional separation of distinct chemical reactions, such
as cellular respiration, and molecular processes, such as protein degradation
and DNA replication. Many organelles are common to virtually all cell types
(e.g., the nucleus) while others reside only in certain differentiated cells (e.g.,
the lysosome-related lytic granules and melanosomes found in cytotoxic T
lymphocytes and melanocytes, respectively). The unique characteristics of
such heterogeneous cellular organelles are dictated by their particular bio-
chemical composition and complement of biomolecules.

The Biogenesis of Cellular Organelles seeks to describe the cellular and
molecular mechanisms mediating the biogenesis, maintenance, and func-
tion of key eukaryotic organelles. This work consists of an initial discussion of
the evolution of organelle biogenesis theory from early studies through re-
cent findings, overviews of the prominent cellular machineries involved in
the biogenesis and maintenance of cellular organelles, and reviews of the
function and biogenesis of a number of key organelles common to nearly all
eukaryotic cells, including the endoplasmic reticulum, the Golgi apparatus,
the lysosome, the nucleus, the mitochondria, and the peroxisome. All chapters
strive to highlight recent findings and topical issues relating to organelle
biology. The primary interests of this work are the biogenesis and functional
events operating in mammalian cells and in some cases the analogous events
in key lower eukaryotes, such as yeast and Drosophila. The reader should
note that a wealth of organelles besides those covered here have also been
described, such as the all important chloroplast present in plants and other
photosynthetic organisms. The general themes of each chapter are as follows:

Chapter one offers a historical perspective of organelle biogenesis. This
chapter recounts early discoveries that formed the foundation for the modern
study of organelle biology, including the role of protein sorting in organelle
maintenance and methods of organelle inheritance during cell division. In
this chapter the progression from early findings to more recent discoveries in
developing our current views of organelle function and biogenesis are
highlighted.



Chapter two presents an in depth discussion of protein coats, which in
concert with additional components of the cellular machinery operate to
selectively sort proteins within intracellular and endocytic trafficking pathways.
In this function protein coats serve as key mediators of organelle biogenesis
and maintenance. The protein coat constituents described include the adaptor
protein (AP) complexes and clathrin, which operate in the late-secretory
and endocytic pathways, and the COP complexes, which operate in the
early secretory pathway. The recently defined adaptor-related coat proteins,
the GGAs and Stoned B family members, are also reviewed.

Chapter three describes the cooperative role played by lipids and proteins
in maintaining organelle identity and function in the face of continuous
biomolecular flux between compartments and to and from the plasma
membrane. The key players mediating compartment identity described include
the ARF and Rab GTPases, the inositol phospholipids, and members of the
SNARE protein family.

Chapter four provides an extensive description of the organization,
function, and maintenance of the endoplasmic reticulum. The remarkably
dynamic nature and morphological variability of the endoplasmic reticulum
are detailed along with its numerous cellular roles, including serving as the
primary site for membrane protein synthesis and entry into the secretory
pathway. The contribution of proliferation and differentiation of existing
membranes to the generation of endoplasmic reticulum networks are also
reviewed.

Chapter five reviews classical and recent findings relating to the Golgi
apparatus, which functions as a site for post-translational modifications of
glycoproteins and glycolipids and for the selective sorting of secretory proteins
to the plasma membranes or target sites within the cell. The complex
morphology of the Golgi, which allows compartmentalization of distinct
Golgi functions, and the dynamics of its disassembly and reassembly during
the cell cycle are highlighted.

Chapter six discusses the function and biogenesis of the lysosome. The
role of the lysosome, and the analogous yeast vacuole, as the primary
degradative compartment in the cell and current models for the biogenesis
of lysosomes and related compartments are discussed. The participation of
the protein sorting machinery in lysosomal maintenance and function are
described. Also, the importance of the lysosome to cellular function is illustrated
through discussions of a number of mutant phenotypes resulting from
perturbation of lysosomal protein sorting.

Chapter seven offers a review of nuclear biogenesis, or nucleogenesis.
This chapter focuses on the dynamic disassembly and reassembly of the nuclear
envelope during mitotic division and the cellular machinery mediating these
processes. The biogenesis of nucleoli, the nuclear structures that serve as
sites for ribosome biosynthesis, is also detailed.



Chapter eight reviews the function, intricate structure, and biogenesis of the
mitochondria, which serves as the site of cellular respiration. The unique nature of
this organelle, which has prokaryotic origins and still retains it own small genome,
is described, as is its essential nature in the physiology of the cell. The mode of
mitochondrial biogenesis through growth and division of pre-existing mitochondria
is detailed. The pathways for mitochondrial protein import and export and ion
trafficking are also reviewed.

Chapter nine presents an overview of peroxisome biogenesis and function.
Potential modes of formation of the peroxisome, which represent an organelle
rich in metabolic enzymes and activities, are discussed along with cellular factors
that contribute to its biogenesis and function. This work also details the numerous
peroxisomal disorders in humans, which highlights the need to address the many
unanswered questions regarding the biology of this important organelle.

While the discoveries described in The Biogenesis of Cellular Organelles and
elsewhere illustrate our growing understanding of the fundamental processes me-
diating organelle biogenesis and function, they also remind us of how much
remains to be discovered. The pursuit of knowledge regarding organelle biology is
essential to understanding the basic science of the cell as well as human physiology.
This is clearly evident from the growing observations that associate defects in
organelle function to human disease. With the continued dedication of basic and
clinical scientists to addressing these important questions ensured, the future of
cellular biology is sure to be one of remarkable discovery.

Chris Mullins, Ph.D.
National Institutes of Health
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CHAPTER 1

Theory of Organelle Biogenesis:
A Historical Perspective

Barbara M. Mullock and J. Paul Luzio

Abstract

Organelles, defined as intracellular membrane-bound structures in eukaryotic cells,
were described from the early days of light microscopy and the development of cell
theory in the 19th century. During the 20th century, electron microscopy and subcel-

lular fractionation enabled the discovery of additional organelles and, together with radiolabel-
ling, allowed the first modern experiments on their biogenesis. Over the past 30 years, the
development of cell-free systems and the use of yeast genetics have together established the
major pathways of delivery of newly synthesised proteins to organelles and the vesicular traffic
system used to transfer cargo between organelles in the secretory and endocytic pathways.
Mechanisms of protein sorting, retrieval and retention have been described and give each or-
ganelle its characteristic composition. Insights have been gained into the mechanisms by which
complex organelle morphology can be established. Organelle biogenesis includes the process of
organelle inheritance by which organelles are divided between daughter cells during mitosis.
Two inheritance strategies have been described, stochastic and ordered, which are not mutually
exclusive. Among the major challenges of the future are the need to understand the role of
self-organization in ensuring structural stability and the mechanisms by which a cell senses the
status of its organelles and regulates their biogenesis.

Introduction
Today, cell biologists are almost overwhelmed by molecular detail about organelle compo-

sition, structure, function and biogenesis. Nevertheless during the molecular era, which has
encompassed the past half century, a conceptual framework has developed to explain processes
such as protein sorting, membrane traffic and organelle biogenesis. In this chapter we review
this development, together with earlier work that established the existence of organelles and
traffic to them. Necessarily, we cannot include specific detail about all organelles and we have
concentrated, for the most part, on those found on the secretory and endocytic pathways.1 We
begin with some definitions.

Definitions
Organelles are defined as intracellular membrane-bound structures in eukaryotic cells,

usually specialized for a particular function.2 While many organelles are morphologically simi-
lar and perform essentially the same function in all eukaryotic cells, some are specialized and

The Biogenesis of Cellular Organelles, edited by Chris Mullins. ©2005 Eurekah.com
and Kluwer Academic/Plenum Publishers.
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occur only in particular cell types. Among the former are the nucleus, mitochondria and or-
ganelles in the secretory and endocytic pathways including the endoplasmic reticulum, Golgi
complex, endosomes and lysosomes (vacuoles in yeast), whereas the latter include chloroplasts
restricted to the plant kingdom. In mammalian cells there has been much study of cell
type-specific specialist organelles and their relationship to common organelles. Many, if not all,
of these are specialized structures in the secretory and endocytic pathways and include, for
example, regulated secretory granules in neuroendocrine cells3 and melanosomes,4 which are
clearly lysosome-like, in skin melanocytes.

Organelle biogenesis is the process by which new organelles are made. In a few cases,
notably mitochondria and chloroplasts, some organelle proteins are encoded by the organelle’s
own genome. However, the amount of DNA in such organelles can encode only a very small
number of the many proteins required.5 In practice, the study of organelle biogenesis includes
the mechanisms by which proteins and lipids, newly synthesized elsewhere in the cell, are
delivered to organelles and the process by which organelles are divided between daughter cells
during mitosis. In general it is thought that new organelles are derived by proliferation of
preexisting organelles.6 However, for some organelles on the secretory and endocytic pathways,
e.g., the Golgi complex (see below), the extent to which they can be made de novo by a cell
without a preexisting organelle or template remains a subject of controversy.7

The History of Organelle Recognition

Light Microscopy and Cell Theory
Recognition of organelles is only as feasible as the available techniques for observation.

The light microscope was the essential first tool; once this existed “cells” could be and were
observed, initially in plant material where substances such as cellulose made observation easier
or in unicellular organisms. In 1833, Brown observed and described the nucleus, the first
organelle.8 In 1838, the many and various observations were converted into a cell theory by
Schleiden, who proposed that all plant tissues were composed of nucleated cells.9 The follow-
ing year Schwann applied this cell theory to animal tissues.10 Schleiden and Schwann assumed
that cells were formed by some kind of crystallization of intracellular substance, in spite of
observations on the binary fission of nucleus and cell in plants.11 However, by 1855 Virchow
proclaimed “Omnis cellula e cellula” (all cells from cells)12,13 and in 1874 Flemming began to
publish detailed and correct descriptions of mitosis, culminating in a comprehensive book in
1882.14 The importance of the recognition of organelles to the development of cell theory is
clear, since as Richmond15 has described, “German cell theory primarily looked to cellular
structures, such as the nucleus, rather than to processes as the focal points for vital organiza-
tion”.

Coincident with the emergence of Schleiden and Schwann’s cell theory was the recogni-
tion that a membrane structure bounded cells (reviewed in ref. 16). The osmotic properties of
plant cells led to Nageli defining the “plasmamembran” as a surface layer of protoplasm, denser
and more viscous than the protoplasm as a whole. By the early 20th century, the osmotic prop-
erties of red blood cells had extended the concept of the plasma membrane to mammalian cells,
but it was not until the classic experiment of Gorter and Grendel published in 192517 that the
basic structure of the plasma membrane was shown to consist of a bilayer of phospholipid. In
this experiment, the surface area of a compressed film of total lipid extracted from a known
number of red blood cells was measured and found to be twice the total cell area. The phospho-
lipid bilayer was incorporated as a central feature in many subsequent models of the structure
of both the plasma membrane and intracellular membranes, culminating in the fluid mosaic
model of Singer and Nicholson in which integral membrane proteins were distributed within
the bilayer.18
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The structure of the interphase nucleus was also extensively studied during the late 19th

century. Brown8 had suggested the possibility of a nuclear membrane and in 1882 Flemming14

summarised the evidence for its reality. Following experiments using basic stains such as
haematoxylin he also defined chromatin as “the substance in the cell nucleus which takes up
color during nuclear staining” (although a stain specific for DNA was not described until 1924
by Feulgen and Rossenbeck19). The nucleolus had been observed as a feature of some nuclei
many times; over 700 articles on the subject had appeared before the classic paper by Mont-
gomery in 1898.20,21

 Meanwhile, mitochondria had been seen with varying degrees of conviction by a number
of scientists from Henle in 1841 onwards.22 Altmann in 1890,23 however, was the first to
recognize the ubiquitous occurrence of mitochondria and to suggest that they carried out vital
functions. The increasing use of chemicals, which preferentially stained some parts of the cell,
led to more accurate descriptions of cell structure, although concerns over artefacts had to be
addressed. In 1898, Golgi24 demonstrated the existence of the Golgi complex by staining with
heavy metals such as silver nitrate or osmium tetroxide. The reality of this organelle, however,
continued to be doubted until the mid 1950s when electron micrographs became available.25

Electron Microscopy and Subcellular Fractionation
Mitochondria and the Golgi complex are at the limit of resolution by the light micro-

scope; the visualization of smaller organelles had to wait for the development of electron mi-
croscopes. However, a parallel interest in taking cells apart and studying the nature of the
separated components also yielded invaluable information; the existence of lysosomes was es-
tablished before they were seen. Information as to the chemical nature and function of or-
ganelles was sought as early as 1934 by Bensley and Hoerr,26 who made a crude preparation of
mitochondria. Claude in 1940-1946 used similar procedures with a crucial difference.27,28 He
insisted on quantitative criteria, examining the total recovery of an enzyme or chemical con-
stituent and its relative concentrations in the fractions he prepared by differential centrifuga-
tion, rather than preparing a single fraction. He also examined the size, shape and fine structure
of the particulates in the separated fractions and used an isotonic medium for homogenisation.
In 1948 Hogeboom, Schneider and Palade29 improved his methodology by using a
Potter-Elvehjem homogeniser to achieve quantitative gentle breakage of liver cells and sucrose
in place of saline. They were then able to show that most of Claude’s “large granules” had the
elongated shape of mitochondria and stained with Janus Green, a specific stain for this or-
ganelle.

 Enzymes such as cytochrome oxidase, which appeared mostly in the large granule frac-
tion, were clearly mitochondrial. There were also enzymes such as glucose 6-phosphatase, which
appeared primarily in the smaller “microsomal” fraction. However, the work of de Duve from
1949 onwards demonstrated the existence of a group of enzymes, which were sedimented in
the large granule fraction only if relatively high speeds were used in its preparation. The large
granule fraction could be separated into a heavy and a light fraction. The former contained the
respiratory activity characteristic of mitochondria but the light fraction contained variegated
hydrolases. These were only measurable when the preparation had been subjected to hypotonic
media, detergents or other insults to membrane integrity. From these results, de Duve
hypothesised the existence of organelles containing primarily hydrolases and named them lyso-
somes.30

 Electron microscopy had meanwhile progressed to a generally available method of inves-
tigation. This necessitated the development of adequate fixing, staining, embedding and sec-
tioning techniques as well as the development of the instruments themselves.31 In 1952, Palade
published high resolution pictures of mitochondria.32 In 1954, Dalton and Felix (among oth-
ers) published pictures of the Golgi complex,33 which showed that it contained cisternae and



The Biogenesis of Cellular Organelles4

vesicles and stained with osmium tetroxide, as had the disputed structure seen by light micros-
copy. However, the electron microscope also revealed structures which the light microscope
was completely unable to resolve. The varying forms but almost ubiquitous existence of the
endoplasmic reticulum could be seen and shown to contribute largely to Claude’s microsomal
fraction. By a lucky chance, Porter, Claude and Fullam first saw the endoplasmic reticulum in
whole tissue cells as a “lace-like” structure in 1945.34 As sectioning techniques improved over
the next ten years, the endoplasmic reticulum had to be recognized in slices which were much
smaller than the mesh size of the reticulum. The continuous nature of the meshes could only be
demonstrated by tedious serial sectioning, although much more detailed structure could be
observed and many different tissues examined to show the ubiquity of the organelle.35

 Lysosomes were identified with the pericanalicular dense bodies described by Rouiller in
1954 by examination of partially purified preparations and by the development of a method
for acid phosphatase localisation at both light and electron microscopic levels.36 Peroxisomes
were reported by electron microscopy as microbodies in liver and kidney at about the same
time, although their identity with the bodies carrying non-latent uricase and other enzymes
involved with hydrogen peroxide was only established in the early sixties.37

Radiolabelling and the Dynamic Nature of Organelles
In addition to the clearly recognizable organelles, the electron microscope showed that

cells contained a multiplicity of vesicles; the components of the secretory and endocytic path-
ways. The dynamic nature of such vesicles and of most other organelles began to be revealed
when, in 1967, Jamieson and Palade used radioactive tracers and electron microscopic autora-
diography.38 They showed that newly synthesized secretory proteins during, or shortly after,
synthesis, crossed the rough (ribosome-studded) endoplasmic reticulum and then moved from
the endoplasmic reticulum to the Golgi region and thence to secretory granules. By 1975,
Palade, if not every worker in the field, believed that movement of material through these
organelles depended on vesicular traffic.39

 Appreciation of the endocytic system was more diffuse. Phagocytosis was observed as
early as 1887, but the fact that endocytosis was of widespread occurrence in animal cells was
recognized only in the mid 1950s by electron microscopy.35 Coated pits and vesicles were
observed in oocytes as early as 1964,40 but the ability of coated pits to concentrate endocytic
receptors before pinching off to form coated vesicles was only recognised in 1976.41 In 1973
Heuser and Reece42 suggested that plasma membrane components inserted during exocytosis
in synapses might be recycled. Quantitative electron microscopic investigations in 1976 by
Steinman, Brodie and Cohn43 showed that tissue culture cells internalized plasma membrane
at a rate which greatly exceeded their biosynthetic capacity. Therefore, a mechanism had to
exist whereby endocytosed membrane could be recycled to the plasma membrane. Only by the
1980’s was it widely accepted that endocytosed vesicles fused with an intracellular organelle
called the endosome from which recycling to the plasma membrane could occur and also deliv-
ery to lysosomes and the trans-Golgi network.44 By this stage there was also widespread recog-
nition of the various vesicle traffic pathways involved in exocytosis, endocytosis, transcytosis
and biogenesis of organelles.

Protein Synthesis and Targeting
Although Palade had established that newly synthesised secretory proteins crossed into

the lumen of the endoplasmic reticulum, it required the experiments of Blobel and his col-
leagues to establish that this sorting and targeting event was mediated by a sequence motif
within the primary sequence of the secretory protein, which was named the signal sequence.45

To test the predictions of the signal hypothesis, first announced in 1971, Blobel developed a
cell-free system in which protein translation and protein translocation across microsomal
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membrane vesicles could be measured. This cell-free system was a powerful forerunner of
many others established elsewhere which faithfully recapitulated individual steps in organelle
biogenesis pathways. The signal hypothesis also led directly to the concept that specific se-
quences within a protein could direct its targeting to a particular organelle. Thus, different
consensus sequences have since been recognized as targeting motifs for import into mitochon-
dria,46 chloroplasts,47 peroxisomes,48 nuclei49 and for the targeting of membrane proteins on
secretory and endocytic pathways. Subsequent to the discovery of consensus sequences target-
ing proteins to particular organelles, there has been much work over the past 20 years identify-
ing the protein machinery required for transport into such organelles, leading to an extensive
understanding of transport to the mitochondrial matrix,46 inner membrane,50 outer mem-
brane,51 into chloroplasts,52 into peroxisomes53 and through nuclear pores.54 In addition to
amino acid sequence motifs, secondary modifications have also been recognized as targeting
motifs, for example mannose 6-phosphate to target acid hydrolases from the Golgi complex to
lysosomes55 and both glycosylation and glycosylphosphatidylinositol membrane anchors to
target proteins to the apical surface of polarized epithelial cells.56

A further bequest of the signal hypothesis was that testing it provided support for the idea
that in evolution the eukaryotic endoplasmic reticulum arose by invagination of the prokary-
otic plasma membrane since signal sequences addressed to the eukaryotic endoplasmic reticu-
lum function in translocation across the prokaryotic plasma membrane and signal sequences
for bacterial secretory proteins function in translocation across the eukaryotic endoplasmic
reticulum.57 In contrast, it had earlier been suggested that uptake of a prokaryotic progenitor
cell(s) was the evolutionary origin of mitochondria and chloroplasts,58 a hypothesis largely
supported by the results of subsequent genome analysis which were consistent with the origin
of the mitochondrion being an endosymbiotic α-proteobacterium.59

Cell-Free Systems and Yeast Genetics
Vesicular traffic is now accepted as the central mechanism by which proteins are trans-

ported between donor and acceptor compartments on the secretory and endocytic pathways60

(Fig. 1). The discovery of clathrin by Pearse in the 1970s61 provided the first coat component
of vesicles involved in membrane traffic. However, it was during the 1980s that elucidation of
the molecular machinery of vesicular traffic started in earnest with the reconstitution of indi-
vidual traffic steps in cell-free systems from animal cells62 and the isolation of secretory mu-
tants in yeast.63 Probably the most informative of these early cell-free systems was one in which
vesicular traffic between Golgi cisternae was reconstituted by incubating Golgi membranes
with cytosol and ATP.64 In this system a population of Golgi membranes derived from cells
lacking N-acetylglucosamine transferase but containing the G protein of vesicular stomatatis
virus (VSV) was incubated with an population of Golgi membranes from wild type cells. Ve-
sicular traffic resulted in addition of radioactive N-acetylglucosamine to the VSV-G as a result
of the activity of the transferase in the wild type Golgi membranes. This assay led directly to the
discovery of COPI (coat protein I) coated vesicles65 and the discovery of components of the
general cytosolic fusion machinery required for vesicle fusion with acceptor membranes through-
out the secretory and endocytic pathways.66 Subsequently, using the same principles of incu-
bating organelle membrane fractions with cytosol and ATP, many membrane traffic steps were
reconstituted in cell-free systems. Similarly, cell-free assays were established to look at the break-
down and reformation of organelles during cell division.

The isolation of secretion (sec) mutants in the budding yeast Saccharomyces cerevisiae63

provided a powerful approach to identify proteins required for traffic through the secretory
pathway and to study their function. Throughout the 1980s and 1990s many proteins neces-
sary for membrane traffic on the secretory pathway were identified almost at the same time,
either by fractionating mammalian cytosol or through characterization of yeast mutants. These
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studies established the similarities of membrane traffic pathways at the molecular level in all
eukaryotes.60 The genetic screens in yeast which allowed isolation of the original
temperaturesensitive and other sec mutants were followed by many others, for example those
identifying genes affected in vacuolar protein sorting (vps) mutants67,68 and those identifying

Figure 1. Mechanisms for organelle biogenesis in the secretory and endocytic pathways. A) Vesicular traffic.
A coated vesicle buds from a donor organelle, loses its coat and fuses with an acceptor organelle. The coat
made up of cytosolic proteins (denoted by black ovals and gray circles - refer to legend for designations of
individual factors) both deforms the donor membrane to form the vesicle and sorts into the vesicle only those
proteins (checked boxes) selected for delivery. Vesicle fusion with the acceptor membrane requires formation
of a SNARE complex. Thus, the vesicle must contain a v-SNARE which forms a complex with a cognate
t-SNARE in the acceptor membrane. B) Maturation. An organelle is formed from the preceding organelle
in a pathway by retrieval of those proteins (hatched boxes) which should not be in the final organelle, using
retrograde vesicular traffic to deliver them to an earlier stage in the pathway. Additional proteins (stippled
boxes) may be delivered to the organelle by vesicular traffic from other sources (e.g., to endocytic compart-
ments from the biosynthetic/secretory pathway). It should be noted that an organelle may be formed and/
or maintain its composition by a mixture of the two mechanisms. Thus, when organelles are formed by
anterograde vesicular traffic, retrieval may still be used to ensure that mis-sorted proteins are returned to their
correct residence.
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genes involved in autophagy.69 These latter screens led directly to our current understanding of
the molecular mechanisms of biogenesis of the vacuole, of its mammalian equivalent the lyso-
some70 and of autophagosomes in both yeast and mammalian cells.69,70 In recent years, the
development of cell-free systems to study homotypic yeast vacuole fusion, together with yeast
genetics,71 have led to a massive expansion in our understanding of what is effectively a
multi-protein machine required to achieve vacuole membrane fusion, a process essential to
vacuole biogenesis in the daughter bud of a dividing yeast.

Vesicle Budding and Delivery
When clathrin was purified and shown to be the major protein component of purified

coated vesicles,61 it was not clear whether it was simply the scaffold that makes the coat, in-
volved in vesicle budding and/or also involved in sorting cargo into the vesicles. Very soon it
was realized that there were at least two classes of clathrin coated vesicles in cells, one predomi-
nantly Golgi-associated, subsequently shown to be involved in budding from the trans-Golgi
network and the other at the plasma membrane responsible for a major endocytic uptake route.
The two classes of clathrin-coated vesicles were distinguished by the presence of two different
heterotetrameric adaptor protein complexes, AP-1 at the trans-Golgi network and AP-2 at the
plasma membrane. Electron microscopy, protein-protein interaction studies and most recently
structural biology72 have strongly suggested that adaptor complexes have similar structures,
resembling Mickey Mouse, with a core or “head” consisting of medium (µ) and small subunits
and the amino-terminal domains of two large subunits (α/γ and β), flanked by flexibly-hinged
“ears” consisting of the carboxyterminal domains of the two large subunits. Work in several
laboratories showed that the adaptors were involved in cargo sorting as well as recruitment of
clathrin to the membrane.73 Later, further family members were discovered including
heterotetrameric AP-3 and AP-4 complexes that are not associated with clathrin and the more
distantly related monomeric GGAs (Golgi-localised, γ-ear-containing, ARF-binding proteins).74

All of these coat proteins function in post-Golgi membrane traffic pathways. In mammalian
cells GGAs are important in trafficking mannose 6-phosphate receptors and associated newly
synthesised mannose 6-phosphate–tagged acid hydrolases to the endosomes for delivery to
lysosomes. AP-1 is most likely involved in traffic back to the trans-Golgi network of the empty
mannose 6-phosphate receptors. AP-3 is required for efficient delivery of newly synthesised
membrane proteins to lysosomes and lysosome-related organelles. Mutations in AP-3 occur
naturally in animals including fruit flies (i.e., Drosophila melanogaster) and humans, leading to
alterations of eye colour in the former and a rare genetic disease in the latter as a result of
defects in delivery of proteins to lysosome-related organelles such as Drosophila eye pigment
granules and platelet dense core granules, respectively. AP-4 may be involved in delivery to
lysosomes and/or polarized sorting in epithelial cells. The formation of clathrin coated vesicles
at either the plasma membrane or at intracellular sites is now recognised to require a host of
accessory and regulatory proteins, many of which interact primarily with the carboxyterminal
“ear” domains of the large subunits of the heterotetrameric AP complexes. Once mechanical
invagination of the donor membrane to form the vesicle is complete, pinching off occurs,
mediated at least in part by the action of the GTPase dynamin.75

While clathrin and AP complexes provide the major coat components for vesicle traffic in
post-Golgi pathways, different coats are required for traffic between the endoplasmic reticu-
lum and the Golgi complex. The first coat to be identified for vesicular traffic in this part of the
secretory pathway was COPI using the cell-free assays described above. In such assays it was
found that non-hydrolyzable analoges of GTP, such as GTP-γS can block traffic and this was
accompanied by the accumulation of 70nm coated vesicles. The COPI coat on these vesicles
contains eight polypeptides, one being the small GTPase ARF (ADP-ribosylation factor) re-
sponsible for coat recruitment to the membrane and the remainder being associated in an
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equimolar coat protomer (coatomer) complex.60 Weak sequence similarities and information
about coatomer interactions have led to the suggestion that the molecular architecture of the
COPI coat is similar to that of the AP/clathrin coats.76 It is now thought that the major traffic
pathway mediated by COPI coated vesicles is the retrograde pathway from the Golgi complex
to the endoplasmic reticulum necessary for the retrieval of escaped resident endoplasmic reticu-
lum proteins and for the recycling of membrane proteins required for vesicle traffic and mem-
brane fusion.77 Whereas COPI coated vesicles were first discovered through cell-free assays
(although it was rapidly realised that the mammalian coatomer γ-COP is homologous to yeast
Sec21p), the COPII coat, required for vesicles to bud from the endoplasmic reticulum for
traffic to the Golgi complex, was identified by analysis of yeast sec mutants. The COPII coat
consists of the small GTPase Sar1p, responsible for coat recruitment to the endoplasmic reticu-
lum membrane, and the heterodimeric protein complexes Sec23/24p and Sec13/31p. These
five proteins are necessary and sufficient to produce COPII vesicles from endoplasmic reticu-
lum microsomes or from chemically defined liposomes.78 COPII coated vesicles were the first
vesicles to be reconstituted solely from purified components. Indeed they might be regarded as
the first organelles to be reconstituted solely from purified components since they fulfill the
essential criteria to be called organelles in being intracellular membrane-bound structures in
eukaryotic cells.

Vesicular traffic between donor and acceptor organelles in the secretory and endocytic
pathways requires not only vesicle formation, but subsequent loss of the vesicle coat and fusion
with the acceptor organelle. In addition, it often requires interactions of the vesicle with the
cytoskeleton: with microtubules via kinesin or dynein motor proteins for long distance move-
ment and/or via unconventional myosins for efficient short distance movement through actin
rich regions of the cell. Once the vesicle reaches its target acceptor organelle, membrane fusion
can occur, utilizing a common cytosolic fusion machinery and cognate interacting membrane
proteins specific to the particular vesicle and organelle. Discovery of the common cytosolic
fusion machinery derived from the observation that low concentrations of the alkylating agent
N-ethylmaleimide (NEM) inhibited many membrane traffic steps reconstituted in cell-free
systems. Using essentially brute force biochemistry, Rothman’s group purified the soluble cyto-
solic NEM sensitive protein required to reconstitute membrane fusion in their cell-free Golgi
assay, calling it NSF (NEM-sensitive factor).66 This protein had ATPase activity and its se-
quence showed similarity to that of yeast Sec18p. The discovery of NSF led rapidly to the
finding of proteins, called SNAPs (soluble NSF atachment proteins) which bind it to mem-
branes. The next stage was discovery of SNAP receptors, or SNAREs, which are integral mem-
brane proteins that confer specificity on individual fusion reactions.60,79 The first of these were
identified in mammalian brain, a tissue highly specialized for the membrane fusion required
for neurotransmission at synapses. These studies led to the proposal of the SNARE hypothesis
in which each transport vesicle bears a unique address marker or v-SNARE and each target
membrane a unique t-SNARE, thus allowing targeting specificity to be achieved by the
v-SNARES binding to matching t-SNAREs.60,79,80 Importantly in yeast, whereas mutations in
SEC18 and SEC17 (the gene encoding the yeast homologue of α-SNAP) had effects through-
out the secretory and endocytic pathways, when SNARE mutants were isolated it was found
that individual alleles often affected only trafficking steps related to the organelles with which
a particular SNARE was associated.81 In the few cases where a SNARE complex required for
membrane fusion has been fully characterized it consists of four interacting α-helices aligned
in parallel. A classification of SNAREs based on sequence alignments of the helical domains
and structural features observed in the crystal structure of the synaptic SNARE fusion com-
plex82 has been proposed. This separates SNAREs into Q-SNAREs and R-SNAREs, with
four-helix SNARE complex bundles being composed of three Q-SNAREs and one
R-SNARE.83,84 Q and R represent the glutamine and arginine residues observed in the central
hydrophilic layer of the helical bundle.
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Although cognate SNARE proteins can be reconstituted into liposomes and themselves
act as phospholipid bilayer fusion catalysts,80,85,86 membrane fusion within the cell requires the
functional involvement of other proteins. Most current models of fusion suggest three steps,
tethering of the vesicle to the target organelle, SNARE complex formation and phospholipid
bilayer fusion. A class of small GTPases known as rab proteins was identified as generally
important when it was shown that different rabs localize to different organelles on the secretory
and endocytic pathways.87 Rab proteins have been proposed to play a variety of roles in mem-
brane fusion, and current evidence suggests a major function in the recruitment of tethering
and docking proteins at an early stage in membrane interaction.88 Tethering has been defined
as involving links that extend over distances > 25 nm from a given membrane surface, and
docking as holding membranes within a bilayer’s distance, < 5-10 nm of one another.88 Follow-
ing tether recruitment and oligomeric assembly of the tethers, SNARE complex formation
occurs. Fusion may also require downstream events after SNARE complex formation. In yeast
vacuole fusion, a process which has been reconstituted in cell-free assays, Ca2+ release from the
vacuole lumen is required in a post-docking phase of fusion89 and there is increasing evidence
that Ca2+ may have a function late in the fusion process in other membrane fusion events.90

Once fusion has taken place the SNARE complex will reside in the target organelle membrane,
necessitating separation of the complex, mediated by the ATPase activity of NSF followed by
retrieval of the v-SNARE for further rounds of fusion.

Sorting, Retrieval and Retention
Vesicular traffic between organelles on the secretory pathway is the mechanism by which

proteins and lipids are delivered and removed. To allow the organelles to retain their integrity
as well as to ensure efficient traffic of cargo by vesicles requires mechanisms for sorting proteins
into vesicles, to retrieve proteins that have been inappropriately delivered to another organelle
and to retain proteins in an organelle (Fig. 1). Efficient sorting of cell surface membrane recep-
tors into clathrin coated pits was recognized at an early stage in their biochemical characteriza-
tion. By the late 1970s it was recognised that while some receptors are concentrated into
clathrin-coated pits, other plasma membrane proteins are effectively excluded such that the
pits act as molecular filters.91,92 An important clue about the molecular basis of such sorting
came from analysis of the sequence of the low density lipoprotein receptor in a patient with
familial hypocholesterolemia, patient J.D.93 In fibroblasts from this patient, receptor numbers
on the cell surface were normal but they were not concentrated into coated pits. The mutation
leading to this phenotype was an amino acid substitution in the cytoplasmic domain resulting
in a cysteine replacing a tyrosine. Subsequent work showed that cytoplasmic tail motifs of the
form NPXY(where X is any amino acid) as in the low density lipoprotein receptor, YXXØ
(where Ø is a bulky hydrophobic amino acid), or dileucine motifs could act as efficient endocy-
tosis signals as a result of their interaction with the clathrin adaptor AP-2.94 Membrane pro-
teins without such motifs cannot be efficiently internalized. Cytoplasmic tail sequence motifs
containing tyrosine and dileucine are now recognized as being important not only for internal-
ization from the cell surface but also for targeting to organelles within the secretory and endocytic
pathways. Different coated vesicle adaptor proteins show subtle differences in specificity for
such sequences. The structural basis for such differences is unclear. However, the way in which
a YXXØ motif binds to the µ subunit of AP-2 has been determined by X-ray crystallography.95

The recent solving of the complete structure of the core of AP-2 has shown that the µ binding
site for YXXØ is blocked, implying a large structural change in the molecule to allow AP-2 to
recruit receptors into clathrin-coated pits.72

Not only is there sorting into vesicles for anterograde traffic in the secretory and endocytic
pathways, but also sorting into vesicles for retrieval. The concept of retrieval derived initially
from studies of lumenal proteins in the endoplasmic reticulum. Munro and Pelham96 showed
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that a number of lumenal proteins in mammalian endoplasmic reticulum have the sequence
KDEL at their carboxy-terminus (HDEL in S. cerevisiae) and that if this is deleted the proteins
escape and are secreted. Subsequently, Pelham’s laboratory identified the recycling receptor,
Erd2p that is responsible for the retrieval of such proteins from the Golgi complex.97,98 In this
retrieval pathway, membrane proteins with di-lysine motifs in their cytoplasmic tails bind to
COPI.77 The structural basis for this interaction is not yet understood.

The identity of an organelle is not maintained solely by retrieval but also by retention.
Perhaps the clearest example of this is in the cisternae of the Golgi complex where a variety of
glycosyl transferases must be retained to carry out their function in the biosynthesis of glyco-
proteins. These enzymes are type II membrane proteins with trans-membrane domains that
are, on average, five amino acids shorter than the trans-membrane domains of plasma mem-
brane proteins.99 During the 1990s it was recognised that the length of the trans-membrane
domain rather than its amino acid composition is important to localization, since in the case of
sialyl transferase, replacement of the trans-membrane domain by 17 leucines provides efficient
retention whereas a longer stretch of leucines does not.99 However, in the case of
N-acetylglucosaminyltransferase I, part of the lumenal stalk domain appeared to be sufficient
and necessary for retention.100 Two hypotheses have been proposed to explain retention of
glycosyl transferases in the Golgi complex, one based on phospholipid bilayer thickness,99

which differs between the Golgi complex and the plasma membrane, and the other entitled
“kin recognition” based on the formation of glycosyltransferase hetero-oligomers.101 For an
individual membrane protein, it is feasible that both length of trans-membrane domain and
interaction with other membrane proteins may contribute to retention. In the trans-Golgi
network, the localization of the protein TGN38 depends on both retention provided by the
trans-membrane domain and retrieval provided by a YXXØ motif in the cytoplasmic tail.102

Organization into Complex Structures
Organelle biogenesis is not simply a question of delivering newly synthesized proteins and

lipids to a specific intracellular site but may also require the establishment of a complex archi-
tecture. A dramatic example of this is seen in the case of the Golgi complex where it is clear that
the observed morphology in part reflects the interaction of the structure with the cytoskeleton
via appropriate motor proteins103 and in part the function of matrix proteins in the organiza-
tion of the cisternae.104,105 A further complication, particularly for organelles on the secretory
and endocytic pathways, is the requirement to maintain morphological form and associated
functional integrity despite the large volume of through traffic of both proteins and lipids. In
the case of the Golgi complex, there has long been a debate about how secreted proteins pass
through it.106 The work of Rothman and colleagues described above on reconstituting traffic
through the Golgi complex in a cell-free system suggested anterograde vesicular traffic between
the Golgi cisternae. However, electron microscopy studies of large macromolecules, including
algal scales and collagen aggregates favoured a maturation model with new cisternae forming
on the cis-side and mature ones fragmenting from the trans-side. The cisternal maturation
model has been refined to encompass data on retrograde vesicular traffic in COPI coated vesicles
such that the present consensus is that most, if not all, anterograde movement through the
Golgi complex is the result of cisternal progression with retrograde vesicular traffic ensuring
that the polarized distribution of Golgi enzymes in the cisternal stack is maintained (Fig. 1).107

A recent three dimensional reconstruction of the Golgi complex from data obtained by high
voltage electron microscopy has suggested that tubular and vesicular structures can bud at
every level of the Golgi stack.108 Structurally, using conventional electron microscopy tech-
niques, and functionally, the trans-Golgi network can be distinguished from the cisternal stack
and is defined as the site for sorting to different post-Golgi destinations.109 Both clathrin-coated
vesicles and noncoated tubular structures appear to bud from the trans-Golgi network.
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Experiments in which secreted proteins tagged with green fluorescent protein have been im-
aged as they leave the Golgi complex in living cells have shown that large tubular carriers are
particularly important for constitutive traffic to the cell surface.110 In many neuroendocrine
cell types, regulated secretory granules are also formed at the trans-Golgi network. Despite the
biogenesis of such organelles being amongst the first to be studied by radiolabelling pulse-chase
techniques (see above), the mechanisms by which proteins are sorted into these granules re-
main unclear, with “sorting for entry” and “sorting by retention” models still the subject of
much debate.3

In the endocytic pathway, the biogenesis of individual organelles has been less well studied
with the exception of lysosomes and the yeast vacuole.111-113 This has partly been due to the
pleiomorphic morphology of endosomes, partly to the difficulty of identifying marker proteins
that, at steady state, are mainly localized in endosomes and partly because the molecular mecha-
nisms of membrane traffic through the pathway have only started to be understood in the last
few years. As in the secretory pathway, vesicular traffic between individual organelles does not
explain all steps in the pathway. Clathrin-coated vesicles budding from the plasma membrane
comprise a very important, but not sole, mechanism of delivery from the plasma membrane to
early endosomes (defined historically as the first endosomal compartment to be entered by
endocytosed ligands). Traffic from early to late endosomes, found deeper within the cell, has
been studied extensively and is mediated by large endocytic carrier vesicles which some regard
as matured early endosomes.114,115 Delivery from late endosomes to lysosomes involves “kiss
and run” and direct fusion between the two organelles. Such fusion is SNARE-mediated and
results in a hybrid organelle from which lysosomes are reformed. In addition to heterotypic
fusion between late endosomes and lysosomes, the endocytic pathway is characterized by the
occurrence of homotypic fusions between early endosomes and between late endosomes. These
homotypic fusion events are also SNARE-mediated116,117 and allow continuous remodelling
of these organelles. Organelles in the late endocytic pathway are characterised by the presence
of numerous internal vesicles, leading to the alternative description of late endosomes as
multivesicular bodies. Some cell surface receptors are sorted into such vesicles after internaliza-
tion from the plasma membrane and prior to degradation. Recently, insights have been gained
into the molecular mechanisms by which proteins are sorted into these vesicles, which have a
different lipid composition from the limiting membrane of the organelle. Such mechanisms
include partitioning into lipid microdomains, dependent on the composition of trans-membrane
domains, and ubiquitination of cytoplamic tail domains followed by recognition of the
ubiquinated domain by protein complexes involved in inward vesiculation.118,119

Organelle Inheritance
Organelle biogenesis is closely linked to organelle inheritance in cell division. During the

cell cycle, each organelle must double in size, divide and be delivered appropriately to the
daughter cells. Historically, the inheritance of organelles was recognised as occurring over the
same period of the late 19th and early 20th centuries as the basic mechanics of mitosis were
being described.13,120-122 In summarizing a large amount of earlier work, Warren and Wickner120

categorized two organelle inheritance strategies that have been described. The first is stochastic,
relying on the presence of multiple copies of an organelle randomly distributed throughout the
cytoplasm and the second is ordered, often, but not always, using the mitotic spindle as a
means of partitioning (Fig. 2). The morphology of many organelles may differ in different cell
types, which itself may be related to the use of one or other of these strategies to a greater or
lesser extent. Mitochondria, for example are, in many cells, multiple copies of small bean shaped
structures, but in the budding yeast S. cerevisiae form an extensive tubular reticulum beneath
the plasma membrane which partitions in an ordered way into the bud. The steady-state mor-
phology of mitochondria which continuously grow, divide and fuse throughout the cell cycle is
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itself largely determined by the frequency of fission events and fusion.123 It should be noted
that growth and division of mitochondria also requires coordination of these processes for the
inner and outer membranes. In contrast to mitochondria, the endoplasmic reticulum is always
a single copy organelle, albeit a dynamic reticulum. This breaks down into tubular vesicular
elements during cell division to a variable extent. It often fragments little, thus segregation of
equal amounts into daughter cells during mitosis may rely mainly on the uniform and exten-
sive distribution of the endoplasmic reticulum network throughout the cytoplasm of the mother
cell. In S. cerevisiae the endoplasmic reticulum becomes anchored at the bud tip pulling the
network into the bud as it enlarges.124 Whereas the bulk of the endoplasmic reticulum often
does not fragment during mitosis, inheritance of the nuclear envelope, the outer membrane of
which is continuous with the endoplasmic reticulum, is more complex since it has to break
down during mitosis of animal cells to allow separation of the chromatids. At the end of mito-
sis the nuclear envelope rapidly reassembles around daughter chromosomes. During the 1980s,
nuclear envelope breakdown in animal cells was shown to involve depolymerisation of the
lamina underlying the membrane, fragmentation of the membrane and dissassembly of nuclear
pore complexes.125 This was accompanied by reversible phosphorylation of many nuclear en-
velope proteins thought to lead to the formation of a discrete population of vesicles which
could fuse at the end of mitosis to reform the envelope. Using Xenopus oocytes, which contain
many nuclear components stored for use in early development, it was observed that injection

Figure 2. Mechanisms for organelle inheritance during mitosis. In the “stochastic inheritance” model (solid
arrows), an organelle, shown here as an anastomosed, reticular network with all the membrane having a
common composition, vesiculates to form many vesicles. These are apportioned by chance to the daughter
cells where the organelle is reassembled. It has been estimated that the Golgi complex of a fibroblastic cell
would, if completely vesiculated, generate ~80,000 vesicles of 0.1µm diam.137 In the “ordered inheritance”
model (hatched arrows), specific and limited breaks in the organelle occur such that, once the fragments are
correctly aligned in the dividing cell, each daughter receives half.



13Theory of Organelle Biogenesis: A Historical Perspective

of bacteriophage lambda DNA or its addition to cell-free extracts was sufficient to trigger
nuclear assembly.126 The availability of this cell-free system enabled study, at the molecular
level, of the pathway of nuclear assembly, including nuclear envelope vesicle fusion.127 Re-
cently, it has been suggested that the nuclear envelope does not have to vesiculate completely
during mitosis, but that phosphorylation may allow redistribution of nuclear envelope mem-
brane proteins back into the endoplasmic reticulum.128 The lack of requirement for membrane
vesiculation has raised the question of how the nuclear envelope ruptures, resolved by recent
evidence that it is literally torn apart by motor protein attachment and movement along micro-
tubules.128

Perhaps the greatest recent controversy concerning organelle inheritance relates to how
the Golgi complex is divided between daughter cells at mitosis.7 Two models have been pro-
posed to explain this. In the first, proposed by Warren, the Golgi complex breaks down into
vesicle clusters and shed vesicles which are distributed stochastically between the daughter cells
where they reassemble in telophase.129 Cell-free assays have led to the identification of some of
the molecular machinery for disassembly and reassembly.130 In the second model, proposed by
Lippincott-Schwartz, endoplasmic reticulum is the partioning unit, with the Golgi complex
merging with the endoplasmic reticulum during prometaphase and emerging from it during
telophase.131 A key observation in developing this second model was that inhibition of traffic
from the endoplasmic reticulum to the Golgi complex results in disintegration of the latter.
Some of the discrepancies between the two models may be resolved by data from Warren’s
group who have shown that whilst Golgi membrane enzymes may, to a greater or lesser extent,
redistribute to the endoplasmic reticulum during mitosis, matrix proteins do not, thus allow-
ing the disassembled matrix to become the partitioning units on which the Golgi complex is
reassembled after mitosis.132,133 A further twist has come from the study of the protozoan
Toxoplasma gondii which has a single Golgi that divides as a result of lateral cisternal growth
followed by medial fission.134 Even in mammalian cells, Golgi fragmentation-dispersion may
not be obligatory for equal partitioning. Kondo and colleagues recently found that prevention
of Golgi dissassembly, by microinjection of a nonphosphorylated mutant form of a soluble
protein required for this process, had no effect on equal partitioning of the Golgi to daughter
cells.135

Challenges
It is now clear that intracellular organelles are very dynamic structures, yet at steady state

they exhibit characteristic morphology and architecture that are easily observed by microscopy.
Recently Misteli133 has suggested that the generation of an overall stable configuration in such
dynamic structures is consistent with organelle morphology being determined by
self-organization. This is defined as “the capacity of a macromolecular complex or organelle to
determine its own structure based on the functional interaction of its components”.
Self-organization will ensure structural stability without loss of plasticity. Self-organization is
an interesting concept, but how organelles self-organize is unclear. What is certain is that future
investigations will lead us to a better understanding of the molecular machinery of organelle
biogenesis and inheritance. Such investigations are likely to address a number of questions to
which we have few answers at present. These include the role of lipids, in particular lipid-protein
interactions in microdomains, in determining morphology and the regulation of the size, shape
and number of organelles in cells.
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CHAPTER 2

Protein Coats As Mediators of Intracellular
Sorting and Organelle Biogenesis
Chris Mullins

Abstract

Protein sorting through the secretory and endocytic pathways is essential for many
aspects of cell function, including the biogenesis and maintenance of numerous intra-
cellular organelles. Efficient protein trafficking requires a complex machinery of regula-

tory and structural factors. Key components of this machinery include protein coats, which
mediate selective recruitment of cargo and transport-vesicle formation and targeting. Through
these functions, a diversity of protein coats, often with the aid of accessory factors, regulates
protein type and number within secretory and endocytic organelles and at the cell surface.
Recent studies both in model organisms and humans have provided new insights into the
traditional view of protein coat structure and function. In addition, genetic and genome-based
analyses have revealed novel coat components as well as the distinct sorting events in which
they participate. The significance of these findings to secretory and endocytic sorting, and their
relevance to the biogenesis of organelles comprising these pathways, are the subjects of the
present review.

