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Abstract

Cell density shows very little variation within a given cell type. For example, in humans variability
in cell density among cells of a given cell type is 100 times smaller than variation in cell mass.
This tight control indicates that maintenance of a cell type-specific cell density is important for
cell function. Indeed, pathological conditions such as cellular senescence are accompanied by
changes in cell density. Despite the apparent importance of cell-type specific density we know
very little about how cell density affects cell function, how it is controlled and how it sometimes
changes as part of a developmental process or in response to changes in the environment. The
recent development of new technologies to accurately measure cell density of single cells in
suspension and in tissues, is likely to provide answers to these important questions.
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Introduction

The density (p) of a cell is defined by its relative water (p=1g/mL) content and composition
of dry mass. Cellular water content ranges from 60-80% depending on cell type and
culture conditions [1-4]. The major constituents of cellular dry mass are proteins (p=1.3—
1.43g/mL,), nucleic acids (p= 2g9/mL,), carbohydrates (p=1.55-1.62g/mL) and lipids (p=
0.91-1.01g/mL) [5-8]. The relative composition of dry mass varies between different cell
types and growth conditions (Table 1). Proteins are the largest contributor to a cell’s dry
mass (40-60%), while the relative contribution of the other dry mass constituents varies
substantially between E. coli; S. cerevisiae and cultured mammalian cells (Table 1). Dry
mass composition depends on the presence and size of subcellular structures (cell wall,
vacuole and endomembrane systems). Changing cellular water content or the composition of
dry mass affects a cell’s density, which in turn is likely to have wide-ranging effects on cell
physiology. Exploring the interplay between cell density and function as well as describing
how cell density is regulated will be the focus of this review.
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Measuring cell density

To understand cell density we must be able to accurately assess its value. A number

of methods have been developed that do just that (reviewed in [9]; Table 2). Density
gradient centrifugation has been used for many decades to detect and isolate cells of a
particular density [10-13]. More recently, suspended microchannel resonators (SMRs) have
been developed to precisely measure the buoyant mass of single cells in suspension [14].
SMR devices consist of a vibrating cantilever with an embedded microfluidic channel. The
resonance frequency of the cantilever is proportional to the mass of the cantilever and
changes as a cell passes through the microchannel, allowing for a precise measurement

of the buoyant (floating) mass of the passing cell (Figure 1A) [14]. Newer versions of

this technology enable measurement of buoyant mass of the same cell in two media with
different densities. Using Archimede’s principle, this then allows calculation of the cell
mass, cell volume and cell density (Figure 1A) [15,16].

Optical methods have also been developed to determine cell density. When light passes
through a translucent object like a cell, it is slowed down resulting in a phase shift. The
extent of this phase shift (optical depth) is proportional to the sample thickness and to its
average refractive index, which correlates with mass density. Quantitative phase microscopy
retrieves the phase information for each pixel using interferometric microscopy [17]. A
3D-tomographic image of the refractive index can be computationally reconstructed from a
series of 2D quantitative phase images acquired at different illumination angles (Figure 1B)
[18,19]. Cryo-electron tomography uses a similar principle to convert 2D electron density
images into 3D electron density maps. Because the resolution of electron microscopy images
is much higher than light microscopy based methods, this technique can be used to identify
and locate large, dense particles, such as ribosomes, within a cell [20,21]. The advantage of
these methods over measuring buoyant mass is that they provide spatial resolution within
cells and thus may provide information about potential causes of alterations in cell density.

