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Abstract

Growth of the plasma membrane is as fundamental to cell reproduction as DNA replication,
chromosome segregation and ribosome biogenesis, yet little is known about the underlying
mechanisms. Membrane growth during the cell cycle requires mechanisms that control the
initiation, location, and extent of membrane growth, as well as mechanisms that coordinate
membrane growth with cell cycle progression. Recent experiments have established links between
membrane growth and core cell cycle regulators. Further analysis of these links will yield insights
into conserved and fundamental mechanisms of cell growth. A better understanding of the post-
Golgi pathways by which membrane growth occurs will be essential for future progress.

Introduction

Intensive analysis of the secretory pathway over the last three decades has led to
extraordinary advances in our understanding of the underlying molecular mechanisms. Yet
the secretory pathway is also responsible for growth of the plasma membrane. Indeed, it is
likely that the most ancient and conserved function of the secretory pathway is to transport
lipids and proteins for membrane growth. Yet surprisingly little is known about membrane
growth. A PubMed search for the term “secretory pathway” yields thousands of articles. In
contrast, a search for “membrane growth” or “membrane addition” yields only a handful.
One reason for this disparity is technical: it is much easier to assay secretion than it is to
assay membrane growth. This is especially true for vertebrate cells grown in culture, which
do not have a uniform shape that lends itself to rapid measurements of membrane growth.
Yet there are many interesting and important unanswered questions regarding membrane
growth. Here, we consider key unanswered questions and recent progress regarding plasma
membrane growth. We focus on membrane growth that occurs during the cell cycle. In
addition, we focus on mechanisms that act at the level of membrane trafficking. Others have
recently reviewed mechanisms by which the cytoskeleton is polarized to direct membrane
growth to specific locations [1,2].
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Where and when does membrane growth occur during the cell cycle?

In budding yeast cells, the location of membrane growth is regulated during the cell cycle
[3.4]. In early G1, the membrane of the unbudded mother cell undergoes isotropic growth,
which occurs uniformly over the cell surface. In late G1, growth becomes polarized to
initiate formation of a daughter cell. Growth of the daughter cell remains polarized until
early mitosis, when mitotic Cdk1 induces a switch back to isotropic growth [5]. At the end
of mitosis, membrane growth is polarized to the site of cytokinesis to drive addition of
membrane necessary to complete cell separation. Thus, membrane growth occurs throughout
the cell cycle and the location of growth is regulated.

Membrane growth also occurs throughout much of the cell cycle in animal cells. For
example, in mouse lymphoblasts an initial rapid burst of growth occurs in G1 followed by
constant exponential growth until the beginning of cell division [6]. At least in some
situations, membrane growth can also occur during mitosis. For example, in syncytial
Drosophila embryos, membrane furrows form during mitosis to surround metaphase
spindles. Formation of these furrows is driven by membrane growth that occurs during
prophase and metaphase [7,8]. Little is known about the location of plasma membrane
growth during the cell cycle in animal cells. Does membrane growth occur uniformly and
randomly over the cell surface, or are there specialized sites of growth? In epithelial cells
undergoing polarization, membrane growth appears to occur at adhesion sites, but it is
unknown whether growth that occurs during the cell cycle also occurs at adhesion sites
[9,10].

Studies of membrane growth are limited by a lack of good assays for measuring the location
and extent of membrane growth. In cells that are nearly spherical, such as budding yeast and
lympoblasts, overall membrane growth can be accurately measured using a variety of
techniques [6,11,12]. However, these approaches cannot be used for cells with more
complex shapes. There are few methods for analyzing the extent of membrane growth at
specific locations. In yeast, growing cells can be coated with a fluorescent lectin that binds
to the cell wall [3,13]. After washing away the lectin, zones of cell wall growth can be seen
as unlabelled areas of the cell wall. This assay assumes that cell wall growth reflects
underlying membrane growth, which may not be the case.

What is the role of endocytosis in membrane growth?