Introduction
Sorting of soluble and membrane proteins between intracellular compartments and the

cell surface is a process fundamental to virtually all eukaryotic cells. Efficient and accurate
trafficking of proteins, as well as accompanying biomolecules such as carbohydrates and lipids,
is essential to a myriad of events requiring tight temporal and spatial control of protein compo-
sition and quantity. Examples include regulation of cell-surface receptors; uptake of nutrients
and other molecules; secretion of hormones, neurotransmitters, and immune factors;
quality-control/turnover of cellular and exogenous proteins; and establishment of cell polarity.
Protein trafficking is also critical for the biogenesis and maintenance of cellular organelles and
the plasma membrane through the selective delivery of resident structural and enzymatic fac-
tors. The importance of protein sorting to mammalian physiology, and particularly to organelle
biology, is demonstrated by the variety of disorders resulting from its disruption.1,2

Protein sorting is typically described in terms of two general transport routes termed the
“secretory” and “endocytic” sorting pathways (Fig. 1). Proteins enter the secretory pathway through
translocation into the endoplasmic reticulum (ER) either cotranslationally (at distinct regions of
the ER with associated ribosomes) or post-translationally. Here many nascent (i.e., immature)
proteins are folded and receive post-translational modifications. From the ER, secretory proteins are

The Biogenesis of Cellular Organelles, edited by Chris Mullins. ©2005 Eurekah.com
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sorted to the Golgi apparatus, where they are subjected to further modifications. A region of the
Golgi referred to as the trans-Golgi network (TGN) acts as the secretory pathway’s “Grand
Central Station”. From here proteins are selectively sorted to appropriate organelles, such as
degradative lysosomes; the plasma membrane; or to secretory granules for exit out of the cell.
The ER-to-Golgi segment is often referred to as the “early” secretory pathway, while post-Golgi
sorting routes are commonly termed the “late” secretory pathway. The trafficking of newly syn-
thesized proteins (as opposed to recycling proteins) along these routes to their ultimate destina-
tions is commonly termed “biosynthetic sorting”. Within the secretory pathway proteins may
move in a “forward” (e.g., ER-to-Golgi) and, at certain steps, in a “backward” (e.g., Golgi-to-ER)
direction, termed anterograde and retrograde transport, respectively. The endocytic pathway
involves the endocytosis (i.e., internalization) of proteins from the plasma membrane and trans-
port to the endosomal system, which consists of a number of putative, distinct compartments.
Endocytosed proteins are initially sorted to early endosomes. From early endosomes proteins
appear to be sorted to the Golgi, to recycling endosomes for transport back to the plasma mem-
brane, or to late endosomes. Late endosomes serve as sites for sorting to degradative lysosomes
and “lysosome-like organelles”, cell-type specific compartments that share properties with con-
ventional lysosomes, and/or mature into these compartments directly.2,3

Figure 1. Schematic representation of the secretory and endocytic pathways and proposed sites of protein coat
function. Key organelles and sorting steps comprising the secretory and endocytic sorting pathways and the
localizations of protein coats and steps they have been demonstrated (solid lines), or strongly suggested (short-dash
lines), to mediate are indicated. Some key, but less defined, sorting routes that may involve protein-coats are
also shown (long-dash lines). Proposed endosomal structures (including early, late, and recycling) are summa-
rized as one compartment for simplicity, though coats/pathways presented would generally involve an early
endosome. Processes presented are primarily based on data from mammalian systems. However, many of these
pathways, as well as additional, novel pathways, are more clearly defined in genetic models such as yeast and
Drosophila (not indicated, see text for details). See text for abbreviations and relevant references.
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Sorting from donor to acceptor membranes in the secretory and endocytic pathways is
primarily conducted via vesicular and tubulovesicular transport intermediates.4 While molecu-
lar events can vary widely, a basic model for vesicle formation at donor sites involves initial
recruitment of a small GTPase, such as members of the ADP-ribosylation factor (ARF) family
or Sar1p, to the membrane (Fig. 2, step 1).5 For the ARFs this requires the ARF-guanine
nucleotide exchange factor (GEF), which mediate GDP-to-GTP exchange on soluble ARF•GDP
(i.e., inactive ARF) resulting in membrane-bound ARF•GTP (i.e., active ARF).
Membrane-bound Sec12p performs this function for Sar1p. The activated GTPase then acts to
recruit the three major classes of electron-dense, multi-component protein-coats important for
cargo selection and vesicle formation/integrity: clathrin-containing, COPI, and COPII.6

Clathrin-coats are comprised of the scaffolding protein clathrin and an “adaptor” component,
such as an adaptor protein (AP) complex or monomeric “adaptor-related” protein, and localize
to the late-secretory and endocytic pathways (Fig. 1). Adaptors typically function in recruiting
membrane protein cargo, clathrin, and one or more “accessory-factor” (Fig. 2, step 1). The
structurally and functionally distinct COPI and COPII coats also recruit select cargo and ac-
cessory factors, though they do not contain or associate with clathrin or adaptors. COPI and
COPII are localized largely to the early-secretory pathway (Fig. 1). Polymerization of the coat
and actions of additional protein and lipid mediators produce membrane deformations that

Figure 2. A schematic representation of the sequential stages of protein-coated transport vesicle formation. Here
a clathrin-coated vesicle containing AP complexes serves as the model, though many of the basic processes are
common to other types of coated vesicles. Initially, ARF1 is recruited to donor membrane sites by an ARF-GEF,
which mediates GDP -> GTP exchange on ARF1 (step 1). Membrane-bound (i.e., activated) ARF1•GTPs then
recruit AP complexes, though it is not clear if each ARF1•GTP recruits one or multiple complexes. AP complexes
in turn recruit appropriate cargo; clathrin molecules, which form a lattice work required for structural integrity;
and probably a variety of accessory factors (here collectively represented by one symbol) to the site of coated-pit
nucleation. Forming clathrin-coated cargo vesicles mature (step 2) then undergo fission (also referred to as
“pinching off”) through the action of factors including the GTPase dynamin (step 3). Mature vesicles traffick to
acceptor membrane sites, though they are generally believed to undergo coat dissociation before they arrive (step
4). This outline is highly simplified with numerous lipid and protein mediators omitted for the sake of simplicity
(see references herein for additional detail).
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lead to bud formation and eventually vesicle maturation (Fig. 2, step 2). For clathrin-coated
vesicles (CCVs), ARF GTPase-activating proteins (GAPs) stimulate ARF hydrolysis of bound
GTP, thus inactivating and releasing ARF•GDP from the membrane. Studies of CCV forma-
tion suggest a dynamic exchange of clathrin between the forming cage and the cytoplasm
occurs at this point to promote coat rearrangements required for vesicle maturation.7 Follow-
ing maturation, the coated vesicle undergoes fission (or “pinching-off”) from the donor mem-
brane (Fig. 2, step 3). In the case of CCVs, this step involves the GTPase dynamin. Dynamin,
in association with other accessory factors, forms a “collar” around the “neck” of the budding
vesicle and facilitates fission through an undetermined mechanism requiring GTP hydrolysis.
In the case of COP-coated vesicles, fission appears to result directly from completion of coat
assembly. It is generally believed that following vesicle fission, but before arrival at the target
membranes, protein coats are dissociated from transport vesicles in an uncoating reaction (Fig.
2, step 4). Removal of clathrin coats appears to involve the Hsc70 uncoating ATPase, auxilin,
and probably other factors, while COP coats are disassociated through GAP-stimulated ATP
hydrolysis by ARF or other associated ARF-like GTPases. The subsequent processes of vesicle
targeting and docking and fusion with acceptor membranes are dependent on numerous addi-
tional factors. For example, the Rab family of small GTPases associate with membranes and
appear to function in vesicle targeting, probably through interacting with cytoskeletal motors,
and in vesicle docking/fusion events at target membranes, possibly through recruitment or
activation of additional effectors.8 The highly conserved, largely membrane-associated group
of N-ethylmeimide-sensitive factor (NSF) attachment protein receptors, or SNARES, is also
important for vesicle docking/fusion.9 Selective interactions of cognate SNARES on vesicles
(v-SNARES) with those at target sites (t-SNARES) facilitate mixing and fusion of vesicle and
acceptor membranes, which results in cargo delivery. Finally, it is important to remember pro-
teins sort through numerous means besides vesicular transport. Proteins are internalization via
plasma membrane invaginations termed “caveolae”, which represent a subset of the specialized
lipid microdomains commonly referred to as “rafts”, and through “bulk flow” processes like
phagocytosis. Sorting can be mediated through homotypic (e.g., endosome-endosome) and
heterotypic (e.g., secretory granule-plasma membrane) membrane fusions. Heterotypic fusions
are common to cells that undergo “regulated secretion” of proteins housed in secretory granules
or, in some cell types, secretory lysosomes. For reviews of these transport mechanisms see refs.
2,3,10-12.

Obviously even a simple description of the secretory and endocytic sorting machinery
reveals a multitude of important factors. A complete survey of all players is well beyond the
scope of this work. The present review will, therefore, focus primarily on the structure and
function of the major classes of protein coats. First, two constituents of clathrin-containing
coats, clathrin and the AP complexes, will be discussed followed by descriptions of COPI and
COPII coats. Finally, the potential roles of two newly-described coats containing adaptor-related
proteins will be addressed. Recent findings relating protein coat-function to the biogenesis of
organelles comprising the endocytic and secretory pathways are also emphasized.

Clathrin: A Scaffold for Protein Coats
The clathrin protein acts at sorting sites of the late secretory pathway, including the TGN,

endosomes, and plasma membrane, to drive the formation of cargo vesicles.6,13 To perform this
function, clathrin, which exists as a heterohexamer unit termed the triskelia, is recruited from
the cytoplasm to the cytoplasmic face of donor membranes. Here clathrin triskelions assemble
into a multimeric molecular scaffold to provide the mechanical force and structural integrity
needed for membrane deformations leading to vesicle formation. Clathrin is ubiquitously
expressed in all cell types and across all eukaryotic species examined from yeast to humans,
indicating it performs an important and highly conserved function. Interestingly, recent studies
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suggest a newly-discovered second clathrin protein in humans may mediate muscle cell-specific
TGN sorting steps through associations with the actin cytoskeleton.14

The structure of clathrin and assembled clathrin-coats on cargo vesicles has been studied
in fine detail. Early studies using rotary-shadowing electron microscopy revealed the general
“shape” of the clathrin triskelion and its composition of three heavy chain (190 kDa) - light
chain (~25 kDa) pairs (Fig. 3A).15 Following this initial description, the evolutionarily con-
served heavy chain proved of particular interest for understanding the relationship between
clathrin structure and function. This highly extended ~1675 amino acid subunit contains at its
amino-terminus a “globular” domain and a short linker segment (together comprising residues
~1-500) that connects to the much larger “leg” region, itself consisting of distal and proximal
(site of light chain association) domains, followed by the carboxy-terminus, which links to
other heavy chains forming the vertex of the triskelion. Crystallographic studies reveal the
“globular” domain folds into a seven-blade β-sheet propeller structure, which probably pro-
vides multiple sites for interactions with adaptor and accessory proteins, while the linker con-
sists of repeating α-helical zig zags.16 Clathrin triskelions in turn pack into highly complex
3-dimensional lattices, also referred to as “cages” or “baskets”, up to 2000Å in diameter with
the amino-terminal “globular” domain pointing inward (Fig. 3A and ref. 6).

Numerous factors, many of which were characterized in studies of neuronal synaptic vesicle
(SV) formation, interact with clathrin to facilitate assembly and disassembly of clathrin lat-
tices. Adaptors, adaptor-related proteins (see later sections), and the AP180 (neural form)/
CALM (nonneural form) protein17 all recruit clathrin to membrane sites of coated-vesicle
formation. The β-arrestins (comprising two widely expressed homologues, β-arrestin 1 and
β-arrestin 2/arrestin 3) also appear to recruit clathrin, and additional coat components, to sites
of endocytosis for some G-protein-coupled receptors, including the β2-adrenergic receptor.18-20

Importantly, a peptide corresponding to the clathrin-interacting sequence of β-arrestin 2 binds
within grooves of the β-propellers at the clathrin heavy chain amino-terminus, suggesting a
general mode by which clathrin interacts with other factors.21 Amphiphysin (comprising the
neural expressed amphiphysin I and the broadly expressed amphiphysin II)22 and epsin (com-
prising two similar neural proteins, epsin I and II)23,24 appear to recruit clathrin and additional
coat components to the plasma membrane through interactions at multiple internal
clathrin-binding sequences. In addition, amphiphysin, through its carboxy-terminal SH3
(Src-homology region 3) domain, interacts with dynamin and synaptojanin, a phosphatase
involved in regulating levels of phosphoinostitides involved in endocytosis.25 Auxilin, a mem-
ber of the DnaJ family, binds clathrin with high affinity and, in cooperation with heat-shock
protein hsp70c, participates in clathrin-uncoating prior to vesicle fusion with acceptor mem-
brane sites.26 These and other proteins that directly interact with clathrin contain one or more
clathrin-binding motifs, or “clathrin-boxes”, conforming to the five amino acid consensus se-
quence L (L,I) (D,E,N) (L,F) (D,E) and, in some cases, additional nonconsensus variants, such
as PWDLW in the case of the human amphiphysins.27 Finally, while these represent a select
subset of proteins with described or presumed clathrin interactions, it should be remembered
that numerous other factors are involved in clathrin-mediated sorting (for descriptions refer to
refs. 13,28,29 and later sections).

As with many protein coat constituents, studies in genetic models have provided insight
into clathrin function in coat formation and protein sorting in vivo. Cells of the budding yeast
Saccharomyces cerevisiae lacking the clathrin heavy chain (∆chc1) display slow growth; defective
endocytosis; mislocalization of Golgi proteins; and, depending on the genetic background,
inviability.30-32 Similar phenotypes, as well as defective vesiculation, are observed in a light
chain deletion mutant (∆clc1), though this may be indirect due to heavy chain instability.33 A
temperature sensitive heavy chain mutant (chc1-521) displays the additional phenotype of de-
fective biosynthetic sorting from the Golgi, though for unknown reasons sorting recovers over
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time.34 Genetic screens using the chc1-521 mutant identified dynamin-related Vps1p and
synaptojanin-like Inp53p as players in clathrin-mediated sorting at the yeast Golgi.35 In addi-
tion, the chc1-521 mutation displays genetic interactions with deletion mutations of yeast
adaptor AP-1,36,37 as well as novel adaptor-related proteins (discussed in more detail below).38

In contract to yeast, deletion of the clathrin heavy chain in Drosophilia melanogaster is lethal,
suggesting a lack of factors capable of functional overlap with this coat protein and the impor-
tance of clathrin to viability.39

Figure 3. Schematic diagrams of clathrin, an AP complex, and clathrin-AP interactions at the membrane.
A) The clathrin triskelion consists of three heavy chains (HC) and three light chains (LC). The HC is further
subdivided into an amino-terminal globular domain (GD); linker (L); distal leg (DL); and a carboxy-terminal
proximal leg (PL) domain, which joins with two other PL domains to form the vertex of three heavy chains.
Triskelia assemble into a closed hexagonal lattice-work (here highly simplified), referred to as a clathrin cage
or basket, which disassembles upon coat disassociation. The relative position of an individual triskelion in
a clathrin cage is indicated. B) AP complexes consist of one β-adaptin; one γ, α, δ, or ε-adaptin, for AP-1-4,
respectively; one µ-adaptin; and one σ-adaptin subunit. Relative positions of carboxyl-terminal “Ear”,
“Hinge”, “Trunk”, and regions comprising amino-terminal “Head” domains of large adaptins, as well as
µ-homology domain (µ-HD) of µ-adaptin, are indicated. Subunits are drawn roughly to scale. C) At sites
of transport-vesicle formation, AP complexes recruit cargo through interactions between the µ-HD of
µ-adaptin and tyrosine-based (i.e., YXXØ) sorting signals present on cytosolic domains of membrane proteins.
For those AP complexes that recruit clathrin, the β-adaptin subunit interacts via one or more sites in its
carboxyl-terminal “Hinge/Ear” region with the clathrin globular domain. Additional interactions between AP
complex subunits and clathrin have also been reported (not pictured, see text for details). The “Ear” of the
second large adaptin has been implicated in recruitment of accessory factors. See text for relevant references.
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Adaptor Protein Complexes: Adaptors for Coats of the Late-Secretory
and Endocytic Pathways

AP complexes serve as adaptors for clathrin-coats, and probably some nonclathrin-coats,
operating among compartments of the late-secretory and endocytic pathways and the plasma
membrane.40,41 As protein coat adaptors, AP complexes perform key functions at the cytoplas-
mic surface of donor membranes, including: selective recruitment of protein cargo to sites of
vesicle formation; recruitment of accessory factors involved in vesicle formation; and, at least
for some AP complexes, linking clathrin to the forming vesicle.

To date, four AP complexes have been described in mammals: AP-1 through AP-4. Each
AP complex is comprised of four protein subunits, or “adaptins”: two large adaptins (β1-4 and
one each of γ/α/δ/ε for AP-1-4, respectively, ~90-130 kDa), one medium adaptin (µ1-4, ~50
kDa), and one small adaptin (σ1-4, ~20 kDa) (Fig. 3B). In addition, a number of adaptin
isoforms have been identified, suggesting alternative holo-complexes may perform specific sorting
functions in some cell types. Electron microscopy studies have revealed the association of AP
subunits yields a shape reminiscent of a “head” with one “ear” protruding from each of the two
large adaptins and connected by a flexible “hinge” or “linker” region. Adaptin subunits bear a
high degree of sequence homology across eukaryotic genera, suggesting an evolutionarily con-
served function for AP complexes.40

Each of the four adaptin subunits comprising mammalian AP complexes has an ascribed
function in coated-vesicle formation and selective sorting (Fig. 3C). Due to their ability to
bind clathrin in vitro, the β-adaptins of AP-1 and AP-2 are believed to recruit clathrin to the
forming vesicle in vivo.42 Beta-3 also interacts with clathrin in vitro suggesting it performs a
similar role in clathrin-coat assembly for AP-3,43 though this is still a matter of debate. These in
vitro β-adaptin-clathrin interactions are dependent on clathrin-binding motifs in the β1-3
hinge-domains.42-44 The ear domain of β2, which does not contain a consensus clathrin-binding
motif, is also implicated in clathrin-binding, as well as recruitment of accessory proteins.45

Interestingly, β4 displays no apparent clathrin-binding.46,47 The ear-domains of γ- and α-adaptin
appear to target AP-1 and AP-2, respectively, to appropriate membranes.48 In addition, the
γ-adaptin ear recruits γ-synergin, a cytosolic protein of unknown function, to membranes.
Gamma-synergin contains an EH (Eps15 homology) domain, known to mediate protein-protein
interactions.49 Though this EH motif is not required for AP-1 binding, it may recruit addi-
tional factors to the site of AP-1 function. Recent work by Doray and Kornfeld50 demonstrates
clathrin binds at multiple sites on γ-adaptin, including sites representing probable new variants
of the clathrin-binding motif. Interactions between γ-adaptin of yeast AP-1 and clathrin have
also been reported.51 The α-adaptin ear, probably through a single binding-site, interacts with
multiple ligands that participate in vesicle formation and sorting at the plasma membrane.52

The µ-adaptins interact with distinct “sorting signals” in the cytosolic tails of membrane pro-
tein cargo. Cytosolic sorting signals, though somewhat heterogeneous, are often grouped into
two main classes, tyrosine based, which includes NPXY and YXXØ signal types (where N is
asparagine; P is proline; Y is tyrosine; X is any residue; and Ø is a bulky hydrophobic residue,
such as phenylalanine (F), leucine (L), isoleucine (I), valine (V), or methionine (M)), and
dileucine signals, which includes LL and LI signal types.53-55 Interactions between the µ-adaptins
and tyrosine-based signals serve to selectively recruit and concentrate cargo at sites of nascent
transport-vesicle formation, thereby providing much of the specificity in sorting of the respec-
tive AP complexes. It has been suggested µ-adaptins56 and/or the β-adaptins57 interact with
dileucine signals, though the significance of these interactions is controversial. The σ-adaptin
subunit appears to function, at least in part, to strengthen interactions between the large
adaptins.58
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While similar in overall structure and respective subunit function, AP complexes display
different distributions in the cell. This and other findings, largely from studies in model organ-
isms, suggest unique functions for each AP complex in secretory and endocytic sorting. The
characteristics of individual AP complexes are described in the following sections.

AP-1
The AP-1 complex primarily localizes to the TGN and to a lesser extent to endosomal

compartments (Fig. 1). At the TGN, AP-1 is believed to mediate clathrin recruitment and
selective sorting of CCVs containing cargo, including certain lysosomal and plasma membrane
proteins, on to the endosomal system. AP-1 is itself recruited to membranes by membrane-bound
ARF1•GTP.59 Addition of brefeldin A (BFA), an inhibitor of ARF GTP- GDP exchange,
results in redistribution of AP-1 to the cytosol.60,61 Polarized cell-specific AP-1B has recently
been identified as an alternative complex to the ubiquitous AP-1 (i.e., AP-1A) complex. AP-1B
is similar to AP-1A but contains the epithelial-specific µ1B isoform.62 This complex mediates
targeting of select membrane proteins, such as the low density lipoprotein receptor (LDLR)
and lysosomal-associated membrane protein 1 (Lamp1), from the TGN to basolateral mem-
branes63-65 and possibly post-endocytically.66

A number of early studies implicated AP-1 in sorting the cation-dependent (CD)- and
cation-independent (CI)-mannose 6-phosphate receptors (MPRs), two major components of
TGN-derived cargo vesicles.67,68 The MPRs themselves mediate sorting of numerous soluble
hydrolases to endosomes/lysosomes through recognition of mannose 6-phosphate moieties added
to these proteins post-translationally. Protein cargos, such as the MPRs, do not appear to be
required for efficient AP-1 recruitment and subsequent CCV formation at the TGN,69 thought
this is a matter of debate.70 Selectivity in sorting is largely provided by µ1-adaptin, which
recognizes distinct tyrosine-based sorting signals,71,72 such as those present in the tails of the
MPRs. New findings indicate AP-1 does not interact with di-leucine signals present in MPR
cytosolic tail regions,73,74 though these signals are known to be required for MPR sorting at the
TGN.67,73

The importance of AP-1 to the development of higher eukaryotes is clear from genetic
studies in mice that show disruption of the γ-adaptin gene is lethal (i.e., no homozygote mu-
tant embryos developed past day 4.5 post-coitus).75 In a separate study, disruption of µ1A also
failed to yield homozygote mutants, though embryos developed sufficiently for the establish-
ment of epithelial cell cultures.76 Interestingly, these cells, which probably still form AP-1B,
display inefficient endosome-TGN trafficking, which suggests a role for AP-1A in recycling.64,76

In contrast to mammals, S. cerevisiae mutants containing genetic disruptions for all four AP-1
subunits individually or in combination display no growth or sorting phenotypes.36,37 Indi-
vidual AP-1 mutants do show synthetic defects in sorting from the yeast Golgi when combined
with clathrin mutations.36,37 Supporting the genetic interactions are findings that yeast AP-1 β
and γ-adaptins interact with clathrin in vitro.51

Together, studies of AP-1 reveal that much remains to be learned concerning this adaptor’s
role in protein transport. It also appears likely that alternative sorting machineries participate,
and potentially overlap, with AP-1 in selective sorting at the TGN and/or endosomes.

AP-2
AP-2 localizes to the plasma membrane where it recruits protein cargo and clathrin and

mediates endocytosis and sorting of proteins in CCVs to early endosomes (Fig. 1). AP-2-mediated
endocytosis at the cell surface is important for a number of processes including regulation of
levels of cell-surface receptors, ion channels, and transporters; internalization of extracellular
molecules; and formation and cycling of SVs in neural cells. The µ2-adaptin subunit weakly,
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but selectively, interacts with distinct sets of tyrosine-based sorting signals in vitro.72,77,78 Such
tyrosine signal–µ2-adaptin interactions are strengthened by the presence of clathrin and phos-
pholipids.79 In addition, phosphorylation of µ2 on a single threonine residue by a novel
adaptor-related serine/threonine kinase increases AP-2 binding to membranes and sorting sig-
nals.80-82 Recent descriptions of the AP-2 atomic structure reveal membrane-binding sites in
α-adaptin and µ2 and suggest AP-2 may undergo conformational changes at the membrane to
allow sorting-signal recognition/binding.83,84 These and other findings suggest AP-2-mediated
cargo recruitment at the plasma membrane is highly regulated.

Numerous accessory factors that interact with AP-2 to participate in endocytic vesicle
formation and protein internalization have been identified from studies of clathrin-coated SV
formation.28,29 Amphiphysin concentrates at neuronal presynaptic termini and appears to re-
cruit AP-2 through interactions with α-adaptin52,85 and the clathrin heavy chain.22 Beta-arrestin
2 binds β2-adaptin through a carboxyl-terminal sequence to facilitate agonist-induced inter-
nalization of some G-protein coupled receptors.86 EPS15 (epidermal growth factor protein
substrate 15) interacts with AP-2 ear-domains via carboxyl-terminal DPF (aspartic acid
(D)-proline (P)-phenylalanine(F)) repeats. EPS15 also interacts with epsin and synaptojanin
(which comprises two phosphoinositide phosphatase isoforms possibly involved in uncoating)
via two amino-terminal EH (EPS15 homology) repeats.28 Interactions between AP-2 and EPS15
appear to aid in recruiting growth factor receptors as endocytic cargo.87 Epsin, the primary
binding-partner for the EPS15 EH domains,88 interacts with the α-adaptin ear of AP-2 via its
central DPW (aspartic acid (D)-proline (P)-tryptophane (W)) domain and with clathrin via
two cooperative clathrin-binding motifs.23,24 Auxilin also interacts with AP-2 and clathrin
probably as a function of its role in vesicle uncoating.26,89 The neuronal-specific AP180 pro-
tein binds the β2-adaptin ear45 and interacts with clathrin via multiple DLL (aspartate
(D)-leucine (L)-leucine (L)) repeats.17 This association of AP-2 and AP180 strengthens the
affinity of both proteins for clathrin, suggesting these coat proteins cooperate in clathrin re-
cruitment in neuronal cells.90 AP-2 recruitment to the plasma membrane does not require
ARF proteins,91 and is thus not sensitive to BFA. Instead AP-2 recruitment appears to involve
the membrane protein synaptotagmin.92 Members of the synaptotagmin family contain two
cytosolic C2-domains, C2A and the similar C2B domain, which bind AP-2 via a cluster of
lysine residues.93 Synaptotagmin, possibly in cooperation with phospholipids, strengthens
AP-2-membrane associations and facilitates the formation of coated-pits (an early stage of
coated-vesicle formation).94 AP-2 function also appears to be regulated through interactions
with phosphoinositides (PI) at the membrane. A recent study suggests binding of PIs by µ2
may regulate AP-2/clathrin-mediated endocytosis in neurons.95 In addition to AP-2-containing
clathrin-coats and the accessory factors named here, an array of additional players participate
in regulated endocytosis (for a more complete survey see refs. 28, 29).

Analyses of AP-2 function have been performed in a number of genetic model organisms.
Disruption of AP-2 subunit genes in S. cerevisiae does not produce an observable defect in
viability or sorting,37,96 even in combination with clathrin mutations.95 Studies in Caenorhabditis
elegans using RNA-mediated interference (RNAi) are inconclusive regarding the importance of
AP-2 to endocytosis, but do reveal an essential requirement for development.98,99 Mutations in
Drosophila α-adaptin result in severe impairment of SV formation and development.100 In
addition, Drosophila α-adaptin interacts with the Numb protein, which influences cell fate
during fly development.101 Mutations in the α-adaptin ear domain abolish this interaction and
lead to developmental defects similar to those seen in a numb mutant.101 These roles for AP-2
detailed in genetic models are supported by studies in human cell lines that show interference
with AP-2 function using a dominant-negative form of µ2 leads to severe defects in endocyto-
sis in vivo.102
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AP-3
The AP-3 complex appears to associate with the TGN and/or endosomes (Fig. 1), though

its precise intracellular localization remains unclear. AP-3 is recruited from the cytosol to mem-
branes by ARF1•GTP in a reaction blocked by BFA.61 At the TGN, and possibly endosomes,
AP-3 mediates selective sorting of membrane proteins to lysosomes as well as lysosome-related
compartments such as melanosomes, platelet dense granules, visual pigment granules, and
MHC class II compartments.2 Other recent investigations suggest AP-3 is required for lysoso-
mal delivery from the TGN via a route bypassing endosomal compartments.103 An AP-3 com-
plex containing neural-specific adaptin isoforms β3B (β-NAP) and µ3B has been implicated in
SV formation from endosomal-like compartments in vitro.104

Extensive characterization of µ3-adaptin-sorting signal interactions show AP-3 prefers
tyrosine-based signals resembling those in lysosomal membrane proteins such as Lamp 2 and
Lamp 3/CD63.72 Furthermore, ablating µ3-adaptin through anti-sense oligonucleotides in-
hibits TGN sorting of lysosomal membrane proteins Lamp 1 and Lamp 3/CD63, but not
sorting of M6PRs, which involves AP-1.105 Interestingly, µ3-adaptin interacts with a cytosolic
segment of M6PR containing dileucine and tyrosine-based sorting signals,106 though the sig-
nificance of this interaction remains unclear.

AP-3 is proposed to recruit clathrin in a manner similar to AP-1 and AP-2 based on
studies showing: AP-3 colocalizes with clathrin in vivo,43 β3-adaptin interacts with clathrin via
a consensus clathrin-binding motif in vitro,21,43 and AP-3 can link clathrin to synthetic lipo-
somes.107 However, other reports revealed: little AP-3 on isolated CCV preparations,108 the
absence of clathrin on AP-3 vesicles budding from endosomes,109 and β3-adaptin with its
putative clathrin-binding domain mutated retains function in vivo.110 In addition, deletion of
the yeast clathrin heavy chain does not affect AP-3-dependent sorting of some vacuolar pro-
teins.34,111 One explanation for these findings is that this unique complex may participate in
both clathrin- and nonclathrin coated vesicle sorting.

Genetic studies in model organisms and humans have probably yielded more insight into
AP-3 function than for any of the other identified AP complexes. Disruption of the genes
encoding yeast AP-3 subunits results in mis-sorting of the vacuolar hydrolase alkaline phos-
phatase (ALP) and the vacuolar t-SNARE Vam3p.111-113 AP-3-mediated protein sorting via
this “ALP-pathway” does not require clathrin, unlike sorting pathways mediated by yeast AP-1
and AP-2.114 However, in some cases other proteins, such as Vps41p,115 may substitute for
clathrin in AP-3-coated vesicles. In Drosophila mutations in each of the four AP-3 subunits
have been linked to eye color phenotypes resulting from defects in the biogenesis of visual
pigment granules, a lysosome-like organelle.116-119 In contrast to the proposed involvement of
mammalian AP-3 in SV formation in vitro,104,109,120 Drosophila AP-3 does not appear to be
involved in SV formation in vivo.118 The importance of AP-3 to lysosomes and related or-
ganelles is also seen in mouse coat-color mutants mocha and pearl, which contain defects in δ-
and β3A-adaptins, respectively.121,122 These mutants display various phenotypes associated with
defective sorting to and biogenesis of melanosomes, platelet dense granules, and lysosomes.
The importance of AP-3 for lysosomal sorting in humans has been elegantly demonstrated
through studies of genetic disorders resulting from mutations in AP-3 genes. Patients with the
Hermansky-Pudlak Syndrome (HPS) display hypopigmentation, clotting defects, and lysoso-
mal abnormalities similar to those seen in AP-3 mutant mice. A form of HPS, termed HPS
type 2, has been shown to result specifically from a mutation in the β3-adaptin gene, which in
turn leads to defects in sorting to and biogenesis of melanosomes, platelet dense granules, and
lysosomes.123 Together these results clearly demonstrate the importance of AP-3 in biosyn-
thetic sorting to and maintenance of lysosomes and lysosome-related organelles across all eu-
karyotic species examined.
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AP-4
AP-4, the most recently identified member of the AP complex family, is localized to the

cytoplasmic face of the TGN (Fig. 1), probably as a component of nonclathrin coats.46,47 Like
AP-1 and AP-3, AP-4 is recruited to membranes by ARF1•GTP in a reaction that can be
inhibited by BFA.124 AP-4 recruitment appears to require specific, and probably cooperative,
interactions between ε- and µ4-adaptins with ARF I “switch regions” I and II,124 which un-
dergo conformational changes during GTP-GDP exchange125,126 and act as binding sites for
effector molecules.127 Interestingly, AP-4 is not present in yeast, Drosophila, or C. elegans,
though it is expressed in mammals as well as Dictyostelium discoideum and Arabidopsis thaliana.40

This suggests that AP-4 is involved in cellular functions distinct to select eukaryotes. Like all
µ-adaptins, µ4 displays a preference for a subset of tyrosine-based sorting signals.128 The
µ4-adaptin subunit also interacts in vitro with naturally occurring tyrosine-signals found in
lysosomal membrane proteins including Lamp 2 and Lamp 3/CD63.47,128 These interactions,
as well as its cellular localization, argue for a role for AP-4 in biosynthetic sorting to the
endosomal/lysosomal system. In addition, a recent report by Simmen et al129 suggests a role for
AP-4 in basolateral sorting in polarized epithelial cells. Additional work is needed to further
elaborate the role of AP-4 in intracellular protein transport.

COP Complexes: Protein Coats of the Early Secretory Pathway
Bi-directional protein transport between organelles of the early-secretory pathway, specifi-

cally the ER and Golgi, is primarily mediated by the functionally and structurally distinct coat
protein complexes, or COPs.130,131 Two COPs have been described: COPI, also referred to as
coatomer; and COPII. Like protein coats operating in the late-secretory and endocytic path-
ways, the COPs recruit cargo at membrane donor sites and facilitate the biogenesis and selec-
tive sorting of transport vesicles. In contrast to many other secretory pathway coats, COP coats
do not contain clathrin or a separate adaptor component.

COPI and COPII appear to operate primarily in retrograde and anterograde sorting, re-
spectively, at the highly dynamic and morphologically intricate interface between the ER and
cis (early)-Golgi compartments (Fig. 1).130 Following translation/translocation, secretory pro-
teins sort from the ER at ribosome-free exit sites, or transitional elements (TEs), containing
membrane-associated COPII. Following budding at TEs, COPII coats disassociate from cargo
vesicles, which then fuse with a collection of membrane structures termed the vesicular tubular
clusters (VTCs). These transient VTCs appear to move along microtubule tracks to cis-Golgi
elements where they fuse resulting in the delivery of cargo.132 COPI-coated vesicles form at
cis-Golgi compartments and at VTCs. These COPI cargo vesicles traffic back to the ER, thus
replenishing membranes and escaped resident and sorting machinery proteins. Some evidence
suggests COPI vesicles also traffick from VTCs to the Golgi in an anterograde direction. The
COPs thereby act in concert to ensure a tight coupling biosynthetic sorting and recycling in
the early secretory pathway. Distinct characteristics and functions of these coats are discussed
in the following sections.

COPI
The COPI coat was originally identified through in vitro assays of ER–Golgi transport.133

Isolation of COPI-coated vesicles revealed the coat to be composed of a 600kDa protein com-
plex, referred to as coatomer, and an ARF GTPase (Fig. 4).134 Coatomer in turn is comprised
of seven nonidentical subunits ranging from ~160kDa to ~20kDa: α, β-, β’-, γ-, δ-, ε-, and
ζ-COP.135 Immunochemical studies revealed COPI coats primarily localize to VTC mem-
branes and cis-Golgi membranes, but not to late-Golgi structures such as the TGN.132,136
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COPI subunits are largely conserved from mammals to yeast and share sequence similarities
with AP complex subunits.6,40

A role for COPI coats in Golgi-to-ER retrograde trafficking is largely supported by ge-
netic studies in yeast. These analyses reveal defective Golgi-to-ER transport in conditional
mutants for yeast COPI subunits sec21p and sec27p, the orthologs of mammalian γ-COP and
β’-COP, respectively, and demonstrate the cooperation of other resident ER sorting constituents
in this transport.137,138 In addition, more recent in vitro reconstitutions of Golgi sorting dem-
onstrate COPI-vesicles can mediate the transport of Golgi enzymes from the cis-Golgi to the
VTCs.139 Studies in yeast and mammalian systems have also suggested a role for COPI-coated
vesicles in anterograde sorting from VTCs to the Golgi and within the Golgi stacks, though
these functions for COPI are the subject of much debate.4,140-142 The relative importance of
COPI to retrograde versus anterograde sorting in the ER-Golgi interface thus remains to be
established.

An endosomal-specific COPI coat apparently lacking the γ and δ subunits has been iden-
tified in association with vesicles trafficking from early to late endosomes in a manner depen-
dent on the acidic pH of these compartments.143-147 In addition, endosomal COPI is involved
in the biogenesis of multivesicular bodies (MVBs), also known as endosomal carrier vesicles
(ECVs), in both mammalian cells and yeast.135,144,148 MVBs/ECVs appear to represent inter-
mediate compartments in sorting from early to late endosomes and/or late endosomes in the
process of maturing into lysosomes.3,135

To maintain selective sorting, COPI, like other protein coats, must distinguish appropri-
ate cargo, such as proteins to be recycled back to the ER. To accomplish this COPI recognizes
a dilysine retention/retrieval signal with the consensus sequence KKXX (where K is lysine and

Figure 4. Schematic diagram of COP-coat proteins. Components of COPI (coatomer) and COPII coats
and possible interactions at sites of transport vesicle formation are presented. Membrane proteins appear
to be recruited through interactions with γ-COP and the Sec23/24 complex of COPI and COPII, respec-
tively. Sorting signals in the cytosolic tails of cargo can vary widely (see text for details). COPI and COPII
subunits appear to be recruited to membranes by membrane-bound ARF1•GTP and Sar1p•GTP, respec-
tively. Individual COPI and COPII subunit arrangement and stoichiometry of COPII subcomplexes
Sec23/24 and Sec13/31 remains unclear, though model presented represents most recent ideas. COPII
model presented is derived largely from studies in yeast. COPI and COPII subunits are drawn roughly to
scale. See text for relevant references.
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X is any residue) in the cytoplasmic tail of a number of ER-resident membrane proteins.137,149

A major cargo of COPI vesicles is the p24 family, a conserved group of membrane proteins
implicated in regulating vesicle formation.150 A subgroup of the p24 family, including the p23
protein, contains the KKXX sorting motif in their cytosolic tails, while all p24 proteins carry a
double-phenylalanine (FF) sorting motif that is also recognized by COPI. Though the exact
requirements for individual subunits in binding membrane cargo are unclear, a model for
COPI-cargo interactions has been proposed.140 In this model the KKXX motif first contacts
γ-COP followed by a shift in binding to an α-/β’-/ε-COP subcomplex, while a β/γ/ζ subcomplex
selectively interacts with the FF motif. COPI also appears to participate in recycling of some
soluble ER proteins containing the carboxy-terminal H/KDEL (where H is histidine/K is lysine,
D is glutamic acid, E is lysine, and L is leucine) retention/retrieval signal when bound to the
multi-spanning membrane protein Erd2p, which acts as the intracellular H/KDEL-receptor.151

As with numerous other protein coats, the small GTPase ARF is critical for COPI-mediated
vesicle formation. This initially requires ARF GEF-mediated ARF1 activation (i.e., GDP–>
GTP exchange) and membrane recruitment in a BFA sensitive reaction.152 COPI is subse-
quently recruited to donor membrane sites through interactions with ARF1•GTP.153

ARF1-COPI association at the membrane provides kinetically stable sites needed for cargo
recruitment with coatomer apparently remaining after ARF1 dissociation.154 Recent studies
have revealed an interplay between the activation state of ARF1 and positive and negative
selection of cargo by COPI.155,156 In one proposed model, interactions between specific sort-
ing signals (e.g., RRXX, where R is arginine, as found in some p24 proteins) and COPI at the
membrane induce COPI conformational changes that prevent GTP hydrolysis.155 This pre-
sumably results in COPI-ARF1•GTP remaining membrane-associated long enough for “pro-
ductive” assembly of COPI-cargo vesicles. In contrast, in the so termed “discard pathway”,
other sorting signals (e.g., the KKXX and FF motifs, as found in some p24 proteins) do not
prevent GTP hydrolysis of ARF1•GTP. This allows GTP hydrolysis by ARF-GAP and disasso-
ciation of COPI, ARF1•GDP, and cargo, thus blocking vesicle formation. These models sug-
gest that competing sorting signals can act positively or negatively during COPI vesicle bud-
ding with specificity conferred by GTP hydrolysis. ARF1 also appears to be involved in
recruitment of COPI in the endosomal pathway.157 This recruitment is pH-dependent sug-
gesting that cytosolic ARF1 is able to sense the acidic luminal environment of endosomal
compartments and MVBs, probably indirectly via associations with an endosomal membrane
protein(s). These findings, thus explain the observed pH-dependence of COPI association
with endosomes/MVBs.143,144 Inhibition of COPI/ARF1 by dominant-negative ARF1 mu-
tants and BFA results in abberant Golgi and endosomal morphology.158-160 In addition, disas-
sociation of COPI from membranes with BFA results in Golgi disorganization and redistribu-
tion of Golgi contents to the ER.161 These and numerous other studies suggest a fundamental
role for COPI/ARF1 in the biogenesis of a number of secretory/endocytic organelles.4,161

COPII
The COPII coat was initially identified using genetic approaches in yeast and in vitro

reconstitutions of ER-to-Golgi transport.162 Subsequent purification of factors required for
vesicle budding from the yeast ER revealed COPII coats to be composed of the Sec23p/Sec24p
and Sec13p/Sec31p complexes and the small GTPase Sar1p (Fig. 4).163,164 Like COPI pro-
teins, constituents of COPII coats are largely conserved from yeast to humans.6,40

Electron microscopy and 3-dimensional reconstructions in yeast reveal that COPII coat
assembly at membranes proceeds orderly with cytosolic Sar1p•GDP initially binding to lip-
ids.130,165 Here Sar1p•GDP associates with a membrane-bound GEF (yeast Sec12p) to pro-
duce activated Sar1p•GTP. Sar1p•GTP then recruits Sec23p/Sec24p, which probably aids in
cargo selection/sequestration, followed by Sec13/Sec31p, which appears to act in a structural
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role.166 Multiple “bow-tie”-shaped Sec23p/Sec24p heterodimers and elongated, flexible Sec13p/
Sec31p heterotetramers (two each of Sec13p and Sec31p) appear to associate laterally and
horizontally to form a flexible, curved COPII basket.167

Live-cell imaging and immunoflourescence techniques have localized assembled COPII
coats to ER TEs.132,168 Sorting from TEs appears to involve two steps, COPII-mediated con-
centration of newly synthesized secretory proteins at ER exit sites and a “hand-off” to COPI
for sorting via VTCs to the Golgi.169 Visualization of the dynamics of ER exit sites using Sec13
and sec24 proteins tagged with the green fluorescent protein (GFP) reveal COPII associates
with hundreds of relatively immobile TE exit sites that do not appear to be consumed by
anterograde ER sorting.169,170 COPII appears to dissociate prior to vesicle fusion with ER/
Golgi intermediate compartments in a reaction mediated, at least in part, by the Sar1p GAP,
COPII component Sec23p. Sec23p promotes GTP hydrolysis of Sar1p•GTP thus destabiliz-
ing Sar1p/COPII-lipid interactions.171 The requirement of COPII in ER-to-Golgi biosyn-
thetic sorting is also revealed in genetic studies in which conditional mutants of yeast COPII
subunits (e.g., Sec23p, Sec13p, Sec31p, Sec24p), Sar1p, and the Sar1p GEF Sec12p display
phenotypes consistent with defective ER exit.172-174

Evidence suggests that proteins exit the ER through bulk flow as well as a selective
mechanism(s) involving specific ER-sorting signals.130,165 Interestingly, selective and efficient
anterograde ER export in mammalian cells and yeast appears to be mediated by a variety of
such ER-exit motifs. For mammalian ERGIC-53,175 the vesicular stomatitis virus glycoprotein
(VSV-G),176 yeast Sys1p,177 and a mammalian potassium channel178 the respective motifs KKFF,
DXE, DXE, and EXD & EXE (where K is lysine, F is phenylalanine, D is aspartate, E is
glutamic acid, and X is any residue) facilitate ER-exit through apparent interactions with COPII.
A FF motif present in the cytosolic tails of p24 proteins has also been shown to function in
ER-sorting.179 A recent study revealed a FXXXFXXXF signal in cytosolic domain of the dopam-
ine D1 receptor is recognized by the newly described ER-membrane protein DRiP78 during
ER exit.180 Together, such reports suggest an as yet fully defined specificity exists for ER antero-
grade sorting, possibly involving accessory factors acting with COPII coats at the level of
signal-recognition/cargo recruitment.