The dense crowding of the cytoplasm restricts diffusion of macromolecules. This property
can also be exploited to indirectly detect changes in cell density. Diffusion of large
fluorescently tagged macromolecular assemblies and organelles can be measured using
particle tracking. Fluorescent proteins that bind to engineered DNA or RNA sequences

can be used to track individual genetic loci or mMRNPs, respectively [22-24]. Diffusion of
endogenous particles can be affected by specific interactions. To overcome this limitation,
exogenous particles can be employed for this tracking method: In mammalian cells,
synthetic quantum dots are taken up through endocytosis or can be injected [25,26].
Alternatively, expression of GFP fusion proteins that self-assemble into globular structures,
such as viral proteins or encapsulin, can be used to express genetically encoded multimeric
nanoparticles (GEMSs) of different sizes (Figure 1C) [20,22]. Diffusion of smaller particles
can be measured using fluorescence correlation spectroscopy (FCS), where fluctuations

in fluorescence intensity in a small volume are monitored [27]. Similarly, measuring,
fluorescence recovery after photobleaching (FRAP) in a specific region yields information
about the local mobility of fluorescent particles [28,29]. While changes in cell density do
affect diffusion of these molecules, it is important to keep in mind that other parameters also
affect intracellular diffusion. In particular, a reduction in intracellular pH slows diffusion
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in the cytoplasm [23,24]. Thus, one needs to interpret such indirect measurements of cell
density with caution.

A drawback of all the above-described density measurement techniques is that they do

not distinguish between different classes of macromolecules. Quantification of the relative
contribution of protein, nucleic acids and lipids typically requires separate quantification

of cell volume, total biomass and quantity of the different types of macromolecules [30-
32]. Because measuring density in this manner is indirect and relies on more than one
measured parameter, the measurement error is inherently high. On the other hand, this type
of analysis can be combined with RNA sequencing and mass spectrometry thereby allowing
for determination of the concentration of specific transcripts and proteins, respectively
[31,33,34]. Direct, spatially resolved measurement of the concentration of different types
of macromolecules within a cell has recently become possible through stimulated Raman
scattering (SRS) microscopy [35,36]. In Raman scattering, a photon transfers a part

of its energy to the vibrational energy of a molecule and emerges red-shifted (Stokes
Raman shift). Because each chemical bond has characteristic vibrational modes, the size

of Raman shift is characteristic for each substance. Thus, different molecules display
characteristic Raman spectra (Figure 1D). SRS enables fast, label-free, high sensitivity

and high resolution imaging of Raman spectra of biological samples. Measuring Raman
scattering at different wavelengths, followed by spectral unmixing and normalization allows
absolute quantification of protein, lipid, nucleic acids and water within a cell (Figure 1D)
[37-39]. The two major advantages of this technique are that it can be used to measure
cellular density in the context of tissues and that it allows absolute density quantification of
different classes of macromolecules.

Which method should one use to measure cell density? The SMR technology is the most
accurate and sensitive method to assess cell density, but can only be applied to cells in
suspension. Stimulated Raman microscopy can be applied to cells cultured on a slide and on
tissues and also reveals spatially resolved information about dry mass composition.

Physiological cell density changes

Cell density is narrowly defined for a given cell type [15], yet can change in response to
environmental and developmental cues (Table 3). This finding indicates that mechanisms are
in place that set a specific cell density. As mentioned above, we know very little about how
cell density is set. However, we do know that density is not an unalterable parameter.

Changes in cell density have been described to occur under a number of physiological
conditions. Fluctuations in cell density during the cell cycle have been described in budding
yeast and human cells [16,40-43]. In budding yeast density is highest in late G1 and early

S phase and lowest in early G1 [16,40]. In human cells, density is remarkably constant
throughout the cell cycle, except during mitosis, when cells experience a rapid cell volume
increase and a corresponding decrease in cell density [41-43]. With roughly 0.5% change

in cell density, these fluctuations are relatively small and correspond to the density change
caused by a 10% increase in cell volume by water influx [16,40-42]. A potential explanation
for the density fluctuations during the budding yeast cell cycle is that synthesis of different
classes of macromolecules is to some degree cell cycle regulated: expression of ribosome
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biogenesis genes is highest during G1 (when cell density increases), while lipogenic proteins
are more highly expressed later in the cell cycle (when cell density decreases) [44]. In
human cells, mitotic swelling depends on Na-H ion exchange pumps [41]. Whether and how
these fluctuations in cell density affect cell division and cell function has not been explored.

