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Abstract

Cells have developed ways to sense and control the size of their organelles. Size sensing
mechanisms range from direct measurements provided by dedicated reporters to indirect
functional readouts, and they are used to modify organelle size both under normal and stress
conditions. Organelle size can also be controlled in the absence of an identifiable size sensor.
Studies on flagella have dissected principles of size sensing and control, and it will be exciting to
see how these principles apply to other organelles.

Why cells care about organelle size

Organelles represent a scale of organization just below that of the cell itself, and their
composition is tailored to their functions. Organelles are specialized to perform different
biochemical, regulatory, and motile processes, and they display distinct morphologies that
range from the unitary nucleus to the reticulated networks of the endoplasmic reticulum
(ER) and mitochondria. These morphologies are constructed and maintained by the cell, and
the mechanisms by which they are established remain a vital area of research. The
fundamental principles of how cells can sense and control the size of their organelles remain
unclear.

Why do cells care about the size of their organelles? At a basic level, the cell occupies a
finite volume. Cellular reactions and pathways are divided among the individual organelles
and cytoplasm, all of which have some size. Thus, at a minimum the cell must in some way
ensure that the size of its organelles is greater than zero. In principle, larger organelles can
contain larger quantities of metabolic enzymes and thus mediate higher fluxes through their
biochemical pathways. Ideally, organelle size should be suited to cellular needs including
functional, distribution and transport requirements, or other factors (1).

Organelle size optimization is evident in cells with specialized roles, such as in secretory
cells with greatly expanded ER (Fig. 1a, 2) and in rod and cone photoreceptors whose outer
segment size correlates to their light sensitivity (Fig. 1b, 3). Furthermore, defects in
organelle size result in improper cell function. The enlarged vacuole in fabZ mutants of
budding yeast leads to improper karyogamy and fitness defects (4). Mitotic spindle length
defects can result in faulty chromosome separation (5). Cilia and flagella that are too long or
short result in defective motility (6, 7). Thus, maintaining organelle size is critical for cell
function.

*% . . . - . - . - . "

This manuscript has been accepted for publication in Science. This version has not undergone final editing. Please refer to the
complete version of record at http://www.sciencemag.org/. The manuscript may not be reproduced or used in any manner that does not
fall within the fair use provisions of the Copyright Act without the prior, written permission of AAAS.

"Correspondence to: yhmchan@ucsf.edu; Wallace.Marshall@ucsf.edu.


http://www.sciencemag.org/

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chan and Marshall

Page 2

A key question is how organelle size is detected or sensed by the cell. This problem is
complicated by the stochastic nature of the molecular tools available to the cell. In this
review, we discuss fundamental principles and illustrative examples of the ways in which
cells sense organelle size, as well as the reasons why such sensing is performed.

How do cells sense organelle size?

Though simple on its face, this question is complicated by what it would mean for a cell to
sense size. At its simplest, sensing involves a measurement or observation. While humans
can communicate that such an observation has been made, determining whether a cell has
made such a measurement is non-trivial. We can infer that a cell meaningfully senses size
based on the following criteria: [1] the identification of a readout mechanism that correlates
with organelle size; [2] observing a change in cellular behavior or state as a consequence of
that readout.

At an extreme, we might expect that cells have a dedicated reporter molecule whose
chemical state gives some readout of organelle size. There are several ways in which a
reporter molecule could convey such a measurement within the cell (Fig. 2):

(A)  Size dependent accumulation — If reporter molecules bind to the organelle with
some affinity, or are inserted into the organelle at a fixed density, there will be
more the larger the organelle is. Downstream responses would be dependent on
the extent of accumulation of the reporter.

(B)  Concentration gradient — If reporter molecules are synthesized in or delivered to
a certain part of the organelle at some rate, then transport or diffusion of the
molecule would create a concentration gradient whose properties depend on the
size of the structure.

(C)  Occupancy time — If reporter molecules are synthesized in or delivered to a
certain part of the organelle, then residency time within the organelle will
depend on the size of the organelle. The kinetics of phosphorylation or some
other modification could give a readout of the residency time and thus organelle
size.

(D)  Conformational change — The reporter molecule might change or induce a
change in conformation or structure depending on organelle size.

(E)  Structural scaffold — The size of some organelles is shaped by a molecular
scaffold. The scaffold's size is itself dependent on the self-assembly and
conformation of the constituent proteins.

The reporter can affect cell processes in several ways, including signaling, transcriptional
regulation, or directly (de)activating growth mechanisms. The effects of cellular size
measurements include changes in cell state as in the case of the size checkpoint of budding
yeast. More commonly, though, they are used to regulate the size of the structure or
organelle being measured.