Adaptor-Related Proteins Define Novel Coats of the Secretory
and Endocytic Pathways

The diversity of identified sorting-motifs and intricate trafficking routes between
late-secretory and endocytic organelles and the plasma membrane suggest a need for a variety
of protein coats with diverse adaptor components. Some variety is obtained through the ex-
pression of AP complex adaptin isoforms.40 As described above, adaptin isoforms, some of
which show cell/tissue-specific expression, can associate in AP complexes involved in special-
ized sorting events, such as basolateral sorting (e.g., AP-1B)63-65 and SV endocytosis (e.g.,
AP-3 containing β3/βNAP and µ3B).104 However, the small number of AP complexes, even
with isoforms, seems insufficient to provide selectivity for all late-secretory and endocytic trans-
port steps. Furthermore, genetic studies show that removal of one or more AP complexes does
not completely abolish sorting in the respective pathway(s).181 Indeed, deletion of all AP genes
in yeast does not eliminate biosynthetic sorting to the vacuole, block endocytosis, eliminate
clathrin assembly on coats, or result in an apparent growth defect.36,37,96 These results imply
the presence of additional adaptor proteins that can function redundantly with AP complexes
in the late-secretory and endocytic pathways.

Database mining and genomics approaches used to identify many adaptin isoforms have
more recently revealed novel adaptor-related proteins. Classification as adaptor-related is often
based on sequence similarity to known adaptors (or adaptin subunits) and/or a functional
similarity to know adaptors, such as the ability to recognize sorting signals and recruit clathrin
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to forming transport vesicles. Two families of such adaptor-related proteins, the GGAs and the
Stoned B family, define novel protein coats involved in late-secretory and endocytic trafficking.
These proteins have been the subject of a number of recent investigations and are described in
the following sections.

The GGA Family of Late-Secretory Adaptors
A number of independent studies employing database searches for proteins bearing ho-

mology to select adaptin domains and two-hybrid screens for proteins interacting with acti-
vated ARF identified the GGA (for Golgi-localized, γ ear-containing, ARF-binding) family of
adaptor-related coat proteins.182-186 This family comprises three members in mammals (GGA1,
GGA2, and GGA3), two members in S. cerevisiae and S. pombe (Gga1p and Gga2p), and one
member each in Drosophila and C. elegans.40 Interestingly, the GGAs display a unique modu-
lar arrangement of domains that bear homology to proteins and/or functional domains known
to be involved in protein trafficking. This organization consists of an amino-terminal VHS (for
Vps27p, Hrs, STAM homology) domain; a GAT (for GGA and TOM homology) domain; a
variable, nonconserved linker region; and a carboxy-terminal GAE domain (for γ-adaptin ear
homology) (for details on above factors bearing homology to the GGAs see ref. 3) (Fig. 5A).
Though they bear some homology to AP-1 subunit γ-adaptin, the GGAs appear to exist as
monomers in vivo.182,183 Immunofluorescence and electron microscopy studies demonstrate
the mammalian GGAs localize to coated buds and vesicles at or near the TGN (Fig. 1).182-185

At the TGN, the GGAs colocalize with AP-1 and possibly physically associate with AP-1 through
interactions of the GGA hinge and the γ-adaptin ear domains.187 The GGAs are recruited to
membranes by ARF1•GTP in a reaction sensitive to BFA and blocked by overexpression of
dominant-negative ARF1 mutants.182,184 The GGAs also interact with activated ARF3.184

Rapid advances in our understanding of mammalian GGA function have come from
analyses of individual GGA domains (ref. 41 and Fig. 5A). The GGA VHS domain is homolo-
gous to the amino-terminal VHS domains of several proteins implicated in sorting including
mammalian Hrs (hepatocyte growth factor regulated tyrosine kinase substrate) and its yeast
homolog Vps27p, both of which function in endosomal trafficking.3 The crystal structures of
the VHS domains from Hrs and TOM1 (target of myb1) suggest the presence of multiple sites
for protein-protein and protein-membrane interactions.188,189 Functional analyses of the mam-
malian GGAs’ VHS domains demonstrate interactions with the cytoplasmic tails of: CD- and
CI-M6PR; sortilin and sorLA, two intracellular sorting-receptors that share homology with
the yeast carboxypeptidase Y (CPY) sorting receptor Vps10p; low density lipoprotein
receptor-related protein 3 (LRP3); and β-secretase, a protease involved in the production of
β-amyloid in the brain.74,190-194 Mapping of these interactions through two-hybrid and in
vitro-binding experiments show the GGA VHS domain binds an acidic cluster-dileucine sort-
ing signal located in the cytosolic tails of the M6PRs and the sortilin receptor.74,90,91 Interac-
tions between the GGAs and M6PRs appear to be partially regulated by the phosphorylation
state of a serine within an acidic-dileucine signal.195 Recent crystallographic analyses of GGA1
and GGA3 VHS domains in complex with a peptide corresponding to the carboxyl-terminus
of the CI- and CD-M6PRs identified the residues that bind the acidic cluster-dileucine signal
DXXLL (where D is aspartic acid, X is any residue, and L is leucine).196,197 These GGA VHS
residues are poorly conserved in other VHS-containing proteins like TOM1, Hrs, and STAM
(signal-transducing adaptor molecule), none of which interact with dileucine signals.196,197

Interestingly, the GGA VHS domain appears to bind a novel sorting motif in SorLA conform-
ing to the consensus ΨΨXXØ (where Ψ is an acidic residue, X is any residue, and Ø is a bulky
hydrophobic residue).194 The GAT domain interacts with ARF1•GTP and ARF3•GTP, while
overexpression of the GAT displaces ARF1-regulated protein coats AP-1, AP-3, AP-4 from the
TGN.182,184 More detailed examinations of GAT activity reveal that GAT binding interferes
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with ARF’s interactions with ARF GAP, which probably blocks hydrolysis of ARF1•GTP to
ARF1•GDP and ARF1 release from the membrane (for a review of ARF cycling see ref. 5).127

GAT-ARF interactions thus result in transient stabilization of ARF1•GTP and, by extension,
the GGAs on membranes.127 Stabilization of the GGAs probably allows recruitment of addi-
tional GGA-coat constituents required for vesicle formation. Puertollano et al127 have also
shown the nonconserved hinge region of all three human GGAs interact with clathrin in vitro
and GGA1 can recruit clathrin to the TGN in vivo. As with the γ-adaptin subunit of AP-1, in
vitro binding experiments demonstrate GGA1 and GGA2 interact with γ-synergin, and possi-
bly several other unidentified proteins, via the GGA carboxyl-terminal γ-adaptin ear (GAE)
domain.183 Interactions between all three mammalian GGAs and γ-synergin were also demon-
strated using a two-hybrid approach.185 These findings suggest the GAE domain may play a
role in recruitment of accessory factors to the site of forming coated-vesicles, a function also
proposed for the γ-adaptin subunit of AP-1.49

Investigations in yeast have added to our understanding of GGA function in vivo through
new discoveries and elaborations on insights from mammalian studies. An important and re-
dundant role for yeast Gga1p and Gga2p in biosynthetic sorting to the yeast vacuole was
shown in a mutant yeast strain (gga1∆ gga2∆) deleted for both GGA genes.182,183,198 This

Figure 5. Schematic representation of adaptor-related coat proteins. A) At sites of transport vesicle forma-
tion, monomeric GGA proteins recruit cargo through interactions of the amino-terminal VHS domain with
acidic cluster-dileucine (AC-LL) motifs in the cytosolic domains of membrane proteins, such as some
intracellular sorting receptors. GGA proteins are themselves recruited to membranes through interactions
of the GAT domain with membrane bound ARF1•GTP. Interactions between the GGAs and clathrin have
been localized to clathrin-binding motifs in the hinge domain, though other sites of clathrin-binding have
also been reported (see text for details). The carboxyl-terminal GAE domain has been suggested to play a
role in recruitment of accessory proteins. B) Members of the Stoned B family of monomeric adaptor-related
proteins are presented. Family members are characterized by the presence of an amino-terminal proline-rich
domain (PRD) (except for µ2-adaptin), an internal stonin-homology domains (SHD), and a µ-homology
domain (MHD) proximal to the amino-terminus. In addition, Drosophila Stoned B and mammalian
Stonin 2 contain seven and two NPF motifs (indicated by white bars), respectively. C. elegans UNC-41
contains four DPF motifs (indicated by black bars). Neither mammalian Stonin 1 nor µ2-adaptin contains
NPF or DPF motifs. The β-adaptin-binding domain (BBD) of µ2-adaptin is also indicated. See text for
additional abbreviations and relevant references.
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mutant, while not defective for growth, displays a myriad of sorting phenotypes including
defective vacuolar sorting and mislocalization of a number of vacuolar hydrolases usually trans-
ported via the “CPY-pathway”, an alternative biosynthetic pathway to the aforementioned
ALP-pathway;182,183,198,199 defective processing of the yeast mating pheromone α-factor,38,199,200

probably due to mislocalization of Golgi-resident protease Kex2p;199 defective sorting of the
syntaxin Pep12p from the Golgi to late endosome/vacuolar membranes;201 and defective vacu-
olar biogenesis.183,199 Combining the gga2∆ mutation with a temperaturesensitive clathrin
mutation or deletions of the genes encoding AP-1 subunits β1 and γ-adaptin results in severe
sorting and growth defects,38,200 suggesting a functional association of the GGAs with clathrin
and AP-1 in vivo. However, a direct association between the GGAs and AP-1 in mammals is
controversial.200 Detailed structure-function studies of individual GGA domains in yeast re-
vealed a functional importance of the VHS, GAT and hinge domains in vivo; interactions
between clathrin-binding motifs in Gga1p and Gga2p hinge domains and clathrin in vitro;
and a functional cooperation, probably in clathrin binding, between the GAE and the hinge in
vivo.199 As with the mammalian orthologs, yeast Gga1p and Gga2p interact with activated
ARF1 and ARF2 proteins via sequences within the conserved GAT domain.198 However, evi-
dence of interactions between the yeast GGA VHS domains and intracellular sorting receptors
is still lacking.

The Stoned B Family of Endocytic Adaptors
Early genetic analyses in Drosophila identified the stoned locus and showed it to be required

for normal neuronal function.202 The dicistronic stoned gene encodes two proteins, stoned A
(STNA) and stoned B (STNB).203 Both STNA and STNB are localized to the presynaptic plasma
membrane (or “plasmalemma”) of central and peripheral neurons, suggesting a role in SV
formation and endocytosis.204

Sequence analysis suggest STNA is a novel protein. However, STNB appears to be an
adaptor-related protein based on homology between its carboxyl-terminal region and the
signal-binding domain of µ2-adaptin, also termed the µ-homology domain (Fig. 5B). Fine
analyses of synapses in the Drosophila paralytic mutant stoned demonstrates a large decrease in
SV numbers; an accumulation of SV recycling intermediates; and a mislocalization and in-
creased degradation of synaptotagmin, a presynaptic membrane protein that interacts with
AP-2 in coated-pit formation.204 Interestingly, the µ2-homology domain of STNB appears to
be important for STNB-synaptotagamin interactions and the stnB mutation genetically inter-
acts with a synaptotagamin mutation (sytI).205 Also, overexpression of synaptotagamin restores
SV formation and viability in stnB flies.206 These findings implicate STNB in the plasma
membrane-recruitment of synaptotagmin, which may in turn recruit other factors required for
coated-vesicle formation such as AP-2.94 A STNB homologue, termed UNC-41, has also been
identified in C. elegans and is also implicated in SV cycling.207

STNB, like “stoned B family” members UNC-41 and the mammalian stonins (described
below), contains an amino-terminal PRD (proline-rich domain) region enriched in proline
and serine residues followed by a SHD (stonin-homology domain) region (Fig. 5B).41 Stoned
B protein µ2-adaptin also contains a SHD, but does not contain a PRD sequence (Fig. 5B).41

The PRD of STNB contains seven NPF (asparagine (N)- proline (P)-phenylalanine(F)) mo-
tifs, which interact with EH domains of various proteins implicated in endocytosis.28,29 Thus,
STNB, perhaps in cooperation with synaptotagamin, may act as an adaptor protein at the site
of endocytic vesicle formation. The role of the SHD is yet to be determined.

Recently two mammalian stoned B family members, stonin 1 and stonin 2, were identi-
fied in mice and humans through searches of sequence databases (Fig. 5B).208,209 The stonins
exhibit the same modular organization and µ2-homology as other members of the stoned B
family and, like STNB, exist as monomers in both cytosolic and membrane-associated cellular
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fractions.208,209 Unlike Drosophila STNB, which is enriched in neural tissues, the mammalian
stonins appear to be expressed in nearly all tissues examined.208,209 Stonin 2, but not stonin 1,
contains two NPF motifs in its PRD, suggesting possible associations with proteins containing
EH domains. Two-hybrid and in vitro binding analyses reveal such cooperative interactions of
the NPFs of stonin 2 with the EH domains of Eps15 and intersectin 1.208 In vitro experiments
also reveal that stonin 2 associates with AP-2 (Fig. 1),208 possibly indirectly through interac-
tions between DPF motifs in Eps15 bound to stonin 2 and α-adaptin.208 In addition, stonin 2,
like STNB, is capable of interacting with synaptotagmin via its µ2-homology domain.208,209

This stonin domain does not, however, bind tyrosine-sorting signals, as does the homologous
domain in µ2-adaptin. Importantly, overexpression of stonin 2 inhibits internalization from
the cell surface, further implicating stonin 2 as a key component of the coated-vesicle biogenesis
machinery.208 Results from in vitro vesicle-uncoating assays suggest a specific role for stonin 2
in the removal of AP-2/clathrin coats in mammalian neuronal cells.209

Conclusions and Future Prospects
The hard work of countless researchers has clearly demonstrated that protein coats play an

essential role in protein sorting and organelle biogenesis across eukaryotic species. The ob-
served diversity of coats reflects the cell’s need for selective and regulated protein trafficking
critical for functional and spatial compartmentalization of secretory/endocytic organelles and
cell membrane. The widely studied protein coats composed of multi-subunit AP complexes,
often with help from the scaffolding protein clathrin, serve these functions within the
late-secretory and endocytic pathways, while the COP complexes act in the early secretory
pathway. This traditional model of protein coat-mediated sorting became more complex fol-
lowing recent identification of novel adaptor-related coat proteins, such as the GGAs and Stoned
B family.

Though many of the basic principles of protein coat-mediated intracellular transport and
endocytosis have been elucidated, unanswered questions persist. Numerous coat and accessory
proteins, and their interplay with the identified sorting machinery, remain to be discovered.
This is evident from the wealth of novel factors and isoforms of known factors found in nearly
every new broad-based genetic or database search. Efforts to further characterize these factors
and the processes to which they contribute will add new, and hopefully unforeseen, dimensions
to our understanding of eukaryotic cellular biology. In addition, gaps persist in our descrip-
tions of known coat and accessory proteins and the mechanics of specific sorting steps. For
example, how are proteins so efficiently selected for transport by one coat-complex, or analo-
gous factor, over another at a common donor compartment when such promiscuity is observed
in coat-signal interactions? What is the role of the monomeric adaptor-related proteins in
sorting relative to the AP complexes? What are the molecular mechanisms at work in the highly
complex, individual transport steps of vesicle fission, uncoating, and fusion? How and to what
extent does protein coat-mediated trafficking truly contribute to the maintenance, biogenesis,
and function of cellular organelles in vivo? And perhaps the most important question, what is
the physiological relevance of intracellular and endocytic sorting to human health and disease?
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CHAPTER 3

The Role of Proteins and Lipids in Organelle
Biogenesis in the Secretory Pathway
Thomas F. J. Martin

Abstract

Membrane compartments in the secretory pathway retain their identity in spite of
continuous membrane and protein flux through each compartment. A challenge in
cell biology is to discover how compartment identity is established and maintained.

A related issue is how protein and membrane cargo is sorted from resident molecules in a donor
compartment and vectorially delivered to an acceptor compartment without compromise to
the integrity of individual compartments. We review accumulating evidence indicating that
compartmental identity is conferred combinatorially by members of key protein families (Rabs,
ARFs, SNAREs) and lipid constituents (phosphoinositides). These molecules and their effec-
tors participate in assembling exit sites in donor compartments that sort and package cargo,
and entry sites in recipient compartments that mediate cargo entry without intermixing com-
partment constituents.

Introduction
The classical morphological studies on fixed cells of Palade and coworkers1 defined the

organization and distribution of membrane organelles that constitute the secretory pathway of
eukaryotic cells. This system, consisting of the endoplasmic reticulum (ER); the Golgi complex
with cis, medial and trans cisternae; the trans Golgi network (TGN); endosomes and lysos-
omes and the plasma membrane, mediates membrane and protein transport between intracel-
lular compartments and the plasma membrane. The static views of the system traditionally
depicted in biology text books provides little indication of the dramatic turnover and flux of
cargo through this system evident from classical studies and dramatically reemphasized in re-
cent live cell imaging studies using fluorescent cargo.2 A central challenge of cell biology is to
discover how membrane compartments retain their identity in the face of continuous mem-
brane and protein flux through those compartments. Related to this is the issue of how cargo is
sorted at a donor compartment and vectorially delivered to an acceptor compartment with
sufficient specificity to maintain the integrity of individual compartments. Research over the
last decade has revealed that major families of proteins and lipids localize to specific membrane
compartments in the secretory pathway and that these function combinatorially in complexes
to establish specific exit and entry mechanisms that safeguard compartment identity and pro-
vide the machinery to mediate cargo flux out of and into compartments.

The Biogenesis of Cellular Organelles, edited by Chris Mullins. ©2005 Eurekah.com
and Kluwer Academic/Plenum Publishers.
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Protein Sorting Confers a Transient Nature to Secretory Pathway
Organelles

In mammalian cells, the Golgi stack consists of functionally polarized cisternae through
which cargo is sequentially conveyed for modification by Golgi-associated enzymes. In antero-
grade (“forward”) trafficking in the secretory pathway, cargo is exported from the ER in
tubulovesicular intermediates (also know as intermediate compartments, or ICs) that move on
microtubule tracks to the cis Golgi region. The trans side of the Golgi is a key sorting station
from which protein cargo (with associated biomolecules such as lipids and carbohydrates) is
delivered to multiple intracellular and cell surface destinations, or secreted out of the cell,
through the formation and selective trafficking of vesicular or tubulovesicular transport
intermedates. Vesicles and tubulovesicular intermediates move along microtubules to endosomal
or plasma membrane sites where they fuse for cargo delivery. Extensive retrograde (“reverse”)
trafficking from the plasma membrane through endosomes to lysosomes and the TGN, and
from the Golgi to the ER, also characterize the secretory pathway. Time-lapse imaging studies
of cargo proteins tagged with GFP have provided detailed estimates of the flux of membrane
and soluble cargo passage through the secretory pathway and Golgi and yielded rate constants
of ~3% min-1.3 Studies of GFP-tagged Golgi enzymes, in contrast, indicate that Golgi con-
stituents are relatively stably associated with cisternal elements4 although there is also substan-
tial flux of Golgi constituents between cisternal elements and with the ER.2

Cargo trafficking through the ER-Golgi-endosomal-plasma membrane pathway involves
at least four distinct, mechanistic steps: (1) formation of vesicular or tubulovesicular interme-
diates containing cargo for sorting, but not resident donor compartment constituents (i.e.,
“cargo sorting and vesicle budding”); (2) transport and targeting of transport intermediates to
the acceptor compartment (i.e., “targeting”); (3) docking and tethering of donor vesicles at the
acceptor compartment (i.e., “docking”); and (4) delivery of cargo to the acceptor compartment
via membrane fusion (i.e., “fusion”). These steps must be accomplished with accuracy and
specificity to ensure the maintenance of donor and acceptor compartments as well as the vecto-
rial (anterograde or retrograde) delivery of cargo.

A key issue in understanding the biogenesis and maintenance of secretory organelles is
determining how membrane compartments are maintained in the face of continuous mem-
brane and protein flux during cargo trafficking, a process that by definition adds a transient
quality to donor and acceptor compartments. Many questions relating to compartment main-
tenance persist. For example, are there protein and/or lipid constituents that characterize a
specific compartment and confer its identity? How does cargo exit from one compartment and
enter another without compromising the integrity of either compartment? How are transport
intermediates conveyed to an acceptor compartment with the targeting specificity required to
prevent compartment mixing? Without doubt, many cytosolic and membrane-bound factors
are critical in these events. Key among these are the numerous protein and lipid mediators that
confer specificity in sorting at exit points on donor compartment and specificity to targeting
and fusion of transport vesicles at entry points at acceptor compartments. These factors are the
subject of the following sections.

The Molecular Machinery Regulating Compartment Identity
The establishment and maintenance of compartment identity has occupied cell biologists

for the last four decades (some excellent reviews addressing our current knowledge in this area
include refs. 2, 5-9). Compartmental identity appears to be a combinatorial property estab-
lished by hierarchies of protein family members and lipid constituents. In mammalian cells,
these constituents consist of the six members of the ARF GTPase family, 60 members of the
Rab GTPase family and their regulators, at least five isomers of inositol phospholipids (PI(3)P,



47The Role of Proteins and Lipids in Organelle Biogenesis in the Secretory Pathway

PI(4)P, PI(3,5)P2, PI(4,5)P2, and PI(3,4,5)P3), 35 SNARE protein family members and seven
Sec1p family accessory factors.10 Members of the two largest families, the Rabs and SNAREs,
are key constituents in targeting and fusion events in virtually all trafficking stations in the
secretory pathway. Each of these protein families is sufficiently large to serve as unique identi-
fiers of a membrane compartment and to confer specificity in transport and fusion events.10-12

Individual Rab proteins are distributed in distinct and overlapping membrane compartments
(Fig. 1) with Rab1 on the ER and early Golgi, Rab6 on middle to late Golgi, Rab5 and Rab4
on early endosomes, Rab11 on recycling compartments, Rab 9 on late endosomes and TGN,
Rab3 on regulated secretory vesicles, etc.13-15 Rab proteins cycle between GTP- and GDP-bound
states, which regulate membrane binding.13 Their critical roles as specifiers of compartment

Figure 1. Secretory compartment identity is combinatorial. Individual compartments in the secretory
pathway (ER= endoplasmic reticulum; IC= intermediate compartment; cis-medial-trans Golgi cisternae;
SV= secretory vesicle; E= endosome; EE= early endosome; LE= late endosome; lysosome) contain specific
members of a 35 member SNARE protein family, a 60 member Rab protein family, a six member ARF
protein family and one of the four phosphoinositides (PI(4,5)P2, PI(3)P, PI(4)P, and PI(3,5)P2) utilized in
trafficking. ARFs, phosphoinositides, cargo signals and coat proteins are assembled at exit points to generate
tubulovesicular transport vesicles from a donor compartment. Vesicles are transported and docked for fusion
at entry sites in acceptor compartments by the assembly of Rabs, phosphoinositides, tethering complexes
and SNAREs. Recycling pathways return membrane constituents to donor compartments. Diagram depicts
representative members of the SNARE protein family (from ref. 19), the Rab protein family (from ref. 15)
and the ARF protein family (from ref. 44). The distributions of phosphoinositides on representive organelles
are indicated: PI(4,5)P2 (solid line), PI(3)P (short-hatch line), PI(4)P (long-hatch line), and PI(3,5)P2 (not
shown). Phosphoinostide localization is based on PLCd1-PH-GFP, FYVE2-GFP and OSBP-PH-GFP
probes (discussed in refs. 30, 34 and 35).
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identity have been revealed by the characterization of multiprotein complexes that Rabs as-
semble to mediate the specific tethering of donor vesicles to acceptor membranes, which is
accompanied by the activation of SNARE protein complexes for fusion.16,17

SNARE proteins also exhibit a membrane compartment-specific distribution (Fig. 1).18,19

Cognate sets of SNAREs distributed between donor and acceptor compartments are involved
in fusion between ER and Golgi (rSec22b, rBet1, membrin, ykt6, syntaxin5), within the Golgi
(membrin, GOS-28, membrin, syntaxin16), between endosomes (syntaxins 7,8,13; VAMPs
3,8), and between secretory vesicles and plasma membrane (VAMP1,2; syntaxins 1-4; SNAP-25,
23).18-20 SNARE proteins, originally classified as v- (vesicular) and t- (target membrane) SNAREs
to designate donor and acceptor compartment proteins, have been more recently reclassified as
R- or Q-SNAREs based on the presence of highly conserved arginine or glutamine residues.21

The key feature of SNARE proteins is the presence of conserved heptad repeats in their se-
quences that form coiled-coil structures. A four-helix bundle forms between donor and accep-
tor membranes that consists of three SNARE helices contributed by Q-SNAREs in one mem-
brane and one helix contributed by an R-SNARE in the other membrane.22,23 In spite of an
ability of soluble SNARE helices to promiscuously engage in complex formation in vitro, re-
cent studies indicate a substantial degree of specificity in complex formation for
membrane-associated SNAREs.20,24 The formation of complexes between particular Q- and
R-SNAREs likely imparts specificity to the fusion of particular donor and acceptor mem-
branes. However, this specificity probably operates at a secondary level because SNARE com-
plex formation follows Rab-dependent mechanisms that impart their own specificity for tar-
geting and tethering of donor and acceptor membranes.11,12

The most recently defined constituents that impart compartmental identity to membranes
consist of phosphorylated inositides (PIs). The inositol headgroup of phosphatidylinositol, a
relatively abundant phospholipid of the cytoplasmic leaflet of membranes, undergoes dynamic
phosphorylation at the 3-, 4- and 5-hydroxy positions of the ring to yield seven phosphory-
lated inositide lipids. Three of these, PI(3)P, PI(4)P and PI(4,5)P2, and possibly a fourth
PI(3,5)P2, are widely employed in membrane trafficking at entry and exit sites.25-29 Mem-
branes in the secretory pathway contain characteristic PIs (Fig. 1). This was established by the
distribution of PI-binding domain-GFP fusion protein chimeras, which has confirmed and
extended biochemical studies of PI distribution. PI(4,5)P2 exhibits a distribution largely re-
stricted to the plasma membrane30 (see ref. 31 for EM resolution) but can redistribute to
endosomes under conditions of overstimulation.32 PI(3)P is found exclusively in the early
endosomal compartment.33 PI(3,5)P2 resides on the vesicular contents of multivesicular bod-
ies in the endosomal pathway.26 PI(4)P, while not as firmly established, is reported to reside
mainly on Golgi cisternae.34 Thus, the PIs demarcate membrane compartments and likely
confer part of the identity to a membrane compartment. The localized synthesis of specific PIs
through recruitment of lipid kinases establishes membrane domains within compartments as
distinct exit and entry sites for vesicle fission and fusion. Phosphoinositide kinase and phos-
phatase mutants have been found to disrupt trafficking to and from specific organelles in yeast
and mammalian cells.26 A rich array of proteins that participate as effectors in specific stages of
vesicle budding, docking/tethering and fusion contain domains that recognize and bind spe-
cific membrane PIs (Table 1). Stereoselective specific recognition of the inositol phosphates of
the lipid headgroups is achieved through binding interactions with key lysine and arginine
residues present in FYVE domains,35,36 ENTH domains,37 PX domains,38 and PH domains.39,40

GTPases with well-known roles in trafficking frequently have regulators (ARF-GEFs with PH
domains) whose activities are controlled by PIs.41 GTPases (ARFs and Rabs) in turn also regu-
late PI phosphorylation (see below).

The ARF proteins are fewer in number than the number of membrane compartments yet
they implement specific cargo sorting operations essential for exit, and they catalyze vesicle



49The Role of Proteins and Lipids in Organelle Biogenesis in the Secretory Pathway

formation (Fig. 1). Class I ARFs (ARFs 1-3) are generally localized in the Golgi while the class
III ARF (ARF6) is located at the plasma membrane and in peripheral endosomes.41 Specific
exit points in a compartment are probably dictated by the localization and regulation of a large
number of ARF-GEF and ARF-GAP proteins that regulate the GTP cycle on these GTPases.
Low molecular weight ARF-GEFs (ARNO/cytohesin and EFA6 families) functioning in the
periphery contain PH domains that mediate their recruitment to sites of PI(4,5)P2 and
PI(3,4,5)P3 production at the plasma membrane. Some ARF-GAPs similarly contain PH do-
mains.41-44 The higher molecular weight family of ARF-GEFs (Gea/GBF/GNOM and Sec7/
BIG families) localize to specific regions of the Golgi by mechanisms that are not clear.45 ARF
function is intimately tied to membrane PIs by the regulation of nucleotide exchange mediated
by phospholipids44 as well as by the fact that phosphoinositide kinases are direct effectors for
ARFs46-48 as are the phospholipase Ds (PLDs), which regulate phosphoinositide kinases through
phosphatidic acid (PA) production.42

Table 1. Membrane trafficking proteins with phosphoinositide-binding motifs

Protein Binding Motif Lipid Binding Role in Trafficking

epsin ENTH
37

PI(4,5)P2 endocytosis

AP180/CALM ENTH PI(4,5)P2 endocytosis

HRS/Vps27 VHS
130

early to late endosome

FYVE
36

PI(3)P

EAST VHS PI(3)P endocytosis

GGA VHS ? TGN to endosome

EEA1 FYVE PI(3)P early endosome

Rabip4 FYVE PI(3)P recycling endosome

PIKfyve/Fab1p FYVE PI(3)P multivesicular body

formation

Rabenosyn-5 FYVE PI(3)P early and recycling

endosome

Vac1p FYVE PI(3)P TGN to endosome

Vam7p PX
35,38,131,132

PI(3)P endosome to vacuole

(lysosome)

Snx3 PX PI(3)P early to recycling

endosome

Snx7, 16 etc PX PI(3)P receptor endocytosis

PLD 1/2 PX PI(4,5)P2? Golgi trafficking

PH PI(4,5)P2

Vps5, Vps17 PX PI(3)P sorting nexins; early,

recycling endosomes

dynamin 1/2 PH
40,133

PI(4,5)P2 Golgi to PM, endocytosis

GRP1 PH PI(3,4,5)P3 ARF6-GEF

ARNO, cytohesin1 PH PI(3,4)P2 ARF-GEF

PI(3,4,5)P3

β-spectrin, PH PI(4,5)P2 Golgi and PM

α-actinin cytoskeletal framework

CAPS PH PI(4,5)P2 regulated vesicle

exocytosis

Rabphilin3 C2
134

PI(4,5)P2 regulated vesicle

exocytosis

synaptotagmin C2 PI(4,5)P2 regulated vesicle

exocytosis
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While neither the Rab, SNARE, ARF nor PI families of molecules may individually specify
the nature of a compartment, a combinatorial code of these might. Thus, early endosomes are
demarcated by Rab5, PI(3)P, FYVE domain-containing effectors that bind PI(3)P, and a spe-
cific constellation of SNARE proteins. Studies of trafficking have established that these mol-
ecules assemble to form the molecular machinery that controls specific exit from and entry into
a compartment. Following a consideration of the general mechanisms employed for compart-
ment exit and entry, specific examples where these molecular constituents are involved in se-
lected aspects of traffic control in the secretory pathway will be discussed below.

General Mechanisms Employed for Cargo Exit and Entry: Fission
and Fusion

Mechanisms operating at exit sites sort specific cargo and assemble constituents for vesicle
budding and fission (Fig. 2). The class I ARF GTPases play a central role in these processes in
the ER, Golgi and endosomal compartments by regulating the assembly of several types of
vesicle coat complexes including COPI at the Golgi, AP-1-clathrin at the TGN, GGAs at the
TGN, AP-4 at the TGN and AP-3-clathrin on endosomes.49 Activated ARF-GTP binds mem-
branes then recruits protein coat complexes COPI,50 AP-1,51 AP-4,52 and the GGAs.53

Adaptor-coat recruitment by ARF is a cooperative process aided by low affinity interactions of
individual adaptor proteins with sorting signals on the cytoplasmic tails of transmembrane
cargo proteins,54 thus achieving the sorting of cargo into membrane domains destined for
vesicle formation. PIs play an essential and complex role in ARF-dependent budding in the
Golgi, as discussed below.

Mechanisms operating at entry sites target vesicles to specific acceptor membrane com-
partments and assemble the machinery for membrane fusion (Fig. 2). The Rab proteins are the
primary determinants of vesicle transport and targeting to a membrane compartment where
SNARE complex formation and fusion can occur. The characterization of Rab effector pro-
teins reveals that a diverse array of protein complexes are assembled at the interface between a
donor vesicle and an acceptor membrane. These represent an effective combinatorial mecha-
nism for mediating specific membrane tethering interactions that are coupled to the activation
of SNAREs for fusion. These Rab effector complexes are highly specialized for specific vesicle
trafficking events and thus far exhibit few similarities between Rab systems.16,17 One of the
best-studied of these is a tethering complex for Rab5 involving EEA1 (early endosome antigen
1) on endosomes. The EEA1 complex interacts with Q-SNAREs, a Sec1 family protein and
with NSF, all of which are thought to mediate SNARE complex activation for fusion.15 Rab1
on ER vesicles utilizes p115 as an effector, which binds to GM130, a Golgi matrix component,
and to giantin, a protein present on vesicles, to establish ER vesicle tethering to recipient Golgi
membranes.55,56 p115 also interacts with SNARE proteins, which provides a link to fusion.57

p115 is additionally implicated in vesicle tethering and activation of the SNAREs GOS-28 and
syntaxin5 in complex formation at the Golgi.58 Rab2-mediated transport between the ER and
Golgi utilizes golgin-45 as an effector in forming a tethering complex with a medial Golgi
matrix protein GRASP55.59 In yeast vacuolar homotypic fusion, the Rab Ypt7p interacts with
Vps41p and Vps39p, which are part of a large complex of at least six proteins (termed the
HOPS complex) that tethers vacuolar membranes and associates with a Vam3p-containing
SNARE complex via a Sec1p homolog Vps33p.60 In this case, the HOPS complex functions to
activate a Rab, via the Ypt7p nucleotide exchange activity of Vps39p, as well an additional
effector role. Both PI(3)P and PI(4,5)P2 are required for priming and fusion steps for vacuolar
membranes60,61 although the binding partners for these lipids has not yet been defined. Sec4p,
a yeast Rab on post-Golgi secretory vesicles destined to the plasma membrane, interacts with
Sec15p that assembles into a complex of ten proteins (termed the “exocyst”) that tethers vesicles
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at specific sites containing Sec3p, a spatial landmark on the plasma membrane, in advance of
SNARE complex activation.16 By assembling such unique multiprotein complexes that bridge
donor and acceptor membranes, Rab proteins provide a layer of specificity to vesicle targeting.
Through interactions with SNAREs, Sec1 family members and NSF, tethering complexes acti-
vate the next layer of specificity involving SNARE complex formation for fusion.

Figure 2. Exit from and entry into compartments utilize core constituents. Exit mechanisms: ARF proteins
govern sites of exit from compartments through combinatorial interactions involving direct recruitment of
coat and adaptor proteins, which in turn interact with sorting motifs on cargo proteins. ARFs recruit
phosphatidylinositol kinases (PIK) that synthesize phosphoinositides (PIP) in membrane domains.
Phosphoinositides in turn recruit coat and adaptor proteins and regulate the activity of ARF guanine
nucleotide exchange factors (ARF-GEF). Recruitment of accessory factors along with adaptor-coat com-
plexes results in deformation of membrane. Subsequent scission of nascent vesicle is promoted by dynamin.
Entry mechanisms: Rab proteins govern transport vesicle targeting and tethering to acceptor membranes
by recruiting Rab-binding proteins that serve as tethering complexes. Tethering complexes anchor donor
and acceptor membranes, contain regulators of Rab guanine nucleotide exchange (Rab-GEF), and interact
with membrane PIPs. Formation of local membrane domains of phosphoinositides is promoted by recruit-
ment of PIK. Interactions of tethering complexes with NSF (not shown), members of the Sec1 protein
family, and with Q-SNAREs promote organization of SNARE protein complexes. Fusion between donor
and acceptor membranes is initiated by trans complexes formed between R- and Q-SNAREs.
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Exit Mechanisms in Trafficking

Exit from the Plasma Membrane into the Endosomal Pathway
Clathrin-mediated endocytosis from the plasma membrane is an example of a trafficking

exit process that employs combinatorial mechanisms of cargo binding and localized synthesis
of a PI to initiate the assembly of a complex of coat and adaptor proteins on a membrane
domain. The macromolecular coat complex consisting of clathrin triskelions is thought to
contribute to the physical deformation of the membrane that results in budding clathrin-coated
vesicles.62 The assembly of clathrin coats is mediated by a large number of mutually interacting
proteins that are recruited to patches on the plasma membrane. Clathrin coat formation is
initiated by membrane recruitment of the clathrin adaptor proteins AP-2 and AP180 that bind
clathrin to coated pits. Accessory factors such as endophilin, epsin, amphiphysin and dynamin
attach to the adaptors and lead to the formation of an invaginated vesicle attached to the
membrane by a narrow neck. Amphiphysin and dynamin assemble in a helical array at the neck
and the latter catalyzes GTP-dependent scission of the membrane to form a coated vesicle.
Clathrin lattice formation is a process that can be nucleated by the binding of AP-2 and AP180
adaptors to membranes and has been reconstituted on artificial monolayer membranes.63 In a
cellular context, AP-2 recruitment to specific membrane sites would be mediated by binding to
the cytoplasmic domains of transmembrane proteins that are cargo or receptors for soluble
cargo that contain sorting signals for AP-2 binding.54,62

PI(4,5)P2 on the plasma membrane plays an essential role in all aspects of clathrin-mediated
endocytosis. A PI(4,5)P2-binding PH domain fusion protein from PLCδ1 interferes with both
early and late stages of endocytosis in permeable cells.64 In addition, the inclusion of PI(4,5)P2

in liposomes markedly enhances the formation of clathrin-coated vesicles formed from the
liposomes by a collection of cytosolic factors.65 The clathrin adaptors AP180 and AP2, epsin
and dynamin each contain PI(4,5)P2-binding domains28 that are essential for mediating their
recruitment to the membrane (Table 1). Synaptojanin1, a protein with inositol phospholipid
4- and 5-phosphatase activities, which would remove the PI(4,5)P2 underlying the clathrin
coat, is implicated in the uncoating of clathrin-coated vesicles.66 The formation of clathrin
lattices mediated by the assembly of a collection of proteins that each specifically binds PI(4,5)P2

suggests that there are PI(4,5)P2-rich plasma membrane domains that form at sites of endocy-
tosis and that the control of PI(4,5P2) synthesis at these sites plays a critical role in regulating
the overall process of endocytosis.29 This begs the question as to what regulates the formation
of PI(4,5)P2 at specific sites on the plasma membrane?

The γ isoform of PI(4)P 5-kinase is expressed at high concentrations in the nervous sys-
tem where extensive endocytic recycling of synaptic vesicles occurs by PI(4,5)P2-dependent
mechanisms. This isoform is localized to GTPγS-arrested, clathrin-coated buds in synapto-
somes and undergos Ca2+ influx-dependent dephosphorylation.67 Dephosphorylation activates
the kinase, which would cause local increases in PI(4,5)P2 synthesis to accelerate the assembly
of clathrin adapters and accessory factors for endocytic retrieval of synaptic vesicles following
Ca2+-triggered exocytosis.

Another potential mechanism that may accelerate endocytosis via recruitment of a PI(4)P
5-kinase and local activation of PI(4,5)P2 synthesis is mediated by the ARF6 GTPase. ARF6
regulates several distinct pathways of endocytosis and membrane recycling. Overexpression of
GTPase-defective ARF6 mutants in some cell types results in a dramatic accumulation of
PI(4,5)P2-rich, actin-coated vacuoles derived from endocytic vesicles that are unable to recycle
back to the plasma membrane.32 In other cell types, the same mutants stimulate
clathrin-mediated endocytosis.68 These effects of mutant ARF6 expression on peripheral mem-
brane trafficking are likely mediated by the constitutive activation of PI(4)P 5-kinase, which is
a direct effector of ARF6,46 and the unregulated production of PI(4,5)P2. This is supported by
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studies showing similar effects result from PI(4)P 5-kinase overexpression.32 ARF6 has also
been shown to be an important participant in β-arrestin-dependent, clathrin-mediated en-
docytosis of G protein-coupled receptors from the plasma membrane.69 Activation of the
β-adrenergic receptor is associated with β-ARK-mediated phosphorylation of the receptor and
the recruitment of β-arrestin, which mediates the assembly of clathrin coats through interac-
tions with clathrin and the β subunit of AP-2.70 β-arrestin also interacts with ARNO, an ARF6
guanine nucleotide exchange factor, and with ARF6-GDP, likely promoting GTP exchange on
ARF6 and its activation.69 GIT1, an ARF6 GTPase activating protein, interacts with β-ARK.71

This suggests that receptor occupancy may promote increased local recycling of ARF6. ARF6
activation would promote formation of PI(4,5)P2-rich membrane domains. This in turn may
enhance the recruitment of AP-2, β-ARK and other clathrin accessory factors that bind PI(4,5)P2

during formation of clathrin-coated pits and scission of clathrin-coated vesicles.

Exit Points at the Golgi
While ARF6 has been implicated in the regulation of endocytic events relatively recently,

the role of class I ARF proteins, especially ARF1, in Golgi trafficking has been studied exten-
sively and is the subject of a number of excellent recent reviews.14,41,42,44 There is general
agreement that a central role of ARF proteins is recruitment of adaptor and/or coat proteins to
membranes. An issue of considerable uncertainty for ARF function in the Golgi concerns the
exact mechanism by which a diversity of vesicular or tubulovesicular membranes are formed at
specific locations within the Golgi. A number of potential direct effectors for ARF have been
identified including βCOP of the coatomer complex, the GGA proteins, phospholipase D1
(PLD1), arfaptins, mitotic kinesin-like protein, and phosphoinositide kinases.41,44,47,48 Recent
analysis of ARF1 mutants reveal that regions of the protein essential for COPI recruitment to
Golgi membranes are distinct from those mediating activation of PLD1, and that neither effec-
tor appears to be essential for mediating the effects of ARF1 on Golgi vesiculation.72 This
suggests that other effector mechanisms were critical for ARF1 function in the Golgi. The
discovery that phosphoinositide kinases46-48 and GGA adaptors73 are directly regulated by ARFs
provides important new insights into the Golgi exit process.

There is considerable evidence that PIs, either PI(4)P or PI(4,5)P2, play essential roles in
the formation of transport vesicles for exit from the Golgi. The initial observation that Sec14p
in yeast, a protein required for Golgi exit, encodes a PI transfer protein suggests that phospho-
lipid metabolism is somehow coupled to protein trafficking mechanisms in the Golgi.74 Re-
cent work has establishes that PI(4)P levels decline in sec14 mutants in which Golgi transit is
defective whereas levels are restored in sac1 mutants that suppress the sec14 phenotype and
restore Golgi transport.75,76 The Sac1 gene encodes an inositol phospholipid phosphatase that
can convert PI(4)P to PI.77 Thus, defects in PI dephosphorylation (sac1 mutations) appear to
compensate for defects in synthesis (sec14 mutations). Mutations in Pik1p, one of the yeast PI
4-kinases, also result in defects in Golgi exit of secretory cargo.75,78,79 Pik1p localizes to the
Golgi and is the homologue of PI 4-kinaseβ, which is recruited to the Golgi by ARF proteins in
mammalian cells.47 Recent work suggests that yeast Frq1p, a homologue of the mammalian
Ca2+-binding protein frequenin, may play a role in regulating the Pik1 PI 4-kinase in the
Golgi.80 Yeast cells containing pik1 mutations accumulate Berkeley bodies, a phenotype that
indicates a block in Golgi exit similar to that exhibited by cells lacking functional ARF1 or
Sec14.79 Consistent with this, reduced PI(4)P levels are detected in arf1 mutants.79 These
results indicate that PI(4)P may be an important effector for ARF1 in Golgi exit mechanisms.