Changes in cellular density also occur in response to alterations in metabolic state. Depletion
of pro-inflammatory cytokines inactivates lymphocytes and causes their differentiation into
memory cells. This developmental process is accompanied by a reduction in metabolic
activity and an increase in cell density [15,45]. Reduced metabolic activity also correlates
with an increase in cell density in unicellular organisms. Carbon starvation and energy
depletion increase cell density in bacteria and yeast [22—24]. Furthermore, during sustained
periods of starvation, many unicellular organisms form durable, stress resistant spores that
are also extremely dense [46-48]. It is worth noting that increased density in carbon starved
cells and spores correlates with a decrease in cytosolic pH [23,24,49,50]. This drop in pH
contributes to increased cell density and is important for survival under energy depleted
conditions [24]. Whether decreased cytosolic pH exerts its cytoprotective effect through
increasing cell density is not clear. In bacteria, increased density in spores correlates

with increased tolerance to heat stress [48,51]. This observation suggests that increased

cell density indeed contributes to stress resistance and prolonged survival of dormant,
metabolically inactive cells.

Changes in cell density have also been documented during differentiation in mammalian
cells. Cell density increases during myeloid maturation, with neutrophils and erythrocytes
being the most dense cell types [15,52]. Changes in cell density also accompany cell
differentiation during bone development: Bone expansion is driven by a dramatic increase in
chondrocyte cell volume. The roughly 10-fold increase in cell volume is largely driven by
water influx and coincides with a 50% decrease in density [53]. In summary, in mammals,
differentiation-induced changes in cell function correlate with changes in cellular density,
raising the interesting possibility that cell type specific cell density contributes to specify
cell function.

The most compelling evidence that a cell-type specific cell density is important for cell
function stems from the analysis of circumstances where deviations in cell density correlate
with a loss of cell function. For example, cell density is decreased in senescent budding
yeast and human cells [31], raising the interesting possibility that the pleiotropic defects
that characterize senescent cells are caused by reduced cytoplasm density. Apoptosis on the
other hand is accompanied by a decrease in cell volume and increase in cell density [54,55].
Inhibition of this cell volume reduction prevents caspase activation and DNA fragmentation
[55-57]. It has been proposed that increased macromolecule concentration in the cytoplasm
may promote caspase oligomerization and thereby induce autocatalytic caspase activation
[58,59].

Pathological conditions associated with mis-regulated red blood cell volume, most famously
sickle cell anemia, also lead to increased cell density. The increase in intracellular protein
concentration associated with this increased density promotes polymerization of a mutant
version of B-globin (hemoglobin S) into filaments. The filaments change the mechanical
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properties of erythrocytes, giving them their characteristic sickle shape, which can lead to
clogging of capillaries and cell lysis [60]. In summary, deviation from the cell type specific
cell density can have detrimental consequences. Understanding the molecular basis of cell
density control is thus also medically important.

How cell density could affect cell function

Cell density is influenced by a number of parameters. Changing the volume to surface

ratio or differential scaling of intracellular organelles, such as disproportionately increasing
vacuolar volume, will affect overall cell density. Of particular interest are changes in
cytoplasm density. This has long been recognized to be critically important by scientists
working with cell free extracts. Dilution of extracts leads to a rapid loss of extract function
[61].

The most direct consequence of altering cytoplasm density is that overall protein
concentration changes. Because the probability of reaction partners to collide is
concentration dependent, all protein-catalyzed reactions in the cell will be affected by
altering total protein concentration. Changing protein concentration will also affect the
assembly of protein complexes, with low affinity interactions and multimeric complexes
being most sensitive to changes in protein concentration (Figure 2A) [62]. It follows

that assembly of dynamic polymers is strongly concentration dependent. This is well
documented for the dynamic assembly and disassembly of actin filaments and microtubules
[63-65]. Decreased tubulin concentration resulting from mitotic swelling of mammalian
cells [41,42] could therefore contribute to the decreased stability of microtubules observed
during mitosis [66].