The surface area of the plasma membrane is determined by the relative rates of exocytosis
and endocytosis. Rates of endocytosis can be very high - it has been estimated that in non-
dividing vertebrate cells endocytosis can internalize the equivalent of the entire plasma
membrane in 1 hour [14]. In budding yeast, sites of polar membrane growth are surrounded
by endocytic sites, which indicates that endocytosis is constantly occurring during plasma
membrane growth [4,15,16]. This is likely to be necessary for recycling of components
needed for membrane growth and may also play a critical role in maintaining polarized sites
of growth [17]. Together, these examples illustrate that net plasma membrane growth
requires precise coordination of exocytosis and endocytosis. In this sense, the plasma
membrane is similar to membrane trafficking organelles, such as the Golgi and the
endoplasmic reticulum, which must precisely balance membrane coming in and membrane
going out to maintain their size. Little is known about how the rates and location of
endocytosis are controlled to achieve net plasma membrane growth.

What is the relationship between secretion and membrane growth?

Secretion and membrane growth are both mediated by vesicle trafficking to the plasma
membrane. To what extent do these processes overlap? A classic genetic screen in budding
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yeast identified key components of the secretory pathway and virtually all were found to be
required for polarized bud growth, which indicates that there must be considerable overlap
[18]. However, the screen was designed to identify mutants that cause defects in secretion of
periplasmic enzymes, so it may have missed gene products that mediate membrane growth
independently of secretion.

Understanding the relationship between secretion and membrane growth is made difficult by
the fact that membrane traffic from the Golgi to the plasma membrane is poorly understood.
Traffic from the Golgi can be mediated by classical vesicles, but the molecular composition
and diversity of these vesicles is not well-understood. In addition, there is good evidence
that transport from the Golgi can also occur via maturation of trans Golgi stacks into diverse
tubular carriers [1,19,20]. The relative contributions of vesicles or tubular carriers to growth
of the plasma membrane during the cell cycle are not known.

In budding yeast, at least three classes of vesicles are transported from the Golgi to the
plasma membrane. One class reaches the plasma membrane via an endosomal compartment,
requiring clathrin and the dynamin-related GTPase Vpsl for their generation [21,22]. These
vesicles transport secreted periplasmic enzymes such as invertase, and can be distinguished
by density from a second class of vesicles that transport the cell wall-degrading enzyme
Bgl2 and play a role in membrane growth [23]. A third class transports enzymes needed for
cell wall synthesis and is associated with a putative coat protein complex called exomer
[24,25].

Key questions regarding these three classes of vesicles remain unanswered. Are Bgl2-
containing vesicles responsible for membrane growth? What are the coat proteins that drive
formation of vesicles that contain Bgl2? Do exomer-coated vesicles play a role in membrane
growth? How is formation of each class of vesicle controlled? An interesting experiment
would be to block formation of specific classes of vesicles and observe the effects on polar
and isotropic membrane growth during the cell cycle. However, blocking one trafficking
pathway can cause cargoes to be redirected to another pathway [22]. Another difficulty is
that there may be additional classes of vesicles that play a role in membrane growth. Newly
developed methods for tracking specific classes of vesicles in a synchronous manner may
help define the contributions of each of the known classes of vesicles [26].

At least some classes of post-Golgi vesicles destined for sites of cell growth in yeast are
associated with a multi-protein complex called the exocyst, which plays a role in docking
vesicles at the plasma membrane [27]. The exocyst is localized to sites of membrane growth
during polar bud growth and during cytokinesis [28]. Proteins called Sec3 and Exo70 appear
to serve as docking sites for the exocyst at these locations [28—-31]. The exocyst is required
for membrane growth that occurs during polar bud growth and cytokinesis, but it is
unknown whether it is also required for the isotropic membrane growth that occurs before
bud emergence and after the switch from polar to isotropic growth [27,32]. Loss of Exo70
causes defects in membrane growth primarily in early stages of bud growth, and it causes
accumulation of Bgl2-containing vesicles, but not invertase containing vesicles [33]. Similar
defects are caused by mutations in the GTPase Cdc42, which interacts with Exo70 [33-35].
Thus, there is some evidence for mechanisms that target distinct classes of vesicles to
distinct locations during different stages of membrane growth.