It is, however, unclear whether PI(4)P itself is essential or whether it serves as a precursor
for PI(4,5)P2, which could play an essential role. That PI(4)P, rather than PI(4,5)P2, is critical
is suggested by the fact that mutations in the only identified yeast PI(4)P 5-kinase, Mss4p, do
not appear to affect Golgi transit.79 What may be the effector of PI(4)P in Golgi export mecha-



The Biogenesis of Cellular Organelles54

nisms? A by-pass suppressor of sec14, Kes1p, was identified as a yeast oxysterol binding protein
that contains a PH domain that binds to PI(4)P.34,81 Localization of the protein to the Golgi
depends on the presence of a functional PH domain and Golgi PI(4)P.34,81 Genetic studies
suggest that Kes1p could function as a regulator or effector of ARF1, though its exact function
remains to be determined.81

For the mammalian Golgi, there is evidence that PI(4,5)P2 rather than, or in addition to,
PI(4)P is an important effector for the role of ARF1 in trafficking. ARF1 recruits both PI-4
kinaseβ and PI(4)P 5-kinase to Golgi membranes in vitro to catalyze the sequential phospho-
rylation of PI to PI(4,5)P2.47 ARF1 directly activates the type I PI(4)P 5-kinase.46,48 Although
PI(4,5)P2 principally resides in the plasma membrane, it is also detected in the Golgi.31 The
structure of the Golgi is highly dynamic and is ARF-dependent as indicated by its rapid disas-
sembly induced by brefeldin A, a fungal antibiotic that inhibits certain ARF-GEF proteins.82

There is also rapid disassembly and reassembly during and following mitosis.6 Recent studies
find that primary alcohols that inhibit PLD induce reversible Golgi fragmentation in vitro.
These effects of alcohols are correlated with decreased PI(4,5)P2 synthesis presumably resulting
from decreased PA production by PLD, which might result in decreased PI(4)P 5-kinase activ-
ity.83,84 Golgi fragmentation may result from disassembly of a spectrin-ankyrin-actin network
like that characterized at the erythrocyte membrane and believed to serve as a structural scaf-
fold.85 A specific spectrin isoform (βΙΙΙ) may constitute part of the foundation for anchoring
an actin meshwork that structures the Golgi.86 Spectrin recruitment to Golgi membranes de-
pends upon ARF and PI(4,5)P2 but not COPI or PLD, and is likely mediated in part by a
carboxy-terminal PH domain in spectrin. Other studies show that actin recruitment to Golgi
membranes is regulated by ARF, that actin is associated with budded vesicles, and that cytocha-
lasin D inhibition of actin assembly altered the association of budded vesicles with the Golgi.87

Evidence that the actin cytoskeleton and myosin motors are important for Golgi function has
been reviewed recently88,89 and it is suggested that vesicle fission, tethering, release or transport
away from the Golgi could be mediated by the Golgi cytoskeleton. The central roles of ARF1
and PI(4,5)P2 in the assembly of a Golgi actin skeleton and their involvement in Golgi vesicle
budding may be analogous to the recently emergent role of ARF6 at the plasma membrane in
recruiting PI(4)P 5-kinase for PI(4,5)P2 synthesis,46 clathrin-dependent and clathrin-independent
endosome formation,90and actin cytoskeletal nucleation.91

How different protein cargoes are selected in the Golgi and packaged into vesicles or
tubulovesicular compartments for transport to a variety of distinct destinations (endosomes,
lysosomes, plasma membrane) remains a question of considerable interest. Each of several sort-
ing and budding events is ARF-dependent and direct interactions between Golgi ARFs and
COPI as well as the clathrin adapters are reported. Recent work on the GGA protein adapters
provides considerable new insight into the sorting and budding of late endosome-directed
vesicles, the formation of which results from a combinatorial set of interactions in the TGN
between ARF, cargo, clathrin and other molecules. Three mammalian and two yeast genes
encode the GGA proteins (Golgi-localized γ-ear-containing ARF binding proteins). The GGAs
were discovered in yeast two-hybrid screens for ARF3 interacting proteins92 or as proteins
homologous to the clathrin-binding ear domain of γ-adaptin, a large subunit of AP-1.93,94

These modular coat proteins link clathrin to ARF at exit sites in the TGN (for references see
ref. 73). The GGA proteins are recruited to membranes through direct interactions with acti-
vated ARF-GTP (i.e., activated, membrane-bound ARF) and contain clathrin-box motifs that
interact with the amino-terminal domain of clathrin. In addition, the GGA amino-terminal
VHS domain interacts with acidic cluster-dileucine sorting signals in the cytoplasmic tails of
mannose-6-phosphate receptors (M6PRs), whose luminal domains are required for sorting
lysosomal hydrolases to late endosomal/lysosomal compartments.95,96 Combinatorial interac-
tions of the GGA proteins with ARF, clathrin and M6PR sorting motifs provides an elegant
mechanism for coupling cargo selection with vesicle formation at Golgi exit sites.



55The Role of Proteins and Lipids in Organelle Biogenesis in the Secretory Pathway

The placement of ARF-GEFs and their regulation likely contribute to the localization of
the above processes to specific sites at the TGN. In addition, the localized synthesis of PI(4,5)P2

at sites on the Golgi may also play an important role in this localization.44 The PIs, PI(4)P or
PI(4,5)P2, could contribute to adaptor recruitment at the Golgi similarily to their recruitment
of AP-2 and AP180 to the plasma membrane. PIs might interact with GGA proteins, although
this has yet to be directly tested. The structure of the amino-terminal VHS domain in GGA
proteins is remarkably similar to that of the structurally conserved amino-terminal ENTH
domains present in AP180 and epsin that serves in PI(4,5)P2 interaction.63,97 Yeast mutants
that lack inositol phospholipid phosphatases (i.e., synaptojanins) accumulate PI(4,5)P2 at the
plasma membrane and on intracellular organelles and they exhibit defects in trafficking out of
the TGN to endosomes.98 Interactions of adaptors and coats with PI(4)P and PI(4,5)P2 would
help to specify membrane compartment identity as part of the combinatorial process for estab-
lishing the budding site.

Entry Mechanisms in Trafficking: Tethering, Priming and Fusion

Rab3 and the Entry of Secretory Vesicles into the Plasma Membrane by
Exocytic Fusion

Because of its importance for integrated function and signaling in the nervous system,
mechanisms responsible for the transport, tethering/docking and fusion of post-Golgi vesicles
of the Ca2+-regulated secretory pathway have been intensively studied.18 Rab3 proteins are
thought to play a central organizing role in directing vesicles into a regulated fusion pathway.
However, the mechanisms involved have been difficult to identify. The membrane fusion mecha-
nism for vesicle exocytosis is relatively well understood and is mediated by the vesicle SNARE
protein VAMP2 and the plasma membrane SNAREs SNAP-25 and syntaxin1. These proteins
are thought to “zipper” together to form trans complexes that mediate close membrane appo-
sition and initiate fusion.19

The mechanisms responsible for targeting and tethering vesicles and for initiating SNARE
complex assembly are not as well understood as those for vesicle fusion during exocytosis.
Several accessory factors that interact with SNAREs are thought to have critical roles in target-
ing/tethering. Munc18/n-Sec1, a Sec1p family member, prevents SNARE complex formation
by sequestering syntaxin1 in a closed conformation that fails to interact with SNAP-25 and
VAMP2.99,100 In recent studies, overexpression of munc18 in chromaffin cells increased the
number of primed docked vesicles and enhanced exocytosis.101 Conversely, vesicle docking
and exocytosis are strongly decreased in chromaffin cells from munc18 knockout mice.101 This
work suggests that munc18-bound syntaxin may be a platform for vesicle docking or tethering,
and that vesicle arrival may initiate a transition to the open form of syntaxin competent for
SNARE complex formation and fusion. In other membrane compartments (e.g., endosomes),
Rab effectors and their partners function in vesicle tethering coupled to SNARE complex
priming by interacting with members of the Sec1p family and/or with acceptor compartment
SNAREs.102 Secretory vesicles in neurons and endocrine cells contain Rab3 proteins. Thus,
Rab3 or one its effectors could promote munc18 dissociation from syntaxin at the time of
vesicle tethering or docking. There is evidence that Rab3 is involved in the processes of target-
ing and tethering secretory vesicles to the plasma membrane.103-105

Rabphilin3, a Rab3-binding protein that is peripherally bound to vesicles, is a potential
Rab3 effector protein. Rabphilin3 contains an amino-terminal Rab3-binding domain106 and
tandem carboxy-terminal C2 domains that specifically bind PI(4,5)P2 in a Ca2+-dependent
manner.107 PI(4,5)P2 on the plasma membrane is essential for the Ca2+-dependent exocytosis
of dense-core vesicles.108 Also, Rabphilin3 is proposed to be one of the effectors of PIs that may
mediate vesicle tethering.107 Rab3A-deficient mice exhibit deficiencies in synaptic vesicle
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recruitment to synapses that are not evident in Rabphilin3 knockout mice.109 However, there
may be redundancies in vesicle tethering mechanisms that could account for this. A Rab3-binding
protein with a domain organization similar to Rabphilin3, granulophilin, is expressed in cer-
tain endocrine cells in lieu of Rabphilin3 and binds munc18.110 A protein with these proper-
ties could potentially activate syntaxin by munc18 displacement, though this remains to be
investigated. While there is little evidence that Rabphilin3 actually functions as an effector of
Rab3, aside from its ability to bind Rab3, it may nonetheless function as a vesicle-bound
tethering protein that interacts with plasma membrane PI(4,5)P2 and activates SNARE pro-
tein function. This model is supported by genetic interaction studies in Caenorhabditis elegans.111

The carboxy-terminus of Rabphilin3 interacts with SNAP-25 and could play a role in SNARE
activation.

Another potential Rab3 effector is Rim1 (Rab3-interacting molecule), which localizes to
the active zone of synapses and is tethered in the presynaptic cytoskeletal matrix.112 Rim1 is a
multidomain protein that contains an amino-terminal Rab3-binding domain and PDZ and
C2 domains. Rim1 interacts with a number of proteins including the plasma membrane SNARE,
SNAP-25, the Ca2+ sensor synaptotagmin, and other presynaptic constituents (Ca2+ channels
and α-liprins), thus indicating it may tether synaptic vesicles to the plasma membrane via
interactions with vesicle Rab3 and plasma membrane proteins.113,114 Rim1 also interacts with
munc13-1, a protein thought to function in the priming of SNARE proteins. Munc13-1 inter-
acts with the amino-terminal domain of syntaxin and may promote formation or stabilization
of the open form of syntaxin through competing with munc18 binding.115 Vesicle priming can
be regulated in a Ca2+-dependent manner in a form of synaptic plasticity known as “augmen-
tation”. Recent work has indicated this form of plasticity may be mediated through
Ca2+-dependent, phospholipase C-catalyzed hydrolysis of PI(4,5)P2 to diacylglycerol (DAG),
which can bind to the C1 domain of munc13-1 to enhance its activity in SNARE priming.116

Thus, Rim1 may be a Rab3 effector that tethers synaptic vesicles and localizes binding partners
(such as munc13-1) that act to promote SNARE complex formation for fusion.

Rab5 Governs Entry Points in the Endosomal-Lysosomal Pathway
Fusion in the endosomal trafficking pathway is directed by protein tethering complexes

organized by Rab5 and other Rab proteins in the membrane context of PI(3)P. A role for
PI(3)P is evident from studies of protein transport to the yeast vacuole in which an essential
function for the VPS (vacuolar protein sorting) gene VPS34 was identified.26 VPS34 encodes
a lipid kinase that phosphorylates PIs at the 3- position of the inositol ring. Rab5 is an essential
component in the homotypic fusion of early endosomes, which can be reconstituted in a cell-free
assay.117 Rab5-GTP interacts with a large (> 20) number of potential effector proteins in affin-
ity chromatography experiments.117 Two of the Rab5-binding proteins, Rabex-5 and Rabaptin-5,
form a complex that acts to activate GDP for GTP exchange on Rab5. The importance of
EEA1 as a Rab5 effector required for endosome fusion is shown through endosome fusion
assays. Here EEA1 is found to be the major constituent of the required cytosol fraction. EEA1
contains amino- and carboxy-terminal Rab5-GTP binding domains that mediate tethering of
endosomes in preparation for fusion. Endosome tethering is reinforced by a carboxy-terminal
FYVE domain in EEA1 that interacts with PI(3)P on the endosome.118 EEA1 also binds hVPS34,
a PI 3-kinase, whose recruitment to the endosomal membrane could promote additional syn-
thesis of PI(3)P and lead to the formation of membrane microdomains in the endosome.119

EEA1 also interacts with the SNARE syntaxin 13, which is required for homotypic endosome
fusion, and with NSF, which may prime SNARE complexes for fusion.120 In yeast, a Rab5/
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Ypt21p effector containing a FYVE domain, Vac1p, interacts with Vps45p, a Sec1 homolog, as
well as with Pep12p, an endosomal SNARE.26,121 EEA1, as a major component of a Rab5
effector complex, may function to couple membrane tethering to SNARE protein activation
for fusion. Overall, the mechanisms elucidated for Rab5-mediated endosomal entry illustrates
the operation of a heirarchy of membrane-specific protein and lipid constituents that interact
to assemble complexes governing the fusion specificity of homologous membrane compart-
ments.

Rab4, 5 and 11 are present in overlapping as well as distinct membrane regions in endosomal
compartments.122 A second FYVE domain-containing Rab5 effector, Rabenosyn-5, was re-
cently identified102 and shown to also interact with Rab4.123 Rabenosyn-5 binds hVPS45, a
Sec-1 family protein that interacts with early endosomal SNARE proteins syntaxins 13, 6 and
4. Rabaptin-5 also interacts with Rab4 in a similar manner.123 Dual effectors for these Rabs are
proposed to mediate the assembly of segregated but adjacent Rab5 and Rab4 domains on
endosomal membranes. Rab4 also has an identified potential effector, Rab4ip. Rab4ip con-
tains a FYVE domain, indicating that it too operates within PI(3)P-containing membrane
domains in the endosomal system.124 Recycling membrane proteins such as the transferin re-
ceptor are believed to enter the endosomal pathway through Rab5-containing endosomes and
transit to recycling endosomes marked by Rab4. Hybrid Rab5/Rab4-containing compartments
represent intermediates in the internalization and recycling pathway, and the dual Rab effec-
tors such as Rabenosyn-5 and Rabaptin-5 function to coordinate neighboring membrane do-
mains. Rabaptin-5 also interacts with Rabphilin-3, an effector for Rab3 (see above), thus sug-
gesting Rab5-containing membrane domains coordinate endocytosis that follows exocytosis of
Rab3-containing membrane domains in synaptic vesicles.125

While PI(3)P-containing membranes characterize the early and recycling endosomal path-
way, a distinct PI, PI(3,5)P2, plays an important role in the late endosomal pathway. The Fab1
gene in yeast encodes a FYVE finger domain protein with PI(3)P 5-kinase activity and a char-
acterized mammalian counterpart, PIKfyve.126-128 Cells containing fab1 mutations exhibit
enlarged vacuoles126 and overexpression of a dominant negative PIKfyve in mammalian cells
results in vacuolization of endosomal compartments.129 It is thought that PI(3,5)P2 plays an
essential permissive role in membrane budding into or out of multivesicular bodies that en-
ables sorting of endosomal cargo into the lumen of this compartment or back to earlier endosomal
compartments. The factors regulating Fab1p/PIKfyve activity or mediating the essential role of
PI(3,5)P2 remain to be discovered. Nonetheless, this represents an intriguing switch for shut-
ting down PI(3)P-dependent Rab function in the early endosomal pathway while activating
late endosomal membrane trafficking events.26

Future Prospects
The last decade has witnessed dramatic progress in the discovery of protein and lipid

constituents that control trafficking in the secretory pathway. New technologies for protein
study and the wealth of information gained from genome sequencing projects are rapidly driv-
ing the identification and characterization of the most critical factors. At the key nodes in
trafficking, the sorting of cargo into assembled transport intermediates and the targeting of
transport intermediates to their correct destinations for fusion, the ARF and Rab GTPases,
respectively, govern the assembly of macromolecular machines that control exit and entry speci-
ficity. Thus, future challenges will involve discoveries of the precise composition of these ma-
chineries, the interactions that mediate their assembly, and the biophysical basis by which they
interface with membranes to promote fission and fusion.
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CHAPTER 4

Endoplasmic Reticulum Biogenesis:
Proliferation and Differentiation

Erik Snapp

Abstract

The endoplasmic reticulum (ER) adopts a number of structural forms that correlate
with distinct functions. The differentiation, maintenance, and proliferation of these
forms are only beginning to be understood. Differentiation and proliferation can be

induced in the normal course of cell differentiation and by cellular stresses. Recent studies
suggest that ER forms arise by a combination of self-organization and highly interconnected
signaling and synthetic pathways. This review describes a number of ER ultrastructure forms,
associated functions, and some of the potential mechanisms of their biogenesis.

Introduction
The endoplasmic reticulum (ER) is arguably the most dynamic and morphologically vari-

able of all membranous organelles. The ER utilizes a cytoskeleton scaffold, associated motor
proteins, and less well characterized mechanisms to undergo constant rearrangement while
maintaining the characteristic forms of a continuous network of interconnected tubules, cister-
nae, and highly organized lamellar sheets. These basic structures form the building blocks of
the subdomains of the ER, which include rough (RER), smooth (SER), transitional (tER or
exit sites), sinusoidal, crystalloid, sarcoplasmic reticulum (SR), karmellae, myeloid bodies, and
the nuclear envelope (NE) (Fig. 1).

In many eukaryotic cells, the ER consists of a series of interconnected branching tubular
membranes that protrude from the NE and extend to the periphery of the plasma membrane
(Fig. 3A). The ER tubules intersect with each other often at 120o angles in a series of three-way
junctions that form polygons (Fig. 1, Branching ER).1,2 The tubules grow, fuse with other
tubules, slide along tubules, retract, and are absorbed into other tubules. These processes occur
rapidly, on the order of seconds. The network is in a constant state of flux that ultimately
produces a macroscopically stable ER structure that changes dramatically and constantly on
the microscopic scale.3 The ER is by far the largest membranous organelle in most cells. In rat
hepatocytes, the surface area of the ER is 38 times larger than the plasma membrane and the
ER occupies 15% of the total cell volume.4

As with other organelles in the secretory pathway, the ER maintains a relatively constant
sized despite a constant flux of lipids and proteins into and out of the compartment. The flux
includes importation of newly synthesized membrane and lumenal proteins, synthesis of lipids
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for the entire cell, export of secretory cargo of lipids and proteins, and receipt of retrieved and
cycling lipids and cargo from the intermediate compartment and the Golgi.5

Biogenesis of ER occurs both during the normal course of cell differentiation, as has been
observed in newborn rat hepatocytes.6,7 and activation of immature B-lymphocytes,8 as well as
in response to cellular stress.9,10 The biogenesis, organization, and maintenance of the ER
represent fundamental problems in self-organization. That is, the ER is an energy-dependent,
nonequilibrium, steady state organelle arising from multiple complementary and competing
processes.11 Modulation of some processes favors a new steady state, which can create ultra-
structure changes and accounts for the morphological plasticity of the ER.

The microtubule cytoskeleton illustrates the concept of self-organization. Similar mix-
tures of microtubules and motor proteins can organize into distinct assemblies depending on
cell type and stage of the cell cycle. Surrey et al used a simple experimental system to demon-
strate that varying component ratios, the speed of the motor proteins, their processivity, and
their time bound to microtubules strongly influences cytoskeletal patterns generated at steady

Figure 1. Schematic representation of different forms of endoplasmic reticulum. Gray shading indicates
membranous structures. The outer nuclear envelope, branching ER, and rough ER cisternae are all shown
with membrane-associated ribosomes. Ribosomes have also been observed on the outermost membranes
of some organized smooth ER structures (examples of organized smooth ER structures are depicted). The
rough ER depicted at lower right represents the appearance of rough ER in a thinly sliced cell as visualized
in an electron micrograph. Typically, only the cross-sections of cisternae with numerous packed ribosomes
(polysomes) can be observed. Drawing is not to scale.
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state.11 At low motor concentrations, microtubules in solution remain disorganized. However,
increasing concentrations of plus ended motors in the presence of ATP and GTP generated
“microtubule vortices” and at higher concentrations, “asters.” Minus ended motors only formed
asters or no structures. By modeling the parameters of their system, the authors identified
conditions that produced minimal perturbations of a steady state, while other conditions had
dramatic effects.

Recent work has identified similar parameters that modulate the organization and func-
tion of ER steady states. The following chapter will review ER functions and how they relate to
some exciting recent studies of ER proliferation and differentiation that shed light on its orga-
nizing principles.

ER Functions
The functions of the ER are numerous and the reader is referred to ref. 12 for additional

ER functions not covered in this chapter. In the following section, some relevant ER functions
that illustrate factors that predispose the ER to formation of different structures, and suggest
potential relationships between ER morphology and function will be described.

Protein Synthesis, Modification and Quality Control
The ER is the primary site of membrane and secretory protein synthesis, translocation,

and maturation in the cell. The two main exceptions are peroxisomes and mitochondria, which
have their own protein translocation machinery. Approximately one-third of all cellular pro-
tein is translocated into the membrane and/or the oxidizing lumen of the ER.13 Proteins enter
the ER by both co- and post-translational insertion mechanisms. Co-translational insertion
occurs through a large multisubunit pore, the translocon.14-18 Post-translational insertion of
tail anchored proteins, such as cytochrome b5 and bcl-2.19,20 occurs by an unknown mecha-
nism in multicellular eukaryotes. However, the mechanism has been defined in yeast and re-
quires transmembrane protein components that must enter the ER through translocons.21

Modifications such as cleavage of the signal sequence and addition of sugar moieties to specific
asparagine residues are performed on nascent peptide chains during co-translational insertion
into the ER. These functions are performed by translocon-associated proteins such as the signal
peptidase and the oligosaccharide transferase complex. A number of components not directly
associated with the translocon play essential roles in protein folding and additional post-trans-
lational modification of proteins. For example, soluble lumenal ER proteins can be converted
into membrane proteins by attachment of a glycosylphosphatidylinositol (GPI) anchor. On
the outer leaflet of the ER membrane, cytoplasmic proteins can be prenylated and converted to
membrane proteins that can enter the secretory pathway and traffic to the Golgi complex and
plasma membrane.22

Chaperones serve as the protein folding machines of nascent peptides in the ER. Ex-
amples of chaperones include BiP (also referred to as GRP78)(a calcium binding ATPase that
binds hydrophobic motifs and belongs to the Hsp70 family),23 the protein disulfide isomerase
family (disulfide bond formation),24 calnexin (transmembrane) and calreticulin
(lumenal)(carbohydrate and peptide binding proteins with additional roles as calcium binding
proteins).25-27 The role of the chaperones does not end after the protein has been synthesized
and properly folded. Cellular stresses such as raised temperature or a change in the oxidative
state of the ER can induce the misfolding of proteins.28,29 Chaperones bind misfolded proteins
to prevent protein aggregation and in some cases assist the proper refolding of the proteins.30

In the event that proteins fail to properly fold, either during synthesis or after cellular stress, the
cell must prevent accumulation of the space consuming and potentially dangerous.31 misfolded
proteins. ER membrane and lumenal protein destruction occurs by ER associated degradation
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(ERAD).30,32 Chaperones also appear to assist in unfolding proteins to aid in the retro-translo-
cation of proteins through the translocon.33 and into the cytoplasm where proteins are either
assembled into inclusion bodies and aggresomes or degraded by the proteasome.34 Misfolded
lumenal ER proteins that fail to be degraded accumulate in Russell bodies, dilated
ribosome-covered ER cisternae or vacuoles containing large lumenal protein aggregates.35 Russell
bodies probably represent a mechanism for sequestering intractably misfolded proteins into
discrete regions of the ER.

In the event that misfolded proteins (or even an “overload” of proteins in the ER lumen)
accumulate in the ER several distinct stress pathways can become activated. What quantity of
misfolded or overexpressed protein constitutes an “overload” remains to be defined and may be
surprisingly small (see ER Protein Distribution and Density section). The pathways include
the Unfolded Protein Response (UPR),36 translational control (PERK activated pathway),37

the ATF6 pathway.38 and the endoplasmic reticulum overload response (activation of the tran-
scription factor NF-κB).39 These pathways upregulate transcription levels of ER chaperones,
inhibit protein synthesis or even promote cell death.30

Lipid Synthesis
Just as the ER is the source of most integral membrane and secretory proteins, the ER, in

conjunction with mitochondria (plastids in plants), is also the source of cholesterol and phos-
pholipids, which make up the majority of cellular membranes. The building blocks of phos-
pholipids, fatty acyl CoA and glycerol-3-phosphate, originate in the cytoplasm and are con-
verted into the phosphatidic acid backbone of phospholipids which translocate into the ER
outer leaflet.40 Phosphatidylcholine, phophatidylserine, and ceramide are synthesized by the
ER.40,41 Phosphatidylethanolamine can be synthesized in the ER,41 however, the major bio-
synthetic route involves transfer of phosphatidylserine to the inner mitochondrial membrane,
where phosphatidylserine decarboxylase converts the substrate to phosphatidylethanolamine.12,41

To generate phosphatidylcholine, phosphatidylethanolamine must be translocated to the ER,
where a methyltransferase performs the conversion.12 Ceramide is translocated to the cis and
medial Golgi for the synthesis of sphingomyelin and glycosphingolipids.40

How lipids traffic between the ER and the mitochondria remains poorly understood. It
has been observed in many cells, that smooth ER, an ER subdomain associated with lipid
synthesis, is found in tight association with mitochondria.12 Lipid exchange could occur by a
form of vesicular traffic, lipid carrier proteins that shuttle between the organelles, direct ex-
change of lipids by lipid translocating proteins on the faces of the two organelles or potentially
by a limited form of membrane hemifusion in which the outer membrane leaflets of both
organelles become continuous permitting lipid exchange while preventing exchange of integral
membrane proteins. While the actual mechanism remains unknown, several groups have ob-
served regions of close association between ER and mitochondria.12,42,43 A mitochondria-asso-
ciated membrane (MAM) fraction appears enriched in phosphatidylserine synthase and phos-
phatidylethanolamine N-methyltransferase.12,44 Achleitner et al have observed mitochondria
within 9 nm of ER membranes in yeast and found phospholipid transfer between the or-
ganelles was rapid and independent of energy or cytoplasmic factors.45

Most enzymes of cholesterol biosynthesis are found in both rough and smooth ER, though
acyl-CoA-cholesterol transferase is found only in rough ER fraction.46 As this enzyme esterifies
and removes free cholesterol, it is possible that the cholesterol concentration in rough ER is
lower than in other ER subdomains and that low cholesterol in the rough ER has a functional
relevance. Another potential cholesterol metabolizing enzyme, lamin B receptor is localized
and immobilized in the inner NE.12,47 The physiological relevance of the sterol C14 reductase
activity in the inner NE remains unclear.
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In terms of ER proliferation, much has been learned in the past few years about regulation
of lipid synthesis. Cholesterol in vertebrate cells and phosphatidylethanolamine in Drosophila
are sensed by sterol regulatory element-binding proteins (SREBPs).48,49 SREBP consists of a
leucine zipper transcription factor attached at the carboxyl-terminus to two transmembrane
spanning domains and cytosolic regulatory domain at the carboxyl-terminus of the protein.
The regulatory domain binds to the cytosolic domain of SCAP, a multi-transmembrane span-
ning protein with a sterol or lipid-sensing domain. In the presence of SCAP and low sterol
levels, SREBP is escorted into the secretory pathway where it traffics to the Golgi complex.
There, SCAP activates a protease to cleave SREBP into a form with the transcription factor
now bound to a single transmembrane domain. A second proteolytic cleavage within the trans-
membrane domain releases the transcription factor into the cytoplasm, allowing it to enter the
nucleus and promote transcription of sterol synthesis enzymes. Overexpression of the sterol
sensing membrane domain of SCAP disregulates the pathway and permits both SCAP and
SREBP to transit to the Golgi regardless of sterol levels.50 The authors interpret this result to
mean that an unknown saturable retention protein binds to SCAP to retain it in the ER. It
seems likely that similar mechanisms function for phospholipid regulation in vertebrates. In
addition, phospholipid synthesis depends on substrate availability, which can also be regulated.

Secretory Traffic
Lipids and proteins (lumenal and integral membrane proteins) are transported to other

regions of the cell by the secretory pathway.5 Proteins (and possibly lipids) are sorted and
accumulate at tER exit sites (clusters of tubular membranes), where vesicles and tubules coated
with the peripheral protein complex called COPII arise and exit from the center.51 After releas-
ing their COPII coat, the membrane structures move along microtubule tracks and fuse with
the Golgi complex.

The exit rate from the ER of an integral membrane protein (vesicular stomatitis virus G
protein fused to green fluorescent protein52 or VSVG-GFP) was 2.8% of the total ER pool of
VSVG-GFP per minute, as assessed using quantitative live cell imaging techniques.53 This
means that a pre-existing pool of VSVG-GFP in the ER will be almost completely emptied
within 30 minutes. Export of secretory proteins from the ER is therefore rapid and efficient.
Inhibiting secretory traffic from the ER has equally significant consequences for ER structure.
Brefeldin A (BFA) is a fungal metabolite that blocks exit from the ER by disrupting the ma-
chinery involved in protein sorting at ER exit sites.54 Prolonged BFA treatment over several
hours increases the thickness and density of ER tubules (unpublished personal observation)
and dilates tER.55,56

To maintain the appropriate distribution of both proteins and their activities in both the
ER and the other organelles, the ER makes use of dynamic and static mechanisms. “Dynamic”
(retrieval) mechanisms (proteins exit and are returned to the ER) utilize ER retention peptide
motifs (-KDEL or -HDEL for lumenal proteins and cytoplasmic di-lysines for integral mem-
brane proteins).57,58 Retrieval proteins such as the KDEL receptor (Erd2 in yeast)59 recognize
and bind the motifs to return escaped resident ER proteins to the ER by retrograde trafficking
pathways from the intermediate compartment and the Golgi.5 Resident ER proteins that lack
these sequences may be retrieved by binding to proteins that contain these motifs or retained
by uncharacterized sequences.60,61 As with anterograde trafficking, retrograde trafficking trans-
port intermediates also contain “escaped” cargo normally retained in the Golgi and intermedi-
ate compartments. However, the retrograde trafficking pathways enable the quality control
machinery of the ER to sample resident membrane proteins from post-ER compartments and
potentially to degrade these proteins by ERAD,32 when necessary.62
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The majority of resident ER membrane proteins can be retained by “static” (retention)
mechanisms (the proteins do not exit the ER in the first place) such as transmembrane domain
length,63-66 the lack of a positive ER exit signal 67-69 or by being relatively immobilized. There
are few examples of the latter mechanism and the best characterized is an inner nuclear enve-
lope protein, lamin B receptor, which is localized by binding to chromatin bound lamin.47

Many ER lumenal and membrane proteins appear to be highly mobile.70 The actual mecha-
nism of ER retention of highly mobile transmembrane proteins may involve physical exclusion
from ER exit sites. Such a mechanism has been invoked for the retention of misfolded mem-
brane proteins in some cell types.68,71

Less is known about lipid sorting from the ER. Some lipids associate with specific mem-
brane proteins that are actively sorted at ER exit sites, while other lipids may enter the secretory
pathway by bulk flow. Nonvesicular trafficking pathways are also present.72-74 Whatever the
mechanisms are, they create distinct lipid distributions throughout the secretory pathway, such
that the lipid ratios of the ER are readily distinguishable from the Golgi and the plasma mem-
brane.

Drug Detoxification
Some of the enzymes involved in lipid synthesis and the oxidative metabolism of steroids

and fatty acids play roles in the detoxification of water insoluble drugs and potentially harmful
metabolites that can accumulate in cell membranes.40 The cytochrome P450 family and other
enzymes convert the insoluble compounds into water soluble forms, which allows the cell to
excrete the compounds.40 The conversion process involves addition of hydroxyl groups to wa-
ter-insoluble hydrocarbons dissolved in membrane using NADPH and NADPH cytochrome
P450 reductase.4 The process generates toxic intermediates, such as free radicals and epoxides,
which are metabolized by epoxide hydrolase and glutathione.75 The cytoplasmic membrane
leaflet of the smooth ER (along with cytoplasm and mitochondria)76 is a major site of drug
detoxification and its surface area increases dramatically in response to high levels of drugs such
as phenobarbital.9

Calcium Storage and Signaling
The “secondary messenger” system of calcium release into the cytoplasm is mediated through

either plasma membrane calcium transporters or endoplasmic reticulum calcium channels.
The ER is the major calcium storage site in the cell. Regulated calcium release affects stimula-
tion of muscle contraction, stimulation of secretion in secretory cells, the plasticity of neurons,
exocytosis and release of transmitters, cell growth, and differentiation, induction of apoptosis,
secretory traffic, and oocyte fertilization.77-79 The amount of calcium in the ER ranges from 5
mM/kg dry wt. for hepatocyte ER80 to 120 mM/kg dry wt. in terminal cisternae of SR in
skeletal muscle.81 These numbers dramatically differ from measurements of free lumenal cal-
cium, which range from 100 µm to 5 mM.27 A number of resident ER proteins including
calsequestrin and the chaperones calreticulin, calnexin, and BiP bind calcium with varying
affinities and capacities and are responsible for the low free lumenal calcium levels.12

Calcium is transported into the ER primarily by members of the SERCA (sarco-endoplas-
mic reticulum Ca2+-ATPase) transporter family.78 At least one SERCA is directly regulated by
one of the calcium binding chaperones, calnexin.82 Calcium is released from discrete regions of
the ER in “sparks” by ryanodine receptors (RyR) and in “puffs” by inositol 1,4,5-triphosphate
(IP3) receptors.12,27 In most cases, the release of calcium is highly localized and this appears to
correlate with an inhomogeneous distribution of calcium channels.12,83,84

Sites of ER calcium release correlate with discrete subdomains of the ER. In many cell
types, sites of ER calcium release form direct interactions (within 80 nm) with mitochondria.
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These regions consist of specialized smooth ER domains referred to as AMF-R (autocrine
motility factor receptor) tubules.85,86 AMF-R tubules are physically continuous with the ER,
but exhibit different properties including sensitivity to fragmentation induced by ilimaquinone,
increased labeling by autocrine motility factor receptor, and decreased labeling of calnexin and
calreticulin.85,86 Calcium released near mitochondria is taken up by mitochondrial ATP-de-
pendent calcium/proton antiporters, such as the NCX transporter.79 The uptake of calcium by
mitochondria stimulates mitochondria metabolism in which the Ca2+ responsive matrix dehy-
drogenases are activated, levels of ATP and NADH increase, and O2 is consumed.79 The cal-
cium uptake can also induce opening of the permeability transition pore, which can modulate
the release of the proapoptotic effector cytochrome c.79

In highly specialized cells, such as skeletal muscles, calcium plays such a critical role in cell
function that the ER has been dramatically modified into physically distinct SR subdomains
devoted to the modulation of calcium release.87 The ER of skeletal muscle cells consists of SR
wrapped around myofibrils and bound to T-tubules, a subdomain of the plasma membrane.12,40

The binding of SR and plasma membrane is mediated by direct interactions between
dihydropyridine receptors and ryanodine receptors.12 The structure modulates muscle con-
traction by creating regulated calcium gradients. Calcium enters into the cytoplasm via the
voltage sensitive dihydropyridine receptors and triggers the SR release of calcium through the
ryanodine receptors followed by the calcium sensitive release of troponin and tropomyosin
from myofibrils.12 These proteins promote binding of myosin to actin, which leads to skeletal
muscle contraction.40 Excess calcium is rapidly resequestered by the ER by SERCA mediated
uptake.12 In fact, SERCAs accounts for 90% of SR membrane protein.40

Building Blocks of the ER
To describe the mechanisms of ER proliferation and differentiation, it is necessary to first

introduce the components of the ER, including the cytoskeleton, membrane and lumenal
proteins, and membrane lipids. In addition, the sizes, relative proportions, and potential steric
effects of the ER’s components are illustrated in Figure 2.

Cytoskeleton Scaffold and Motor Proteins
In animal cells, the ER intimately associates with microtubules. Binding to microtubules

can be mediated by motor proteins and microtubule associated proteins (MAPs). Klopfenstein
et al have identified an ER integral membrane protein (CLIMP-63) that can mediate microtu-
bule association.88 Overexpression of the protein produced dramatic rearrangements in the ER
and altered microtubule distribution. In a follow-up study, Klopfenstein et al investigated the
mobility of CLIMP-63 by FRAP (fluorescence recovery after photobleaching) (see ER Biogen-
esis Methodology section).89 Not surprisingly, the protein’s mobility was low. The unusual
finding was that CLIMP-63 mobility and exclusion from the NE were mediated by its lumenal
domain. The authors determined that the lumenal domain forms an α-helical 91 nm rod-like
structure, which is massive relative to the diameter of the lumen of the ER.

In living cells, a number of studies find clear evidence for a role of microtubules and the
motor protein kinesin in formation and breakdown of branching ER tubule polygon networks.
Depolymerization of microtubules leads to retraction of the ER from the cell periphery to-
wards the NE.90 In contrast, depolymerization of actin does not have obvious effects on animal
ER morphology, function or motility.2,91 There are reports in the literature of ER association
with spectrin in insect cells.92

Curiously, eukaryotic cells that do not have microtubule-associated ER still form triple
branched tubular networks of polygon rings (Fig. 3). In both plants and in the budding yeast
Saccharomyces cerevisiae, the ER associates with the actin cytoskeleton.93,94 The cortical ER of
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yeast differs from plants and animals in that the interphase ER does not directly align with
actin or microtubules,94 though ER motility becomes inactivated in the presence of actin de-
polymerizing drugs and in actin mutants.94,95 A recent report by Fehrenbacher et al described
perinuclear ER association with microtubules during M-phase budding and found that the
association is important for inheritance of nuclear ER in yeast.95 Plant ER morphology and
motility also depend on an actin filament scaffold.93,96-98 Treatment of plants with cytochalasin
B97 or cytochalasin D99,100 disrupts ER tubule motions.

Despite the very different biochemical and dynamic characteristics of actin and microtu-
bules and their associated motor proteins (myosin for actin and kinesin for microtubules), in
plant, fungal, and animal systems the ER forms a dynamic network of triple junction branch-
ing tubules. That evolutionarily separated kingdoms would utilize different cytoskeletal ele-
ments to achieve similar ER architecture suggests that ER membranes have the inherent capacity
to form triple branching tubules and possibly that a dynamic branching ER network is an
optimized structure for ER function.

Figure 2. Representation of the relative sizes of ER components. ER tubules range from 40-70 nm in
diameter with a circumferences from 125 to 220 nm. The 6 nm membrane bilayer is thinner than the plasma
membrane by 1 nm, which likely reflects the differences in the lipid composition between the two mem-
branes.65,224 The large subunit of the ribosome that characterizes rough ER in electron micrographs mea-
sures 25 nm across,225 the same diameter as a microtubule.40 The translocon complex (10 nm) that the
ribosome binds to is less than half the width of the ribosome and contains an estimated 50-60 transmem-
brane domains.16 Kinesin dimers are 12 nm wide, or roughly the width of three tubulin subunits.226 The
shaft is not shown, but this adds an additional 70 nm to the length of kinesin; though kinesin bound
membranes are usually less than 40 nm from microtubules, thus suggesting that much of the shaft is folded.
For reference, immunoglobulin G (15 nm long and wide) is shown in the lower right corner.40 Scale bar at
lower right = 10 nm.
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Until recently, most research in the ER network formation supported a clear role for the
cytoskeleton and its associated motor proteins in stretching out, anchoring, and remodeling
branching ER. This paradigm has been challenged by the finding that depolymerization of the
microtubule cytoskeleton at low temperatures (below 4o C) or pharmacologically with nocodazole
or colchicine does not immediately disrupt the ER network.90 Instead, over the course of two
hours, the ER slowly retracts from the cell periphery towards the nucleus. Moreover, Dreier
and Rapoport showed that a tubule network can form in the absence of microtubules.101 In
this study Xenopus oocyte-derived ER membrane vesicles (microsomes) were mixed with Xeno-
pus oocyte cytosol, ATP, and GTP. Fusion of the microsomes was followed by formation of a
branching network of tubules, very similar to branching ER. The study raises the fascinating
possibility that the ER has a natural predilection to be a branching network.

Figure 3. A) ER of a mammalian fibroblast expressing a GFP marker. Scale bar = 5 µm. B) Plant (Nicotinia
tobacum) ER labeled with an ER-targeted GFP. Scale bar = 5 µm. Image kindly provided by Dr. Federica
Brandizzi. C) Yeast (S. cerevisiae) expressing Sec63-GFP or signal sequence-GFP-HDEL ER. Images were
acquired while focusing on either the center or periphery of the cells. Scale bar = 5 µm. Reprinted with
permission from Prinz W et al. J Cell Biol 2000; 150:461-474. © 2000 The Rockefeller University Press.
See text for additional details.
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Lipid Composition
The ER membrane consists of 80-95% phospholipids and only 5-15% transmembrane or

membrane associated proteins (based on calculations described in Appendix 2). The lipid com-
position of the ER differs significantly from the Golgi and the plasma membrane, which derive
much of their lipids from the ER. Rat liver ER is composed of 2.5-5% sphingomyelin, 40-58.4%
phosphatidylcholine, 10.1% phosphatidylinositol, 2.9% phosphatidylserine, 17-21.8% phos-
phatidylethanolamine, and 6-8% cholesterol.40,102 By comparison, the Golgi contains twice as
much cholesterol, three times as much sphingomyelin, and only 49.6% phosphatidylcholine.102

At the plasma membrane, sphingomyelin increases to 16-19%, phosphatidylcholine is reduced
to 17-39.3%, phosphatidylserine drops to 4-9%, and cholesterol increases to 17-38% of total
lipid.40,102

As previously described, the majority of ER lipid biosynthetic machinery interacts with
substrates on the cytoplasmic face of the ER membrane. Yet, cellular membranes are lipid
bilayers and lipids must be transferred or flipped from the outer ER membrane leaflet to the
inner leaflet. Energy independent and ATP dependent ER flippase activities have been charac-
terized, but the responsible proteins have been elusive.102-104 However, a yeast flippase, which
transfers lipid-linked oligosaccharides from the cytoplasmic face of the ER to the lumen, has
been identified.105 and may aid in a better understanding of ER flippases. The lipid composi-
tion of the individual ER leaflets is unknown.106

ER Protein Distribution and Density
The lumenal proteins of the ER are present at such high concentrations that they form a

gel like matrix.107 The diffusion of lumenal GFP (5-10 µm2/s) is 3-6 times lower than in
cytoplasm (25 µm2/s) and 9-18 times lower than in water (87 µm2/s).108,109 Dayel et al hy-
pothesized that increased frequency of collision with other proteins accounts for the reduced
diffusion coefficient. The majority of lumenal resident ER proteins fall into two major classes,
chaperones and calcium binding proteins. In fact, many of the lumenal ER proteins simulta-
neously act as chaperones and bind calcium. High levels of calcium binding proteins sequester
calcium in cells and can increase cytosolic Ca2+ from 50 nM to 1 µM or higher (see calcium
section).110 A high density of ER chaperones is likely to be important in accommodating and
folding up to 13 million new proteins per minute (see Appendix 1).

Protein mobility and organization in the ER membrane differs from the protein enriched
viscous ER lumen. FRAP (see ER biogenesis methodology section) of ER targeted GFP-la-
beled transmembrane proteins in living cells has revealed that many proteins of the ER exhibit
a diffusional mobility unimpeded by barriers, anchoring, or immobilization.47,70,71,108,111-115

Despite the many functions mediated by ER membrane proteins, their general density is com-
parable to membranes with known protein densities, and ranges from 15% to less than 7% of
the total membrane area in BHK and UT-1 CHO cells (see Appendix 2).116 Concentrations at
high and low extremes have been reported for ER morphologically distinct subdomains in
different cell types. Ryanodine receptors in Purkinje neurons cluster to a density of 12% of
total membrane area (calculations determined from numbers from ref. 84), while the ER of
hibernating squirrel Purkinje neurons and epithelial cells contain protein-free domains up to
10 µm wide.117 These observations demonstrate that ER transmembrane proteins are not ho-
mogeneously distributed throughout the ER and that mechanisms must be present to physi-
cally exclude transmembrane proteins from some otherwise continuous ER subdomains.
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ER Biogenesis

What Is ER Biogenesis?
It is important to distinguish the concepts of de novo creation of the ER from ER biogen-

esis. In the strictest sense, de novo biogenesis of the ER cannot occur. Cells do not lose the ER
at some stage and then reform it. There are examples of reversible fragmentation of the ER (see
ER cell cycle and ER breakdown section), but no recorded instance of a cell that lacks an ER or
outer NE spontaneously generating a complete ER.

The ER’s role in protein translocation accounts for why the ER can only form from preex-
isting ER. As described previously, protein insertion in the ER occurs co- and post-translationally.
Most protein insertion into the ER membrane and lumen occurs cotranslationally via the
translocon. Many essential translocon components, such as Sec 61α and the signal recognition
particle receptor α subunit (SRP receptor), are co-translationally inserted into the ER mem-
brane through preexisting translocons.16 The requirement of preexisting translocons to form
translocons is the critical factor that renders de novo ER biogenesis impossible. In practical
terms, ER “biogenesis” refers to proliferation and differentiation of existing ER.

ER Biogenesis Methodology
Current studies of ER biogenesis utilize a variety of methods and assays. In many of these

studies, the ER is labeled either with a dye, such as DiOC6(3),1,91,101,118-120 or by expressing an
ER-localized GFP-chimera.94,121 Fluorescence imaging is performed by confocal or fluores-
cence video microscopy.

The two primary approaches to studying ER proliferation and dynamics are analysis of
live cells and the use of mechanically sheared vesicles or microsomes. Live cell studies offer the
distinct advantage of observing the dynamics of the ER in its native context. Live cells can be
probed with drugs, expression of mutant proteins, and microinjection of antibodies. However,
the difficulty lies with assessing whether changes in the ER are the result of a specific perturba-
tion or a secondary effect resulting from perturbation of some other aspect of the cell.

To deconstruct the ER into its essential components, several groups have created in vitro
systems consisting of ER-derived mechanically sheared vesicles (microsomes) and mixtures of
cytosol, energy (ATP and GTP), and cytoskeletal components. Microsome assembly assays
follow membrane tubule and network formation usually in flow chambers with fluorescence,
differential interference contrast,122 or darkfield illumination microscopy.123 Morphological
features of ER subdomains including tER, organized smooth ER structures, and rough ER
cisternae are smaller than light microscope resolution (200 nm in the x-y plane)124 and require
electron microscopy (maximum resolution from to 0.1 nm to 20 nm depending on the sample)40

to classify morphological changes. The major caveat of in vitro ER assays is that they may not
necessarily reflect what occurs in living cells.

While the above approaches can investigate overall ER morphology, the technique of
fluorescence recovery after photobleaching (FRAP) provides a way to study ER continuity and
protein mobility within this membrane system. In FRAP, one can deplete fluorescence in a
discrete region of a fluorescently labeled living cell with an intense laser beam and then follow
exchange of unbleached molecules into the bleached region with low intensity illumination.70

This provides a means for obtaining the diffusion coefficients of proteins within the ER and for
examining conditions (i.e., stress, calcium depletion, protein misfolding) that may perturb
them.70 To examine the continuity of the ER under different conditions, the technique of
fluorescence loss in photobleaching (FLIP) has proved useful.47 In this technique, one repeat-
edly bleaches the same discrete region and monitors fluorescence loss from the rest of the cell.
If a fluorescent protein is completely mobile and localizes to a compartment continuous with
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the photobleached region, then all fluorescence should be depleted with time. For example,
Nehls et al used FRAP to demonstrate that temperature sensitive transmembrane VSVG-GFP
chimeras remain completely mobile at the permissive and nonpermissive temperature, which
induces protein misfolding.71 More severe misfolding conditions, such as tunicamycin treat-
ment, which causes global ER stress, did reduce the diffusion coefficient and the mobile frac-
tion of VSVG-GFP. In the same study, FLIP was applied to the ER of VSVG-GFP expressing
cells at the nonpermissive temperature to reveal that misfolded membrane proteins remain in
the ER and fail to enter tER exit sites.71

ER Network Formation
ER network formation consists of two steps, membrane fusion and tubule/network for-

mation. The next two sections will review what is known about these processes.