Cellular decisions often depend on threshold concentrations: Feedback mechanisms generate
sharp transitions in cellular states that are initiated by small concentration changes of critical
regulators (Figure 2B). For example, in budding yeast the balance between the accumulation
of proteins that promote cell cycle progression and dilution of factors that inhibit cell
division have been suggested to determine when cells activate a positive feedback loop

that defines the transition from G1 into S-phase [67-69]. Changing overall cellular protein
concentration can affect whether and how quickly such threshold concentrations are reached.

The dense packing of macromolecules inside the cytoplasm also creates a number of
emergent properties that are often summarized under the concept of molecular crowding
(reviewed in [70]). Many effects of macromolecular crowding can be attributed to volume
exclusion, meaning that the volume occupied by one specific type of macromolecule

is not available for all other macromolecules. Volume exclusion increases the effective
concentration of molecules, accelerates biochemical reactions and promotes protein folding
and stability (Figure 2C) [70]. Furthermore, molecular crowding entropically favors the
formation of large molecular assemblies and phase separated compartments both, in vitro
and /n vivo (Figure 2D) [20,71-73]. Such phase separated compartments have recently
been proposed to play a role in diverse cellular processes such as DNA damage repair,
transcription initiation, mMRNA translation and cell surface receptor signaling [74-80].
Indeed, addition of synthetic crowding agents like dextran, polyethylene glycol (PEG) or
ficoll are often necessary to recapitulate biochemical processes in vitro. In vitro DNA
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replication, transcription and assembly of viral capsid proteins occur more efficiently in
crowded environments [71,81,82], emphasizing the importance of molecular crowding for
different aspects of cell physiology.

While a high concentration of macromolecules in the cytoplasm is required for many
processes, overcrowding has deleterious consequences. Complete loss of intracellular water
due to desiccation is detrimental for most organisms. Membrane damage and protein
denaturation are thought to be the most deleterious consequences of desiccation and
subsequent rehydration [83,84]. In desiccation resistant organisms, such as yeasts, certain
nematodes and tardigrades, the non-reducing disaccharide trehalose and small disordered
charged proteins act as chaperones and reduce membrane rupture and protein denaturation
due to desiccation and rehydration [85-88].

Water loss induced by hypertonic stress or mechanical compression represents a less severe
challenge for cells than desiccation, but the resulting increase in cytoplasm density also

has far reaching consequences for cell physiology. Large macromolecular assemblies, such
as chromatin or ribosomes [20,89], are mostly responsible for nuclear and cytoplasmic
crowding, respectively. In budding yeast, ribosomes occupy up to 20% of the total cytoplasm
volume [20]. The dense packing of ribosomes severely restricts diffusion of large structures,
such as ribosomes themselves or organelles, but affects diffusion of smaller particles to a
lesser extent (Figure 2E). A reduction of cell volume by as little as 20% in budding yeast
and 30% in human cells is sufficient to induce a complete loss of mobility of large particles
in the cytoplasm, while smaller particles can still move relatively unrestricted [20,22—24,90—
94].

It is remarkable that the concentration of macromolecules inside the cytoplasm is kept

so close to this critical point. Maintaining a high macromolecule concentration likely
maximizes the beneficial effects of molecular crowding outlined above. Under conditions
where cells go beyond this maximally beneficial crowded state, such as occurs during
carbon starvation in budding yeast and bacteria, the cytoplasm transitions into a glass-like
state [22—24,95-97]. As mentioned above, whether this increase in cell density is critical
for preserving cell function during periods of starvation remains to be determined. It

is however tempting to speculate that transition to a cytoplasmic state characterized by
complete immobilization of large macromolecular structures may represent an effective way
to stop metabolic activity and stabilize the proteome during stress conditions. In summary,
changing the density of the cytoplasm is predicted to affect many, perhaps all cellular
functions through multiple mechanisms.