Little is known about the nature of post-Golgi vesicles or tubular carriers that mediate
plasma membrane growth during the cell cycle in vertebrate cells. The exocyst is conserved
in vertebrate cells and is associated with sites of polar membrane growth in non-dividing
cells. For example, during polarization of non-dividing epithelial cells in culture, the exocyst
is localized to adherens junctions, which may be sites of apical membrane growth that drive
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cell shape changes [3,9,10,36,37]. The exocyst is also required for late stages of cytokinesis
in animal cells [38,39]. There is no evidence that the exocyst is involved in non-polar
growth or growth during the cell cycle. It is thus possible that the exocyst facilitates polar
membrane growth in both yeast and vertebrates, and that non-polar growth is mediated by
different mechanisms.

Given our poor understanding of the molecular mechanisms of post-Golgi traffic, it is
entirely possible that distinct classes of vesicles, each with their own unique targeting
signals and cargos, mediate general secretion and membrane growth. This is an important
question because the existence of distinct classes of vesicles that mediate specific modes of
membrane growth would suggest that key aspects of membrane growth are controlled at the
level of vesicle formation. An alternative model is that there is a constant flux of identical or
similar vesicles to the cell surface, and membrane growth is regulated by modulating the rate
of endocytosis.

What are the signals that govern initiation of membrane growth?

In budding yeast, different modes of membrane growth must be initiated at different times
during the cell cycle. For example, consider a yeast cell arrested in G1 due to nutrient
starvation. When the cell is shifted to rich nutrient conditions, a signaling pathway
originating from nutrients will initiate isotropic membrane growth. Once the cell reaches a
critical size, another signaling pathway will trigger entry into the cell cycle, leading to
initiation of polarized growth of a daughter cell. Additional signals will initiate a switch
from polar to isotropic membrane growth. What are the signals that initiate specific kinds of
membrane growth at different times during the cell cycle? Also, once membrane growth has
been initiated, how are transitions between different modes of membrane growth controlled?
At one extreme, one could imagine that initiation of membrane growth generates a steady
stream of identical vesicles containing components for membrane growth, and these vesicles
are targeted to different growth sites during the cell cycle solely via cytoskeletal
rearrangements that track the vesicles to specific locations. At another extreme, each mode
of membrane growth could involve generation of a class of vesicles with distinct cargoes
and sorting signals that help direct them to the correct location. In non-dividing cells, such
as polarized epithelial cells, vesicles with distinct sorting signals are targeted to different
locations in the cell, which demonstrates that the capability exists to generate distinct classes
of vesicles [40].

Classic genetic analysis showed that inactivation of temperature sensitive alleles of Cdk1, or
inactivation of G1 cyclins that activate Cdk1, leads to a failure to initiate polar bud growth
[41,42]. More recent analysis discovered that specific inhibition of Cdk1 after bud
emergence causes rapid cessation of polar growth [11]. Thus, Cdk1 is required for both
initiation and maintenance of polar growth. How does Cdk1 contribute to polar growth? At
least part of the story is that Cdk1 polarizes the actin cytoskeleton to direct membrane traffic
to the site of polar growth [5,11,41,43]. However, recent studies suggest that Cdk1 may also
control membrane trafficking events that play a role in membrane growth (Figure 1). In
these studies, it was discovered that although inhibition of Cdk1 blocks membrane growth, it
does not lead to cytoplasmic accumulation of vesicles [15]. This is in contrast to the effects
of mutants that depolarize the actin cytoskeleton or mutants that block vesicle fusion at
growth sites, which cause extensive accumulation of vesicles [15,18,44,45]. In vivo tracking
of post-Golgi vesicles after inhibition of Cdk1 suggested that vesicles may be
inappropriately transported to the vacuole, although it was not possible to rule out other fates
[15]. Inhibition of Cdk1 did not appear to cause defects in trafficking of Bgl2 or invertase,
nor did it cause defects in targeting of GFP-Sec4 to the site of cytokinesis. Together, these
observations suggest that Cdk1 controls membrane trafficking events that mediate
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membrane growth. It could do this by initiating events that mark a special class of vesicles
for delivery to the site of membrane growth. In the absence of this mark, the vesicles could
be delivered to the vacuole via a default pathway. The mechanisms by which Cdk1 controls
membrane traffic are unknown, although a proteomic screen for targets of Cdk1 identified
numerous proteins involved in membrane traffic [46]. Little is known about the signals that
initiate the isotropic membrane growth that occurs before bud emergence in G1 phase,
which are likely to be Cdk1-independent.