Multiple mechanisms for size sensing can work in concert. For example, neurite length
sensing has been proposed to be based on the anterograde transport and accumulation of the
protein shootinl to the tip balanced by the retrograde diffusion of shootinl back to the cell
body. As a result, the concentration of shootinl accumulated at the tip depends on the length
of the neurite, making it a readout of size. Then, shootinl participates in a positive feedback
signaling loop to amplify growth in longer neurites. This cycle eventually leads to the
symmetry breaking and the focused growth of a single axon (8).
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Telomere length control depends on the accumulation of Raplp in budding yeast (9) and
TRF1 & TRF2 in human cells (10). These proteins bind to tandem repeat sequences and
recruit a number of other factors; longer telomeres have more protein bound. At a certain
telomere length, enough protein accumulates to induce a conformational change in the entire
protein-DNA complex. At this point, the telomere enters a capped state that is inaccessible
to further lengthening by telomerase.

The mitotic spindle provides excellent examples of size dependent accumulation and
concentration gradient mechanisms. Spindle microtubules elongate with some basal kinetics,
but they recruit motors which act to compress the spindle (11, 12) as well as microtubule
depolymerizing (Kinesin-8, (13)) and severing factors (katanin (14)) that reduce microtubule
length (15). Longer microtubules are able to recruit more of these shortening factors, thus
larger spindles will grow more slowly until a steady-state is reached. Changes in activity of
microtubule severing enzymes between various species is apparently one cause of specific
differences in spindle length (16). In these cases, the recruited molecules are themselves
effectors that change length, so there is no need for an intervening reporter. One molecule
that clearly has a role in spindle length is the small GTPase Ran. RanGTP is produced at the
center of the spindle and diffuses out. The resulting concentration gradient's properties
depend on spindle length (17), thus providing a length “sensor”. It remains to be determined
how strongly this gradient influences length in comparison to the other molecules already
discussed. Finally, there is evidence that the spindle poles may contain a molecular switch
that responds to length-dependent changes in mechanical pressure and modulates
microtubule depolymerization accordingly (18). Such a switch uses mechanical properties as
a readout of spindle size.

A classic example of scaffold-based size control is the clathrin coat, which sterically
constrains the size and curvature of endocytic vesicles as it assembles around the lipid
membrane. Many infectious bacteria also rely on a structural scaffold to control the length of
their injection needle projections (19). In Yersinia pestisand Y. enterocolitica cells, the ends
of the protein YscP are anchored in the proximal and distal ends of the needles. Then, when
the needle has reached the length of the YscP “ruler”, extension of the YscP protein acts to
discontinue the export of the major structural subunit of the needle, stopping growth. Similar
proteins have been found to determine the length of T4 and Lambda bacteriophage tails (20).
Remarkably, changing the length of the “ruler” subunits via protein engineering leads to
predictable and systematic decreases in the length of the associated structure.

Indirect size sensing

Size may be sensed indirectly, without a molecule whose specific role is to measure size. In
the case of organelles, size affects their functional capacity and their distribution around the
cell. If an organelle is unable to meet functional demand, that could lead to a build-up of
stress agents or other changes in cellular environment, triggering a subsequent response to
increase the size of that organelle to relieve that stress. In these cases, there are no specific
measures of absolute organelle size. Rather, size sensing is both indirect (the cell infers
organelle size based on the accumulation of other molecules) and relative (the organelle is
too small to meet the functional demand). However, the end effect is still regulation of
organelle size.

An example of such sensing is found in the relation of the ER to the unfolded protein
response (UPR). The accumulation of unfolded protein triggers oligomerization of the
transmembrane protein Irelp, leading to phosphorylation of its cytosolic kinase domain and
eventually to increased expression of UPR response genes. Among these are lipid
biosynthesis genes, and the increase in lipid mass results in growth of the ER, in part to
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increase ER lumenal capacity to address the unfolded protein stress (21, 22). In another
example, exposure of plant and animal cells to oxidative stress induces the expression of
Peroxin 1, leading to expansion and proliferation of peroxisomes to deal with increased
levels of reactive oxygen species (23). Also, mitochondria in budding yeast ramify upon
transfer from fermentative to respiratory media (Figure 1c, 24).

Size control in the absence of size sensing

In many cases, size control occurs without an obvious size sensor. For example, many
organelles including the nucleus (Figure 1d, 25, 26), nucleolus (27), and vacuoles (28, 29)
show a scaling behavior with cell size, that is larger cells have larger organelles. However,
to our knowledge, no specific size sensor of these organelles has been identified. Thus, size
control might arise even in the absence of specific size sensors.