Regulation of cell density

A number of instances have been reported where a biological process is associated with a
change in cell density. One such situation - osmotic challenge — has been studied in detail.
When cells are exposed to a hypertonic environment, cell volume decreases rapidly because
of water efflux. As a result, cytoplasm density increases. Cells respond to this water efflux
by increasing the concentration of osmotically active molecules, which then reverse the
water loss and return the intracellular concentration of macromolecules to values that are
similar to isotonic conditions.
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The most important osmolyte that budding yeast cells produce in response to hypertonic
stress is glycerol (reviewed in [98]). Two mechanisms have been shown to contribute to
glycerol accumulation after hypertonic stress. A MAP kinase pathway known as the high
osmolarity glycerol response (Hog1) induces expression of genes required for glycerol
synthesis, including the rate limiting enzyme Gpd1 and the glycerol import channel Stl1
(Figure 3A) [98,99]. Activation of this signaling pathway also inhibits the aquaglyceroporin
Fps1 [100] thereby preventing glycerol release from cells. Concomitant with activation of
the high osmolarity MAP kinase pathway, hypertonic stress inactivates the TORC2 complex
(target of rapamycin complex 2) [79,101]. Under isotonic conditions, when TORC2 is
active, the TORC?2 effector protein kinases Ypk1 and Ypk2 phosphorylate Gpd1 thereby
reducing its activity [102]. Ypk1 also phosphorylates the aquaglyceroporin Fps1, which
keeps Fpsl in an open conformation and allows efflux of glycerol from the cell (Figure 3A)
[103]. TORC?2 inactivation after hypertonic stress therefore leads to increased Gpd1 activity
and reduced glycerol efflux through Fps1 thereby contributing to glycerol accumulation.
Glycerol accumulation and the resulting influx of water re-establishes turgor pressure

and reduces the intracellular protein concentration to levels that are similar to the pre-
stress conditions. Last but not least, hypertonic stress activates a generic stress response,
known as the environmental stress response (ESR), which promotes the downregulation

of genes required for ribosome biogenesis [104]. Reduced protein synthesis rates during
recovery from hypertonic stress further aid in the rapid return to lower intracellular protein
concentrations.

In mammalian cells water loss in response to hypertonic stress is rapidly counteracted by
the influx of potassium, sodium and chloride ions (reviewed in [105]). Because the resulting
high ionic strength interferes with cytoplasm function, these ions are subsequently replaced
by non-charged organic molecules such as polyols and neutral amino acids, which are better
tolerated than ions at high concentrations [106]. Like in yeast, MAP kinases play a key role
in the adaptation to hypertonic stress in mammalian cells. The MAP kinases ERK1/ERK2,
and the stress induced MAP kinases p38 and JNK are activated in response to hypertonic
stress and mediate both, rapid ion influx and expression of genes required for the synthesis
of compatible osmolytes [105].

How cells regulate their density in the absence of osmotic challenge is less clear. A cell
type specific constant density requires the coordination of RNA and protein synthesis with
cell volume increase. RNA and protein synthesis affect osmolarity indirectly through their
negative charge at physiological pH. Accumulation of negatively charged molecules in the
cell will cause influx of cations, which promotes water influx and cell volume increase [9].
Reducing protein synthesis rates by blocking the target of rapamycin complex 1 (TORC1),
a master regulator of ribosome biogenesis and protein synthesis [107,108], reduces the rate
of cell volume increase (Figure 3B, C) [31]. Conversely, high expression of a “useless”
protein in E. coliincreases cell volume in otherwise small cells [109]. RNA and protein
accumulation inside the cell are therefore a driving force for cell volume increase and a
determinant of cell density. Recent evidence in budding yeast however suggests that cell
volume increase is to some extent regulated independently of macromolecule accumulation:
When eukaryotic cells arrest in the cell cycle, macromolecule biosynthesis continues and
cells increase in cell size [110]. In budding yeast, protein and nucleic acid synthesis is
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initially coupled with cell volume increase, but once cells have reached a certain large size,
RNA and protein synthesis rates decline because the DNA becomes limiting [31,34]. But
— for reasons unknown — cell volume continues to increase (Figure 3B) [31]. As a result,
cytoplasm density declines. Similarly, direct inhibition of protein synthesis by blocking
TORC1 does not completely block a further increase in cell volume (Figure 3C) [31] and
therefore also results in a reduced cytoplasm density [20]. Blocking cell volume increase
on the other hand, by either preventing secretion of new cell surface or by treating cells
with repeated osmotic shocks does not stop protein production and cells become more
dense [10,111-113]. These observations demonstrate that macromolecule synthesis and cell
volume increase are only loosely coupled. The fact that two such fundamental processes
are regulated independently is surprising, especially considering that changes in cytoplasm
density have far-reaching functional consequences. It is tempting to speculate that the
independent regulation of cell volume and protein content is required for cells to modulate
cytoplasm density as a regulatory mechanism to simultaneously control multiple cellular
processes.