Withdrawal of glucose from growing yeast cells causes rapid cessation of both membrane
traffic and polar membrane growth ([47] and D. Kellogg, unpublished data). Thus,
membrane growth is regulated by nutrient availability. Glucose depletion results in a rapid
drop in intracellular pH. Recently, the protonation state of phosphatidic acid was shown to
regulate its interaction with a transcription factor involved in control of phospholipid-
responsive genes. These observations suggest a model in which a drop in cytosolic pH after
glucose depletion shuts down a metabolic pathway involved in membrane biogenesis [48] It
seems likely that cells also require mechanisms that can modulate the rate of membrane
growth to ensure that membrane growth is coordinated with overall cell growth when
growth is slowed by limited nutrient availability.

What factors govern the extent of membrane growth?

In budding yeast, isotropic growth of the mother cell in G1 is terminated when polar bud
growth begins. Similarly, polar membrane growth is terminated when the switch to isotropic
growth occurs. How are these transitions controlled? This is an interesting question because
the timing of the transitions could determine the extent of membrane growth at specific
locations, which could influence cell size and shape.

Recent analysis in budding yeast suggested a mechanism that could control the extent of
membrane growth. The analysis focused on the switch from polar to isotropic membrane
growth. This switch is induced by Cdk1 in early mitosis, so the mechanism that determines
the timing of mitotic Cdk1 activation also determines the extent of polar membrane growth
[5,49]. Analysis of signals that control the timing of Cdk1 activation revealed a link between
polar membrane growth and Cdk1 activation. Taken together, these and other studies led to
a growth-dependent signaling hypothesis for how the extent of polar growth is controlled. In
this hypothesis, a signal is generated at the site of polar membrane growth that is
proportional to the extent of growth [50]. Downstream mechanisms then read the strength of
the signal and trigger activation of Cdk1 when it reaches a threshold level.

A growth-dependent signal could be generated by delivery of the Rhol GTPase to the site of
membrane growth (Figure 2). Rhol is delivered by vesicles that mediate membrane growth
and is delivered in an inactive form [51]. Rhol may be kept inactive on vesicles by vesicle-
associated GTPase activating proteins [52]. Rhol becomes activated at the growth site by a
guanine nucleotide exchange factor that is localized independently of membrane traffic [51].
Thus, as more and more vesicles arrive at the growth site the strength of the Rhol signal
could increase proportionally, thereby generating a signal that is proportional to the extent of
membrane growth. Active Rhol binds an atypical protein kinase C called Pkcl and can
induce it to undergo autophosphorylation [53]. Phosphorylation of Pkcl is dependent upon
and proportional to membrane growth, consistent with the idea that it relays a growth-
dependent signal [50]. Pkcl activates a form of protein phosphatase 2A (PP2ACHCS5) that
coordinately controls Weel and Cdc25, which control entry into mitosis via Cdk1 inhibitory
phosphorylation [50,54-56]. Rhol, Pkcl and PP2ACACSS are localized at the site of
membrane growth and physically interact [52,53,57-62]. I nactivation of Rhol or Pkcl
causes cell lysis, which may reflect a defect in normal control of membrane growth.
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Growth-dependent signaling is attractive because it could determine the extent of membrane
growth at specific locations, thereby controlling both cell size and shape. Ribosome
biogenesis is linked to membrane growth via Pkcl, so it is possible that diverse aspects of
cell growth are linked to membrane growth [63,64]. Key proteins in the pathway are
conserved and it appears that the hypothesized mechanism could be readily adapted to cells
of diverse size and shape. However, there are major gaps in our understanding of the
pathway and it is unknown whether a system thus constituted has the mechanistic capacity
to generate a signal that is proportional to growth and flip a switch when the signal reaches a
threshold level.