One way to achieve size control is to have stereotyped growth, by which both organelle and
cell grow according to a preset plan. This seems to be the case with centrosome number
control because the organelle's duplication cycle is coupled to the cell cycle. In a simple case
of stereotyped growth, both cell and organelle would grow at constant rates. Another way to
achieve scaling is allometric growth in which organelle growth is some constant fraction of
cell growth, in which case the organelle will inherently be some proportion of cell size. This
could arise if both organelle and cell growth were dependent on overall metabolism.

The cell can also control size by synthesizing a limited pool of precursor (30). Assuming
that an organelle grows until the pool is depleted, size would be readily modulated by
changing the pool size. Fixed precursor recruitment has been proposed as a size control
model for the bacterial flagellar hook, in which it is suggested that the C-ring structure of the
basal body would act as “measuring cup” to bind a fixed quantity of hook precursor and then
release this fixed precursor set to allow assembly (31).

To determine if these models apply, it is useful to monitor the growth of the organelle along
with that of the cell. Stereotyped growth is demonstrated if the growth trajectories fit to
standard growth models (i.e. constant or exponential). Otherwise, a consistent pattern of
growth among different individuals or in successive cell divisions might also indicate a
preexisting plan. In the case of allometric growth, there would be a correlation between
instantaneous cell and organelle growth rates. Although these simple models of growth
result in inherent organelle-to-cell size scaling, they are sensitive to perturbation as they do
not include mechanisms for recovery. To achieve that, growth of either the cell or organelle
must be tunable in some way with respect to the relative size of the organelle.

Flagellar length control and the balance-point model

The eukaryotic flagellum has been studied in detail as a model system for organelle size
control (Fig. 3A). Flagellar length is dependent on competing processes of assembly and
disassembly, both of which occur at the distal flagellar tip and rely on the microtubule motor
based transport of structural material, or intraflagellar transport (IFT) (32) which carries
tubulin to the growing flagellar tip (33). When flagella are severed, they regenerate with
decelerating kinetics. The rapidity of growth back to the original size argues against a
stereotyped growth mechanism for length control, whereas decreased growth rate as the
flagella reach their final length is suggestive of feedback control. In the biflagellate green
alga Chlamydomonas, when one flagellum is severed, during its regeneration the other,
intact flagellum shortens until the two flagella reach equal lengths, at which point they
resume growth together (34). This equalization of lengths seems to indicate that the cell
“knows” how long both its flagella are.
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As further evidence of flagellar length sensing, the frequency of injection of IFT material
into the flagellum from the cytoplasm changes as a function of flagellar length (35). The
motors and associated proteins that drive IFT associate into linear arrays known as trains,
and as a regenerating flagellum becomes longer, the trains become smaller but more
frequent. The net effect is that the total number of individual IFT subunits is roughly
independent of length, but this is only achieved by having the frequency and size of the
trains vary with length. So how does the IFT system know how long the flagellum is?

As discussed above, one way for the cell to “know” organelle size is having a dedicated
reporter molecule whose state is sensitive to organelle size. The phosphorylation state of an
aurora-like kinase depends on flagellar length (36), so it could act as a length sensor. On the
other hand, depletion of this kinase by RNAI has no effect on flagellar length (37), raising
the question of whether the cell utilizes the information on length encoded by the kinase. A
complete feedback loop, in which length regulates the state of a kinase whose function then
modulates assembly or disassembly, remains to be found.

One likely output of any length reporter molecule would be regulation of IFT, a critical
pathway for maintaining flagellar length. The total quantity of IFT material per flagellum is
roughly constant (32, 35). Consequently, the transport rate should be a decreasing function
of length, because in longer flagella it takes longer for the motors to reach the tip of the
flagellum and deliver their cargo (Fig. 3B). Furthermore, disassembly rate is length-
independent (38), mediated by microtubule depolymerizing kinesins (39). Combined with
the length-dependent assembly rate, this constant disassembly gives a unique steady-state
solution for length (Fig. 3C). The maintenance of constant total IFT protein per flagellum is
critical for this model, and it appears to be the result of length-dependent changes in the size
and frequency of IFT train import into the flagellum. A major goal now is to identify the
molecules that mediate these length dependent processes.

Flagellar length is also regulated, to some degree, by a limiting precusor mechanism.
Flagellar assembly is accompanied by massive increase in transcription of virtually all genes
encoding flagellar proteins (40). In the absence of protein synthesis, flagella can only
regenerate to about half of their normal length (34). Therefore, control of precursor quantity
is a key element of length control and represents a potential target for signaling molecules in
a length sensing pathway.

In contrast to eukaryotic flagella, bacterial flagella grow at a constant rate and it has been
proposed that their length is determined by a balance between constant growth and random
breakage (41).