Fusion Machinery
The basic process of fusion between two ER-derived vesicles requires the same types of

protein components used for other cellular membrane fusion events (Fig. 4). These compo-
nents include receptor proteins, v- and t-SNAREs,125,126 an ATP dependent NSF,127,128 and
possibly, a Rab protein.129

The fusion of ER microsomes generally requires two sources of energy, ATP and GTP.
One candidate ATPase activity is NEM-sensitive factor (NSF).127,130 Several groups agree that
an NSF-family (now the AAA ATPase family)128 member, p97 (Cdc48p in yeast and also VCP
in animal cells),131 is essential for ER membrane fusion.132-134 A cofactor, p47 complexes tightly
to p97 and is essential for fusion of Golgi membranes135 and at least one type of ER subdomain,
tER.136 A recent report by Uchiyama et al identified an additional cofactor, VCIP135, neces-
sary for the cycling of p97 and p47 on and off membranes for multiple rounds of membrane
fusion. Latterich and Schekman demonstrated that yeast microsomes containing mutants of
another ATPase, KAR2 (mammalian BiP), were defective in homotypic fusion.137

The v- and t-SNAREs for ER membrane fusion appear to be the same protein, the syntaxin
homolog Ufe1p, in S. cerevisiae.133,138,139 Patel and colleagues demonstrated that Ufe1p is
essential for homotypic fusion of ER membranes from yeast.138 The putative mammalian equiva-
lent, syntaxin 18 (11.9% sequence identity), localizes primarily to the ER.140 An overexpressed
mutant syntaxin18 impaired protein export from the ER.140 Another potential player, the
Sec1/munc18 protein Sly1, associates with syntaxin 18 and plays a role in ER and Golgi fu-
sion, though a role for homotypic ER fusion has not yet been demonstrated.141

Many membrane fusion reactions gain additional specificity from Rab proteins.129 Turner
et al have demonstrated that microsome fusion can be blocked with guanine nucleotide disso-
ciation inhibitor (an inhibitor of Rab activity).132 The group also found evidence that p97 and
Rab activity are sequential during membrane fusion. The Rab in question has not been puri-
fied or cloned.

The previous studies focused on the general act of microsome fusion without distinguish-
ing different subdomains of ER (i.e., rough and smooth). Paiement and colleagues have exten-
sively characterized differences in the rates and fusion requirements of distinct ER subdomains.142

Paiement found that NE fused to rough microsomes in a Tris buffer containing ATP and
GTP.143 ATP alone was insufficient to promote fusion. This result is consistent with a study by
Dreier and Rapoport, which found GTP essential for microsome fusion in a buffer lacking
cytosol, while ATPγS did not block fusion.101 Kan et al identified a GTP activity, formation of
phosphatidylinositol (PI), that could account for GTP-mediated fusion.144 When PI or arachi-
donic acid was added to the microsome fusion assay, they stimulated rough ER fusion in the
absence of GTP or ATP. Lavoie et al145 observed that rough microsomes fused in cytosol with
a specific GTP requirement. In contrast, smooth ER required ATP, no cytosol, and proceeded
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much more slowly. The conversion of fused smooth microsomes into tER required α2p24,
COPI, syntaxin 5, and a cycle of phosphorylation and dephosphorylation of p97.133,136 These
studies raise intriguing questions. First, why do rough and smooth ER derived microsomes fuse
with different kinetics and reaction requirements? The data suggest that rough ER may fuse
independently of p97/p47 or NEM. Another question is whether different ER subdomains
form and maintain distinct distributions of syntaxin 5, syntaxin 18 or other fusion compo-
nents. Steegmaier et al have proposed that the smooth ER tubules of steroidogenic cells form a
physically distinct subcompartment of the ER and contain a unique syntaxin, syntaxin 17.146

Fluorescence imaging and photobleaching experiments would be useful here to determine the
in vivo distribution and mobility of the various syntaxins and whether they exchange between
the two subdomains.

Figure 4. Proposed schematic of ER membrane fusion. Both vesicles depicted contain the identical SNARE,
Ufe1p (rectangles). The SNAREs interact with each other in conjunction with several cofactors, including
a Rab (oval), p97 (shaded square), p47 (black circle), and VCIP135 (hatched oval). The p97/p47 complex
hydrolyzes ATP and brings the vesicles and the SNAREs into closer contact. A GTP hydrolyzing Rab
potentially helps mediate the fusion event. See text for additional details.
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Branching Motions
A seminal paper by Lee and Chen established that the ER is a dynamic structure (Fig. 5)

and described the motions of ER tubules in mammalian cells.3 ER tubules perform three basic
motions (tubule elongation, sliding, and ring closure) (Fig. 6), which account for the forma-
tion of linear tubules, triple junctions, and a polygonal reticulum. The motions promote branch-
ing ER proliferation and polygon breakdown. ER network growth and proliferation is accom-
plished by tubule extension (Fig. 6A). Increasing the amount of tubules increases ER network
density.3 However, the relative density of the ER network does not vary significantly through-
out interphase for many cells because of ER polygon breakdown, which occurs by sliding and
closure of polygon rings (Fig. 6B,C). The motions cease in the absence of microtubules in
cells.91 Cytoplasmic streaming occurs within plant cells when ER membranes bind and slide
along stationary actin cables and sweep ER, mitochondria, glycosomes, and other small cyto-
plasmic organelles in the process.98

Tubule Formation
In many eukaryotic cells, the ER is composed of cisternae or tubules. Unfortunately, little

information is available on the dynamics of cisternal ER formation. The ER within many
tissue culture cells, yeast, and plant cells consists of branching tubule networks. Network for-
mation and maintenance has been extensively studied in vivo and in vitro.12,93,94,147,148

What drives tubule formation? The simplest model is that microsomes are deformed by
some form of mechanical shearing force. Vale and Hirokawa converted artificial liposomes into
tubular structures by repeated pipetting.123 These tubules maintained their shape in the ab-
sence of any proteins indicating that once a vesicle is deformed into a tubule, it does not
necessarily have an elastic force compelling it to immediately reform into a vesicle. In subsequent
studies, model systems have been created that mimic specific aspects of tubule growth and
network formation. Most in vitro and in vivo branching network assays using animal cells and
components have absolute requirements for a microtubule scaffold and the microtubule plus
end motor kinesin.

Figure 5. Dynamics of branching ER. The two images are of the same region of a mammalian fibroblast
GFP-labeled branching ER at time 0 and after 60 seconds. The tubules have been rearranged into a
macroscopically similar structure that bears little similarity to the previous distribution of tubules. Scale bar=
2.5 µm. See text for additional details.
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Branching Network Formation (Cytoskeleton and Motor-Dependent)
Live cell studies and in vitro network formation assays provide clear evidence for a role of

microtubules, microtubule-associated motor proteins, and energy (ATP and GTP) in the for-
mation and breakdown of ER networks.2,123,149 Multiple groups have observed that microtu-
bule depolymerizing drugs halt most ER membrane tubule motions.90,91,119 Network forma-
tion proceeded by pulling of microtubule-bound vesicle membranes, presumably by kinesin,
to form tubules. Tubule growth driven by motor protein pulling is referred to as plus-end-directed
membrane sliding.119 New tubules pulled out from existing tubules and as tubules encoun-
tered other tubules, rapid fusion events occurred, eventually resulting in networks of tubule-based
polygons.

Roux and colleagues performed a similar experiment with ATP, artificial vesicles,
Golgi-derived lipid vesicles coated with streptavidin bound to microtubules, and kinesin-coated
beads labeled with biotin.150 They observed network formation in two phases. During the first
phase, membrane bound beads moved at the same rate as free beads on microtubules. In the
second phase, the tube growth rate decreased and strongly fluctuated possibly reflecting changes
in membrane tension. A significant finding of the study was that tubule formation required
beads coated with multiple motor proteins. Coating membranes with biotin-labeled kinesin
did not result in tubules. The authors proposed that the beads distributed the load among
more lipids and motors, resulting in fewer single phospholipid extraction or motor detachment
events. Allan and Vale observed large globular domains at the tips of growing in vitro tubules,
suggestive of a large complex of microtubule motors.120 It will be important to determine the
in vivo parameters of tubule formation including the number of motors required to form a
tubule, the number of attachment sites, and the identity of the attachment sites.

Feiguin et al directly demonstrated a necessary role for kinesin in vivo for maintenance of
ER distribution and structure.151 Kinesin-heavy chain suppression with antisense oligonucle-
otides restricted the distribution of ER tubules in neurons to the cell center and led to a

Figure 6. ER branching motions in a mammalian fibroblast expressing an ER-localized GFP. A) Tubule
extension (time course of 0 to 2.5 seconds). B) Ring closure (time course of 0 to 19.8 seconds). C) Sliding
(time course of 0 to 1.8 seconds). Scale bars= 1.5 µm. Arrows depict respective motions of tublue extension,
ring closure, and ER sliding.
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disappearance of a reticular network. The mitochondria and microtubule distributions were
unaffected. In addition to kinesin, the Allan laboratory found that the primary motor activity
during Xenopus embryo development corresponded with a minus-end directed dynein.149,152

An ER receptor for an ER kinesin remains elusive. A candidate receptor, kinectin, was
proposed by Kumar et al,153 but the Caenorhabditis elegans and Drosophila genomes contain no
evidence of kinectin, indicating that additional receptors must exist.154 An interesting possibil-
ity is that the ER receptor is not a protein, but rather a lipid. Klopfenstein et al identified a
kinesin that contains a pleckstrin homology domain that mediates docking with
phosphatidylinositol(4,5)-bisphosphate containing vesicles.155

Not only do tubules form from motor-driven tension, but they also arise from microtu-
bule dynamics. Waterman-Storer et al characterized tip attachment complexes at the plus end
of microtubules that pull tubules as microtubules polymerize in Xenopus oocyte membrane
network formation assays.122 When microtubules shortened due to dynamic instability, the
tubules also retracted. An additional mechanism of statically attached tubules, which move in
a retrograde manner to the cell center by actinomyosin-based retrograde flow, also has been
characterized.119

Network formation along microtubules appears to be a common solution for the organi-
zation of several organelles. Evidence for discontinuous peroxisome156 (in association with
microtubules and dynein/dynactin) and mitochondria83,157 networks has been observed in
living cells.

Branching Network Formation (Cytoskeleton and Motor-Independent)
Based on the studies described in the previous section, it is not intuitive that ER mem-

branes could deform into tubules in the absence of a shearing force. Dreier and Rapoport and
Hetzer et al examined network formation using Xenopus derived microsomes in the presence of
Xenopus cytosol and energy (ATP and GTP).101,158 In the absence of ATP, fusing microsomes
increased in size, but did not form tubules. The time required for network formation could be
divided into two phases, microsome fusion and tubule network formation. Microsome fusion
occurred rapidly within the first ten minutes of the reaction, followed by tubule formation
after 20 minutes, and networks developed after 60-90 minutes.

Dreier and Rapoport next attempted forming networks in the presence of either actin or
microtubule disrupting drugs.101 Unexpectedly, branching networks of tubules did form. To
confirm the result, the authors depleted cytosol and microsomes of tubulin and still observed
network formation. Thus, instead of simply forming successively larger amorphous vesicles,
fusing microsomes appear to have the inherent capacity to form tubules and elaborate net-
works. The main caveat of the Dreier study is that the authors tested several combinations of
different sources of microsomes and cytosol. Network formation only occurred for Xenopus
oocyte microsomes and cytosol and to a lesser degree with other cytosol sources, perhaps re-
flecting effectors unique to the Xenopus oocyte system.

At present the mechanisms of network and tubule formation are not entirely clear. It
appears that tubules form from fusing vesicles and elongate into tubules. When the tubules
encounter each other, they may fuse at contact points creating a network. Alternatively, mi-
crosomes could fuse at discrete sites and form branching tubules along existing tubules.

Studies by others suggest two reasonable mechanisms for tubule formation in the absence
of cytoskeletal components and motor proteins. The first possibility involves mechanically
deforming the membrane via a physically constricting protein. Studies of endosome formation
have identified a protein, dynamin, which pinches and constricts membranes into transient
tubules.40 Incubation of artificial or purified membranes with the soluble ER-associated (and
mitochondria159) dynamin-like protein-1 (DLP-1)160 demonstrated that DLP-1, in the pres-
ence of GTPγS deforms amorphous membranes into regular tubules, some even forming triple
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junctions.161 Unlike ER, the tubules were covered with a dense coat of DLP-1 and were nar-
rower (0.27 nm) than most ER tubules (0.4-0.7 nm). However, microinjected antibodies against
DLP-1 appear to disrupt ER structure, which suggests an in vivo role in maintenance of ER
structure.162

An alternative explanation of Dreier and Rapoport’s results involves lipid modification,
which can induce tubule formation in the absence of a shearing force. Formation of 50-100
nm tubules from a flat bilayer in the absence of a shearing force requires increasing the area of
the outer leaflet of the bilayer without increasing the inner leaflet area.163 This can be accom-
plished by flipping lipids from the inner leaflet to the outer leaflet.164 Other mechanisms in-
clude unequal electrostatic screening of the leaflets (multivalent cations on one side and monova-
lent salt on the other side) or by increasing the effective area of the lipid head groups in the
outer leaflet by increasing head group charge by phosphorylation, cleavage of acyl chains by
phospholipases,165,166 or recruiting wedge-shaped lipids to the outer leaflet.167 Such mecha-
nisms have been observed in vivo for Golgi membranes. Cluett et al induced tubulation of the
Golgi complex in the absence of microtubules by releasing beta-COP with BFA or by depleting
cytoplasm of ATP.168 Under similar conditions, tubules up to 7 µm could be formed in vitro
with Golgi-derived membranes.

One explanation for the difference in cytoskeleton and motor protein requirements in
vitro and in vivo is that while tubule and network formation may be inherent properties of
some ER microsomes, a cytoskeleton scaffold and motor proteins can dramatically enhance the
rates and efficiency of tubule and network formation in the crowded environment of the cell.
The cytoplasm is dense with cytoskeletal components, ribosomes, other organelles, and nu-
merous proteins (see illustrations of the density of cytoplasmic proteins169). Motor proteins
and microtubule dynamics can provide the force to penetrate the cytoplasm and extend tu-
bules. The microtubule cytoskeleton scaffold appears to anchor ER tubules, allowing them to
extend out to the cell periphery.90,91 The tubule formation mechanism described by Dreier and
Rapoport could be important for generating and maintaining ER tubule networks following
events that perturb ER continuity.

ER Dynamics During Mitosis and in Response to Calcium Perturbation
The previous sections have described mechanisms of tubule and network formation. Does

the ER ever fragment or lose continuity? Zeligs and Wollman observed fragmentation of the
ER during mitosis in electron micrographs of rat thyroid epithelial cells.170 Koch and col-
leagues made similar observations in fixed 3T3 cells.171 In light of live cell studies, the results
may have been confounded by fixation artifacts.

Photobleaching of GFP containing living cells has demonstrated that the ER remains
continuous during mitosis. FLIP studies reveal that the ER remains continuous through at
least metaphase.47,112 By demonstrating in cells that a lipid dye and a GFP-tagged membrane
protein labeling mitotic ER diffused with different diffusion coefficients, Zaal et al provided
strong evidence against ER (and Golgi) vesiculation. The diffusion coefficients would have
been the identical for the two fluorescent probes in a vesiculated ER, because the diffusion of
fluorescent vesicles would dominate fluorescence recovery after photobleaching. Thus, the ER
remains continuous during mitosis. The continuity and organization of the ER may be impor-
tant for regenerating other organelles, such as the NE, during cell division.47

In contrast to mitosis, fertilization of oocytes does fragment the ER. In starfish eggs,
Terasaki and colleagues have observed fragmentation of the ER during fertilization, which
corresponds to a calcium wave, and is followed by a rapid reforming of the network.172 Other
groups have reported that mammalian ER networks reversibly fragment in response to calcium
ionophores, or high (200 µM and higher) levels of calcium in cytoplasm.108,121,171 Similar
results have been reported in in vitro assembly assays.101 Continuity was assayed by visual
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inspection of fluorescently labeled ER, by FRAP, or by EM, revealing an interconnected net-
work of blobs and tubule-based polygons.101,173 The mechanism for calcium-induced ER frag-
mentation or constriction is unknown. However, biophysical studies of phospholipids and
calcium support a mechanism in which the divalent calcium cations bind to and neutralize the
negative charge of phospholipid headgroups and alter the curvature properties of the mem-
brane to favor the formation of vesicles or other structures.174-176

ER Subdomains
Heterogeneities exist at multiple levels of ER organization. In the following section, the

term “subdomains” will be used to refer to morphologically distinct structures (i.e., cisternae
and tubules) and “microdomains” will refer to discrete complexes of proteins and lipids that
could differ from similar complexes due to the absence or addition of another protein or differ-
ent lipid environments that surround identical protein complexes (i.e., the whorl structure of
translocon-ribosome complexes strung together by a single mRNA in rough ER.177 In this
section, the distinguishing characteristics of ER subdomains will be described.

Branching and Nonbranching ER
In many adherent tissue culture cells, the ER appears as a branching network of tubules

arranged in a polygonal pattern (see tubule and network formation sections). Branching ER
contains both rough and smooth ER markers (personal unpublished observation).

In more differentiated cells, the ER adopts several nonbranching forms including cister-
nae and lamellar sheets. Branching ER can also be modified through association with other
organelles such as mitochondria (AMF-R tubules) or plasma membrane (T-tubules). Interac-
tion with nonmembranous structures also can generate nonbranching structures (i.e., binding
lamins to form nuclear envelope). Finally, failure to bind the cytoskeleton may also contribute
to the formation of nonbranching structures. For example, organized smooth ER structures do
not associate with microtubules.10

Rough and Smooth ER
The distinction between rough and smooth ER is both functional and morphological.

Rough ER (granular ER in earlier literature) refers to ribosome-coated ER and includes tubu-
lar, branching, cisternal shapes and the outer NE (Fig. 1). Cells with high rates of protein
synthesis such as pancreatic islets, activated B cells, and hepatocytes are packed with ribosome
covered rough ER cisternae.8,40,178 The ribosomes tightly associate with translocon proteins179-181

and the association is essential to translocate proteins into the membrane and the lumen of the
ER.

Rolls et al used FRAP to measure the mobility of GFP-tagged ribosomes, rough, and
general ER proteins in C. elegans neurons.114 Though rough and general ER associated proteins
were all highly mobile, the rough ER proteins were concentrated in the cell body, while general
ER proteins were found throughout the cell body and neurites. Ribosomes were concentrated
in the cell body and were immobile on the time scale observed. The authors postulated that the
binding of rough ER proteins to the immobile ribosomes reduced their mobility and restricted
the mobile rough ER proteins to the cell body, possibly through a bind and release mechanism.

Smooth or agranular ER is not simply rough ER membranes devoid of ribosomes. The
morphology of the smooth ER membranes can be readily distinguished from rough ER. Smooth
ER can be organized into a dense concentration of tubules or into exotic lamellar sheet struc-
tures that range from whorls to stacks to micelle tubes of crystalloid.40,178,182 Hepatocytes and
cells specializing in steroid synthesis (i.e., ovary, testis, and adrenal cortex cells) contain large
quantities of smooth ER.4,40 Smooth ER is enriched in lipid detoxification enzymes such as
cytochrome b5, epoxide hydrolase, and cytochrome P450, cholesterol synthesis proteins
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(HMG-CoA reductase), and other proteins including syntaxin 17 and glucose-6-phos-
phatase.75,146,183

The smooth ER is also where tER exit sites form. In vertebrate cells tER sites are
long-lived.184 These sites function in the export of proteins and lipids out of the ER. Peripheral
proteins including the COPII coat machinery dynamically associate with these sites to form
transport vesicles. In yeast tER sites are near the NE in Pichia pastoris, while in S. cerevisiae they
form throughout the ER network.185 The mechanisms defining tER formation and stability
are an area of active investigation.

ER Differentiation
The characteristics of ER often differ in different cell types. For example, professional

secretory cells are filled with densely packed rough ER cisternae capable of synthesizing large
quantities of membrane and secretory proteins. In contrast, immature B-lymphocytes main-
tain a minimal ER of primarily the outer NE. The following sections will describe some of the
mechanisms of ER differentiation.

ER and the Nuclear Envelope
The outer NE is studded with ribosomes and participates in lumenal and membrane

protein synthesis and translocation. In interphase cells, the NE and ER are physically continu-
ous and can be qualitatively distinguished by the presence of nuclear pores in the NE, their
absence in cortical ER (except for annulate lamellae which are stacked cisternal ER domains
continuous with the rest of the ER and contain a substantial number of nuclear pore compo-
nents,186 and the distinct population of membrane proteins in the inner NE.

The NE and the ER are highly interrelated. Not only are the two organelles continuous,
but the ER is also the source of membrane for the NE. During mitosis in higher eukaryotes,
the membranes of the NE are absorbed back into the ER and then reassemble from ER mem-
branes at the end of mitosis.47 Whether the NE is a specialization of the ER or the ER is an
outgrowth of the NE remains unclear. Several groups have reported forming nuclear structures
by mixing Xenopus oocyte microsomes with cytosol and DNA.101,158,187 The same membrane
and cytosol components also can form ER networks.101,158

Organized Smooth ER Biogenesis
In cells ranging from yeast to plants to mammals, highly organized smooth membranes

have been observed that appear continuous with the endoplasmic reticulum. Organized smooth
ER (OSER) structures encompass a number of potentially related structures including closely
apposed lamellar sheets (lamellae) (originally termed myeloid bodies), tightly packed whorls of
lamellae (Fig. 7A), stacks of lamellar sheets or karmellae on the outer NE, sinusoidal ER (Fig.
7A), and hexagonal arrangements of tubules potentially of collapsed sinusoidal ER referred to
as crystalloid ER (see Fig. 1). Many of the different structures can be observed in the same cell
suggests that the structures may represent different stages in OSER formation.10,188 These
OSER structures appear in retinal epithelia,189,190 marine annelid photocytes,191 hepatocytes
of rats treated with the cholesterol synthesis inhibitor lovastatin.192 or other drugs,193 and in
yeast,188,194-199 plants (Z-membranes),200,201 and mammalian cells.10,182,202-204 overexpressing
a variety of resident ER integral membrane proteins. OSER structures may represent a general
structure that can be induced and maintained by a common mechanism and utilized by cells
for different needs.

The role of OSER structures remains unclear. Some investigators have suggested that
OSER structures serve to concentrate smooth ER associated proteins such as the lipid detoxi-
fication enzymes cytochrome P450 and cytochrome b5 to enhance drug metabolism.193 OSER
structures could also serve as a reservoir for lipids to be used for during ER proliferation or
differentiation.
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A clear role for OSER structures has been described in marine annelids. The worms con-
tain specialized light emitting cells, photocytes, which contain photosomes (structures com-
posed of a mass of sinusoidal ER). The photosome is enwrapped by “intermediate ER,” a less
organized form of sinusoidal ER, which associates with “dyadic ER”, a pair of saccules sepa-
rated by a tubule of plasma membrane, similar to the arrangement of SR.191 The saccules and
intermediate ER remain dissociated until a stimulatory signal induces them to fuse, which
stimulates oxygen radical activation of the chemiluminescent photoprotein polynoidin, result-
ing in a rapid flash of light. How the intermediate ER and the dyadic ER partition and what
triggers the fusion event have not been determined. The OSER most likely enhances the inten-
sity of the chemiluminescent signal by concentrating a large amount of polynoidin into a
discrete space.

When OSER structures are labeled with a GFP-chimera or a fluorescent dye, the OSER
structures are dramatically brighter than surrounding branching ER (Fig. 7B). To produce a
similar intensity of light in branching ER, the cell would have to express substantially higher
levels of polynoidin and a much higher density of branching ER. A similar effect could be
achieved by producing a sphere the same size as the photosome. The ER’s tendency to form
lamellar sheets or branching tubules may preclude such a structure.

Proposed mechanisms of OSER formation include “zippering” of opposing membranes
by association of the cytoplasmic domains of specific integral membrane proteins.182,197,200,202,203

or restriction of OSER-inducing proteins to discrete regions within the cell followed by en-
hanced synthesis of membrane lipid at these sites.205 Overexpression of proteins with long
half-lives appears to be a requirement to induce OSER structures.206 Enyzmatic activity or
other protein function is not required for OSER formation. Vergeres et al found that enzymati-
cally inactive forms of cytochrome b5 still induce membrane proliferation and that the amino
acids in the transmembrane domain influence the efficiency of OSER formation.196 Different
domains of OSER-inducing proteins correlate with OSER formation and the site of OSER
localization possibly reflecting sites of function.188,204,207 Protein mutagenesis and deletion

Figure 7. A) Electron micrograph of smooth ER proliferations in a fibroblast. Sinusoidal ER (S) and lamellar
whorls (W) are well defined. The outer lamellae are often found closely associated with mitochondria (M).
Scale bar in upper left corner represents 0.5 µm. Image was kindly provided by Dr. Francesca Lombardo.
B) Confocal fluorescence image of a mammalian fibroblast containing OSER structures. The cell is
overexpressing a GFP fusion of an OSER-inducing protein. Scale bar= 5 µm.
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studies provide compelling evidence for protein-protein zippering of membranes in
vivo.182,197,200,202,203

OSER-like structures can be formed in vitro with protein-free mixtures of lipids. The
structures form in a continuous process of intersection-free membrane unfolding.208-210 It seems
likely that the tendency of phospholipids towards such structures is important for OSER for-
mation.

Rough ER Cisternae Differentiation
Professional secretory cells often contain dilated ER membranes heavily decorated with

ribosomes. The cisternae form stacks separated by the width of two apposed ribosomes. Impor-
tant insights into pathways that stimulate differentiation of yeast ER into cisternae have come
from David Meyer and colleagues. The Meyer group has studied membrane proliferation in S.
cerevisiae in response to overexpression of the type I integral membrane protein p180 (the
canine ribosome receptor).181 Overexpressed p180 induces transformation of yeast ER into a
series of evenly spaced rough ER membranes throughout the cytoplasm, similar in appearance
to the rough ER cisternae of professional secretory cells.211 Constructs composed of different
domains of p180 produce distinct forms of membrane proliferation. Deletion of the
carboxy-terminal domain produces closely packed rough ER membranes, while deletion of the
ribosomal binding domain results in smooth evenly spaced membranes 80-100 nm apart. Ex-
pression of the membrane anchor alone produced karmellae.211 The authors proposed that
ribosome binding in combination with membrane proliferation leads to biogenesis of rough
ER cisternae in yeast. It will be interesting to test whether similar processes differentiate the ER
in professional secretory cells.

Using microarray analysis and yeast genetics, Block-Alper et al determined that the yeast
transcription factor Ino2p (which derepresses phospholipid biosynthetic genes) was essential
for all of the forms of membrane proliferation regardless of the expressed protein.212 Ino2p
forms a complex with Ino4p and activates the expression of yeast genes for phospholipid, fatty
acid, and sterol biosynthesis.213 Addition of inositol and choline to media (which rescues Ino2p
yeast knockout strains) did not restore the ability to proliferate membranes.

Different groups are divided over the role of ER stress in induction of lipid synthesis and
membrane proliferation. Cox et al linked membrane proliferation to the unfolded protein
response (UPR) by characterizing IRE1 induced expression of INO1 (a mediator of a phos-
pholipid synthesis pathway).214 Ire1 and other UPR mutants are inositol auxotrophs.147 In
contrast, others have demonstrated that activation of the UPR was not required for membrane
proliferation.215,216 Menzel et al observed that the UPR was stimulated by the overexpression
of a secretory protein or an integral membrane protein and resulted in increased expression of
yeast Kar2p (mammalian BiP).215 IRE1 and the UPR were required to achieve high levels of
expression of the secretory protein, but not the integral membrane protein. In plants, Shank et
al observed increased expression of phospholipid synthesis enzymes in response to either
overexpression of a mutant lumenal protein or treatment with the ER stress inducing drug
tunicamycin.217 A pathway connecting ER stress and lipid synthesis in mammalian cells has
not been identified.

Another property recently associated with p180 is that its expression in yeast increases the
longevity of SEC61, INO1, and KAR2 mRNAs up to nine-fold by targeting them to the ER
membrane.218 The pathway occurs independently of the UPR, but does require expression of
the ribosome binding p180 constructs and the presence of a signal sequence on the mRNA.
Whether p180 increases mRNA half-life in mammalian cells and whether the increased mRNA
half-life correlates with increased translation of the encoded protein remains to be demon-
strated. Still, the result is intriguing and the authors suggest that their results demonstrate how
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overexpression of a single protein can dramatically increase the complexity and functionality of
ER membranes.

A sensing mechanism or direct link between protein levels and membrane proliferation
has not been identified. Overexpressed proteins rarely account for more than 5% of total ER
membrane protein (see Appendix 2).10,116 Thus, when considering the effects of overexpressed
proteins on ER morphology, proliferation or stress, it is clear that the ER must be very sensitive
to detect differences of 0.3-5% in total protein levels.

One mechanism of sensing protein overexpression uses levels of the chaperone BiP as
sensors of stress. Inactive Ire1p exists as a monomer and dimerizes when stressed.219 Bertolotti
et al found that Ire1p binds BiP in the monomeric state and releases BiP under conditions of
ER stress.220 They propose a model in which BiP binds with low affinity to the lumenal do-
main of the stress sensing proteins and when excess folding or misfolding proteins accumulate,
BiP releases from the stress sensing protein and binds the unfolded proteins with higher affin-
ity. The unbound stress sensors then dimerize and activate the stress response pathways.

Thus, in the ER lumen, levels of free BiP are tightly regulated such that a small increase in
unfolded or misfolded protein could be detected. In addition, the levels of overexpressed pro-
tein may increase the lumenal volume and dilate ER tubules, diluting the effective concentra-
tion of BiP associated with low affinity sensor proteins and thus induce the UPR and possibly
membrane proliferation.

In the ER membrane, a 0.3-5% increase in protein seems unlikely to displace much of the
existing lipids and proteins. Furthermore, tail-anchored proteins and some co-translationally
inserted membrane proteins have minimal lumenal domains, which precludes interaction with
BiP. Yet, tail-anchored proteins readily induce membrane synthesis and OSER formation.182,196

The ER must have a sensitive probe of the transmembrane protein-lipid ratio, membrane
fluidity or ion permeability. Establishing the link between protein expression levels and mem-
brane proliferation in mammalian cells remains an important question in ER biogenesis.

Putting It All Together
The ER is in a nonequilibrium steady-state undergoing constant flux in terms of mem-

brane movement and the loss and gain of proteins and lipids. Within the context of this flux,
the ER maintains its composition and general morphology. Perturbations as simple as the
overexpression of a single membrane protein or induction of protein misfolding are sufficient
to tip this balance and lead to ER proliferation, shrinkage, or gross structural changes.

In the past few years, tools have become available to investigate the idea of dynamic parti-
tioning as a mechanism for forming and maintaining organelle subdomains. In this model,
proteins or lipids can accumulate in a nonstatic manner at sites of nucleation.221 The source of
nucleation might include enrichment of an enzymatic substrate, low affinity binding, or subtle
changes in the kinetics of the system. For example, the ER forms a calcium responsive interac-
tion with mitochondria to create a new subdomain, the AMF-R tubule. The biophysical prop-
erties of the AMF-R tubule are distinct from the otherwise continuous branching ER. One
such difference is sensitivity to the sponge metabolite ilimaquinone,85 which may reflect a
difference in the lipid composition of the tubule, due to exchange of phospholipid substrates
between ER and mitochondria. In addition, some lumenal proteins (i.e., calreticulin) become
depleted from the tubules.86 Thus, simply altering calcium levels in the regions of close ER and
mitochondrial apposition can shift the ER steady state to form or disrupt a subdomain.

The same principle of subtle shifts in the steady state of the ER applies to OSER struc-
tures and rough ER cisternae formation, as well. Overexpressing a transmembrane protein to
an amount less than 5% of total ER membrane protein triggers stress pathways, lipid synthesis,
and membrane reorganization. In several cases, the outcome of these processes is enhanced or
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altered ER function (i.e., increased secretory protein synthesis capacity for rough ER cisternae
in professional secretory cells).

The sensitivity of the ER steady state ultimately reflects the multiple pathways and param-
eters of the pathways that affect ER morphology and function. An important goal of future
studies will be to determine which of the pathways and parameters are physiologically relevant
for ER proliferation, differentiation, maintenance, and function. Such information will enable
researchers to answer how and why different cells have different ERs. The recent progress in ER
studies hints at an exciting future for ER biogenesis research.
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Appendices

Appendix 1: Calculating Amounts of Protein Synthesis in the Endoplasmic
Reticulum

Weibel et al estimate the number of ribosomes (and by extension translocons) per µm2 to
be 335.222 In a liver cell, the rough ER makes up 35% of the total cellular membrane or 38,500
µm.2,40 This translates to 1.3×107 translocons per liver cell. If all translocons are occupied by
ribosomes, the rate of protein synthesis is 500 amino acids per minute,40 and the average
protein size is approximately 500 amino acids,116 then at steady-state, a hepatocyte synthesizes
13 million secretory proteins per minute. Similar calculations for a pancreatic exocrine cell
produce a synthesis rate of 2.6 million secretory proteins per minute.40

Appendix 2: Calculations of Transmembrane Protein Density
In a freeze fracture electron microscopy study of UT1 cells (a CHO cell derived cell line),

each µm2 of membrane of the ER contained 2000 membrane associated particles that averaged
10 nm in diameter.10 If most transmembrane domains (TMDs) are alpha helices and the diam-
eter of a TMD is 1.5 nm, then the area occupied by each transmembrane domain is 1.76 nm2.
The densest packing of TMDs possible would place 44 TMDs in a 10 nm diameter particle
(78.5 nm2). For 2×103 particles, this would translate to an upper limit of 88,000 TMDs per
µm2 in the ER. In this extreme example, the density of TMDs would be 15.6% of the total
surface area of the outer ER membrane face.

However, the authors measured membrane-associated domains, not discrete proteins or
even necessarily transmembrane proteins. A number of resident ER membrane proteins are
known to contain more than one TMD (i.e., the translocon proteins Sec61α and TRAM
contains 10 and 5 TMDs respectively). The measurements also do not distinguish between
TMD proteins with large globular cytoplasmic domains or minimal cytoplasmic domains. The
estimate does not distinguish peripherally associated proteins (i.e., proteins with GPI or prenyl
anchors or cytoplasmic proteins that bind to the ER). Therefore, the number of TMDs and
transmembrane proteins in the ER is likely to be substantially less than 8.8×105 per µm2.

An independent estimate of ER transmembrane protein density by Quinn, Griffiths, and
Warren estimates a maximum density of 4×105 transmembrane proteins per µm2 of ER.116,223

The authors assessed the total amount of protein in carbonate washed isolated ER membranes
and determined the volume and surface area of the ER in BHK cells. By determining relative
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amounts of protein at various molecular weights on a polyacrylamide gel, the authors esti-
mated the average molecular weight of transmembrane proteins in the ER at 50 kD. The
authors noted that the determined density was likely to be an overestimate due to uncontrolled
proteolysis during membrane preparation, incomplete removal of peripherally associated pro-
teins, and the contribution of membrane proteins to the actual surface area. The authors’ high
estimate of the total surface area of the ER would be ≤ 7% transmembrane proteins. Thus,
estimates by this author using the Anderson study data provides an upper limit to transmem-
brane protein density on the ER surface and the actual number is more likely to be similar to or
even lower than the estimate of Quinn et al.116,223
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CHAPTER 5

The Golgi Apparatus:
Structure, Function and Cellular Dynamics

Nihal Altan-Bonnet and Jennifer Lippincott-Schwartz

Abstract

The Golgi apparatus is a membrane-bounded organelle comprised of polarized stacks of
cisternae and is required for trafficking of proteins and lipids within all eukaryotic
cells. The Golgi, which is positioned centrally in the transport route between the endo-

plasmic reticulum (ER) and plasma membrane, is an organelle whose size, composition and
morphology are effected by protein and lipid flux, as well as the cytoskeletal dynamics. The
following chapter discusses various aspects of Golgi structure and function and recent insights
into the dynamics of Golgi assembly.

Introduction
Growth and division of eukaryotic cells requires the delivery of new proteins and lipids

from their site of synthesis in the endoplasmic reticulum (ER) to the cell surface or to other
final destinations.1,2 This process is not accomplished by a single vesicle transport step, but
involves continuous membrane transformation and maturation through the activity of the
Golgi apparatus, which is situated centrally in the secretory transport route between the ER
and plasma membrane (Fig. 1).3-9 Comprised of polarized stacks of cisternae enriched in pro-
cessing enzymes, the Golgi serves as a processing and filtering station within the secretory
pathway.4,8 It covalently modifies proteins and lipids received from the ER and then either
recycles components back to the ER or packages them into membrane containers that are
delivered to destinations within the cell.6,7,9 This chapter summarizes important aspects of the
structure and dynamics of the Golgi apparatus that are essential for its diverse functions and for
its ability to maintain itself as a distinct organelle in the face of ongoing membrane traffic.

Golgi Structure and Distribution
Golgi morphology seen at the electron microscopy level varies considerably between dif-

ferent cell types. In higher eukaryotic cells, the Golgi is typically organized as a series of three to
ten flattened cisternae (1 µm diameter) arranged as a stack with surrounding tubules and vesicles
(Fig. 2).10-12 The flattened nature of the cisternae produces a large surface-to-volume ratio that
is thought to facilitate the activity of resident Golgi enzymes, which include glycosyltransferases,
lipases and proteases.5 These enzymes are heterogeneously distributed within different Golgi
cisternae and are all transmembrane proteins that face the lumen of the cisternae.13,14 Many
serve as processing enzymes to catalyze the incorporation of monosaccarides into glycoproteins
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and glycolipids, and to initiate the biosynthesis of glycolipids, proteoglycans and polysaccha-
rides. The processed products play essential roles in the plasma membrane and extracellular
environment of cells.

The stack of cisternae comprising the Golgi exhibits a cis to trans polarity.3,5,15,16 Newly
synthesized membrane and secretory components enter the stack at its cis face, comprised of
cisternae and associated tubules/vesicles in close vicinity to the ER. Secretory cargo then passes
through cisternae in the middle of the stack. It then leaves the Golgi at the trans face, which is
at the opposite end of the stack. How this tight arrangement of cisternae within Golgi stacks is
maintained is not clear. One possibility is that the cisternae are cross-linked by matrix pro-
teins,17,18 which are cytoplasmic proteins having a long coiled-coil region19 that associate with
the Golgi dynamically.20

The tubules and vesicles surrounding the Golgi stack are believed to mediate Golgi traf-
ficking events,4,8 which include transport of molecules into, within and out of this organelle.
Continuous binding and dissociation of cytoplasmic coat proteins allows secretory cargo and
Golgi enzymes to become enriched within these vesicles/tubules.21-24 It furthermore activates
membrane remodeling machinery that results in forward movement of secretory cargo and
retrograde transport of enzymes within the Golgi system.24 Budding of transport carriers out

Figure 1. Representation of the ER-Golgi route of the mammalian secretory pathway. The Golgi is often
located near the centrosome of the cell (noted by the microtubule-organizing center (MTOC)). Cargo is
exported out of the ER, which is contiguous with the nuclear membrane, in membrane carriers (i.e.,
preGolgi membranes). These carriers track to the Golgi apparatus (arrows pointing from the ER to the
Golgi) along microtubules (denoted as straight lines; plus-end orientation of microtubles is noted by the
“+”). Membranes are also recycled back to the ER from the Golgi stacks (arrows pointing from the Golgi
back to the ER) in a largely microtubule independent pathway.
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from the Golgi and translocation of these carriers through the cytoplasm is mediated by other
Golgi-associated peripheral microtubule motor proteins.25,26

The membranes that comprise the Golgi are unique in lipid composition. They contain
concentrations of lipids that are intermediate between the glycerolipid-rich ER and sterol/
sphingolipid-rich plasma membrane.27,28 The intermediate character of Golgi lipid composi-
tion has led to a lipid-sorting model for Golgi protein localization in which Golgi proteins
partition into thinner regions of the Golgi bilayer and are excluded from thicker regions that
are enriched in sphingolipid and sterols destined from the plasma membrane.28 The finding
that shortening the transmembrane domain of VSVG, a secretory viral glycoprotein, leads to
its localization within the Golgi rather than to plasma membrane delivery is consistent with
this possibility.29

In many animal cells, the Golgi is localized near the microtubule-organizing center
(MTOC), which is adjacent to the nucleus (Fig. 3).30,31 This localization permits Golgi-targeted
transport intermediates that bud out from widely dispersed ER export sites to readily converge
at one central location by tracking along microtubules. It furthermore allows Golgi-derived
intermediates to find microtubules easily for their use to track out to the cell periphery.25,26,32,33

Interestingly, when microtubules are disrupted with microtubule-disrupting agents (i.e.,
nocodazole or colchicine) or when the microtubule motor dynein is inhibited, the juxtanuclear
localization of the Golgi apparatus is lost.30 Under these conditions, the Golgi does not simply
fragment into small pieces that diffuse within the cytoplasm. Instead, it reforms at ER exit sites
as miniature stacks of cisternae that are still capable of receiving, processing and secreting
proteins.34 This reformation occurs as a result of the constitutive cycling of Golgi membrane

Figure 2. Electron micrographs of the Golgi apparatus in epithelial cells. A) A cross-section through the
Golgi apparatus with arrows indicating compact zones (CZ), noncompact zones (NCZ), cis elements (CE),
and wells (W). Anastamotic tubules are indicated by the asterisk. B) A face-on view of the Golgi apparatus.
Characteristic morphological characteristics are evident, including fenestrated cisternae, anastomozing
tubules, sacculo-tubular membranes and vesicles within fenestrations. CZ, NCZ, W, as above. C) Three
dimensional illustration of the Golgi apparatus within epithelial cells. Figures reproduced with permission
from ref. 11.
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components through the ER (see section on interphase Golgi dynamics).20,34-36 Thus, when
microtubules are disrupted and ER-to-Golgi transport intermediates can no longer translocate
to a juxtanuclear site, cycling Golgi enzymes redistribute with ER-to-Golgi transport interme-
diates to ER exit sites, reforming Golgi membranes at these sites.

Golgi Function and Compartmentalization
The Golgi apparatus serves two primary functions within all eukaryotic cells: the

post-translational modification of glycoproteins and glycolipids; and sorting and transport of
newly synthesized, ER-derived membrane and proteins destined for the plasma membrane and
other final sites. These functions are carried out to differing extents in different regions of the
Golgi, which include the cis-, medial- and trans-Golgi.

The cis-Golgi acts to receive incoming transport intermediates derived from the ER and it
recycles protein and lipid components back into the ER (Fig. 4).5 Such recycling serves to
resupply the ER with membrane lipid and protein components (including targeting and fusion
machinery) necessary for continued export of cargo out of the ER and delivery to the Golgi.37

Recycling might also serve to inhibit loss of resident ER proteins into the secretory pathway7

and function as a quality control mechanism to check if secretory cargo is properly folded and

Figure 3. The proximity of the Golgi apparatus (black arrow) to microtubules (white arrow) in a mammalian
cell. Golgi appartus and microtubules were labeled with antibodies against the resident enzyme mannosidase
II and β-tubulin, respectively. Figure reproduced with permission from ref. 142.
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assembled. Indeed misassembled major histocompatibility complex (MHC) oligomers have
been reported to cycle between the Golgi and ER and not be transported to the cell surface.38,39

Structurally, the cis-Golgi exists as an array of tubules and associated vesicles (see Fig. 2).
These membranes are selectively stained after prolonged osmification and are enriched in sev-
eral proteins, including ERGIC53, KDEL receptor (KDELR), coatamer (COPI) and Rab2,40,41

which all are critical for sorting and recycling of proteins between the Golgi and the ER.
ERGIC-53 and KDELR are cargo receptors that transport specific classes of glycoproteins and
KDEL sequence-containing proteins.42-44 Loss of ERGIC53 from cells can result in the loss of
the transport to the cell surface of specific classes of glycoproteins that regulate blood clot-
ting.45,46

The medial-Golgi comprises the three to seven stacked cisternae situated between the
tubular-vesicular elements of the cis- and trans-Golgi. It is here where monosaccharides are
incorporated into glycoproteins and glycolipids.13,14,47 An estimated 100-200 different
glycosyltransferases are found within this region of the Golgi apparatus. These enzymes repre-
sent the bulk of resident membrane proteins in the Golgi. Though diverse in their amino acid
sequence, the glycosyltransferases all have a short amino-terminal cytoplasmic domain, a single
hydrophobic membrane-spanning domain (14-25 amino acids) and a large carboxy-terminal
catalytic domain facing the Golgi lumen.13,48,49 Also residing in the medial Golgi are nucleo-
side sugar transporters responsible for transferring nucleotide sugars (which are substrates for
the glycotransferases) from the cytosol to the Golgi lumen, and nucleoside diphosphatases that
act as antiports to exchange nucleotide sugars for nucleosides.14,50

The most common post-translational sugar modification occurring within the medial
Golgi is the remodeling of N-linked glycoproteins. High mannose N-linked glycoproteins are
initially generated in the ER.13 Upon delivery to the medial Golgi these glycoproteins are
remodeled to complex structures through removal of sugars by specific glycosidases.48 These
reactions occur primarily in the lumen of the medial Golgi and are catalyzed by the sequential
enzymatic activity of mannosidase I, mannosidase II and galactosyltransferase. Also occurring
in the medial-Golgi stacks is the initiation and extension of O-linked glycan chains of gly-
cosaminoglycans.51,52 In this process a tetrasaccharide of xylose is added to specific serine and
threonine residues on the protein.