Concluding Remarks

Intracellular macromolecule concentration is narrowly defined within a specific cell type.
Moreover, changes in cytoplasm density correlate with altered cell function under both,
physiological and pathological conditions. These observations together with theoretical
considerations argue that a cell-type specific cellular density is important for cell function.
Which cellular processes are particularly sensitive to changes in cytoplasm density and
why is still poorly understood (see Outstanding Questions). Newly developed methods have
enabled us to better detect changes in cell density. These tools will allow the field to

gain a deeper understanding of how cells regulate intracellular density during cell division,
differentiation, starvation, senescence, apoptosis and disease and will facilitate studies to
understand how cell density affects cell function.
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Outstanding Questions

. How are protein synthesis and cytoplasm volume coordinated with each other
to ensure that intracellular protein and RNA concentration remains constant?

. How can protein synthesis and cell volume increase become uncoupled from
each other?

. Are changes in cytoplasm density beneficial for cellular fitness under certain
conditions?
. Which cellular functions are affected by cytoplasm density and how does

cytoplasm density affect these processes?

. How does cytoplasm dilution contribute to loss of cell function during cellular
senescence?
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Highlights

Recently developed methods allow precise measurement of cell density and
composition.

Cell density is tightly regulated and varies very little within a given cell type.

Changes in cytoplasm density occur during cell division, cell differentiation,
apoptosis and cellular senescence and correlate with altered metabolic activity
and cell function.

Changing macromolecule concentration in the cytoplasm affects both
individual biochemical reactions as well as basic biophysical properties of
this compartment.

In eukaryotes, protein synthesis and cell volume increase can become
uncoupled from each other and are therefore to some degree regulated
independently.
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Figure 1: Methods to measure cell density

(A) Left: Cartoon of a suspended microchannel resonator. The vibration frequency of the
cantilever is measured with a laser (red line) and changes as a cell passes through the
microchannel. Right: Graph illustrating how buoyant mass measurement in two fluids of
different density allows for the determination of absolute cell mass and density. (Image
credit: Francisco Feijo Delgado & Scott Manalis, Koch Institute Image Gallery, Collection:
Image Awards 2011. Graph adapted with permission from [15])

Trends Cell Biol. Author manuscript; available in PMC 2022 January 21.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Neurohr and Amon

Page 17

(B) Schematic overview of refractive index tomography: A specimen is illuminated from
different angles. The phase information is retrieved from the acquired holograms and used to
construct a 3D tomograph of the refractive index inside the specimen (Figure adapted with
permission from [18]).

