1 The Endomembrane System of the Fungal Cell

T.M. Bourert!, S.W. JaMEs?, R.J. Howarp'

CONTENTS
L Introduction ........................ 1
II. Tools for Study of the Endomembrane

System............. ... . i 2
III. SecretoryPathway.................... 24
A. Endoplasmic Reticulum............. 24
B. Golgi Apparatus................... 27
C. Exocytosis/Secretion ............... 32

IV. Endocytic Pathway: Plasma Membrane,
Endocytosis, Endosomes, and Vacuoles . . . 36
V. Enigmatic Compartments.............. 39
VI Conclusions. ........................ 40
References ............... ...t 42

I. Introduction

The eukaryotic endomembrane system can be de-
fined as all the organelles comprising both the
endocytic and secretory pathways, including the
endoplasmic reticulum (ER), Golgi apparatus, en-
dosomes, multivesicular bodies, lysosomes, vac-
uoles, plasma membrane, and transport interme-
diates such as vesicles and microvesicles. These
membrane-enclosed compartments form a com-
plex intracellular system that can comprise a large
percentage of the total cellular volume. To under-
stand the interrelationships between these intra-
cellular compartments it is helpful to consider how
each might have evolved. One of the most signif-
icant advances in evolution from prokaryotes to
eukaryotes was the development of extensive cel-
lular compartmentalization (Stanier 1970), facili-
tated by the proliferation of internal membranes
(Blobel 1980). This elaboration of internal mem-
branes allowed for an organelle-based division of
labor for the biochemistry that was previously re-
stricted to the surface of prokaryotic cells (Becker
and Melkonian 1996). This in turn allowed for the
development of large cells with vastly reduced sur-
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face area:volume ratios - the average eukaryotic cell
is 102-10° times greater in volume than prokary-
otes (Dacks and Field 2004).

Intracellular compartments can be divided
into three distinct topological groups: (1) the
nucleus and cytosol, (2) mitochondria, and
(3) organelles of the endomembrane system,
based upon the predominant means of protein
transport within each group (Blobel 1980): gated
between the cytosol and nucleus via nuclear pores,
transmembrane in the case of mitochondria,
and mainly vesicle-mediated. Organelles are
membrane-bounded compartments that contain
specific chemistry. The protein constituents of
each organelle define its structure and function.
Since most proteins are synthesized in the cytosol,
mechanisms exist for delivery of these proteins to
the proper organelle. Therefore, an understanding
of protein transport is inexorably connected with
understanding the endomembrane system. In
large part organelle homeostasis is controlled
by limiting the flow of molecules both into and
out of each compartment. Thus, to understand
the workings of the eukaryotic cell it is funda-
mental to understand the defining biochemical
activities for each organelle, how molecules move
between them, and how the compartments are
created and maintained. For the compartments
that comprise the endomembrane system this is
a daunting task considering all the interorganellar
communication that occurs concurrently with the
flow of biomaterials through the system. It is even
more remarkable in fungal hyphae, perhaps the
ultimate fast growing polarized eukaryotic cell.
Cells of septate fungi can be upwards of 200 times
longer than wide (and coenocytic Zygomyetes
much longer than this) with a hyphal apex that
extends a distance of up to four times the hyphal
diameter every minute (Collinge and Trinci 1974;
Lépez-Franco et al. 1995).

While there is certainly much overlap in the
strategies adopted by various eukaryotes, the
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endomembrane system of filamentous fungi has
several singular structural features that set it
apart from that of other higher eukaryotes. For
example, the Golgi apparatus in filamentous fungi
lacks stacks of membrane cisternae and does not
disperse during mitosis. Also, there is a lack of
structural evidence to support the existence of
clathrin-coated vesicles, vectors that are respon-
sible for the bulk of endocytosis and trans-Golgi
network trafficking. Some of these differences
appear to be shared between filamentous fungi
and their yeast relatives while others are not (Ta-
bles 1.1-1.6). Whether these structural differences
underlie significant functional differences remains
to be answered and could perhaps be exploited
in the design of control strategies against fungi,
many of which have a significant negative impact
upon humankind.