Figure 4. Time lapse of preGolgi structures, so called vesiculo tubule carriers (VTC), carrying the cargo
protein VSVG-GFP merging with the Golgi apparatus. COS cells were incubated at 40˚C for 12 hours to
accumulate the unfolded VSVG-GFP cargo in the ER. Cells were then shifted to 15˚C for 3 hours to fold
and accumulate VSVG-GFP in VTCs and then further warmed to 32˚C to initiate transport of VTCs from
the ER region out to the Golgi region. To visualize the merging of VTCs to form the cis- Golgi, VSVG-GFP
fluorescence at the Golgi apparatus was photobleached with high intensity laser light (Bleach) and the cell
was then imaged with low laser light over a period of 400 seconds. Reproduced with permission from ref.
108. Scale bar represents 9.6 microns.
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Phosphorylation of selected N-glycan chains on proteins and their modification to
mannose-6-phosphate units also takes place in the medial Golgi stacks.53,54 The latter modifi-
cation enables the terminal glycan unit to interact with mannose-6-phosphate receptors, which
are concentrated in the trans-Golgi network and are crucial for targeting acid hydrolases to
lysosomes.13 Failure to phosphorylate results in mistargeting of lysosomal hydrolases to the
extracellular medium which can lead to the inability of lysosomes to function normally in
degrading cellular debris.

Another modification that occurs in the Golgi is the noncovalent addition of lipids (in-
cluding cholesterol and phospholipids) to secretory lipoproteins.47,52,55 Golgi stacks are the
primary site of sphingomyelin synthesis whose precursor, ceramide, is produced in the ER.56-58

Sphingomyelin and ceramide concentrations have been reported to increase in the Golgi in the
cis-to-trans direction.28,59 This has led to the idea that sorting within the Golgi may be occur-
ring through the preferential partitioning of membrane proteins into domains rich in sphingo-
myelin or ceramide.59

The trans region of the Golgi, known as the trans-Golgi network (TGN), mediates sort-
ing and final exit of membrane and protein from the Golgi apparatus.60 The TGN can be
readily identified using the vital dye C6-NBD-ceramide, with the lectin WGA or with anti-
bodies to TGN resident proteins such as TGN 38.61,62 It appears as a sacculo-tubular network
that varies in size and shape in different cell types.63 Membranes bud out from the TGN in
large transport intermediates that track out on microtubules to the plasma membrane and to
endosomal membrane compartments (Fig. 5).25,33,64 The sorting and vesicle budding events at
the TGN are regulated by Arf1, the GGAs, adaptor proteins, clathrin, as well as protein kinase
D.63,65-69 These molecules coordinate sorting of secretory cargo with changes in membrane
morphology so that budding and fission of post-Golgi carriers is properly regulated.

Many important functions are served by recycling of plasma membrane components back
to the TGN. These include the remodeling of surface markers, processing of components in-
ternalized from the extracellular space, transfer of toxins to the ER, and replenishment of Golgi
membranes with plasma membrane-like lipid necessary for driving export out of the Golgi
apparatus.70-76 Recent work has revealed that plasma membrane to Golgi transport is followed
by membranes that are primarily enriched in glycosphingo lipids or rafts that are endocytosed
by a clathrin-independent mechanism.76

Finally, a number of post-translational modifications of proteins occur in the TGN, in-
cluding galactose α2,6-sialyation, tyrosine sulfation and proteolytic cleavage of dibasic residues
on prohormones.77-79 Also occurring in this compartment is the process of condensation of
macromolecular lumenal content characteristic of cells producing secretion granules.80,81 This
condensation involves charge neutralization, protein aggregation and ion extrusion.52,82

Transport within the Golgi Complex
Traditional models describing intra-Golgi transport have assumed that Golgi cisternae are

stable units that have a unique enzymatic identity.2,83,84 In these models maintenance of dis-
crete Golgi cisternae occurs amidst continuous vesicle budding and fusion events between
cisternae. Vesicles laden with secretory cargo bud off from one cisternae and fuse with another,
moving in cis-to-trans direction across the Golgi stack.2,85 Vesicle fusion between cisternae is
though to involve the activity of SNARE complexes,86 which have been shown to be required
for membrane fusion throughout the cell.86,87 A typical SNARE complex is comprised of four
stable helical bundles, two of which are in the vesicle membrane (so called v-SNAREs) and two
of which are in the target membrane (so called t-SNAREs) to which the vesicle fuses.88,89 It has
been proposed that specific SNARE complexes not only regulate membrane fusion but deter-
mine what pairs of membranes undergo fusion at a particular intracellular site.87,90,91
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Other models of intra-Golgi transport have been proposed in which secretory cargo does
not move across the Golgi in transport vesicles. In one model secretory transport is proposed to
occur by cisternal progression or maturation.92-96 This model requires that resident enzymes
undergo retrograde transport in order to maintain a constant distribution across the stack. In a
different model cargo and Golgi enzymes are freely diffusible across the Golgi stack. Here the
differential distribution of Golgi enzymes in cis versus trans cisternae would arise by a dynamic
self-organizing process based on the directional flux of substrate (i.e., secretory cargo) through
the stack. The high diffusional mobility of green fluorescent protein (GFP)-tagged Golgi en-
zymes measured in photobleaching experiments is consistent with this model.34

Intra-Golgi transport may be occurring through a combination of these proposed models
and may also depend on the state of secretory activity in the cell.8 More advanced imaging
techniques will be needed to resolve these issues. Indeed thick section (200-400nm) high volt-
age4 or thin section 3-dimensional reconstructions of electron micrographs in flash frozen
secretory cells97 has provided evidence for both tubular connections and vesicular transport
taking place between cisternae.

Golgi Dynamics: Interphase
Despite its characteristic morphology and structure, the Golgi exists only as a result of the

continued process of membrane transport out of the ER.6 The size and distribution of the
Golgi apparatus thus reflect the level of protein and lipid sorting/transport activities within a
cell. When membrane flux out of the ER is blocked (for example, through using secretory
mutants98 or by drug treatments such as adding the fungal metabolite brefeldin A [BFA]99)

Figure 5. Post-Golgi trafficking. A) VSVG-GFP-containing membranes are shown emerging out of the
TGN in tubules that pull off and eventually detach (indicated by arrow). Scale bar represents 5 microns.
B) Post-Golgi transport intermediates carrying VSVG-GFP are shown docking and fusing with the plasma
membrane (arrows). Scale bar represents 5 microns. Reproduced with permission from refs. 6 and 25.
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Golgi structure disassembles and often disappears within cells. How Golgi membranes disperse
under these conditions is not clear, but is likely to be related to the membrane recycling path-
ways operating between the Golgi and ER.6 The transport pathways operating between the ER
and Golgi play an indispensable role in Golgi maintenance and biogenesis. For example, Golgi
resident enzymes undergo constitutive cycling between the Golgi and ER compartments.20,34,100

The first evidence for this came from observing the effects of BFA treatment.99 BFA inhibits
the activation of the Golgi associated small GTPase Arf1, whose activation is necessary to
recruit coat proteins to the Golgi membranes.101-103 Coat proteins are required for sorting and
recycling of membrane components within preGolgi and Golgi intermediates.22,24 When Arf1
is inactive, coat proteins are not recruited to membranes. This inhibits anterograde transport
out of the ER and accelerates retrograde transport back to the ER.29,99,104 The net result is
redistribution of Golgi membranes into the ER.32 When BFA is washed out of cells, Golgi
membranes reappear within a few minutes and reassemble into stacks. This de novo formation
of the Golgi apparatus can be visualized in real time with time-lapse confocal imaging of
GFP-tagged Golgi resident proteins. Reformation of the Golgi apparatus after BFA-washout
has been shown to require both Sar1/COPII and Arf1/COPI activities based on results from
expression of dominant negative Sar1 and Arf1 proteins.20,36,100

Constitutive cycling of Golgi membrane proteins to and from the ER has been demon-
strated in the absence of perturbants of membrane trafficking by photobleaching either the ER
or Golgi pools of GFP-tagged Golgi proteins and observing their exchange with nonbleached
ER or Golgi pools (Fig. 6).100 Kinetic analysis of this type of data has suggested that the Golgi
resident enzyme galactosyltransferase tagged with GFP (GalTase-GFP) cycles between the ER
and Golgi every 85 minutes, spending approximately 57 minutes of its lifetime in the Golgi
and 28 minutes of its lifetime in the ER.100

Because the Golgi is not a preexisting station through which protein and lipids pass, but
instead undergoes growth and remodeling through constitutive cycling of its components
through the ER, the intracellular distribution of the Golgi can easily change between cell types.
This is readily observed in mammalian cells in which Golgi stacks are clustered together in a
juxtanuclear arrangement30,105,106 due to their association with microtubules.8 Microtubule
motors, in particular the microtubule minus end-directed motor protein called dynein is known
to associate with Golgi and preGolgi membranes in mammalian cells resulting in their move-
ment toward the minus ends of microtubules.108-110 The translocation and fusion of preGolgi
membranes leads to the juxtanuclear localization of the Golgi apparatus under normal condi-
tions.108,111

Figure 6. The Golgi complex (outlined and noted by arrow in second frame, and noted as the region of
interest (ROI)) was photobleached with high intensity laser light in a cell expressing Galtase-GFP in the
presence of cycloheximide to inhibit any new protein synthesis. The recovery of fluorescence in the Golgi
region postbleach was monitored over time by acquiring images at low laser light intensity. The recovery
observed indicated that the Galtase-GFP resident enzyme underwent continuous exchange with nonGolgi
pools (i.e., an ER pool) during its lifetime. Scale bar represents 10 microns. Reproduced with permission
from ref. 100.
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Golgi size and distribution are also affected by the rate of membrane flux through the
secretory pathway. For example, in the yeast Saccharomyces cerevisae, the Golgi membranes exist
as single cisternae that often have a basket-like appearance.112,113 These structures are scattered
through the cell and are in close association with the ER.114 This simple Golgi organization in
S. cerevisae is thought to be due to the fact that secretory cargo moves through the secretory
pathway of yeast extremely fast with minimal processing by Golgi enzymes. When transport is
slowed in these cells by expression of transport mutants, Golgi membranes quickly proliferate
into a stack-like organization reminiscent of mammalian cells.115,116

Golgi Dynamics: Mitosis
The Golgi apparatus undergoes reversible disassembly during mitosis (Fig. 7).117 The

changes in Golgi morphology begin in prophase when the Golgi ribbon is extended around the
nuclear envelope with the segregating centrosomes.118,119 During prometaphase when cyto-
plasmic microtubules are disassembled,120 the Golgi enzymes are found in scattered fragments
across the cytoplasm. There is a further dispersal of these enzymes during metaphase. Currently
there is disagreement on the fate of the Golgi complex during mitosis. The traditional model
for disassembly proposes that the Golgi stacks progressively fragment into vesicles that are
segregated between the two daughter cells.121-123 At the end of mitosis these vesicles coalesce
and homotypically fuse to reform the Golgi complex in each newly formed daughter cell. An
alternative view is based on the finding that many Golgi resident proteins colocalize with ER
proteins during metaphase.100 This model proposes that the Golgi is progressively absorbed
into the ER and reemerges from the ER in each daughter cell during mitosis. In this model
mitotic Golgi disassembly is a result of perturbing existing (i.e., interphase) Golgi/ER trans-
port pathways. In support of this model, an ER exit block early in mitosis has been reported.124-127

This ER exit block is relieved during telophase and if the ER exit block becomes permanent by
expressing an inactive Sar1 protein then the Golgi apparatus is not formed in each daughter
cell.100,127

In many simple eukaryotes such as the protozoan Toxiplasma gondii and yeast S. cerevisiae,
the Golgi does not disassemble in mitosis. Instead, a new Golgi is formed in the daughter
cell.128 Unlike in animal cells, secretion is not blocked in these simpler cells during mitosis and
thus Golgi/ER cycling pathways are not perturbed. Hence, it is possible that the new Golgi in
the daughter cell is created de novo from ER exit sites. Indeed in yeast it has been reported that
the newly formed Golgi is localized to the ER exit sites.128 In general, the manner in which cells
duplicate their Golgi apparatus may depend on whether or not secretion is blocked in mitosis.

Golgi As a Scaffold for Signaling Molecules
In addition to its roles in processing and sorting, recent evidence suggests that the Golgi

complex also serves as a platform for diversely functioning signaling and scaffolding molecules.129

Many features of the Golgi complex make it an attractive location for signaling molecules.
First, it is located juxta-nuclearly and hence access to the nucleus where gene expression takes
place will be rapid for many signaling molecules. Second the Golgi exchanges membrane with

Figure 7. Golgi apparatus dynamics during mitosis in a mammalian cell. NRK cells expressing GalTase-YFP,
a Golgi marker protein, were followed by time-lapse confocal microscopy as they underwent mitosis.
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the plasma membrane and ER compartments and thus functions at the interface of several
membrane transport pathways. This results in the Golgi having an intermediate lipid compo-
sition, between the glycerolipid-rich ER and sterol/sphingolipid-rich plasma membrane and
makes the Golgi lipid composition dynamic and responsive to changes in the rates of secretory
transport.127,129 Changes in lipid composition are known to effect the activity of a variety of
signaling proteins that are associated with the Golgi membranes including heterotrimeric G
proteins, small G protein Ras, PKA, PI(3) kinase, IQGAP, eNOS, PI4Kβ and Cdc42.127,129-137

The Golgi membranes are also associated with cytoskeletal proteins. Ankyrin and spectrin
form a mesh on Golgi membranes which in turn recruit a range of cytoskeletal proteins such as
actin, tubulin, vimentin, dynein, dynamin, myosin as well as the kinases PKC and CaM ki-
nase.135 Other cytoplasmic proteins with roles in the nucleus and cytoplasm are also localized
on the surface of the Golgi, including casein kinase, cyclin B2, tankyrase and Cullin family
members.138-141 Localizing to Golgi membranes could play a role in spatially and temporally
restricting the activity of these proteins inside cells.142,143

Conclusions
The Golgi apparatus has intrigued cell biologists since its first description by Camillo

Golgi over a century ago.10 Understanding the complex structure of the Golgi apparatus and
its remarkable dynamics remain challenging questions, whose answers are key for explaining
the diverse functions of this organelle. Several characteristics of the Golgi distinguish it from
other organelles. These include its unique stack-like architecture, its maintenance in the face of
massive flux of membrane through the secretory pathway; and its capacity for rapid disassem-
bly and de novo reassembly. While much headway has been made mechanistically in analyzing
these features of the Golgi apparatus, the challenge remains in relating them to the evolution-
arily conserved role of the Golgi apparatus in membrane transport and processing in all eu-
karyotic cells.
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CHAPTER 6

Lysosome Biogenesis and Dynamics

Diane McVey Ward, Shelly L. Shiflett and Jerry Kaplan

Abstract

Lysosomes are membrane-bound organelles that serve as the site for delivery of molecules
destined for degradation. These molecules, along with lysosomal hydrolases, are deliv-
ered to lysosomes by a series of heterotypic vesicle fusion events. Lysosomes are also

capable of homotypic fusion and yet cells are able to maintain a relatively constant size and
number of lysosomes. To maintain lysosome size and number, highly regulated sorting and
vesicle fission events must occur. The specificity of these processes is determined largely by
targeting molecules that traffic vesicles to and away from lysosomes. Misregulated trafficking
can result in alterations in the “normal” number and size of lysosomes within a cell. Such
critical changes in lysosomes are often associated with human disease. The identification and
characterization of the molecules involved in lysosome biogenesis and maintenance continues
to advance our understanding of intracellular trafficking and endocytosis, as well as other basic
cell biological processes.

Introduction
Lysosomes, or vacuoles as they are referred to in fungi and plants, are membrane-bound

organelles that function as the major degradative compartment within eukaryotic cells.1,2 Ly-
sosomes are typified by having an acid pH and contain a wide variety of hydrolases capable of
degrading most biological macromolecules. They are the terminal organelle in the endocytic
pathway and are the repository for internalized material, most of which is degraded. Lysosomes
can fuse with intracellular organelles and effect their digestion, a process referred to as autoph-
agy.3-7 Morphologically, lysosomes appear as dense membrane bound bodies containing whirls
of membranous material.8 Lysosomes are frequently localized near the nucleus adjacent to the
microtubule organizing centers.9 Lysosomes usually appear as spherical structures but can also
be found as long tubules in cell types such as fibroblasts and macrophages (Fig. 1).10,11 Cur-
rently, a lysosome is defined by the presence of lysosomal acid hydrolases and lysosomal inte-
gral membrane glycoproteins.12-14 The absence of mannose 6-phosphate receptors (M6PRs)
and recycling cell surface receptors from lysosomes distinguish lysosomes from late endosomes,
which also contain degradative enzymes.

Lysosomes are constantly undergoing fusion with endocytic vesicles that are delivering
internalized molecules destined for degradation. Lysosomes also show a remarkable capacity
for homotypic fusion, which permits an extensive redistribution of lysosomal contents through
the complement of cellular lysosomes.10,15-19 Even though lysosomes are continually fusing
with vesicles, the cellular complement of lysosomes is relatively constant with respect to volume,
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size and number. This constancy suggests that fusion, which adds both membrane and volume,
must be balanced by fission events.20

The importance of lysosomes in cellular homeostasis, as shown by human diseases caused
by lysosome dysfunction,21,22 has led to extensive research on the biogenesis of these organelles.
In this chapter we will review theories of lysosome formation. We will discuss the molecular
and biochemical data supporting these theories and describe the recent identification of mol-
ecules involved in lysosome biogenesis and maintenance through heterotypic and homotypic
fusion.

Models for Lysosome Biogenesis
Lysosomes were initially postulated to form de novo by budding from the Golgi because

of their proximity to the Golgi apparatus.23,24 It became clear, however, that these membrane
systems are quite dissimilar. Studies on endocytosis and on the delivery of soluble hydrolases to
lysosomes suggested two models for lysosome biogenesis (Fig. 2).25-28 The first model, termed
the maturation model, suggests that endosomes, formed by plasma membrane internalization,
are transformed into lysosomes by the addition and removal of molecules. Thus, endosomes
“mature” into lysosomes and without endocytosis lysosomes would not be formed. A second
model, the vesicular transport model, suggests that endosomes, late endosomes and lysosomes
are pre-existing structures that communicate by continuous rounds of fusion and fission.

Figure 1. Lysosome morphology in mouse bone marrow macrophages. Mouse bone marrow macrophages
were incubated with 1 mg/ml of the fluid-phase marker Lucifer Yellow-CH. This marker is endocytosed and
localized to lysosomes. The image shown is presented as an example of the dynamic tubular structure of
lysosomes.
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Early endosomes are steady-state organelles. Most early endosomal membrane is not re-
tained within cells but is recycled back to the plasma membrane.29-31 In the absence of contin-
ued membrane internalization, the early endocytic apparatus virtually disappears.32,33 The ly-
sosome, however, retains its identity in the absence of continued membrane internalization.
The fact that lysosomes exist in the absence of endocytosis rules out formation strictly by
maturation. It is unclear whether late endosomes are solely derived from endocytosis or if they
are pre-existing structures. It is apparent that late endosomes play a critical role in lysosomal
biogenesis and in the sorting of lysosomal hydrolases.12,14,34-38 It is clear that either hypothesis
in its purest form can not describe lysosome formation and that a final model will have ele-
ments from both hypotheses.

Synthesis and Delivery of Lysosomal Hydrolases
Lysosomal hydrolases are synthesized in the lumen of the endoplasmic reticulum (ER), as

are molecules destined for secretion.39-42 Due to the presence of a leader sequence, these mol-
ecules enter the lumen of the endoplasmic reticulum where they become N-glycosylated. A
high mannose carbohydrate is transferred from a dolichol phosphate intermediate to both
secreted and lysosomal hydrolases. The high mannose containing proteins are transferred to
the Golgi apparatus where further modification of the carbohydrate chains occurs. In the case
of lysosomal hydrolases, however, a specific GlcNAc phosphotransferase recognizes determi-
nates in the polypeptide chain and catalyzes the addition of a diphospho-N-acetyl glucosamine
to a mannose residue. A second enzyme cleaves off phospho-N-acetyl glucosamine, leaving a
phospho mannose. The absence of either enzyme results in the lack of retention of lysosomal

Figure 2. Models of lysosome formation. Two models of lysosome formation have been postulated. The
maturation model hypothesizes that early (EE) and late (LE) endosomes, formed by plasma membrane
internalization, gain (C) and lose molecules (R) as they develope into lysosomes (LYSO). The vesicular
transport model suggests that endosomes (EE and LE) and lysosomes (LYSO) are pre-existing organelles
that exchange contents by continuous rounds of fusion and fission.
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hydrolases, resulting in their secretion. In humans the loss of either of these two enzymes
results in a severe disease referred to as I-cell disease. It was through analysis of the molecular
basis of I-cell disease that the mannose-phosphate marking system was discovered.43-47

Within the trans-Golgi network (TGN) mannose-phosphate containing proteins are rec-
ognized by the mannose 6-phosphate receptors (M6PRs).12,48-50 There are two different recep-
tors encoded by separate genes: a cation-independent receptor (CI-M6PR), which can also
bind insulin-like growth factor, and a second much smaller cation-dependent receptor
(CD-M6PR). These receptors have overlapping specificity in terms of mannose-6 phosphate
recognition.51 The role of these receptors in the trafficking of lysosomal hydrolases has been
confirmed by study of animals in which one or both of the receptors have been deleted by gene
targeting. The absence of either receptor leads to decreased hydrolase retention.41,52-54 Cells
with a deletion in both receptor genes show an enhanced secretion of lysosomal enzymes.
These ligand-receptor complexes are localized at the TGN where they are then pinched off into
vesicles that fuse with late endosomes. Late endosomes are acidic organelles and the low pH
dissociates the mannose-phosphate hydrolase from the M6PR. Unoccupied receptors are then
recycled back to the Golgi and can enter into further rounds of ligand capture and delivery.36

The mannose-phosphate containing hydrolases, present as soluble proteins within the lumen
of the late endosome, are delivered to the lysosome. M6PRs that cannot recycle back to the
Golgi are also delivered to the lysosome where they are degraded.

It has been thought that M6PRs interact with the adaptor protein complex–1 (AP-1).55

AP complexes are key constituents of protein coats mediating selective protein sorting in the
late-secretory and endocytic pathways. AP-1 is specifically associated with Golgi membranes
and was thought to transport lysosomal hydrolases to the late endosome.56 In vitro studies have
shown that the M6PR tail can bind to elements of the AP-1 complex.57,58 Generation of a
targeted deletion of the µ1A subunit of AP-1 in mice has revealed a novel finding. It might be
expected that an AP-1 deletion would trap M6PRs in the Golgi. However, AP-1 deficient mice
show clustering of M6PRs in an early endosome.59,60 This suggests that another coat molecule
may be responsible for M6PR trafficking from the Golgi, and that AP-1 might be required for
trafficking from the endosome to the Golgi.

More recent studies have suggested that a class of protein coat components termed the
GGAs (for Golgi-localized, γ-ear-containing, ARF binding) might function as adaptors be-
tween the scaffolding protein clathrin and M6PRs.61-64 GGAs are a novel family of proteins
characterized by an amino-terminal Vps27/Hrs/STAM (VHS) homology domain, an
ADP-ribosylation factor (ARF) binding domain, a “hinge’’ region, and a carboxyl-terminal
domain with homology to the ‘’ear’’ domain of the AP-1 subunit.42,65 Several groups66-69 have
demonstrated that the VHS domain of GGA proteins recognizes the dileucine signals from
CI-M6PR and CD-M6PR. Expression of truncated versions of GGAs result in the specific
missorting of M6PRs while other TGN sorted proteins are unaffected. These data suggest that
the GGA proteins may be responsible for appropriate lysosomal hydrolase sorting.

Synthesis and Trafficking of Lysosomal Membrane Proteins
While soluble lysosomal hydrolases are sorted to the lysosome by the mannose-phosphate

recognition system, lysosomal membrane proteins take a different route.40,70,71 This difference
in trafficking was first recognized through analysis of I-cell disease.72 In the absence of the
mannose-phosphate system, lysosomal membrane proteins show a normal distribution. Simi-
larly, deletion of M6PRs affects the proper trafficking of hydrolases but has no affect on the
trafficking of lysosomal proteins.73 Our current understanding of the trafficking of lysosomal
membrane proteins comes from analysis of targeting signal motifs on membrane proteins74-76

using site specific mutagenesis, analysis of pigmentation mutants in eukaryotes and analysis of
vacuolar mutants in yeast.77-79
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Motifs in the cytoplasmic tail of lysosomal membrane proteins define their targeting to
the lysosome. Two motifs, GYXXΦ and dileucine, have been identified for lysosomal targeting.
The current data suggest that these motifs are recognized by the adaptor protein-3 complex,
AP-3.80-85 This complex consists of four polypeptide subunits and appears to assemble into
protein coats localized to medial and trans regions of the Golgi. AP-3 recognition of targeting
motifs on lysosomal membrane proteins may lead to their capture as cargo in vesicles that then
transport the lysosomal proteins to a late endosomal compartment. Researchers have shown
that the absence of any one of the subunits of the AP-3 complex results in the missorting of
lysosomal membrane proteins.86-90 In the absence of AP-3, proteins still traffic to the lysosome
but they take a circuitous route. Instead of being targeted to the late endosome, they are first
sorted to the cell surface. From the cell surface they are internalized into an early endosome and
trafficked to late endosomes. The hallmark of this missorting is the presence of large amounts
of lysosomal membrane proteins on the cell surface.84,86,90 The lysosomal membrane protein
motifs that interact with the AP-3 complex can also interact with AP-2 at the plasma mem-
brane, resulting in their internalization into clathrin coated pits and delivery to the endocytic
pathway.41,86

Disruption of the AP-3 trafficking route is seen most dramatically in mutants of the AP-3
complex, which lead to alterations in pigment distribution in melanosomes of mice and hu-
mans or pigment granules in Drosophila melanogaster. There are over 20 different mouse mu-
tants with alterations in coat color91 and 10-15 Drosophila mutants with altered eye color due
to changes in pigment granules.77 Many of these mutations are within genes required for trans-
fer of lysosomal membrane proteins e.g., AP-3 or in proteins that regulate vesicular trafficking.

Lysosomes and Endosomes Undergo Fusion and Fission

Dynamics of Fusion and Fission
The endocytic apparatus traffics molecules by vesicular fusion and fission, yet the or-

ganelles of this apparatus remain fairly discreet.92 This implies a high degree of regulation in
fusion and fission events in the endocytic pathway.37 While early endosomes can fuse with each
other,93,94 they cannot fuse with lysosomes. The specificity of fusion among endocytic or-
ganelles can be reproduced in vitro. Using a system in which endocytic vesicle fusion can be
synchronized and then isolated, Ward et al19,95 demonstrated that endosomes isolated four
minutes after internalization could readily fuse with endosomes isolated eight minutes after
internalization but not with endosomes isolated 12 minutes after internalization. Endosomes
isolated 12 minutes after internalization could fuse with lysosomes but not with either four or
eight minute endosomes. Lysosomes could fuse with each other and with 12 minute endosomes
but not with four or eight minute endosomes. This specificity implies that there are unique
recognition molecules gained by vesicles in the endocytic pathway that regulate homotypic and
heterotypic fusion.

A heterotypic fusion event is required for the transfer of lysosomal hydrolases from the
lumen of the late endosome to the lumen of the lysosome. Another heterotypic fusion event in
the late endocytic pathway is the transfer of endocytosed material from an endosome to the
lysosome.11,92 Data from both in vitro and in vivo studies demonstrate that lysosomes can fuse
with late endosomes.35,38,95-108 This fusion event has been proposed to lead to the formation of
a hybrid-organelle with a density intermediate to that of a late endosome and a lysosome.109-111

This hybrid organelle is both lgp120 (a lysosomal membrane protein) and M6PR positive
suggestive of a fusion between late endosomes and lysosomes. In vitro analysis of these hybrid
organelles has shown an ATP-dependent change in the density of the hybrid organelle, osten-
sibly reforming late endosomes and lysosomes.112
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There is little debate regarding the fact that late endosomes and lysosomes fuse. There is,
however, no consensus on how late endosomal membrane is retrieved. Two mechanisms have
been suggested. The first is that late endosomal membrane proteins are recycled through a
process that involves budding.113 The budding process would require the formation of a coat.
While there is evidence for coat formation on lysosomes, most of the evidence utilizes in vitro
systems.114 A second hypothesis is that a fission event separates late endosomes and lysosomes.
Storrie et al suggested that lysosomes repeatedly fuse with endosomes in a series of transient
fusion and fission events.20,115,116 During these events, small amounts of material are exchanged
and recycled between the two organelles. A “kiss and run” sampling, as the hypothesis is called,
may allow for microdomains of sorting prior to content mixing.

The ability of lysosomes to engage in heterotypic fusion is readily understandable; both
for lysosomes to obtain newly synthesized components and to effect the degradation of inter-
nalized material. The reasons for homotypic lysosome fusion are less clear. Lysosome-lysosome
fusion may guarantee that the amount of substrate in a given lysosome does not overwhelm the
amount of enzymes available for degradation. Thus, lysosomal fusion may ensure that sub-
strates are always exposed to conditions in which there is an excess of degradative enzymes.
Several laboratories have demonstrated lysosome-lysosome fusion.10 UV-Sendai virus cell fu-
sions have shown that the lysosomal contents from one set of cells mix with the lysosomal
contents of the fusion partner cells in a time and temperature dependent fashion.117,118 Lyso-
some-lysosome fusion has also been reconstituted in vitro.19,95,119

The Molecular Machinery Mediating Fusion and Fission
Fusion of endocytic vesicles requires energy, specific addressing molecules, and other regu-

latory molecules. All fusion events examined to date require the cytosolic ATPase
N-ethylmaleimide-sensitive factor (NSF) and an energy source, ATP. Fusion also requires tar-
geting molecules that address which vesicles fuse together. These targeting molecules/proteins
are hypothesized to be the NSF attachment protein (SNAP) receptors, or SNAREs.120 They
can be found in both the donor and acceptor membranes and it is hypothesized that the appro-
priate pairing will mediate fusion of donor and acceptor membranes. Recent studies have shown
that the SNAREs Syntaxin 7, vesicle associated membrane protein-7 (VAMP-7) and VAMP-8
are involved in heterotypic and homotypic lysosome fusion.95,106-108 In the case of Syntaxin 7,
it has been localized throughout the endocytic apparatus but appears to be concentrated on late
endosomes and lysosomes. Furthermore, expression of mammalian Syntaxin 7 in Saccharomy-
ces cerevisiae permitted vacuolar trafficking in yeast mutants defective in the yeast SNARE
Pep12p.107 VAMP-7 has been localized primarily to late endosomes.106 Coimmunoprecipitation
experiments utilizing a cultured melanoma cell line showed Syntaxin 7 in a complex with
VAMP-8, Syntaxin 6, mouse Vps10p tail interactor 1b (mVti1b), α-synaptosome-associated
protein (α-SNAP), VAMP-7 and the protein phosphatase 1M regulatory subunit.121 These
data suggest that a complex may be required for mediating heterotypic and homotypic lyso-
some fusion. Caplan and colleagues119 have also shown a role for Vam6p in homotypic lyso-
some fusion. Overexpression of Vam6p results in a specific clustering and fusion of lysosomes
and late endosomes, whereas early endocytic and secretory organelles were unaffected. They
further demonstrated that specific citron homology and clathrin homology repeat domains
present in Vam6p are required for lysosome/late endosome clustering and fusion.

Biochemical dissection of lysosome fusion has shown a requirement for a heterotrimeric
G proteins and Rabs.19,110 Exactly what role these molecules play is less clear. Small GTP
binding molecules, Rabs, have been shown to regulate vesicle fusion events and yet no Rab has
been identified in lysosome fusion. Both Rab7 and Rab9 have been found on late endosomes.122

Rab9 plays a demonstrable role in regulating M6PR recycling from late endosomes to the
Golgi.123 Rab7 appears to be required for transport to the late endosome/lysosome.122,124-126
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Expression of a dominant negative Rab7 prevents the transfer of soluble molecules from the
late endosome to the lysosome and119,127 results in dispersion of perinuclear lysosomes. Studies
by Cantalupo et al showed that Rab7, in its GTP bound state, recruits the cytosolic protein
Rab-interacting lysosomal protein (RILP) onto late endosomes and lysosomes. RILP contains
a domain comprising two coiled-coil regions typical of myosin-like proteins. Overexpression of
RILP prevents the dispersion of perinuclear lysosomes due to the effects of Rab7
dominant-negative mutants. In addition, a dominant negative construct of RILP inhibited
degradation of ligands destined for the lysosome. These data suggest that RILP may act as a
downstream effector of Rab7 in late endosome-lysosome trafficking. The overexpression phe-
notype of dominant-negative Rab7 was examined in the context of Vam6p overexpression,
another molecule implicated in lysosome fusion events.119 The lysosomal clustering and fusion
mediated by overexpression of Vam6p was unchanged in the context of a dominant-negative
Rab7. These studies suggest that Vam6p works downstream of Rab7 or in a parallel pathway in
mediating lysosome fusion.

Studies on the endocytic pathway have also indicated an important role for
phosphoinositides in membrane trafficking.128-130 Phosphoinositides are clearly important
throughout the endocytic apparatus specifically in endocytosis and sorting in the early endocytic
apparatus. A role in the late endocytic apparatus is less well defined. Analysis in mammalian
systems has shown that addition of the fungal chemical wortmannin, which inhibits mamma-
lian phosphoinositide-3 kinases, decreases sorting of the lysosomal hydrolase Cathepsin D and
results in late endosomal swelling.131,132 The importance of phosphoinositides in the late
endocytic pathway has been analyzed extensively in S. cerevisiae. Mutants with defects in
phosphoinositide synthesis and metabolism show defects in vesicular trafficking to the vacuole
and in vacuolar morphology.133-140 The high degree of conservation in eukaryotes suggests that
phosphoinositide metabolism must also alter trafficking in the late endocytic pathway of mam-
malian cells and studies support this view.132,135,141,142 The specificity of fusion in the late
endocytic pathway probably arises from the combination of appropriate tethering, docking
factors, SNAREs, Rabs and lipid components.

Lysosomes Are Capable of Fusion with the Plasma Membrane
Recent studies have provided evidence that lysosomes are capable of fusing with the plasma

membrane. The first reports of lysosome-plasma membrane fusion were observed in Trypano-
soma cruzi invasion in mammalian cells.143-145 During T. cruzi invasion, lysosomes are recruited
to the parasite entry site and fuse with the plasma membrane. Other studies have shown that
lysosomal contents could be released upon stimulation of polymorphonuclear leukocytes with
a wide variety of agents, including activated complement,146,147 phorbol esters,148 calcium
ionophores and the chemotactic agent Formyl-Met-Leu-Phe.149 These treatments resulted in a
release of intracellular calcium, thereby promoting lysosomal secretion.

More recently it was discovered that fusion of lysosomes with the plasma membrane is a
physiological mechanism of wound repair.150,151 Cells that are subject to motility, stretching
and/or mechanical manipulations are known to have their plasma membrane disrupted. These
disruptions are resealed by fusion of lysosomes with the cell surface. Resealing requires the
regulated movement of lysosomes to the cell periphery, docking of the lysosomes with the
plasma membrane and finally fusion with the plasma membrane. The fusion event is depen-
dent upon Ca2+, temperature and ATP.152 This resealing process has been used to introduce
exogenous proteins or nucleic acids into cells.153-159 To examine this, cells are deliberately abraded
by either scraping (i.e. scrape-loading) or by interaction with glass beads. During the abrasion
process, tears in the plasma membrane permit the entry of exogenous molecules. The presence
of calcium then promotes lysosome-cell surface fusion resulting in the resealing of the plasma
membrane and thus entrapping the molecules within cells.
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Movement of Lysosomes
Several studies have shown that targeting of internalized material to lysosomes requires an

intact cytoskeleton and actin based motor system.160-162 In many cell types, microtubule in-
hibitors prevent degradation of internalized material by inhibiting the movement of
endosomes.101,163-165 Addition of microtubule inhibitors also leads to disruption of tubular
lysosomes,166,167 suggesting that microtubules are involved in tethering lysosomes and defin-
ing lysosome morphology. A particularly notable example of lysosome-microtubule based
movement was shown by Swanson and co-workers.166 Treatment of macrophages with acid-con-
taining solutions decreases cytosolic pH and results in the fragmentation of lysosomes. The
fragmented lysosomes are transported to the periphery of the cell by microtubule-based mo-
tors. Introduction of a kinesin antibody by scrape loading demonstrated that the outward
movement of lysosomes was due to the microtubule motor kinesin. When cytosolic pH was
returned to normal, by removal of cells from acid-containing buffers, lysosomes moved from
the periphery back to a perinuclear region in a microtubule-dependent manner. Because kinesin
is a plus-directed motor, a different microtubule motor must be involved in this retrograde
movement.

In addition to microtubules, data indicate that actin based cytoskeletal elements are re-
quired for lysosome-endosome movement.151,168,169 Inhibitors of actin affect the movement of
endosomes preventing endosome-lysosome fusion. In addition, the movement of lysosomes on
actin may also involve myosin-like motors.127,161,170 There are a number of unconventional
myosins that have been shown to mediate organelle movement.171-178 Myosin-based organelle
movement has been studied most extensively in pigment containing cells of vertebrates, par-
ticularly mammals. The pigmentation defects in the mouse mutants dilute and viral have been
shown to result from mutations in a gene encoding an unconventional myosin, myosin 5a.179-183

In humans, a mutation in myosin 5a results in Type 2 Griscelli syndrome, which affects both
melanocytes and immune cells.184 In order for melanocytes to produce and deposit melanin
they must transport melanosomes to the cell periphery. The defect in these cell types results
from an inability to move granules in either pigment cells or immune effector cells. A related
disorder, Griscelli Type 1 in humans and ashen in mice, is due to a mutation in Rab27a, a gene
required for association of myosin 5a with granules.185,186 These results clearly show a role for
unconventional myosins in pigment granule movement.187-189 While melanosomes are consid-
ered lysosome-related organelles, defects in rab27a or myosin 5a do not result in alterations in
lysosome movement.

A recent study has suggested that myosin 1a may be involved in endosome-lysosome
fusion. Myosin1a was shown to be bound to endosomes and lysosomes by both subcellular
fractionation and immunofluorescence.190 Transfection of mammalian cells with a truncated
form of myosin 1a affected the delivery of fluid phase markers to lysosomes. There was, how-
ever, no evidence that the number of lysosomes or their distribution was altered in the cells
transfected with the truncated myosin 1a.

One gene product has been identified that affects lysosome size, movement, and distribu-
tion. Mutations in the human Chediak-Higashi gene (CHS1), or in orthologous genes in other
mammals (e.g., Beige in mice, Aleution blue in mink), result in dramatic changes in lysosome
size, number and distribution.191-193 Large granule size is also seen in melanosomes, platelet
dense granules and cytolytic granules. In the absence of the CHS1/Beige gene product, cells
show a reduction in lysosome number, the remaining lysosomes are giant, and these large
lysosomes are clustered in a perinuclear region as opposed to a dispersed distribution normally.
In humans, Chediak-Higashi syndrome is a life threatening disorder, in part because the large
size of lysosomes reduces their ability to fuse with phagosomes containing internalized bacte-
ria. Similarly, the abnormal size of the other granules affects their movement and function.
Patients with CHS have coagulation defects, pigmentation defects and recurrent bacterial
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infections. In the case of cytolytic granules, such defects reduce immune-surveillance by NK
cells and T-effector cells. The Chediak/Beige protein is an enormous protein that appears to be
soluble.194 However, the function of this protein in regulating lysosome and lysosome-related
organelle size is still unknown. Cells that overexpress the protein show a novel phenotype
characterized by smaller than normal lysosomes, which tend to be found in the cell periph-
ery.194 One extrapolation from this observation is the Chediak/Beige protein regulates associa-
tion of a motor system with lysosomes. In the absence of the motor system, lysosomes can fuse
but cannot undergo fission, as fission may require a mechanical force to generate fragmented
lysosomes. The absence of the protein would result in giant lysosomes, clustered near the nucleus.
Conversely, an excess of Chediak/Beige protein might lead to increased association of lysos-
omes with motor proteins, increased occupancy on the cytoskeletal system and thus, smaller
than normal lysosomes in the periphery of cells. Where and how the Chediak/Beige protein
functions in lysosome formation/morphology remains unknown.

Conclusions
The importance of understanding lysosome biogenesis and maintenance is underscored

by the fact that several human diseases result from defects in the lysosomal pathway. Determin-
ing the biochemical function of each of the molecules involved in the biogenesis and mainte-
nance of the lysosome will be the primary challenge of future studies. The fact that so much of
the required machinery has been identified yet we still do not truly understand lysosome for-
mation reflects the sophistication of the biochemical pathways involved. Defining the bio-
chemical functions of required factors may resolve some of the controversies surrounding lyso-
some formation and function and could possibly translate to therapies for patients suffering
from lysosomal storage diseases as well as other conditions resulting from aberrant protein
trafficking.
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CHAPTER 7

Nucleogenesis

Sui Huang

Abstract

The vertebrate cell nucleus undergoes disassembly and reassembly at each cell division.
Elaborate and well-regulated mechanisms ensure faithful and precise cellular duplica-
tion throughout this process. This chapter is intended to summarize our current un-

derstanding of nuclear biogenesis, or nucleogenesis, with a specific focus on nuclear envelope
assembly and nucleolar reformation following mitosis.

Introduction
Eukaryotic cells are divided by a nuclear envelope into the nucleus and the cytoplasm.

The nucleus contains chromosomal DNA that carries genetic information from one genera-
tion to the next and encodes the majority of products required for cell viability. In addition, the
nucleus facilitates and regulates DNA replication, transcription, processing of RNA precur-
sors, and transport of macromolecules across the nuclear envelope, which consists of lipid
membranes and associated proteins. In addition to the nuclear envelope, the nucleus contains
many nonmembrane bound structural domains that spatially and temporally organize various
nuclear functions (for a review see ref. 1). For example, nucleoli, the most morphologically
distinct of nuclear organelles, are involved in the synthesis of preribosomal particles.

Nuclei and their enclosed genetic material are highly dynamic in cycling cells. Chromo-
somes undergo replication and nuclei enlarge as cells transition from G1 to the G2 phase of the
cell cycle (Fig. 1). Following G2 and upon entering mitosis, chromosomal DNA condenses
followed by the disintegration of the nuclear envelope. During metaphase mitotic chromo-
somes are aligned on the metaphase plate and are segragated during anaphase on a
microtubule-based spindle that pulls replicated chromosomes (i.e., sister chromatids) in oppo-
site directions. At this point daughter cells, which are still attached to each other, reassemble
their nuclear envelopes around their respective diploid sets of chromosomes. Daughter cells are
subsequently separated from one another through a processes termed cytokenisis. The disas-
sembly and reformation of nuclei during eukaryotic cell division are highly regulated process
critical to ensuring faithful and precise cellular duplication.

The following review will describe recent findings and models for the post-mitotic bio-
genesis of the nucleus, with special emphasis on the nuclear envelope and nucleoli.

The Biogenesis of Cellular Organelles, edited by Chris Mullins. ©2005 Eurekah.com
and Kluwer Academic/Plenum Publishers.
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The Nuclear Envelope in Mitosis

Nuclear Envelope Disassembly and Assembly
The nuclear envelope is composed of a double membrane (outer and inner) riveted by

nuclear pore complexes (NPCs). The outer membrane is the extension of endoplasmic reticu-
lum (ER) membrane while the inner membrane is supported by an underlying nuclear lamina
that consists of nuclear lamins, an intermediate filament network, and associated proteins. The
proteinous lamina intimately associates with intranuclear components including chromosomes
and the nuclear matrix, and may play important roles in DNA replication, transcription, and
chromatin structure (for reviews see refs. 2-5).

Figure 1. A schematic diagram of the eukaryotic cell cycle is presented. The respective phases of the
eukaryotic cell cycle are indicated: mitosis (M), gap 1 (G1), synthesis (S) and gap 2 (G2). The relative
amount of time spent by a typical eukaryotic cell in each phase is roughly equal to the depicted lengths of
the respective phases. The hatched arrow represents the direction of the cycle. The individual stages of
mitosis are listed to the right in temporal order. Respective cellular events of each mitotic stage and cytoki-
nesis are depicted in the highly schematic model of a dividing cell. Only select events relevant to this
discussion are shown and events/structures depicted may span more stages than indicated. See text for
relevant references and discussion. PM= plasma membrane; NE= nuclear envelope; MS= mitotic spindle;
SC= sister chromatids (separated chromosomes are also indicated); MT= microtubules. Disassembling
(prometaphase) and reassembling (telophase) NEs are indicated by hatch marks
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When cells enter mitosis, cell cycle specific phosphorylation mediates the depolymeriza-
tion of lamins and fragmentation of nuclear membrane structures, leading to the breakdown of
the nuclear envelope at the end of prophase. There are two models for the disassembly of the
nuclear envelope during mitosis (for a review see ref. 6). One, primarily based on electron
microscopic observations, suggests that the nuclear membrane fragments and vesiculates at
prophase forming vesicles that are distinct from ER networks. More recently, accumulating
evidence from live cell and immunolocalization studies supports another model in which the
fragmented nuclear membranes are absorbed into the network of ER membranes.7,8 Although
the physical forces behind nuclear envelope breakdown are not clear, two new studies suggest
that microtubules, dynein and dynactin are involved in the tearing of the nuclear envelope.9,10

Nuclear envelope assembly has been extensively investigated using reconstitutions of nu-
clei in cell free extracts and observations from mammalian somatic cells. Studies using a cell
free system with Xenopus egg extracts identified vesicles on the surface of sperm DNA around
which nuclear envelopes form. Two types of membrane vesicles are classified by their ability to
fuse in such a system, the nonfusogenic and fusogenic vesicles. These vesicles can be separated
by differential centrifugation.11,12 Nuclear reconstitution assays demonstrate that the
nonfusogenic vesicles dock first onto condensed chromosomes followed by the fusogenic vesicles
that associate with docked vesicles or the chromosome and faciliate fusion with the nonfusogenic
vesicles to form a complete nuclear membrane (Fig. 2).11,13-16 Upon the formation of the
nuclear membrane, nuclear pore complexes are then assembled in a stepwise manner.17

In mammalian cells, there is no clear evidence of vesicle docking and fusion during nuclear
envelope assembly. Instead, immunolabeling and more recent live cell studies show that pro-
tein components of the nuclear envelope begin to dock onto condensed chromosomes at late
anaphase and that the formation of a complete envelope is a sequential event extending into

Figure 2. A current model of nuclear envelope assembly. Events of nuclear envelope assembly as derived from
nuclear reconstitution and mammalian cellular studies are depicted in highly schematic model. See text for
relevant references and discussion. NFV= nonfusogenic vesicles; FV= fusogenic vesicles; NPC= nuclear pore
complex; ER= endoplasmic reticulum.
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early G1 (Fig. 2) (for reviews see refs. 2,5,18,19). The earliest proteins associated with anaphase
chromosomes prior to obvious chromosome decondensation are lamin B receptor (LBR), lamin
associated protein 2B, emerin (a nuclear lamina protein), and NUP153 and p62 (NPC pro-
teins).8,20-23 While LBR and lamin associated protein 2B begin their association with the lat-
eral sides of early telophase chromosomes, probably due to their inability to penetrate the
spindles, NUP153 covers the entire chromosome surface. In comparison, emerin associates
with the center portions of chromosomes on both sides (those facing the spindle and those
facing the midbody). Subsequently, lamin B associates with the spindle side of the dividing
chromosome, forming discontinuous patches.22 During transit to G1, these polarized localiza-
tions to the chromosome surface eventually extend into a continuous encircling of the chromo-
some in parallel with the recruitment of nuclear membranes, NPC components, and other
envelope proteins.