What are the mechanisms that control membrane growth during mitosis
and cytokinesis?

Vertebrate cells undergo dramatic changes in architecture as they enter mitosis, often
rounding up from an extended flat shape. These global changes require extensive membrane
reorganization that are linked to cell cycle progression. The Golgi fragments during mitosis
and there is a concomitant cessation of secretion, while fluid-phase endocytic rates do not
appear to diminish [65]. However, a drastic reduction in recycling back to the plasma
membrane has been reported in mitotic cells compared to interphase cells [65]. Reduced
membrane recycling in mitotic cells creates an internal pool of plasma membrane-derived
lipid, accounting for the reduced surface area of round mitotic cells versus spread interphase
cells. Recycling to the plasma membrane resumes during anaphase and telophase,
facilitating membrane growth required for cytokinesis [65]. During cytokinesis, cleavage
furrow ingression bisects the segregated chromosomes, enabling the two daughter cells to
physically separate during abscission. In eukaryotes, local membrane addition is required for
cytokinesis, either for furrow ingression or for abscission [66]. As in polarized membrane
growth, the exocyst plays an important role in localized membrane delivery during
cytokinesis in many organisms including yeast, flies and humans [32,38,39,67]. The
conserved role of the exocyst underscores its importance in regulating membrane growth
during diverse biological processes.

Conclusions

The most basic questions regarding plasma membrane growth during the cell cycle remain
unanswered. What are the signals that control membrane growth? Also, what are the targets
of these signals? It is difficult to imagine genetic screens that could specifically identify
membrane trafficking components that mediate membrane growth. A more fruitful approach
may be to follow signals known to control membrane growth to identify their targets, which
may be key membrane trafficking proteins involved in the formation or targeting of vesicles
responsible for membrane growth. Proteins that mediate endocytosis may also be targets of
these pathways. Recent work has established that Cdk1 and nutrients send signals that
control membrane growth, so these are good starting points and proteome-wide mass
spectrometry could identify the targets of these signals that control membrane growth
[11,15,47]. There may be considerable rewards in discovery of mechanisms of membrane
growth. For example, identification of signals or membrane trafficking mechanisms that
specifically control membrane growth could represent an entirely new class of targets for
drugs aimed at blocking the proliferation or migration of cancer cells.
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Figure 1.

Cdk1 is required for normal membrane trafficking dynamics during bud growth in budding
yeast. In normal cells, a steady stream of vesicles can be seen moving along actin filaments
into the growing daughter bud (left panel). Inhibition of an analog-sensitive allele of CDK1
causes rapid cessation of bud growth and movement of vesicles away from the bud.
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Figure 2.
A mechanism that could generate a signal that is dependent upon and proportional to the

extent of polar membrane growt in budding yeast. The Rhol GTPase is delivered to the site
of membrane growth on vesicles. The Rhol on vesicles is inactive and it becomes activated
by a guanine nucleotide exchange factor when vesicles fuse with the plasma membrane at
the site of polar growth. As more and more vesicles arrive, the Rhol signal could increase in
strength in a manner that is proportional to the number of vesicles that fuse with the
membrane.
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