As we consider the endomembrane system of
filamentous fungi, we unavoidably focus on the hy-
phal tip cell (Fig. 1.1) where the most obvious prod-
uct of that system, polarized growth, is manifest.
Additionally, in terms of morphology and ultra-
structure, the hyphal tip cell is undoubtedly the
most studied of all fungal cells. The overall dis-
tribution of endomembrane compartments related
to the tip growth process is carefully orchestrated
and maintained; and perturbation of the hyphal
apex is evidenced by a rapid redistribution of cellu-
lar endomembrane components, particularly those
associated with the Spitzenkorper. For further re-
lated discussion, the reader is referred to Chaps. 5
and 6 in this volume, respectively by Fischer, and
by Sudbery and Court.

The present chapter was written in part to spur
further inquiries in this area by bringing together
disjointed sources of information. By emphasiz-
ing morphogenesis and structure we aim to draw
connections between microscope-based structural
knowledge and molecular data, and hope that this
undertaking will generate a new perspective and
appreciation for the unique qualities of the en-
domembrane system in filamentous fungi.

II. Tools for Study
of the Endomembrane System

The discovery and manipulation of fluorescent
reporter molecules has revolutionized cell biology
and been exploited to study fungi (Cormack
1998; Lorang et al. 2001; Czymmek et al. 2005).

Fluorescent protein tagging methods have aided
greatly investigations of the endomembrane
system of other eukaryotes (Hanson and Kohler
2001). These probes can be used to determine the
subcellular distribution of a given molecule as
well as assess its mobility and potential protein-
protein interactions. In addition, fluorescent
protein markers can be used to label specific
compartments, monitoring their size, shape, mo-
bility and time-resolved changes that occur during
development or in response to environmental
stimuli. For example, a yeast deletion library was
used in conjunction with a background strain
with a plasma membrane-targeted GFP to identify
genes required for precise delivery of this protein
to its proper destination (Proszynski et al. 2005).
These types of studies could do much to advance
our understanding.

Recent advances in gene targeting and the de-
velopment of fusion PCR for gene-tagging have
combined to make large-scale gene and genome
manipulation feasible in Neurospora crassa, As-
pergillus nidulans, and A. fumigatus. First, dis-
ruption of the non-homologous end joining DNA
repair pathway (NHE]), by deletion of the KU70
or KU80 genes, essentially eliminates the histor-
ically difficult problem of inefficient gene target-
ing in these fungi (Ninomiya et al. 2004; da Silva
Ferreira et al. 2006; Krappman et al. 2006; Nayak
et al. 2006). For example, in A. nidulans cells lack-
ing KU70 or KU80, ~90% of transformants are

Table.1.1. (on page 3-4) Endoplasmic reticulum proteins
in fungi. A. nidulans (An) ER proteins were identified
by tBlastn of the An genome (http://www.broad.mit.edu/
annotation/genome/aspergillus_nidulans/) using S. cere-
visiae (Sc) proteins. Sc proteins were obtained from Gene
Ontology annotation for yeast endoplasmic reticulum
(www.yeastgenome.org). Proteins were further defined
by forward and reverse tBlastn and blastp between
Sc and An genomes, tBlastn of An proteins against
the An genome, and tBlastn and blastp of An and Sc
proteins to all Fungal Genome Initiative (FGI) genomes
(http://www.broad.mit.edu/annotation/fgi/)

Table. 1.2. (on page 5-7) Golgi proteins. A. nidulans (An)
ER proteins were identified by tBlastn of the An genome
(http://www.broad.mit.edu/annotation/genome/aspergillus
_nidulans/) using S. cerevisiae (Sc) proteins. Sc proteins
were obtained from Gene Ontology annotation for yeast
golgi (www.yeastgenome.org). Proteins were further
defined by forward and reverse tBlastn and blastp between
Sc and An genomes, tBlastn of An proteins against
the An genome, and tBlastn and blastp of An and Sc
proteins to all Fungal Genome Initiative (FGI) genomes
(http://www.broad.mit.edu/annotation/fgi/)
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