(C) GFP tagged encapsulin and lumazine synthase scaffold proteins self-assemble into
spherical particles of a stereotypical size. Measuring particle displacement over time in live
cells yields information about cytoplasm or nuclear density. GEM: Genetically encoded
multimeric nanoparticle. Nuc: Nucleus (Figure adapted with permission from [20])

(D) Left: Raman spectra of DNA, protein and lipids extracted from HelLa cells. Right:
Images acquired using stimulated Raman scattering microscopy at the wabelengths indicated
in the Raman spectra before (top) and after (bottom) spectral unmixing (Figure adapted with
permission from [39]).
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Figure 2: Theoretical impact of alterations in cytoplasm density on biological processes.
(A) Simulation of multi subunit protein complex concentration [A,] as a function of

changing total protein concentration [A¢q] as described by the law of mass action. For
simplicity we are considering homomultimers, but the conclusions also apply to heteromeric
complexes. Kp dissociation constant. 7op: Dimers [A,] that bind with low affinity are more
sensitive to changes in total protein concentration than dimers that bind with high affinity.
Bottom. For low affinity interactions, the concentration of total protein is much larger than
the concentration of the complex [Ast] >> [An]. The concentration of monomeric protein is
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therefore nearly the same as the total protein concentration [A] ~ [At]. The concentration
of multimers with weakly interacting subunits is therefore proportional to the product of the
concentrations of all subunits [Ap] a [Att]™

(B) Feedback regulation can generate sharp transitions between different cellular states. The
components A, B and C represent a feedback loop. Activity of A is inhibited by C. If A
surpasses a threshold concentration, it initiates the feedback loop by activating B, which in
turn inactivates C, allowing for full activation of A and B. Cytoplasm density can influence
whether or not key regulatory proteins reach threshold concentrations that trigger such
transitions.

(C) Large macromolecules, such as ribosomes (white circles), occupy up to 20% of

the cytoplasm volume, reducing the accessible volume (blue, V accessible) fOr other
macromolecules (black filled circles). As a result, the effective concentration of a molecule
(ces) in the cytoplasm is higher than the total concentration (c) inside the cell, and
biochemical reactions are accelerated by the excluded volume effect. The center of
macromolecules (black filled circles) can only approach other macromolecules (white
circles) up to a distance of half its diameter (dashed line). Large molecules (left cartoon)
are therefore excluded from a larger volume than small molecules (right cartoon). One
consequence of this phenomenon is that compact protein conformations are entropically
favored in a crowded environment. Crowding thus facilitates protein folding. n=number of
molecules, V=volume.

(D) Molecular crowding promotes the generation of phase-separated condensates (right
cartoon) because this reduces the excluded cell volume and increases the accessible volume
for other molecules. This state is therefore entropically favored.

(E) Molecular crowding restricts lateral diffusion. Large molecules (left cartoon) are more
affected by this than small molecules (right cartoon), because their center cannot move as
closely to other particles for steric reasons.
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Figure 3. Regulation of cell density.
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(A) Regulation of glycerol metabolism in budding yeast in isotonic (left) and hypertonic
(right) growth conditions. TORC2 reduces glycerol accumulation under isotonic conditions
by inactivating the rate limiting enzyme Gpd1 and by maintaining the aquaglyceroporin
Fpsl in an open conformation. Under hypotonic conditions, TORC2 is inactivated and the
stress activated MAP kinase Hogl becomes active. Hogl promotes glycerol accumulation
by stimulating glycolytic flux through activation of phosphofructokinase (Pfk26), through
direct activation of Gpd1 and by inducing the expression of GPDI and of the gene encoding
the glycerol importer Stl1. PM: plasma membrane. NE: nuclear envelope.

(B) Budding yeast cells arrest in G1 phase upon inactivation of a conditional allele of the
gene encoding the cyclin dependent kinase Cdc28 (cdc28-13). Arrested cells continue to
synthesize RNA and protein (quantified using a protein specific dye and RNA seq) and grow
very large (volume determined by coulter counter measurement). Initially, protein content
increases in accordance with cell size, but when cells grow too large, protein synthesis and
cell volume increase become uncoupled, leading to a dilution of the cytoplasm. Protein
synthesis and volume increase are therefore to some extent regulated independently.
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(C) As in (B), but cells were treated with the TORC1 inhibitor rapamycin. Rapamycin
treatment prevents further protein accumulation while cell volume continues to increase, but
at a reduced rate. This shows that protein accumulation contributes to cell volume increase,
but other processes must also contribute to enlargements of cells. Data from (B, C) are
reprinted with permission from [31].
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Table 1:

Composition of different cell types (exponential growth conditions)

E coli @ s cerevisiaeb Mammalian Cell
Water mass (% total mass) 70 (70-74) 68 (60-80) 70
Dry Mass (% total mass) 30 (26-30) 32 (20-40) 30
DNA (% dry mass) 3(1.6-3.4) 0.3 (0.3-0.6) 1
RNA (% dry mass) 21 (10-30) 11 (6-12) 4
Protein (% dry mass) 55 (42-76) 51 (40-60) 60
Lipids (% dry mass) 9 (9-10) 7(3-8) 16
Carbohydrates (% dry mass) 8 (6.5-8) 27 (17-50) 7
Inorganic lons & Metabolites (% dry mass) 4 4 (4-5) 13
References [1,3,32,109,114-117]  [3,30,117-121] [4,122]

Page 22

la\/alues for E. coli grown at 37 °C in aerobic glucose containing minimal medium at a doubling time of 40 minutes [114]. Numbers in brackets

indicate the range of reported values for various growth conditions.

Values for S. cerevisiae grown at 30 °C in aerobic 0.5% glucose containing minimal medium at a doubling time of 160 minutes [119]. Numbers in

brackets indicate the range of reported values for various growth conditions.
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microchannel resonator

(SMR)

resolution

Table 2:
Methods to measure cell density
Method Measured Parameter  Advantages Disadvantages Ref.
Density Gradient Buoyant density Can be used to isolate cells, Easily ~ Batch analysis, Suspended [10,40, 52]
Centrifugation accessible technology cells only
Suspended Buoyant density High accuracy, Single cell Suspended cells only [15,16]

Particle tracking

Diffusion (large

Spatial resolution, Takes particle

Indirect density measurement,

[20,22-24,26]

particles) size into account Sensitive to pH and specific
interactions
Fluorescence correlation  Diffusion (small Additional Information: Indirect density measurement,  [27]
spectroscopy (FCS) particles) concentration and complex Sensitive to pH and specific
stoichiometry interactions
Fluorescence Diffusion Distinguishes Indirect density [28,29]
recovery after (small particles) between mobile and immobile measurement, Sensitive to pH
photobleaching (FRAP) fraction and specific interactions
Refractive index Refractive index Spatial resolution, tag free, [18,19]
tomography (proportional to suitable for live imaging
density)
Cryo-electron Number and density of ~ High spatial resolution Fixed specimens only [20,21]
tomography large structures
Stimulated raman Biomass composition Distinguishes different classes of Sensitive to autofluorescence [35-
scattering microscopy and concentration macromolecules, can be applied to 37,39,123]

(SRS)

tissues

Trends Cell Biol. Author manuscript; available in PMC 2022 January 21.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Neurohr and Amon

Table 3 -

Examples of naturally occurring changes in cell density

Page 24

Occasion Density change  Effect on cell function Reference

Cell cycle

Budding yeast GL: 1 Not known [11,16,40]
G2/IM: ¥

Mammalian cells M: Not known [41-43]

Metabolic status

Lymphocyte inactivation 1 Correlates with decreased metabolic activity [3,45]

Carbon starvation in yeast 1 Potentially cytoprotective [23,24]

Amino acid starvation in yeast i Not known [20]

Carbon starvation in bacteria 1 Not known [3,22]

Spore formation (fungi and bacteria) 1 Contributes to stress resistance of spores in bacteria [47,48,51]

Differentiation

Hematopoiesis 1 Not known [52]

Chondrocyte differentiation | Contributes to bone growth [53]

Pathological conditions

Cell senescence yeast { Not known [31]

Cell senescence human cells | Not known [31]

Apoptosis 1 Required for caspase activation [55-57]

Sickle cell disease 1 Promotes polymerization of Sickle B-globin, altering cell shape and [15,60]

stiffness.
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