In contrast to the vesicle docking and fusion observed in cell free systems, the formation
of a complete nuclear envelope membrane in cycling cells is thought to be the result of the
extension of ER membranes that become associated with some of the nuclear envelope compo-
nents already anchored onto chromosome.7,8 Upon formation of the nuclear membrane, NPCs
begin to assemble onto the membrane, in a stepwise manner that involves the recruitment of
numerous proteins.17,19,21,23,24 In vertebrates, the pore complex contains two known integral
membrane proteins, POM 121 and gp210. POM121 associates with the developing envelope
earlier than gp210 and thus may facilitate the membrane fusion step required for NPC forma-
tion.23 A complete assembly of the nuclear lamina occurs in early G1 when lamin A becomes
associated with the nuclear envelope.22

The Machinery Mediating Nuclear Envelope Dynamics
The mechanisms that initiate and facilitate nuclear envelope formation have been an ac-

tive area of research. Recent studies have identified some of the key players involved in these
processes using cell free nuclei reconstitution assays or genetic systems. This section will sum-
marize the roles of three of these factors in nuclear envelope assembly: Ran, importin B, and
lamin β.

The emerging picture of the biogenesis of the nucleus, a process referred to as nucleogenesis,
suggests that Ran, a small GTPase protein, is essential for nuclear import and export, spindle
formation during mitosis and the initiation of nuclear envelope assembly (for reviews see refs.
25-28). Similar to other related small GTPases, Ran has a low intrinsic GTPase activity and a
slow nucleotide exchange rate. These activities are greatly enhanced in vivo by a nucleotide
exchange factor (RCC1) and a GTPase activating factor (RanGAP).

In interphase (i.e., nondividing) cells, the nuclear Ran is predominantly in a GTP bound
form and cytoplasmic Ran is in a GDP bound form. This differential distribution of Ran forms
plays an important role in nuclear import and export processes (for reviews see refs. 29,30).
Importins, which transport cargo into the nucleus through NPCs (see below), interact with
Ran-GTP (converted from Ran-GDP by RCC1) in the nucleus. This interaction dislodges
cargo from the importins (e.g., importin β). Subsequently, the Ran-GTP-importin β complex
is exported out of the nucleus into the cytoplasm. Importin β then dissociates after RanGAP
stimulates Ran to hydrolyze GTP to GDP, thus completing the cycle of nuclear import and
export of the importins. The concentration gradient of Ran-GTP in the nucleus and Ran-GDP
in the cytoplasm has been shown to be essential for nucleocytoplasmic trafficking. More re-
cently, several groups have found that Ran-GTP is also required for mitotic spindle formation
in a cell free system using Xenopus egg extracts.31-35 Similar to nucleo-cytoplasmic trafficking,
the Ran-GTP/Ran-GDP gradient appears to regulate nucleation of spindle microtubules and
their association with chromosomes.36-38
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In addition to its role in nucleo-cytoplasmic trafficking and spindle formation, a potential
role for Ran in nuclear envelope assembly has been revealed in both cell free systems as well as
in in vivo studies using genetic models.38-41 Using Xenopus egg extracts, Zhang and Clarke40

reconstituted a pseudonuclear envelope on Ran-GTP coated beads. This envelope contains
many hallmark components of the nuclear envelope, including NPC proteins and a lipid bi-
layer, and is capable of facilitating the import and export of macromolecules. The depletion of
Ran or RCC1, or the addition of Ran mutants that fail to undergo nucleotide exchange or
GTP hydrolysis, block the nuclear envelope assembly, thus suggesting that active Ran-GTP ↔
Ran-GDP cycling is essential for nuclear envelope assembly.31 More recently Zhang and Clarke41

have demonstrated that the conversion of Ran-GDP to Ran-GTP by RCC1 in human mitotic
cell extracts is necessary to recruit precursor vesicles while Ran-GTP hydrolysis is crucial for
the vesicle fusions required to generate a complete envelope. Furthermore, RNA interference
(RNAi) experiments in Caenorhabditis elegans demonstrate that depletion of Ran prevents nuclear
envelope assembly in addition to inducing abnormalities in chromosome segregation during
mitosis.38 These findings demonstrate an essential requirement for Ran in nuclear envelope
assembly in vivo.

To explore the potential mechanistic link between Ran and vesicle docking and fusion,
Zhang et al42 evaluated the role of importin β, a Ran effector protein,28 in nuclear envelope
assembly in Xenopus egg extracts. Importin β alone proved sufficient to restore nuclear enve-
lope assembly in RanBP (Ran binding protein) depleted egg extracts. Furthermore, importin β
coated beads are capable of inducing formation of a psudeonuclear envelope similar to those
formed around the Ran coated beads. A mutant importin β, with decreased binding affinity for
FxFG repeat-containing nucleoporins but not for other types of nucleoporins, fails to induce
nuclear envelope formation. These findings suggest that the Ran-GTP generated by RCC1 on
the chromatin surface may recruit importin β bound to FxFG nucleoporins and release the
nucleoporins locally.42 Ran-GTP may also directly interact with some nucleoporins.43 Since
importin β coated beads could recruit Ran-GTP, it remains to be clarified whether other com-
ponents, probably in a small amounts, in addition to importin β could also be involved in
Ran-GTP dependent nuclear envelope assembly. These findings indicate that importin β may
act to recruit essential elements involved in nuclear envelope development when cells exit mi-
tosis. Although investigations using cell free systems have significantly increased our under-
standing of the apparent roles that Ran plays in nuclear envelope assembly in vitro, much less
is known regarding its involvement in post-mitotic nuclear assembly in mammalian cells, where
the assembly does not appear to involve vesicle fusions.

Nuclear lamins, including lamins A/C and B, form a filamentous network on the inner
surface of the nuclear envelope.44 Lamins have been shown to be important for nuclear shape
in mammalian cells. In addition to being localized to the nuclear envelope, lamins are also
observed in the nucleoplasm as a veil or sometimes in foci.22,45 Lamin B has been implicated in
other nuclear functions, including DNA replication, transcription, and chromatin struc-
ture.22,45-47 When cells exit mitosis, lamin B appears to associate with telophase chromosomes
in patches early during nuclear envelope assembly, whereas lamin A/C does not become associ-
ated with the envelope until G1.22

A longstanding question in the field of nucleogenesis is whether lamins are necessary for
nuclear envelope assembly. Several groups have addressed this question using cell free nuclear
reconstitution assays. In some studies, immunodepletion of lamins prevents chromosome
decondensation and nuclear envelope assembly,48-52 while in other studies, the depletion re-
sults in smaller nuclei with fragile envelopes that do not have a lamina.53,54 These studies,
although controversial in regard to the need for lamins in the process of nuclear envelope
assembly, do suggest that formation of the lamina layer is not required for envelope assembly.
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More recent studies suggest that lamins, as functional intra-nuclear proteins rather than
constituents of the lamina network, are important for nuclear envelope assembly. Lopez-Soler
et al55 evaluated nuclear envelope assembly in the presence of the carboxy-terminus of Xeno-
pus lamin B3 (LB3T), a fragment that blocks the in vitro polymerization of lamin B3 beyond
dimer formation. Here, the addition of LB3T to the Xenopus egg extracts inhibits sperm
chromosome decondensation and the assembly of the nuclear envelope and NPCs. LB3T dem-
onstrates such blocking activity only in the presence of the wild type LB3. Electron micro-
scopic analyses show some association of membrane vesicles to the condensed chromosome
surface but these vesicles fail to fuse. LB3T appears to block the fusogenic vesicles from associ-
ating with chromatin or the nonfusogenic vesicles by blocking lamin-lamin interactions, lead-
ing to inhibition of nuclear envelope assembly. These findings suggest that lamin-lamin inter-
actions may be involved in facilitating the association of membrane vesicles to chromatin surfaces
as lamins are present on both chromatin and in these vesicles.55 The role of lamins in nuclear
envelope assembly has also been addressed in vivo in genetic models. A mutation that significally
reduces expression of Drosophila lamin DM0, the homologue of vertebrate lamin B, inhibits
nuclear membrane assembly in flies.56 Similarly, suppression of lamin expression in C. elegans
using RNAi results in defects in DNA segregation and nuclear envelope assembly. However, in
genetic studies it is difficult to interpret the specific roles of lamins in nuclear envelope assem-
bly since the mutations affect other lamin functions as well.

The discoveries described above raise new questions and provide new approaches regard-
ing nuclear envelope assembly. In addition to Ran, importin β, and lamins, recently Hetzer et
al57 found that an AAA-ATPase involved in Golgi and ER fusions plays important roles in
mediating two types of nuclear membrane fusion, the enclosure of nuclear membrane around
the chromosomes and subsequent nuclear envelope growth (Fig. 2). It is clear that nuclear
envelope biogenesis is a rapidly evolving area of cell biology investigation.

Post-Mitotic Biogenesis of the Nucleolus
Nucleoli are characterized as nonmembrane bound, highly dense nuclear structures that

function as sites of ribosome biosynthesis. Each cell contains hundreds of copies of ribosomal
DNA (rDNA) in tandem repeats. Approximately 400 of these rDNA repeats are localized to
five chromosome pairs in human cells. Clusters of such rDNA repeats are termed nucleolar
organization regions (NORs) and active NORs are found within nucleoli. High-resolution
electron microscopic studies demonstrate that an individual nucleolus contains three distinct
and highly conserved substructural features, the fibrillar centers (FCs), dense fibrillar compo-
nents (DFCs), and the granular components (GCs) (for reviews see refs. 58,59). FCs are pale
fibrillar regions that are enriched in factors mediating RNA polymerase I (Pol I) specific tran-
scription including Pol I itself, DNA topoisomerase I, and UBF (upstream binding factor).
DFCs are highly electron dense fibrillar regions that partially or completely surround FCs.
Each nucleolus can contain multiple FCs surrounded by DFCs. DFCs intensely label with
antibodies that recognize select Pol I transcription factors and pre-rRNA processing factors,
including fibrillarin, a component of all box C/D snoRNPs, complexes involved in preribosomal
RNA processing, modification, and/or assembly. GCs represent granular regions outside of
FCs and DFCs and constitute the rest of the nucleolus. GCs are enriched with assembly fac-
tors, including B23, and ribosomal proteins. Studies using pulse-chase labeling, in situ hybrid-
ization to prerRNAs, and immunolabeling of trans-acting factors involved in ribosome bio-
genesis suggest a vectorial process by which pre-rRNAs migrate from fibrillar regions to granular
regions and subsequently into the nucleoplasm during maturation into preribosomal particles
(for reviews see refs. 60, 61). More recently, nucleoli have been implicated in numerous other
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functions, including transcriptional silencing, cellular aging, cell cycle control, and intranuclear
trafficking.62-65

Nucleoli are distorted and disassembled at prophase and prometaphase and reassemble in
daughter cell nuclei at early G1. Although structurally disassembled, some of the nucleolar
components, particularly the RNA polymerase I transcription apparatus, remain associated
with the NORs that are transcriptionally active in interphase cells. This association is main-
tained throughout mitosis in spite of the transcriptional silencing of the rDNA during this
period.66-69

In late telophase, the NORs recruit nucleolar components to reassemble nucleoli. The
reformation of nucleoli following mitosis (i.e., in G1) is so precisely regulated that daughter
cell nucleoli are often mirror images of each other with regards to their position, shape, size,
and numbers.70 At least two mechanisms are involved in biogenesis of nucleoli (i.e.,
nucleologenesis). Fusions of NORs probably take place during nucleolar assembly, as the num-
ber of nucleoli per cell (one to four) is often less than the number of NORs (10 for a diploid
human cell). However, the mechanism and participants involved in NOR fusion are entirely
unknown. Secondarily, there is a growth in the size of nucleoli during early G1 through a
continuous recruitment of nucleolar components (for reviews see refs. 63,71).

Early studies attribute the growth of nucleoli during early G1 to the fusion of structures
termed prenucleolar bodies (PNBs) with NORs.72-75 PNBs are electron dense fibril-granular
structures found in the nucleoplasm and contain pre-rRNA processing factors and preribosome
assembly factors.72,73 Pol I specific transcription factors are not detectable in the PNBs. There
are two types of PNBs, fibrillarin-containing (early appearing) and B23-containing (late ap-
pearing).76-78 Since they gradually disappear in parallel with the growth of nucleoli, it was once
speculated that PNBs might fuse with the early nucleoli to form typical nucleoli in late G1.
However, recent live-cell studies demonstrate that PNBs do not directly fuse with growing
nucleoli. Instead, prerRNA processing factors appear to be delivered to nascent nucleoli by
directional funneling from PNBs.78 The formation of PNBs is controlled by the cell cycle
specific CDK1 (cyclin-dependent kinase 1) activities while the flow of pre-rRNA processing
factors towards the growing nucleoli is controlled by an unidentified CDK.79 Together, these
results demonstrate that PNB formation plays an important role in nucleologenesis at early
G1.

A fascinating question in nucleologenesis is whether transcriptional activation of Pol I at
the end of mitosis contributes to the assembly and growth of nucleoli. Several studies have
attempted to address this question. Using a yeast rDNA deletion mutant, Oakes et al80 has
shown that the transcription of rDNA by Pol I from a plasmid induces multiple small dense
structures (termed “mininucleoli”) while transcription of rDNA by Pol II forms a larger, aggre-
gated structure. In addition, insertion of actively transcribing rDNA repeats into Drosophila
polytene chromosomes results in dense mininucleoli around the sites of transcription.81 How-
ever, these dense structures do not resemble the typical nucleoli with their three distinct sub-
structures. More recently, Verheggen et al82 showed that during Xenopus embryogenesis ma-
ternal pre-rRNAs are present in nucleolin (a pre-rRNA processing and preribosomal particle
assembly factor)-enriched structures with features of nucleoli prior to detectable Pol I tran-
scription. This suggests that active Pol I transcription is not required for nucleolar formation.
Furthermore, nucleoli can form even upon selective inhibition of Pol I transcription, although
the nucleoli are smaller and exhibit a distorted structure similar to that found in interphase
cells treated with pol I transcription inhibitors.73,83-85 These findings suggest that atypical nucleoli
can assemble in the absence of rDNA transcription. However, normal architecture and growth
of nucleoli requires transcription activation of pol I.
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Concluding Remarks
During exit from mitosis a highly precise and regulated organization and assembly of

daughter cell nuclei ensures that parental nuclear morphologies are maintained in the new
daughter cells.70 Our current understanding of this process, although growing rapidly, is still
very limited. There are many questions concerning nuclear biogenesis that remain to be ad-
dressed. For example, what is involved in ensuring the fidelity of sister chromatin segregation?
What signals the initiation of nuclear envelope assembly? What triggers the cell cycle related
events upon exiting mitosis, such as chromosome decondesation? How does chromosome
decondensation relate to nuclear envelope assembly? What determines the morphological simi-
larity between the daughter cell nuclei? What triggers the cell cycle specific regulation and
controls? These and many other questions represent exciting and intriguing areas of cell biol-
ogy that await further investigation.
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CHAPTER 8

Mitochondrial Biogenesis

Danielle Leuenberger, Sean P. Curran and Carla M. Koehler

Abstract

The mitochondrion is especially complex and interesting because of its prokaryotic ori-
gins and subsequent integration into the eukaryotic cell and establishment as an essen-
tial organelle. As a result of this evolutionary history, the mitochondrion is a mix of

“old and new” biology. For example, this organelle has maintained its own small genome that
codes for a handful of inner membrane proteins and utilizes a prokaryotic-like system for
transcription and translation. In addition, novel pathways for mitochondrial biogenesis and
movement within the cell have evolved concurrently with its endosymbiosis. The importance
of this unique organelle to cellular physiology is obvious from the broad spectrum of human
diseases arising from defects in mitochondrial energy production, ion homeostasis, and mor-
phology. The molecular mechanisms of mitochondrial biogenesis and protein import and ex-
port, as well as metal ion transport, are being dissected at a rapid pace and are the subjects of
the following review.

Introduction
In cytological studies performed over 100 years ago, Altman first described mitochondria

and noted that they were similar in size and shape to bacteria.1 These early observations proved
insightful as the resolving power of the electron microscope later revealed the mitochondrion is
a two-membrane organelle that contains its own small genome, thus resembling a bacterium.
In the first half the 19th century, the role of the mitochondrion in energy production was
characterized. Additional details on the origin and function of mitochondria and the history of
mitochondrial research can be found in the various reviews cited throughout this chapter, as
well as in several books.2-4

Critical questions of recent interest in mitochondrial biology focus on the biogenesis and
maintenance of the organelle. For example, in the past twenty years, the basic mechanisms of
mitochondrial fission, fusion, and division and mitochondrial protein import and export have
and continue to be subjects of key interest. Investigations into topics of mitochondrial biogen-
esis and maintenance have been aided by studies of the mitochondrial system of the budding
yeast Saccharomyces cerevisiae. These molecular and genetic studies have also yielded greater
insights into the relationship between mitochondrial dysfunction and disease in humans. It is
now clear that the processes by which mitochondria are formed are highly conserved between
eukaryotic cells. Indeed, most of the differences found so far are not fundamental but varia-
tions on a common theme.

The Biogenesis of Cellular Organelles, edited by Chris Mullins. ©2005 Eurekah.com
and Kluwer Academic/Plenum Publishers.
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Because it maintains its own small genome and has two functionally distinct membranes,
the mitochondrion is one of the most complex and unique organelles in nonphotosynthetic
cells. Mitochondria biogenesis occurs through growth and division of preexisting organelles.
Processes mediating mitochondrial import and export, fission, and fusion are thus requisite for
the biogenesis and maintenance of this organelle. In S. cerevisiae, which is able to grow anaero-
bically, the genes required for mitochondrial respiration and the mitochondrial genome itself
are not essential for viability. However, genes coding for protein import and iron-sulfur cluster
assembly components are essential,5-7 thus confirming that biogenesis of the mitochondrion
can not be achieved de novo.

The mitochondrial outer and inner membranes are functionally distinct and, as a result,
the membranes differ in their lipid and protein complements. The outer membrane contains
metabolic enzymes, particularly those for phospholipid biosynthesis, and the protein porin,
which forms a pore that allows passage of proteins less than 6 kDa and small molecules be-
tween the cytosol and mitochondrial intermembrane space. The outer membrane also contains
components involved in mitochondrial movement and the TOM (translocase of the outer
membrane) complex, through which imported proteins and RNAs pass from the cytosol. The
lipids of the outer membrane are predominantly phospholipids, and have a content similar to
that of microsomes. The inner membrane is the “industrial site” of the mitochondrion and is
comprised of 50% protein. In density gradients, the heavier inner membrane can be separated
from the more buoyant outer membrane. The protein complexes in the inner membrane are
involved in oxidative phosphorylation, transport, protein translocation and assembly, and pro-
tein turnover. The lipid content of the membrane is comprised of phospholipids and cardio-
lipin, which may play an integral role in the stability of the inner membrane protein com-
plexes.8

Mitochondrial Dynamics
Current topics in mitochondrial biogenesis being characterized at the molecular level in-

clude mitochondrial division and movement within the cell.9-11 When mitochondria are ob-
served using electron microscopy they appear as “sausage-shaped” organelles with several cop-
ies per cell. In vivo, however, mitochondria form a highly mobile tubular network that spans
the entire cell. The shape of this reticulum is characterized by a series of fusion and fission
events. This network has to maintain a high motility to relocalize within the cell to meet the
current energy requirements. Examples occur during spermatogenesis in insects where the mi-
tochondria fuse to form two separate organelles that wrap around the base of the flagellum and
during division in S. cerevisiae where the mitochondrial network fragments and a subset of the
organelles travel through the mother-bud neck and into the daughter cell. The combination of
yeast genetics and visual observation with green fluorescent protein and confocal microscopy
in Caenorhabditis elegans, Drosophila melanogaster, S. cerevisiae, and Schizosaccharomyces pombe
have advanced this field rapidly in the past five years. Our current knowledge of mitochondrial
fusion, fission, and movement during inheritance are summarized in the following sections.

Mitochondrial Fusion
The first molecular regulator of mitochondrial fusion, fuzzy onions or Fzo1p, was identi-

fied in D. melanogaster, where it regulated mitochondrial fusion during spermatogenesis (Fig.
1).12 Fzo1p is a GTPase with one transmembrane domain that localizes to the mitochondrial
outer membrane and faces into the cytosol.12 From studies with yeast mutants, loss of Fzo1p
results in rapid fragmentation of mitochondrial tubules and in failure of mitochondria to fuse
when two haploid yeast cells are mated.13 A novel outer mitochondrial membrane protein,
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Ugo1p, has recently been identified as a regulator of mitochondrial fusion.14 The 58-kDa
Ugo1p resides in the outer membrane and contains one membrane spanning domain near the
middle of the protein that localizes the amino-terminus to the cytosol and the carboxy-terminus
to the intermembrane space. Fzo1p and Ugo1p do not partner in a larger complex,14 but
further studies are clearly needed to determine their role in mitochondrial fusion and if they are
part of a fusion machinery.

Figure 1. Location of components mediating mitochondrial dynamics. The cytosolic Dnm1 protein (role
in mitochondrial fission) may bind to the outer membrane protein Fis1, which is a potential nucleation
point for fission components. Mdv1 is associated with the mitochondrial outer membrane and most likely
is a fission component. Mdv1 colocalizes with Dnm1 but partner proteins have not been identified by
biochemical methods. Fzo1 and Ugo1 are involved in mitochondrial fusion but biochemical methods have
not shown that these proteins are partners. Mgm1 is associated with the mitochondrial inner membrane,
most likely in the intermembrane space, and mediates fission. Conserved domains among the components
have been marked: GTPase= GTPase domain; Middle= domain shared by Dnm1 and Mgm1; α= alpha-helical
region; GED= GTPase effector domain; T= transmembrane domain; CC= coiled coil motif; WD= WD-40
repeats.
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Mitochondrial Fission
There has been more progress towards understanding the mechanism of mitochondrial

division than for fusion. Much of this progress has been seen since the discovery that mutations
in the dynamin-related protein, Dnm1p/DRP-1 (in yeast and C. elegans respectively), block
mitochondrial fission and result in the formation of elaborate “net-like” structures.15,16 The
dynamin protein family has a well-established role in membrane fission and vesicle release
during endocytosis.17 However, Dnm1p/DRP-1 is a cytosolic protein with no membrane-spanning
domains, so it is not initially apparent how it could associate with the mitochondria (Fig. 1).
This suggests additional components of the fission machinery must exist. Several such factors
recently identified are discussed below.

The dynamin GTPase Mgm1p is a second fission machinery component and contains a
mitochondrial targeting signal.18 Though its sub-mitochondrial localization is under debate,
Mgm1p appears to be localized largely to the intermembrane space.19-21 Alternatively, it might
associate with different compartments during different stages of fission. When Mgm1p func-
tion in yeast is impaired, mitochondrial tubules rapidly fragment and the mitochondrial DNA
is subsequently lost.20,21 Genetic studies in yeast have also identified Fis1p/Mdv2p and Mdv1p/
Fis2p/Gag3p/Net2p that assist the Dnm1p/DRP-1 GTPase with mitochondrial fission. Fis1p
spans the mitochondrial outer membrane and might serve as a nucleation point for the fission
complex.22,23 Mdv1p has only been identified in S. cerevisiae and also is a soluble protein, but
colocalizes with Dnm1p in punctate structures on the mitochondrial outer membrane.22-25

Based on molecular and cellular studies from many laboratories, a molecular model for
mitochondrial division is developing that may involve processes similar to those seen in en-
docytosis at the cell surface. During endocytosis in mammalian cells, homotetramers of dynamin
assemble into collars around the necks of clathrin-coated pits at the plasma membrane.17 GTP
hydrolysis catalyzed by dynamin is required for the efficient “pinching” or fission and release of
clathrin-coated vesicles. The dynamin-related GTPases Mgm1p and Dnm1p/DRP-1 might
operate on the mitochondrial inner and outer membranes, respectively, via a similar mecha-
nism. Indeed, Dnm1p/DPR-1 assembles to form rings in vitro, suggesting that dynamin fam-
ily members might form rings around mitochondrial membranes in vivo.26 Fis1p might serve
as a scaffold or nucleation site on the outer membrane and Mdv1p may assist Dnm1p/DRP-1.

Mitochondrial Movement During Inheritance
Mitochondria move through the cell with the help of the cytoskeleton.10,27 In higher

eukaryotes, mitochondria are transported along microtubules to synapses or growth cones in
neurons.28 In the dividing yeast cell, mitochondria must be transferred from the mother to the
bud. This directional transport is obtained with motor proteins and mitochondrial-specific
kinesin proteins in higher eukaryotes.29,30 In contrast, mitochondria in budding yeast are teth-
ered to the actin cytoskeleton.31 Genetic screens for yeast mutants with abnormal mitochon-
drial distribution identified a series of cytoskeletal elements, mitochondrial attachment pro-
teins, and regulatory proteins involved in mitochondrial movement.10,27 Cytoskeletal elements
important for maintaining mitochondrial movement include actin, tropomyosin, and the Arp2/
3 complex, which plays a role in actin nucleation.32,33 A cytosolic protein, Mdm20p, main-
tains the integrity of actin cables,34 while Mdm1p is an intermediate filament-like protein that
may act as a cytoskeletal scaffold.35 On the mitochondrial outer membrane, the proteins
Mmm1p, Mdm10p, and Mdm12p may coordinate attachment to the actin cytoskeleton.36-38

The temporal coordination of cell cycle events with the distribution of mitochondria into
the bud in S. cerevisiae suggests tightly controlled regulation. While little is known about this
aspect of mitochondrial inheritance, two mechanisms might be involved. Regulation may be
mediated in part through phosphorylation because mitochondrial inheritance, but not
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morphology, is lost in a mutant carrying a deletion of the PTC1 gene, which codes a serine/
threonine phosphatase.39 Ptc1p is a negative regulator of the high-osmolarity glycerol response
pathway, a MAP kinase cascade. Rsp5p, an ubiquitin-protein ligase, suppresses a mdm1 muta-
tion, suggesting ubiquitination acts as a second regulatory mechanism.40,41 Mutations in RSP5
result in small, round mitochondria, and defects in mitochondrial distribution and transfer
into the bud.40 The ubiquitin degradation pathway thus may regulate mitochondrial inherit-
ance. In support of this observation, cells with defective ubiquitin conjugating enzymes, Ubc4p
and Ubc5p, also show specific mitochondrial aggregation.

Along with transmission of mitochondria, the mitochondrial genome must be inherited
faithfully. The mitochondrial genome is tethered to the mitochondrial inner membrane via a
DNA-protein complex termed the nucleoid, which is the segregating unit of the genome.42

The fission protein Mmm1p may play a role in mitochondrial DNA segregation.43 Although
Mmm1p is an outer membrane protein, Mmm1p tagged with green fluorescent protein local-
izes to small, punctate structures, adjacent to a subset of matrix-localized nucleoids. In an
mmm1 mutant, nucleoid structure also collapse in concurrence with a defect in mitochondrial
DNA transmission.

Mitochondrial Protein Import
 Correct assembly of the mitochondrion is an essential process to insure that protein com-

plexes, requisite for energy production and metabolism, function as expected. The mitochon-
dria therefore has developed an elaborate apparatus to accommodate the import of nuclear-coded
proteins and export/assembly of mitochondrial-coded proteins. The mitochondrion contains
approximately 1000 proteins. Of these mitochondrial proteins, approximately 3 to 32,44 de-
pending on the organism, are encoded by the mitochondrial genome. The remainder are en-
coded by the nuclear genome and are translated in the cytosol and imported into mitochondria
to one of four locations: the outer membrane, the intermembrane space, the inner membrane,
or the matrix (Fig. 2). Precursor proteins destined for the mitochondrion thus contain target-
ing as well as fine sorting information, while the mitochondrion has developed an elaborate
translocation machinery that mediates selective protein transport. The mitochondrial translo-
cation machinery includes the TOM (translocase of the outer membrane) complex, which
mediates protein translocation across the outer membrane and insertion of outer membrane
proteins. The inner membrane contains the TIM23 (translocase of inner membrane) complex
for the translocation of proteins residing predominantly in the matrix and intermembrane
space and the TIM22 complex for translocation of many inner membrane proteins (the no-
menclature of the mitochondrial protein transport systems has been unified such that proteins
are named Tom or Tim corresponding to translocase of outer membrane and inner membrane,
respectively, followed by the number indicating the component’s molecular weight45). Assem-
bly of protein translocation complexes is mediated by processing peptidases that remove target-
ing sequences and a battery of chaperones that guide protein folding. In addition, a protein
surveillance system is present to regulate the assembly and degradation of mitochondrial pro-
tein complexes.

The vast majority of mitochondrial proteins are imported post-translationally from the
cytosol. This requires that proteins are maintained in an import-competent state by chaperones
during transport to their final destinations.46-48 Most soluble proteins of the matrix and some
proteins of the inner membrane and intermembrane space have an amino-terminal extension
of 20-50 amino acid residues, with a range of 10-80 residues, which is generally cleaved after
import. Other precursors do not contain an amino-terminal targeting sequence; rather the
targeting information resides within the mature protein. This group includes outer membrane
proteins, and some intermembrane space and inner membrane proteins.
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Regardless of the targeting sequence, all precursors are recognized by receptors of the
outer membrane TOM complex and then pass through the TOM channel. This translocation
requires that the precursors must be at least partially unfolded. After crossing the outer mem-
brane, precursors are directed to either the TIM23 or TIM22 machinery of the inner mem-
brane (Fig. 2). Proteins containing an amino-terminal presequence are imported via the TIM23
complex,49 which forms a tightly regulated channel across the inner membrane. The mem-
brane potential (∆Ψ) across the inner membrane is requisite for translocation across the inner
membrane,50 while an ATP-dependent translocation motor drives import to completion.51-53

Mitochondrial heat shock protein 70 (mHsp70) serves as such a molecular motor. The matrix
contains a mitochondrial processing peptidase (MPP) that cleaves the presequence,54 and the
protein folds into its active form, possibly with the assistance of chaperones such as mHsp70,
Hsp60, and Hsp10.51,55 Proteins destined for the inner membrane such as the metabolic carri-
ers and import components are directed through the aqueous intermembrane space by the
small Tim proteins to the TIM22 complex.56-58 The TIM22 complex mediates insertion of
mitochondrial proteins typically lacking a cleavable targeting presequence into the inner mem-
brane in a ∆Ψ dependent manner.

Figure 2. Protein import and export pathways in the mitochondrion. Cytosolic proteins are imported
through the translocase of the outer membrane (TOM) and then, depending upon their destination, remain
in the outer membrane (OM), remain in the intermembrane space (IMS), or engage the translocases of the
inner membrane (TIM). Precursors with a typical amino-terminal targeting sequence generally utilize the
TIM23 complex, whereas proteins that reside in the inner membrane (IM), often lacking a targeting
sequence, utilize the TIM22 complex. Mitochondrial encoded proteins may be exported to the inner
membrane from the matrix via Oxa1p and Pnt1p. Pathways are depicted schematically by arrows. The
membrane potential is depicted by ∆Ψ symbols. See text for additional details and relevant references.
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The TOM Translocase of the Outer Mitochondrial Membrane
Whether a precursor protein has been released from the ribosome, or remains in the pro-

cess of translation, the precursor interacts with the receptors of the TOM complex to initiate
translocation across the mitochondrial outer membrane (Fig. 3). There are eight subunits of
the TOM complex in S. cerevisiae (Fig. 3).59 Receptors include Tom20p and Tom22p, which
are highly conserved in fungi and animals, and Tom70p and Tom37p.60 The translocation
channel consists of Tom40p and the small Tom proteins, Tom5p, Tom6p, and Tom7p.61,62 The
stable Tom core complex is approximately 400 kDa.59 In yeast, the pore-forming Tom40p and
multifunctional receptor Tom22p are essential for viability.

Tom20p preferentially binds to precursors with amino-terminal presequences and then
passes the precursor to Tom22p. Tom20p consists of a soluble cytosolic domain that is an-
chored to the membrane by an amino-terminal transmembrane domain. The cytosolic domain
contains a single tetratricopeptide repeat motif, a 34-residue motif implicated in protein-protein
interactions,63 and specifically binds to mitochondrial precursors.64 Initial NMR structural
studies have revealed the interaction between Tom20p and the presequence.65 Tom20p con-

Figure 3. Protein import pathway for precursor proteins containing a typical amino-terminal presequence.
This pathway is mediated by the Tim17p/Tim23p complex and an associated ATP-driven protein transport
motor on the inner face of the inner membrane (IM). As a precursor with an amino-terminal basic
matrix-targeting signal (depicted as helical line) emerges from the TOM complex (consisting of Tom5, 6,
7, 20, 22, 37, 40 and 70 proteins) in the outer membrane (OM), it binds to an acidic Tim23p domain in
the intermembrane space (IMS) and thereby induces transient docking of the TOM and Tim17p/Tim23p
systems. In the presence of a membrane potential ∆Ψ, the presequence passes through the IM. The ATP-drive
translocation motor consisting of mitochondrial Hsp70 (mHsp70p), the nucleotide exchange factor mito-
chondrial GrpE (E) and the membrane anchor Tim44p drives translocation to completion. In the matrix,
the matrix processing protease (represented as scissors) removes the matrix-targeting sequence and a battery
of matrix chaperones may aid in folding to generate the mature protein. See text for additional details and
relevant references.
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tains four α-helices that form a stable structure with a shallow hydrophobic groove flanked by
hydrophilic residues at the periphery. The presequence peptide is bound to Tom20p in a α-helical
structure, with the hydrophobic amino acids sitting in the groove and the hydrophilic residues
oriented to the aqueous solvent.

In contrast, Tom70p preferentially binds to the β-subunit of the F1-ATPase; precursors
with internal targeting sequences, such as members of the mitochondrial carrier family, through
hydrophobic interactions; and cytosolic chaperones.66 Like Tom20p, Tom70p contains a large
cytosolic domain with tetratricopeptide repeats, anchored to the membrane by an amino-terminal
transmembrane domain.66 Several Tom70p dimers bind simultaneously to one carrier protein,
potentially preventing aggregation before subsequent passage to Tom22p.67,68 Yeast mitochon-
dria also have a related protein, Tom72p. Although its specific role has not been defined, Tom72p
may mediate interactions between mitochondria and the cytoskeleton.69,70

Tom22p is a multifunctional organizer of the TOM complex. Tom22p is essential for
viability. However, a yeast mutant lacking Tom22p exhibits slow growth,61 thus helping to
confirm Tom22p plays diverse functions in vivo. Tom22p contains domains on both sides of
the outer membrane, with the amino-terminus forming a large cytosolic domain and the
carboxy-terminus forming a small domain in the intermembrane space.71 Both domains are
negatively-charged and mediate the import of precursors through the TOM complex. In fact,
Tom22p serves as a convergence point for precursors that initially bind to either Tom20p or
Tom70p.71,72 The Tom22p transmembrane domain maintains association between the indi-
vidual Tom40 channels. Tom22p also seems to regulate the gating activity of the Tom 40p
channels.61

Tom37p was originally identified in a screen for yeast mutants defective in phospholipid
biosynthesis.73 Subsequent biochemical and genetic studies indicate that Tom37p associates
with Tom70p and deletion of TOM37 results in decreased in vitro import of a set of precursors
that are preferentially imported via Tom70p.73 However, Tom37p was recently shown to ex-
hibit characteristics of a peripheral membrane protein, thus its specific role in protein import
remains to be defined.72 The human Tom37p homolog metaxin has similar properties to the
yeast protein. Metaxin was identified serendipitously because of its chromosomal location be-
tween thrombospondin 3 and glucocerebrosidase.74 Overexpression of metaxin in mammalian
cells decreased the import of preproteins, suggesting it may function as a receptor.75 Metaxin
however is not a central component of the Tom complex, but does form a complex with a
related cytosolic protein metaxin 2.76 The early embryonic lethal phenotype of mice lacking
metaxin demonstrates that efficient import of proteins into mitochondria is critical for devel-
opment and the identification of metaxin 2 indicates that the import pathway in mammalian
systems may be more complex than fungi.

Functions of TOM Pore Proteins
Tom40p is the core component of the TOM complex and is essential for viability in yeast.

Tom40p is a β-barrel protein containing eight membrane-spanning domains and probably
forms a dimer. Recently, Tom40p was reconstituted in lipid vesicles and shown to be a
cationic-specific channel.77 In another major achievement, the TOM complex was purified
from Neurospora crassa mitochondria using a hexahistidine-tagged Tom22p.62 Electron micros-
copy and image reconstruction experiments reveals that the complex is 138 Å wide and con-
tains up to two pores with an internal diameter of 20 Å. The purified TOM complex was
reconstituted into lipid vesicles and shown to be both voltage-gated and cation-selective.78 The
current model of TOM structure proposes that a single channel is formed by two Tom40p
molecules and that a complete TOM complex contains two to three such channels.60,78 In
addition to forming the pore, Tom40p contains binding sites for mitochondrial precursor pro-
teins.
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The TOM pore also contains three small Tom proteins, Tom5p, Tom6p, and Tom7p.
Tom5p acts as a receptor for the small Tim proteins of the intermembrane space.79 Tom6p and
Tom7p are involved with TOM complex assembly and disassembly.80 Tom6p also promotes
assembly of Tom22p with Tom40p. In contrast, Tom7p mediates dissociation and thereby a
lateral release of precursors into the outer membrane. Sorting of outer membrane proteins,
such as porin, is strongly inhibited in mitochondria lacking Tom7p.80,81

All this begs a question as to how proteins pass through the TOM complex. Other than
the release of precursors from cytosolic chaperones, an ATP requirement has not been shown.
Instead, the “acid chain hypothesis” predicts that increased affinity for negatively-charged do-
mains on the receptors on the outer membrane and then the inner membrane, followed by
Tim23p in the intermembrane space, may serve as a driving force for import.82,83 However,
hydrophobic interactions are also important in precursor recognition,84 suggesting that a com-
bination of binding interactions facilitates transport across the outer membrane.

The TIM23 Import Pathway
The mitochondrial inner membrane has various translocons to mediate protein import.

Precursors with an amino-terminal targeting presequence follow the “general import pathway”
(Fig. 3); their import is mediated by the Tim17p/Tim23p complex (designated TIM23) and
the translocation motor consisting of Tim44p, mitochondrial hsp70, and the nucleotide ex-
change factor mitochondrial GrpE.46-48 This translocation is dependent upon the presence of a
membrane potential (∆Ψ) and generally requires ATP hydrolysis by mhsp70 on the matrix side
for unidirectional translocation. The TIM23 complex acts independently of the TOM com-
plex although the two can be reversibly asssociated while a precuror is in transit.85 During
transient association, the super TOM-TIM23 complex is approximately 600 kDa.86 All com-
ponents of the TIM23 translocase are essential for viability in S. cerevisiae. The TIM23 com-
plex of the inner membrane thus is a complicated machine with broad similarities to the Sec
machinery of bacteria and the eukaryotic endoplasmic reticulum (ER).

In contrast to the outer membrane, the inner membrane is necessarily ion impermeable.
The TIM channels must therefore be highly regulated during opening to prevent ion leakage
and to accommodate a peptide chain in transit. The TIM23 channel of the inner membrane is
comprised of two related proteins, Tim17p and Tim23p. The size of this channel is approxi-
mately 22 Å as shown by studies of mitochondrial precursor proteins tagged with different
sized particles.87 Both Tim17p and Tim23p are essential for viability in yeast. While Tim17p
functions only in channel formation, Tim23p is a multifunctional protein, similar to Tom22p.
Tim17p and Tim23p have four putative membrane spanning domains, and Tim23p contains
a negatively-charged domain in the intermembrane space that recognizes precursors taking the
general import route. Tim23p has been proposed to form a dimer in the presence of a mem-
brane potential such that the import channel is assembled.88 Binding of the Tim23p inter-
membrane space domain to the precursor then triggers dimer dissociation, allowing the pre-
cursor to pass through the import channel. Another intriguing observation is that the
amino-terminal domain of Tim23p inserts into the outer membrane and tethers both inner
and outer membranes.89 However, specific binding to the TOM complex has not been identi-
fied so the relevance to protein import is not clear.

Initiation of translocation across the inner membrane depends on the membrane poten-
tial ∆Ψ, which is negative on the matrix side. The positively-charged presequence of precursor
proteins passes across the inner membrane because of the electrophoretic effect of the mem-
brane potential.90 For the completion of translocation, the matrix-sided components, Tim44p,
mHsp70, and mGrpE function as the ATP-dependent translocation motor.51 Tim44p is stably
associated with the inner membrane but is mainly exposed at the matrix side. mHsp70 has
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three domains: an amino-terminal ATPase domain, a central peptide-binding domain, and a
shorter carboxy-terminal segment.91,92 The interaction with Tim44p is dependent on the mhsp70
ATPase domain and is stabilized by the other two mHsp70 domains.93 After the initial ∆Ψ-
driven translocation of the amino-terminal targeting sequence, mHsp70 is required for the
translocation of the remainder of the precursor across the inner membrane.94,95 The cochaperone
mGrpE is a matrix protein homologous to the nucleotide exchange factor GrpE of bacte-
ria.51,96 mGrpE interacts with mHsp70 bound to a precursor and promotes the reaction cycle
of mHsp70, thereby allowing nucleotide release.97

After translocation into the matrix, the imported proteins fold into their active conforma-
tions. The diverse nature of the imported proteins is reflected by the array of folding mediators,
including mHsp70, the Hsp60-Hsp10 system, and the peptidyl-prolyl cis/trans isomerases
(PPIases). Different precursors have different requirements for assistance in protein folding.55

Mitochondrial Hsp70 cooperates with cochaperone Mdj1, the homolog of bacterial DnaJ, to
mediate folding in the matrix.51,97 The Hsp60-Hsp10 system is homologous to the prokary-
otic GroEL-GroES complex. Hsp60 promotes productive folding of proteins by enclosing
them in a central cavity that is covered by Hsp10.98 The mode of action of Hsp60 is based on
detailed analysis of the bacterial system.99 Interestingly, Hsp60 deficiency was observed in
fibroblasts from a patient with mitochondrial encephalomyopathy,100 and it was proposed to
be the primary cause of mitochondrial dysfunction, however, no gene defect has been identi-
fied.101 PPIases catalyze the cis/trans isomerization of peptide bonds preceding a prolyl resi-
due.102 This isomerization is slow in the absence of PPIases and is a rate-limiting step in protein
folding. The mitochondrial PPIase can bind to the immunosuppressive drug cyclosporin A and
is hence termed cyclophilin 20 (corresponding to its apparent molecular weight).103,104

Additional proteins in this TIM machinery have been identified, but their specific role in
protein import has not been determined. Tim11p was identified because of its intimate asso-
ciation with the Tim23p channel.105 A cytochrome b2 arrested translocation intermediate and
a cross-linker with a short spacer arm cross-link Tim11p with very high specificity. Further
studies revealed Tim11p as the γ-subunit of ATP synthase and imply it acts as an ATPase
assembly factor.106 Studies by Endo and colleagues, based on the presence of site-specific
crosslinks with a mitochondrial precursor with a classical targeting sequence, have identified
other proteins that also might play a role in import.107 Of these, a 50 kDa protein is identified
as a potential new import component.107

The TIM22 Import Pathway
Many inner membrane proteins lack a cleavable targeting sequence, carrying instead their

targeting and sorting information within the “mature” part of the polypeptide chain. This
category of proteins includes at least 34 members of the yeast mitochondrial carrier family,108

which span the inner membrane six times, as well as the TIM components. The mechanism by
which inner membrane proteins cross the hydrophilic intermembrane space and insert cor-
rectly into the inner membrane has been recently elucidated along with a new protein import
pathway (designated TIM22) that acts specifically on these proteins (Fig. 4).56-58,109-111 Com-
ponents in this pathway are located both in the mitochondrial intermembrane space and inner
membrane.