Distinguishing mechanisms of size control

An ongoing challenge in studying organelle size control is that it can be difficult to make
measurements on morphologically complex subcellular structures. Organelles typically use
their lumen and membrane for distinct functions, raising the question of how the cell
controls the size of both for a single organelle. Measurements of organelle volume and
surface area require three-dimensional analysis. Recent advances in imaging (24),
tomography (28) and analysis methodology (29), three-dimensional size measurements are
crucial to understanding mechanisms of organelle size control.

The systems that contain dedicated size sensing pathways tend to be ones for which size
plays an obvious part in function. Flagellar length is important for cells to create the
appropriate waveform to allow movement. Consequently, length control mutations in
Chlamydomonas often show severe motility defects, and homologs to these genes are
implicated in several ciliopathies (40). Mitotic spindle defects can result in improper
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chromosome segregation, and telomere length is implicated in aging. Bacterial injection
needles with altered lengths can show less virulence during infection (42).

However, the effect of size in the case of other organelles is less clear. Although the nucleus
shows a size scaling to cytoplasmic volume, it does not seem to be related to the amount of
genomic DNA, as might be expected from a functional perspective (25, 26). Changes to
organelle size under stress conditions can be readily explained, but absent such stress,
organelle size may be less tightly regulated. To test for this possibility, it is useful to refer to
deflagellation and recovery experiments, which illustrate that direct manipulation of the size
of organelles can be a powerful tool to establish the principles of size sensing and control.
Although deflagellation can be induced by various methods, less is known about how to
change other organelles’ sizes. Laser ablation can remove centrosomes and sever mitotic
spindles. Reversible drug treatment or other manipulations may also be effective.

Monitoring the response after perturbing organelle size will reveal whether there is recovery
to the proper size scaling. If the organelle is too small, recovery may involve upregulation of
assembly pathways or synthesis of precursor components or both. On the other hand, an
organelle which is too large could restore scaling by undergoing disassembly, autophagy, or
by reducing or eliminating its own growth and allowing the cell to grow larger. An absence
of recovery would indicate a lack of size sensing and regulation. This could indicate that the
organelle size falls within an acceptable range, or that there is a passive growth mechanism
without size sensing.

Concluding thoughts

As we have shown, there are several ways in which cells can sense and control the size of
their organelles. A number of follow-up questions arise (Box 1) including: How is the size
sensor calibrated, or how is the size set-point determined? For example, how does a bacterial
cell ensure that its molecular ruler is the appropriate length? Or how have the rates in
Chlamydomonas flagellar assembly and disassembly been determined so that the flagella are
the correct lengths? Ultimately, the answers to these questions are likely to involve
evolutionary tuning of these mechanisms so that organelle size is optimized to some
function. As experiments on organelle size sensing and control continue, it will also be
necessary to study the functional implications of organelle size.
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vacuole

Figure 1.

Examples of organelle size control. (A) Cell specialization-The ER expands greatly from an
undifferentiated cell (/ef?) to a professional secretory cell (righi). (Image from (43)) (B) Cell
specialization-The outer segment in cone (COS label) and rod (ROS label) cells differ in
shape and size. (C) Functional demand-Mitochondria ramify in a yeast cell grown in
respiratory (righf) vs. fermentative (/eff) media. (D) Organelle/cell size scaling-The nucleus
in the larger cell (righi) is larger than in the smaller cell (/ef?).
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Figure 2.

Cartoons illustrating possible models for size sensing in a one-dimensional organelle, where
size-sensing molecules are represented by green and red circles. Examples are shown for
when the organelle (black rectangle) is growing (/eft column) and has reached a steady-state
length (right column). The organelle grows until: (A) enough sensing molecules accumulate
on the organelle; (B) the concentration gradient of the sensing molecule achieves the right
profile; (C) the sensing molecule's occupancy time is long enough to induce a state change
(green to red circle); (D) a conformational change in the organelle is induced by
accumulated sensing molecules; (E) its size conforms to a structural scaffold set by the
sensing molecule.
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Figure 3.

Illustration of the balance-point model of flagellar length control. (A) IFT particles (green)
associated with the flagellar basal body bind precursor molecules from cytoplasmic pool
(red) and are injected into the flagellum where they travel to the distal tip to deliver
precursor for flagellar assembly. Flagella assembly rate depends on the rate of anterograde
IFT, and the disassembly rate is constant. A length sensor may act at the flagellar tip or base
or both, and it can affect gene regulation & precursor synthesis, injection of IFT, or
assembly or disassembly rates to create feedback loop for length control. (B) Assuming a
constant IFT speed, v, the delivery frequency of IFT particles, f, will vary inversely with
flagellum length, L. (C) In the balance-point model, flagellar length reaches a steady state
where the assembly rate (blue) and disassembly rate (orange) curves intersect.
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