A family of small proteins in the mitochondrial intermembrane space mediates import of
inner membrane proteins across the intermembrane space.56,57,109-111 Five proteins, Tim8p,
Tim9p, Tim10p, Tim12p, and Tim13p have been identified in the yeast intermembrane space.
Similar complements are also found in other metazoans. The amino acid sequences of the small
Tim proteins are 25% identical and 50% similar to each other. They also share a “twin CX3C”
motif, in which two cysteine residues are separated by three amino acids and each cysteine
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block is separated from the other by 11-16 amino acids.110 This motif is reminiscent of a
canonical zinc finger, but with a longer spacer. Recombinant Tim10p and Tim12p fusion
proteins bind zinc, suggesting that the small Tim proteins bind zinc in vivo and that zinc
binding is required for their function.

Tim10p and Tim12p were the first two components of the intermembrane space shown
to mediate protein import.56,57 Fractionation of yeast mitochondria demonstrates that most of
Tim10p is located in the soluble intermembrane space while Tim12p is peripherally bound to
the outer surface of the inner membrane. Both proteins could be cross-linked chemically to a
partially imported AAC precursor, indicating that they interact directly with the imported
protein. However, the different intramitochondrial locations of Tim10p and Tim12p reflect
their different functions in the import pathway. Inactivation or depletion of Tim12p does not
interfere with import of AAC into the intermembrane space, but prevents insertion of AAC
into the inner membrane. In contrast, inactivation or depletion of Tim10p blocks import of
AAC, PiC and Tim22p across the outer membrane. Thus, Tim10p functions before Tim12p,
probably by binding the incoming precursor as it emerges from the TOM complex.

Figure 4. Import of membrane proteins into the mitochondrial inner membrane. As the precursor protein
emerges from the TOM complex (consisting of Tom5, 6, 7, 20, 22, 37, 40 and 70 proteins), it binds to the
Tim9p-Tim10p or Tim8p-Tim13p complexes of the intermembrane space (IMS). The bound precursor is
then usually delivered to an insertion complex composed of Tim9p, Tim10p, Tim12p, Tim18p, Tim22p
and Tim54p that catalyzes the membrane potential (∆Ψ)-dependent insertion of the precursor into the
inner membrane. OM, outer membrane; IM, inner membrane. See text for additional details and relevant
references.
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Through genetic and biochemical approaches Tim9p was shown to functionally associate
with Tim10p.109,111 Tim9p is primarily localized to the mitochondrial intermembrane space
with Tim10p in a soluble 70 kDa complex;109,111 the remainder is present in the 300 kDa
insertion complex. The other two yeast proteins related to Tim10p and Tim12p, Tim8p and
Tim13p,110 are found in the intermembrane space as a distinct 70 kDa complex that can be
separated from the Tim9p-Tim10p complex by ion exchange chromatography.110 Deletion of
Tim8p or Tim13p, alone or in combination, has no notable effect on cell growth and does not
significantly affect import of AAC or PiC into isolated mitochondria. Studies with a broader
spectrum of precursor proteins in yeast strains lacking Tim8p or Tim13p reveal that
Tim8p-Tim13p complex mediates import of Tim23p into mitochondria.112-114 Thus the
Tim8p-Tim13p complex most likely works in parallel with the Tim9p-Tim10p complex by
mediating the import of a subset of integral inner membrane proteins.

The specific route taken by substrates to reach the inner membrane is still uncertain. One
possibility is that the small Tim complexes act as chaperone-like molecules to guide the precur-
sors across the aqueous intermembrane space, yielding a soluble intermediate in which the
precursor is bound to the 70 kDa complexes in the intermembrane space. This model is sup-
ported by import studies in yeast strains containing temperaturesensitive tim10 and tim12
mutations, and by the fact that an AAC translocation intermediate bound to Tim10p in intact
mitochondria is protected from added protease.57,109 It predicts a transient complex in which
Tim9p-Tim10p or Tim8p-Tim13p is bound directly to the precursor. Equally plausible is a
model in which the 70 kDa complexes form a link between the TOM and the TIM complexes.
In this model, the precursor is not released into the intermembrane space, but binds to the
small Tim proteins as it emerges from the TOM complex. Further transfer to the
Tim22p-Tim54p complex could then occur without release into the intermembrane space.
This model is supported by the recent finding that an AAC translocation intermediate is par-
tially degraded by added protease.115 It predicts a transient complex in which TOM and the
small Tim proteins bind the precursor.

Tim22p, an essential inner membrane protein, was the first component of the inner mem-
brane complex identified, based on homology to Tim17p and Tim23p.116 Surprisingly, deple-
tion of Tim22p did not affect the general import pathway but inhibited the insertion of inner
membrane proteins, particularly those of the carrier family. A second component, Tim54p,
was identified through a two hybrid interaction with the mitochondrial outer membrane pro-
tein Mmm1p.58 Subsequent analysis revealed that Tim54p is an integral inner membrane pro-
tein and partners with Tim22p. Inactivation of Tim54p in a temperaturesensitive tim54 mu-
tant inhibits import of AAC into isolated mitochondria.58 Tim18p was recently identified
through its genetic interactions with a temperaturesensitive tim54 mutant117 and through
coimmunoprecipitation with Tim54p.118 Tim18 is an integral inner membrane protein that is
40% identical to Sdh4p, the membrane anchor of succinate dehydrogrenase.119 Tim18p,
Tim22p, and Tim54p with the tiny Tim proteins of the intermembrane space form a 300 kDa
complex. While a direct role in protein import has not been established, Tim18p may regulate
assembly of the 300 kDa complex as depletion of Tim18p yields a functional complex of 250
kDa.117,118

Novel Type of Mitochondrial Disease Marked by Defective Protein Import
Humans contain at least six homologs of the small Tim proteins found in the yeast mito-

chondrial intermembrane space. One of these homologs is termed deafness-dystonia peptide
(DDP1) because its loss results in the severe X-linked Mohr-Tranebjaerg syndrome, character-
ized by deafness, dystonia, muscle weakness, dementia and blindness.120,121 DDP1 is most
similar to yeast Tim8p and, when expressed in monkey or yeast cells, is localized to mitochon-
dria.110 Mohr-Tranebjaerg syndrome is thus almost certainly a new type of mitochondrial
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disease caused by a defective protein import system of mitochondria. Loss of DDP1 function
probably lowers the abundance of some inner membrane proteins that are critical for the func-
tion, development or maintenance of the sensorineural system in mammals. The findings in
yeast suggest that DDP1functions as a complex with related partner proteins, perhaps includ-
ing hTim13.

Mitochondrial Protein Export
Recent studies of protein export pathways for mitochondrially-coded proteins have re-

vealed new membrane components. While the topology of mitochondrial export resembles
that of bacterial secretion, yeast lacks a detectable homolog to the bacterial Sec translocase.122

However, at least two pathways have been identified for protein export from the matrix to the
inner membrane (Fig. 1). Oxa1p is a nuclear-coded inner membrane protein that mediates
export of amino- and carboxy-tails of the mitochondrially-coded precursor protein cytochrome
c oxidase subunit II (Cox2p) and also plays a role in ATP synthase formation.123,124 Oxa1p
interacts directly with nascent mitochondrially synthesized polypeptides.124 However, its pre-
cise role in membrane insertion is not clear as oxa1 mutants are suppressed by mutations in the
nuclear gene coding for the cytochrome c1 subunit of the bc1 complex,123 thus suggesting the
conserved Oxa1p function can be bypassed in the membrane insertion process. Interestingly,
Oxa1p has homologs in bacteria, YidC,125 and chloroplasts, termed ALB3 in Arabidopsis
thaliana.126 YidC is essential for bacterial viability and mediates the membrane insertion of
Sec-independent proteins,125 while ALB3 is an essential protein mediating integration of the
light harvesting chlorophyll-binding protein into thylakoid membranes.126 Recently, a second
protein Mba1p with overlapping functions has been identified that functions independently of
Oxa1p. Mba1p also mediates the export of mitochondrial translation products and nuclear-coded
proteins that are conservatively sorted.127

Additional factors are also required for the export of the carboxy-terminus of Cox2p.
Pnt1p was first identified in an elegant genetic screen to identify yeast mutants defective for the
export of mitochondrially-coded proteins.128 Pnt1p is an integral inner membrane protein
facing into the mitochondria matrix. However, its precise role in export has not been deter-
mined because deletion of PNT1 in S. cerevisiae does not impair Cox2p processing.128 Two
additional proteins Cox18p and Mss1p were identified that interact genetically and associate
with Pnt1p to facilitate export of the Cox2p carboxy-terminus.129

The Protein Surveillance System of the Mitochondrion
Mitochondrial biogenesis and maintenance depend on a complex proteolytic system.

Components include the processing peptidases in the matrix and intermembrane space and the
ATP-dependent proteases in the inner membrane and matrix. In contrast to the protein import
components, the proteolytic system is highly conserved, including homology with prokaryotic
proteases. In yeast, the proteolytic system operates predominantly during starvation conditions
for the nonselective degradation of mitochondrial proteins, but also is important for assembly
of protein complexes and for presequence cleavage.130,131 Mitochondrial peptidases are divided
into three groups: processing peptidases, oligopeptidases, and ATP-dependent proteases.

Processing peptidases are present in the mitochondrial matrix and intermembrane space
for the cleavage of the presequence of nascent polypeptides. The mitochondrial processing
peptidase (MPP) is located in the matrix and is responsible for the first processing step removal
of the presequence.132 This heterodimeric Zn2+-metallopeptidase consists of two subunits, α-
and β-MPP, and is essential for viability in yeast.132 The α-MPP subunit recognizes and binds
to the presequence followed by cleavage via the β-MPP subunit.133 Maturation of some matrix
and intermembrane space proteins depends on a second processing step. A subset of matrix
proteins undergoes an additional processing step by the mitochondrial intermediate peptidase
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(MIP).134 After MPP cleavage, MIP cleaves amino-terminal octapeptides from some matrix
proteins, including iron-utilizing proteins and components of the electron transport chain, the
tricarboxylic acid cycle and the mitochondrial genetic machinery.135,136 The physiological rel-
evance of MIP processing remains to be elucidated. The intermembrane space contains the
inner membrane protease (IMP),137 which is homologous to eubacterial and eukaryotic signal
peptidases.138 IMP is composed of two related subunits with nonoverlapping substrate speci-
ficities; both subunits are integral membrane proteins and expose their catalytic sites to the
intermembrane space.139 After processing in the matrix by MPP, IMP cleaves off the remainder
of the bipartite signal sequence from proteins such as cytochrome b2 and cytochrome c1.

In contrast to the specific proteolytic events mediated by the above described processing
peptidases, ATP-dependent proteases mediate the complete turnover of mitochondrial pro-
teins. These proteases are located in the matrix and the inner membrane and have evolved from
prokaryotic ancestors.131,140 Interestingly, these proteases have two functions, they degrade
nonassembled and misfolded polypeptides and act as chaperones to mediate the assembly of
protein complexes that are crucial for mitochondrial function.131,140 The matrix proteases are
the Lon/Pim1 protease and the Clp-like proteases. Substrates of Lon include nonassembled
polypeptides, subunits of the F1F0-ATP synthase, and ribosomal proteins.141,142 Yeast mito-
chondria lacking the Lon protease accumulate inclusion bodies that most likely contain aggre-
gated proteins and accumulate extensive mutations in mitochondrial DNA. The Lon protease
has been shown to bind single-stranded DNA in a site-specific manner suggesting that Lon
might play a direct role in mitochondrial DNA metabolism.143 A role for the Lon protein in
cell stress pathways has been shown recently because Lon expression was enhanced by hypoxia
or ER stress, and in vivo by brain ischemia. These observations suggest that changes in nuclear
gene expression triggered by ER stress have the potential to alter mitochondrial processes such
as the assembly and/or degradation of inner membrane complexes. The Clp proteases have
been identified in mammalian mitochondria but are absent in lower eukaryotes, including
yeast.144 The Clp proteases form hetero-oligomeric complexes with the ATPase and proteolytic
subunits; and these complexes can unfold misfolded polypeptides allowing either refolding by
other chaperone systems, or if associated with the proteolytic subunit, their degradation.145

The inner membrane is rich in proteins and has its own quality control system that con-
sists of two ATP-dependent proteases, termed AAA proteases (for ATPases associated with a
variety of cellular activities).146-148 AAA proteases expose their catalytic sites to opposite mem-
brane surfaces, specifically the intermembrane space or matrix side for the i- and m-AAA pro-
teases, respectively. In both the i- and m-AAA proteases, the proteolytic domain is present at
the carboxy-terminus while the amino-terminus anchors the protease to the membrane. Mu-
tant yeast strains lacking the i-AAA protease lose respiratory competence at elevated tempera-
ture and accumulate mitochondria with a punctate, nonreticulated morphology.149-151 Turn-
over of mitochondria by the vacuole is increased resulting in an increased rate of mitochondrial
DNA escape.149 The only identified substrate of the i-AAA is a subunit of cytochrome oxidase,
though others likely exist.149 In yeast, the m-AAA protease is composed of two subunits, Yta10p
(Afg3p) and Yta12p (Rca1p).152,153 Substrates consist of nonassembled subunits of the respira-
tory complexes and of the F1F0-ATP synthase.154,155 The m-AAA protease is, therefore, essen-
tial for the maintenance of oxidative phosphorylation. Two orthologs of yeast m-AAA protease
subunits have been identified in humans.156 Mutation in one, paraplegin, causes an autosomal
recessive form of hereditary spastic paraplegia.156 Deficiencies in oxidative phosphorylation
were observed in these cells, similar to defects observed in yeast.

What is the fate of the degraded mitochondrial proteins? Proteolysis of nonassembled
mitochondrially-coded proteins by AAA proteases results in the formation of a heterogeneous
array of peptides and free amino acids within the mitochondria.157 The degraded products are
exported from the mitochondrial matrix by a mitochondrial ABC (ATP-binding cassette)
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transporter, Mdl1p, to the intermembrane space.158 Mdl1p is similar to the transporter associ-
ated with antigen presentation in higher eukaryotic cells, which transports peptides into the
lumen of the endoplasmic reticulum.159 The degraded products then exit to the cytosol by
passive diffusion, via porin or possibly the TOM complex. The physiological role of peptide
export is not known. Peptides derived from mitochondrially coded membrane proteins have
been detected at the cell surface of mammalian cells, where they are presented by class I MHC
molecules. It has been postulated that the mitochondrially coded minor histocompatability
antigens are generated by AAA proteases in the mitochondria and then released to the cytosol,
from where they enter the conventional class I antigen presentation pathway.160 Alternatively,
the exported peptides may be involved in signaling pathways between the mitochondrion and
the nucleus.161

Metal Ion Transport
One of the most recent topics to unfold in the studies of mitochondrial function and

maintenance is that of the pathways for metal ion trafficking, particularly for copper and iron.
Studies in mammalian systems as well as S. cerevisiae have been important for identifying com-
ponents of this trafficking machinery. Moreover, defects in metal ion trafficking have been
linked to a broad spectrum of human diseases. The mitochondrion is the key site for the assem-
bly of iron-sulfur (Fe/S) clusters, and copper is an essential component of cytochrome oxidase
(Fig. 5).

Copper is required in mitochondrial respiration because it is a component of cytochrome
oxidase.162 The mechanism by which copper ions are inserted into the enzyme, however, is not
known, though two proteins involved in copper utilization have been identified among the
collection of assembly factors. These are Cox17p, a soluble protein that acts as a
metallochaperone,163 and Sco1p, a mitochondrial inner membrane protein that mediates in-
sertion of copper into cytochrome oxidase.164 The observed genetic interaction between the
SCO1 and COX17 genes in S. cerevisiae suggests that the two proteins function in a common
pathway.164 Cox17p is a small protein with six cysteines that are highly conserved among
eukaryotes.165 Yeast Cox17p localizes to the cytosol and intermembrane space and, thus, most
likely shuttles copper to the mitochondria.163 At the inner membrane, Sco1p, which faces the
intermembrane space, mediates the transfer the copper from Cox17p to Cox2p.164 The mo-
lecular basis for the transfer is not known but two mechanisms have been hypothesized. Be-
cause Sco1p shares similarity with Cox2p, including two conserved copper-binding cysteinyl
ligands, Sco1p may transfer copper directly.164,166 Alternatively, Sco1p is homologous to disul-
fide reductases and may reduce the cysteine residues (copper ligands) as a prerequisite for cop-
per binding.167 Mutations in Sco1p have been identified in a patient presenting hepatic failure
and encephalopathy as a result of a cytochrome oxidase deficiency.168 Humans and yeast also
contain SCO2 that is homologous to SCO1, though its specific role in cytochrome oxidase
assembly is not known.162 However, mutations in SCO2 have been identified in patients pre-
senting early fatal encephalomyopathy associated with cytochrome oxidase deficiencies, with
the most severe occurring in highly aerobic tissues such as muscle and heart.169 Sco2p thus
seems to play a role in cytochrome oxidase assembly.

Recently, a role for copper has been shown in the mitochondrial intermembrane space
because the Cu,Zn-superoxide dismutase (Sod1p) and its copper chaperone CCS (Lys7p in S.
cerevisiae) localize to the intermembrane space in addition to the cytosol.170 Sod1p and Sod2p
(the mitochondrial Mn-superoxide dismutase in the matrix) protect the cell from reactive oxy-
gen species by catalyzing the disproportionation of superoxide to hydrogen peroxide and water.
Defects in Sod1p have been linked to amyotrophic lateral sclerosis (ALS), a fatal, adult-onset
neurodegenerative disease.171,172 Various mitochondrial pathologies have been associated with
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ALS including damage to mitochondrial DNA, defects in respiratory chain enzymes, and ab-
normal mitochondrial morphology.173 ALS thus may involve an interplay between oxidative
damage and mitochondrial dysfunction.174

Proteins with Fe/S cluster cofactors are ubiquitous in both eukaryotic and prokaryotic
organisms. They play central roles in various cellular processes that include redox reactions,
metabolic catalysis, and the sensing of iron and ambient oxygen levels. In the past few years, the
factors involved in Fe/S protein cluster assembly have been identified and the molecular path-
way of Fe/S cluster biogenesis has started to unfold. Much of the early work started from the
link between Friedreich’s ataxia, a neurodegenerative disease characterized by progressive gait
and limb ataxia and cardiomyopathy, and a defect in iron metabolism in the mitochondria.175

Figure 5. Hypothetical models for metal ion transport in the mitochondrion of S. cerevisiae. A) Cox17p
translocates Cu2+ from the cytosol to the mitochondrial inner membrane. Sco1p transfers Cu2+ to cyto-
chrome oxidase subunit 2 of respiratory complex IV. Lys7p (the CCS copper chaperone) transfers Cu2+ to
an intermembrane space pool of Cu,Zn-superoxide dismutase (Sod1p). B) Fe/S cluster assembly pathway
of the mitochondrion. Fe2+ is transported into the mitochondrion via an unidentified transporter and
transferred via Nfs1p to Isu1p/Isu2p. Sulfur is donated from cysteine to yield alanine. The proteins Yah1p,
Arh1, Jac1, Ssq1, Nfu1, and frataxin (Yfh1 in S. cerevisiae) mediate assembly of the Fe/S cluster. The
assembled cluster is then incorporated into mitochondrial Fe/S proteins or exported via Atm1p. Erv1p and
Bat2p assist in assembly of the Fe/S cluster into cytosolic proteins.
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The responsible gene was named frataxin and the protein was localized to the mitochondria.176

Electron micrograph studies show that iron accumulates in patient’s mitochondria.177 The
function of frataxin in iron metabolism is under much debate but its hypothesized role is in
storage or transport of iron or assembly of Fe/S proteins.178,179

Fe/S protein biogenesis is the only biosynthetic process for which the mitochondrion is
essential for life of the yeast cell,180 indicating the evolutionary importance of this pathway. In
prokaryotes, the proteins are encoded by the isc (iron-sulfur cluster assembly) operon181 and
the nif gene cluster of nitrogen-fixing bacteria, where they participate in the formation of the
Fe/S cofactors of nitrogenase.182 Pioneering investigations in bacteria have provided an outline
of this pathway in higher organisms. In eukaryotes, the mitochondrion contains a complex
apparatus termed the ISC (iron–sulfur cluster) assembly machinery consisting of at least ten
proteins.7,180 The ISC assembly machinery contains proteins with diverse functions. Nfs1p, a
cysteine desulfurase, was the first component identified and is essential for viability in yeast.183

Nfs1p is the functional ortholog of the bacterial cysteine desulfurases NifS and IscS, which
produce elemental sulfur from cysteine for incorporation into Fe/S proteins.181 Two factors
that play an integral role in assembly of the Fe/S cluster are the matrix Isu1p and Isu2p pro-
teins.184,185 Deletion of both ISU1 and ISU2 is lethal, and the Isu proteins play a role in
generating the Fe/S cluster, potentially by binding to the iron substrate. Nfu1p also interacts
genetically with Isu1p, but its precise role in Fe/S cluster assembly is not known.

After the initial synthesis of the intermediate Fe/S cluster, additional steps are needed to
release, remodel, and transfer the Fe/S cluster to the apoprotein. Only some of the key players
in this process have been identified. The ferredoxin Yah1p and its reductase Arh1p mediate
reduction that is required for Fe/S cluster assembly by an electron transport chain.186-188 And
Fe/S cluster assembly also involves the chaperones Jac1p and Ssq1p,189-191 which are homologs
of the heat-shock proteins Hsp40p/DnaJ and Hsp70p/DnaK, respectively. Jac1p is essential in
yeast but deletion of Ssq1p yields a cold-sensitive phenotype.189 The site of action of these
chaperones has not been identified but a genetic interaction between Ssq1p and Nfu1p has
been reported.

In eukaryotes, Fe/S proteins are located predominantly in the mitochondrion. However,
examples of cytosolic proteins are known and include glutamate synthase, isopropyl malate
dehydrogenase, the mammalian iron regulatory protein 1, and the RNase inhibitor, Rli1p. In
addition to the mitochondrial ISC machinery, two components that specifically mediate bio-
genesis of the extra-mitochondrial Fe/S proteins have been identified. These are the inner mem-
brane ABC transporter Atm1p192,193 and the sulfhydryl oxidase Erv1p in the intermembrane
space.194 The specific export mechanism is not known, but Atm1p most likely transports an
Fe/S cluster intermediate195 and Erv1p acts downstream to maintain the assembly competence
of the cluster into the apoprotein or to mediate disulfide bond formation.196 In the cytosol,
Bat2p, originally identified as a branched-chain amino acid transaminase, also seems to play a
role in Fe/S protein biogenesis.197 Loss of Bat2p resulted in a defect in de novo assembly of Fe/
S proteins.

Atm1 is highly conserved and the homologs in man (hABC7) and plants (Sta1 in Arabidopsis
thaliana) replace the function of the yeast mitochondrial ABC transporter. Mutations in hABC7
result in an increase in mitochondrial iron levels and are linked to the iron storage disease
X-linked sideroblastic anemia and ataxia (XLSA/A).198 Patients with XLSA/A display two to
three fold lower activity in the biogenesis of cytosolic Fe/S proteins.199 Defects in the plant
ABC transporter Sta1 result in dwarfism and chlorosis, though interestingly no significant
increase in mitochondrial iron levels is apparent in mutant cells.200 The A. thaliana genome,
however, contains two additional gene, STA2 and STA3, that are most likely functionally re-
dundant with STA1. A homolog of Erv1p, termed hepatopoetin (HPO)/augmenter of liver
regeneration,201 also is a novel human hepatotrophic factor. Recently, HPO was shown to act
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as a putative mitogen for hepatoma cell lines via HPO-specific receptors on the cell surface.201

Because the biogenesis of Fe/S proteins is complicated, future studies should lead to the iden-
tification of new components and subsequent elucidation of the biosynthetic pathway.

Perspectives
Over the last ten years, a better understanding of the link between mitochondrial dysfunc-

tion and disease has and continues to develop. In addition, the molecular mechanisms of mito-
chondrial biogenesis and maintenance including protein import and export, ion trafficking,
and mitochondrial dynamics are being dissected. Defects in mitochondrial biogenesis, ion ho-
meostasis, and energy production have been shown to cause a wide array of human diseases.
Examples include apoptosis or programmed cell death, Friedreich’s ataxia, deafness/dystonia
syndrome, ALS, paraplegia, and myopathies and neuropathies. As genomes are sequenced and
polymorphisms are identified, the role of the mitochondrion in diverse cellular circuits will be
deciphered.
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CHAPTER 9

The Biogenesis and Cell Biology
of Peroxisomes in Human Health and Disease
Stanley R. Terlecky and Paul A. Walton

Abstract

Recent results have demonstrated that the molecular mechanisms of peroxisomal
membrane biogenesis and the post-translational import of proteins into the organelle
do not follow those paradigms established for other subcellular organelles. As such,

we have much to learn about the peroxisome, and the human diseases that occur as a result of
its malfunction. In this review, we describe how peroxisomes arise through these seemingly
non-conventional processes, specifically focusing on how the organelle membrane assembles
its constituent proteins, and how appropriate enzymes are imported. Particular emphasis is
placed on identifying the role of specific peroxins at each step in the biosynthetic mechanism.

Introduction
Peroxisomes are single-membrane bound organelles found in almost all eukaryotic cells

(Fig. 1). The study of peroxisomes began in the 1950s with the electron microscopic discovery
by Rhodin that mouse kidney cells contain small structures with diameters between 0.1-1.0
µm surrounded by a single lipid bilayer membrane, which were named microbodies.1 The
enzymatic characterization of peroxisomes was first carried out by de Duve and Baudhuin who,
in 1966, demonstrated that microbodies contained enzymes involved in the production and
degradation of hydrogen peroxide.2 Therefore, these structures were renamed peroxisomes.

Peroxisomes contain some 50 enzymes involved in such metabolic processes as plasmalo-
gen, sterol and bile acid synthesis, as well as very-long-chain fatty acid β-oxidation and nitrog-
enous waste processing among many others.3-5 Peroxisomal constituents and functions of this
biochemically diverse organelle appear to depend upon cell type and metabolic conditions.
Mammalian cells typically contains hundreds of peroxisomes, though their abundance can be
increased in response to extracellular stimuli such as high fat diets,6 thyroid hormones7 and
diabetes.8 Other peroxisome proliferative agents include hypolipidemic drugs such as fibrates,9

plasticizers and chlorinated hydrocarbons.10

Classically defined as containing both hydrogen peroxide-producing oxidases and cata-
lase, peroxisomes are thought to provide an isolated environment in which toxic hydrogen
peroxide can be eliminated before it can cause oxidative damage to other cellular components.11,12

The absence of DNA in peroxisomes requires that all peroxisomal proteins be encoded by the
nuclear genome. Thus, peroxisomal proteins are synthesized on free polysomes and then im-
ported from the cytosol directly to the organelle lumen.13 Related organellar structures were

The Biogenesis of Cellular Organelles, edited by Chris Mullins. ©2005 Eurekah.com
and Kluwer Academic/Plenum Publishers.
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also discovered and named depending on their specialized biochemical functions and in the
organisms in which they were found. In plants, these organelles were involved in the glyoxylate
pathway and therefore were named glyoxysomes.14 In trypanosomes, they were named
glycosomes because they were involved in the glycolytic pathway.15

Our knowledge of the function of peroxisomes in human cell metabolism has been ob-
tained primarily by the study of patients with peroxisomal dysfunctions.16,17 Indeed, peroxi-
somes have been shown to be required for normal human development.18,19 A class of autoso-
mal recessive diseases known as peroxisomopathies (including Zellweger syndrome, rhizomelic
chondrodysplasia punctata, infantile Refsum’s disease and X-linked adrenoleukodystrophy) is
characterized by severe neurological, hepatic and renal defects. The most severe of these dis-
eases, Zellweger syndrome, is marked by disorders of peroxisomal membrane biogenesis and
protein import, and results in death within the first few months or years after birth.16,20 Levels
of mRNA for peroxisomal proteins are normal in cells from these patients, but the enzyme
activities are reduced or undetectable.21-23 Activities that remain (e.g., catalase) are non-sedi-
mentable by centrifugation, indicating that they are found in the cytosol.

Peroxisome biogenesis disorders exist as 12 distinct complementation groups as character-
ized by cell fusion studies.19 The genes responsible for many of these human pathologies have
been recently identified (Table 1).19,24

In some forms of Zellweger syndrome typical peroxisomes are absent, although peroxiso-
mal “ghosts” can be detected.25,26 These structures are two to four times larger and less dense
than normal peroxisomes, but do possess normal amounts of some peroxisomal membrane

Figure 1. Electron micrograph of rat liver. Ultrastructure of rat liver peroxisomes (P), mitochondria (M),
and smooth ER (SER). The peroxisomal core composed of crystalline urate oxidase is indicated by arrow-
heads. (Image kindly provided by Dr. Eveline Baumgart-Vogt, Justus-Liebig-Universitaet Giessen, Giessen,
Germany)
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proteins.27,28 Evidence suggests these peroxisomal ghosts are capable of proliferation and sorted
normally to daughter cells during mitosis. In the second form of Zellweger syndrome (marked
by asterisks in Table 1) peroxisomes are undetectable. The molecules responsible for these comple-
mentation groups (Pex3p,* Pex16p and Pex19p—discussed further below) appear to be in-
volved in the earliest stages of peroxisomal biogenesis (i.e., membrane assembly) rather than
the later stages of matrix protein import. Thus, peroxisomopathies are a very heterogeneous
group of diseases displaying a marked variation in the assembly of peroxisomal membranes,
and the synthesis, import and processing of peroxisomal proteins.16

Biogenesis of Peroxisomal Membranes
Although much is understood about the biochemical functions of peroxisomes, details

regarding the early steps in biogenesis of this organelle are not resolved and various models
have been postulated.

Originally, Novikoff and Shin proposed that peroxisomes formed by budding from the
endoplasmic reticulum (ER), based upon electron microscopic images that appeared to show
interconnections between the organelles.29 Subsequent investigations did not provide support
for this hypothesis, and an analysis of the proteins and lipids of the peroxisome showed them to
be quite different from the endoplasmic reticulum.30 The source of the lipids and the mecha-
nisms by which they are trafficked to the peroxisome membrane remain interesting and largely
un-addressed problems.

It is now widely believed that new peroxisomes, required in times of cellular growth, are
formed from pre-existing peroxisomes,13 although recent evidence indicates that this may not
be universally so.31,32 It is presently unknown whether the proliferation of the peroxisomes in
mammalian cells occurs by budding and fission of pre-existing peroxisomes alone, or in

* A “Pexp” designation indicates a protein which acts at a particular point in the formation of peroxisomes.
These molecules are called peroxins; to date, 32 have been identified.  Their respective numbers refer to the
order in which they were discovered.

Table 1. Complementation groups and respective genes linked to human peroxisome
disorders

Complementation Group Affected Gene

1 PEX1
2 PEX5
3 PEX12
4 PEX6
7 PEX10
8 unknown
9 PEX16*
10 PEX2
11 PEX7
12 PEX3*
13 PEX13
14 PEX19*

* Genes implicated in the second form of Zellweger syndrone, in which peroxisomes are undetectable

(see text for details). Table adapted from refs. 19 and 24.
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combination with other mechanisms. Serial electron microscopic sections of regenerating rat
liver have shown the formation of a peroxisomal reticulum at early times, and the subsequent
return of single peroxisomes.33-35 Using molecular genetic screens in yeast, cell lines from
human Zellweger syndrome patients and Chinese hamster ovary cell mutants, a number of
genes have been identified that appear to be involved specifically in the initial steps of peroxi-
some biogenesis (Fig. 2). These are the molecules that contribute to those complementation
groups that show an absence of detectable peroxisomes. As discussed here, their role in peroxi-
some biogenesis occurs early, involving the formation of vesicles that will ultimately contain
peroxisomal enzymes.

Figure 2. Model for early steps of peroxin-mediated organelle assembly. In this view, the peroxins Pex3p,
Pex16p, and Pex19p (designated 3, 16 and 19, respectively) play a role in the earliest stages of peroxisome
biogenesis. Their collective action results in the stepwise maturation of organelles poised first to assemble
peroxisomal membrane proteins (pmp), and, subsequently, to import matrix proteins. The existence of a
“preperoxisome” is considered in the text.
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Early Acting Peroxins

Pex3p
The absence of peroxisomal ghosts in fibroblast cells taken from CG12 patients with

Zellweger syndrome indicates that Pex3p is involved in the biogenesis of the organelle mem-
brane. Pex3p itself is an integral membrane protein of approximately 42 kDa; it is targeted to
the peroxisomal membrane by an amino-terminal sequence of approximately 37 amino ac-
ids.36 This peroxisomal membrane targeting signal (mPTS) is sufficient to direct GFP to the
organelle membrane.37 Interestingly, this hybrid mPTS-GFP is also targeted to vesicles in ∆PEX3
cells,38 which implies that this molecule is able to insert into a preperoxisomal membrane
lacking other peroxisomal proteins. Although the exact function of Pex3p is not clear, an emerging
model is that it serves as a peroxisomal membrane assembly “initiator”. That is, it is the first
peroxin associated with the nascent organelle and, once in place, other peroxins and peroxiso-
mal membrane proteins are able to assemble. Consistent with this model is the finding that
cells devoid of Pex3p degrade or mistarget a number of peroxisomal proteins, including the
critical docking peroxin, Pex14p (see below).39

One clue as to how Pex3p facilitates the downstream assembly of peroxisomal membrane
proteins may be the fact that the molecule’s carboxy-terminus, which is exposed to the cytosol,
interacts with a second early acting peroxin, Pex19p.37,40 This critically important peroxin has
been described, among other ways, as an “assembly factor for peroxisomal membrane pro-
teins”.24

Pex19p
Pex19p is a 33 kDa hydrophilic protein found predominately in the cytosol, but with a

small amount also associated with the peroxisomal membrane.41-43 The molecule contains a
carboxy-terminal farnesyl group,44 although it is unclear whether this lipid modification is
required for the peroxin’s function.41-43 Pex19p associates with many peroxisomal membrane
proteins, including the aforementioned Pex3p and the third early acting peroxin, Pex16p.41-43

For most of the interactions examined, Pex19p’s association with peroxisomal membrane pro-
teins occurs at regions distinct from those responsible for targeting the proteins to the organelle
(i.e., the mPTSs).42 Therefore, the molecule does not appear to be acting as a general mPTS
“import receptor” for peroxisomal membrane proteins per se. Indeed, it is even unclear pre-
cisely where in the cell Pex19p and peroxisomal membrane proteins interact (i.e., in the cytosol
or on the organelle membrane). Irrespective, the importance of this peroxin cannot be overem-
phasized; it is now generally accepted that Pex19p plays an important role in facilitating the
import and/or assembly of a wide variety of peroxisomal membrane proteins.41-43 Among these
are membrane proteins, to be discussed below, which are involved in the import of peroxisomal
matrix proteins. Perhaps not surprisingly, in cells from CG14 Zellweger syndrome patients, the
absence of Pex19p results in the degradation of many peroxisomal membrane proteins, which
presumably fail to find their proper subcellular location.41

The suggestion that Pex19p acts downstream of Pex3p is supported by the observation
that—using sophisticated detection methods in one yeast species—Pex3p-positive membrane
“structures” (preperoxisomes?) are seen in ∆PEX19 cells.45 Whether or not similar structures
exist in higher eukaryotes awaits further examination.

Pex16p
In contrast to other peroxins which exhibit a broad species distribution, Pex16p is found

only in mammalian cells, and in one species of yeast. This 39 kDa protein is anchored in the
peroxisomal membrane by two transmembrane domains.46 The function of Pex16p is unknown,
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but its involvement in peroxisomal biogenesis is implicated by the lack of demonstrable peroxi-
somes in ∆PEX16 cells. However, following the expression of this gene (for example, after
needle microinjection of PEX16 DNA in Fig. 3) peroxisomal membranes can be seen to form
de novo and import peroxisomal matrix proteins.

The “Preperoxisome”: A Precursor Organelle to the Peroxisome?
The reformation of peroxisomes that occurs following the expression of PEX3, PEX19 or

PEX16 in CG12, CG14 and CG9 cells, respectively, appears to violate the tenet that organelles
cannot be created de novo. That this restoration occurs implies that there exists a structure in
apparently peroxisome-deficient cells, which occupies a position upstream in the biogenesis
pathway to those vesicles identified as peroxisomes. This hypothetical structure has been called
the “preperoxisome”. The origin of the preperoxisome is unknown, but there is evidence for,
and against, the hypothesis that it is derived from the endoplasmic reticulum.

In addition to evidence obtained in lower eukaryotes reviewed in refs. 32,33, experimen-
tal results that support the role of the ER in the assembly of mammalian peroxisomes has come
from the studies of Pex11pα in rat liver and CHO cells.47 Pex11pα is found associated with
the peroxisome membrane via two putative transmembrane spanning domains and contains a
cytoplasmic-facing dilysine motif at the carboxy-terminus.47 Interestingly, the presence of such
motifs have been shown to be involved in binding COPI coatomer subunits to generate vesicles
for the retrograde retrieval of ER resident proteins from the “ER-Golgi-intermediate compart-
ment” back to the endoplasmic reticulum.48 Studies undertaken with purified rat liver peroxi-
somes revealed that Pex11pα indeed associated with ADP-ribosylation factor 1 (ARF) and
coatomer subunits in a GTP-γS-dependent manner.47 (Note: Small GTP-binding proteins
have been previously identified as associated with peroxisomal membranes.49) This association
of Pex11pα and elements of the retrograde secretory pathway implies that the ER may be
connected in some manner to the biogenesis of peroxisomes. It is certainly an interesting hy-
pothesis, but there have been concerns raised which make the link form Pex11pα to the ARF/
COP1 coatomer components tenuous. For example Abe et al50 report that mutating the dilysine
motif, moving it away from the carboxy-terminus, or deleting it altogether has no effect on the
localization or functioning of Pex11pα. And, perhaps consistent with this is the fact that the
dilysine motif is not conserved through evolution; for example, it is not found in any yeast or
trypanosome Pex11p molecules.

Figure 3. Restoration of peroxisomal membrane biogenesis and matrix protein import in a human cell.
Subcellular localization of GFP coupled to a PTS1-peptide in a peroxisome-deficient (∆PEX16) human
fibroblast (A), and 48 hr after a (∆PEX16) cell was complemented by microinjection of plasmids containing
PEX16 (B). Expression of PEX16 resulted in the de novo biogenesis of peroxisomes—including membrane
lipid and protein assembly and matrix protein import.
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Arguing against an ER connection, Gould and coworkers have demonstrated quite con-
vincingly that mammalian peroxisomal proteins do not require transit through this organelle
in order to be associated with the peroxisomes.41,51 For example, treatment of cells with brefeldin
A had no effect on the reformation of peroxisomes following expression of Pex3p or Pex16p,
nor did it effect the subcellular localization of these proteins in normal cells. Likewise, incuba-
tion of cells at 15˚C, a temperature which blocks vesicle-mediated transport, did not affect the
subcellular localization of expressed peroxisomal membrane proteins.41 Lastly, inhibition of
COPII-mediated vesiculation from the endoplasmic reticulum by expression of a dominant
negative version of SAR1, had no effect on Pex3p localization or Pex3p-mediated peroxisomal
restoration.51

Taken together, while the origin and components of the preperoxisome remain a mystery,
there exists strong evidence that in mammalian cells, known peroxisomal proteins probably do
not travel through the endoplasmic reticulum as part of there normal trafficking pathway.

Molecular Mechanisms of Peroxisomal Protein Import
Peroxisomal protein import is signal-mediated. With only a select few exceptions, en-

zymes destined for the peroxisome matrix contain a remarkably simple carboxy-terminal tar-
geting signal which is recognized post-translationally by the cycling receptor, Pex5p (Fig. 4).52,53

In most cases, this signal, called peroxisomal targeting signal 1 (PTS1), is related to the tripep-
tide, serine-lysine-leucine.54 There are, however, peroxisomal proteins which contain a PTS1
seemingly unrelated to the “consensus”. The critical antioxidant enzyme, catalase, is such an
example; it contains a necessary and sufficient carboxy-terminal PTS which interacts with
Pex5p, but consists of the four amino acids, lysine-alanine-asparagine-leucine.55 Although not
yet well analyzed, it is reasonable to assume that distinct PTS1s interact with Pex5p to varying
extents, and that this will contribute to differences in the overall import efficiency of one
enzyme versus another.

Of the few non-PTS1-containing peroxisomal enzymes, some contain a loose consensus
sequence of nine amino acids, near the amino terminus.56,57 Called PTS2, this determinant is

Figure 4. Model for later steps of peroxin-mediated matrix protein import. Identified in this scheme are the
peroxins (designated by their respective numbers) which play a role in the import of matrix proteins and/
or the trafficking of PTS-receptors.
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recognized by a second soluble receptor, Pex7p, which mediates its import.52 Peroxisomal en-
zymes devoid of a PTS1 and PTS2 exist, at least in lower eukaryotes;38 how they are recognized
and trafficked to the organelle is unclear.

Pex5p’s direct binding to PTS1 is mediated by tetratricopeptide repeats (TPR) contained
within the receptor protein.52 Once complexed, the receptor and ligand move to the peroxi-
some membrane and engage downstream components of the import apparatus. Pex7p appears
to function analogously, binding its PTS2-containing ligand in the cytosol, and delivering
same to the peroxisome membrane.52 The situation is slightly more complex in human and
other mammalian cells, where Pex5p exists in a long and a short form—reflecting the presence
or absence of a 37 amino acid insert.58-60 This sequence, which lies outside the TPR regions,
mediates Pex7p’s binding to Pex5p, an interaction required for PTS2 protein import.61,62 Thus,
in these organisms there appears to exist a dynamic interplay between the two matrix protein
import pathways.

The pathways intersect again at the peroxisome membrane, with both import receptors
docking with Pex14p.63-65 This membrane bound peroxin occupies a pivotal point in the im-
port mechanism. Ligand-complexed receptors not only assemble at the membrane via Pex14p,
but presumably also initiate the downstream interactions culminating in translocation across
the membrane bilayer. For PTS1-Pex5p, the downstream components include Pex13p66 and
the RING-family peroxins, Pex10p and Pex12p.67,68 Other peroxins which appear to act after
docking to mediate import include Pex1p,38,69 Pex2p61,70 and Pex6p.38,69 Unfortunately, the
precise manner by which these proteins function remains largely ill-defined. Also unclear is the
extent to which these molecules, either alone or in combination with other proteins, contrib-
ute to the peroxisomal translocon.

In a mechanism akin to the cycling of nuclear import receptors, Pex5p not only ferries its
substrate to the peroxisome, but actually enters the organelle as part of its functional cycle.71

Having released its cargo the receptor recycles back to the cytosol presumably to initiate an-
other round of import. This mechanism requires that the peroxisomal protein import appara-
tus accommodate fully folded oligomeric proteins, a feature already well described in a number
of previous studies.

Indeed, documented substrates for peroxisomal protein import include PTS-containing
dimers and trimers, and a variety of stably-folded proteins.52 Peroxisomal enzymes will even
deliver, in piggy-back fashion, pre-bound antibody molecules to the organelle lumen.72 Re-
markably, this machinery will also accommodate PTS-coated gold spheres73 This is perhaps
the best illustration that import occurs without major perturbations of (protein) conforma-
tion. Most of the information regarding the import-competence of various substrates has been
gleaned from in vitro assays in which the import process is reconstituted. Several powerful
assays have been developed with each adding to a biochemical understanding of peroxisomal
protein translocation.

These assays include: (i) microinjecting substrates into the cytosol of cells and looking, by
immunofluorescence microscopy, for time-dependent redistribution to peroxisomes,74 as well
as (ii) isolating peroxisomes, adding the substrate, and gauging import by protease protec-
tion,75 and (iii) adding substrates to bacterial cytolysin-treated or mechanically disrupted cells,
and monitoring import by immunofluorescence microscopy or ELISA, respectively.76,77,70

Collectively, these approaches have revealed that peroxisomal protein import is a signal, tem-
perature and time-dependent event. Substrates associate with the peroxisome membrane in an
ATP-independent manner, but require the energy of ATP-hydrolysis for translocation. Import
is saturable, and perhaps not surprisingly, requires direct action of the peroxins, Pex5p, Pex14p
(and Pex2p). Zinc stimulates import perhaps via functioning of the zinc-binding peroxins,
Pex2p, Pex10p and Pex12p. Whole cytosol is stimulatory, with the molecular chaperones Hsc70
and Hsp40 among the responsible factors. Goals for future studies include trying to understand
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where and how these Hsps act, as well as to determine what factors are present in cytosol which
promote import to levels beyond those thus far achieved with purified components. A final
point; although most of the results included here were obtained using PTS1 substrates, recent
reconstitution and characterization of PTS2 protein import in vitro suggests that most of the
biochemical properties are conserved between pathways.72

Conclusions and the Future of Peroxisome Cell Biology
An understanding of peroxisome biogenesis at the molecular level has begun to emerge.

Peroxins involved in all facets of the organelle’s biosynthesis have been identified and, in many
cases, characterized. How these molecules interact with one another as well as with other com-
ponents of the biogenesis machinery is reasonably well understood. Yet questions remain; what
proteins specifically constitute the peroxisomal membrane and matrix protein import machin-
eries, and how is their assembly/disassembly and activity controlled. Also, are these stable com-
plexes or dynamic ones which come together (and apart) in a regulated manner?

Peroxisome cell biology is not simply of interest to basic scientists. As discussed above,
there is compelling medical relevance to advancing these studies in humans. In the next few
years, the molecular basis of many peroxisomal disorders will be clarified and with such ad-
vances will come a call for therapeutic intervention. Can strategies and pharmaceuticals be
developed which ameliorate or altogether eliminate peroxisomal disease? There will likely be a
push for gene therapy. However, it remains to be determined if such cutting edge technology
be applied to restoring peroxisome function and assuring patient health. Continued progress in
the development of animal models expressing not only complete gene-knockouts, but also
tissue specific and inducible ones will be extremely important in these efforts to develop novel
therapeutic strategies.

Finally, new areas for peroxisome research will be revealed. For example, what is the exact
role of the organelle in important processes including human development or aging? At this
point, there is only limited information available. It will be a combination of old and new foci,
established perspectives and new insights, and traditional approaches coupled with new tech-
nologies that will sustain interest in the cell biology of peroxisomes for many years to come.
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