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1. Copy number of proteins in a cell

To run simulations, we should have numerical values of many kinds including concentrations and
rate constants of chemical reactions. The first topic is a copy number of proteins in a cell, which is
closely related to concentration.

Since 1 started cell research by simulation 40 years before, I have been trying to find copy number
of focusing proteins. But there are only limited number of reports on this topic even in 2011 (Beck, M.,
et al., Mol.Sys.Biol., 2011). A report estimating copy number of proteins appears in 2013, reporting
2-4X10° in a cell volume of 1fL, which is 1um cubic volume (Milo, R., Bioessays, 2013). This value
corresponds to 74.4-149 mM in concentration!

Advances in proteome technology has enabled high-sensitive and comprehensive analyses of
proteins in cells, and many reports have been published. Among them, the numbers of Bcl-2, which is
an anti-apoptotic protein, and Bax, which is an apoptotic protein, were reported to be 1,300 and 220,
respectively, in a single mitochondrion of Hela cells (Chen, C., et al., Biosens Bioelectron., 2015).
Number of GFP-tagged transcription factor NF-kB in a single macrophage was reported to lay in a
wide range of 32,400-188,000/cell (Albayrak, C., et al., Mol.Cell, 2016). Accumulation of reports of
this kind have enabled meta-analyses, and the number of proteins in a single cell was reported to lay in
a range 1,000-10,000 (Ho, B., et al., Cell Systems, 2018). Caspase3 in 98 Jurkat cells was reported to
be 629-12,171 /cell, which is in a wide range (Shi, M., et al., 2019).

Proteins in mesophyll cells of plant were also measured reporting 2.5 X 10 /cell (Heinemann, B., et
al., Plant Physiol., 2021). If we assume 10,000 protein species/cell and 10,000 molecules/protein specie
in an animal cell, the total number of proteins in an animal cell is estimated to be ~10%/cell, which is 2
orders of magnitudes lower than plant cells. If we see the difference of a single cell volume between

animals and plants, protein density in a cell will be in a similar range.

Copy number by different protein functions: Nagaraj, et al. analyzed 10,255 protein species of Hel.a
cells, and found that 40 % of all proteins were occupied by only 40 protein species (Nagaraj, N., et al.,
Mol.Sys.Biol., 2011). They further analyzed compartmental differences in protein copy number, and
found that membranous and cytoskeletal proteins occupy large fraction of total protein copy numbers.
They also reported differences in protein functions reporting those with transcriptional, translational,
and holding-related were abundant, but those with apoptotic and histone acetylation-related were

fractional.

Copy number change by cell functions : It was reported that Bax protein was increased 4.4-fold but not
for Bcl-2 by apoptosis-inducing stimulus (Chen, C., et al., Biosens Bioelectron., 2015). On the other

hand, changes in mRNA copy number but not in proteins by environmental stress was observed (Ho,
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B., et al., Cell Systems, 2018). Recently, a technology which combines Al-driven image analysis of
cellular phenotypes with automated single-cell or single-nucleus laser microdissection and ultra-high-
sensitivity mass spectrometry was reported (Mund, A., et al., Nat.Biotech., 2022). They identified

spatially resolved proteome changes as normal melanocytes transition to fully invasive melanoma.

Correlation between mRNA and protein copy numbers : It was reported that the correlation between
mRNA and protein copy numbers was low (Nagaraj, N., et al., Mol.Sys.Biol., 2011). The same results
were reported on CD147 protein and its mRNA in131 HEK cells (Albayrak, C., et al., Mol.Cell, 2016).

Fig.4B in this report clearly shows uncorrelation between protein and mRNA copy numbers.

Congestion in a cell : Here, we calculate mean distance between neighbor proteins. If 10° (N) proteins
exist in 1 fL. (V) of cytoplasm volume, volume occupied by a single protein is V/N, which gives average
distance between two proteins of 10 nm (=(V/N)1/3). For a protein of 5 nm in size, neighbor protein
exists at a distance of twice of its size. This is quite crowded, and will restrict its Brownian motion in a
cell.

When started cell research by simulation, I was curious about difference in diffusion in cytoplasm and
in vitro. If I remember, no big difference was found in literatures, which seems inconsistent with the
above estimation. This can be resolved if proteins are densely packed in membrane and cytoskeleton
(Cf. Nagaraj, 2011). Or, random walk simulation can give effects of protein crowdedness. (A-Cell, our

simulation software, offers particle simulation capability by random walk. Contact us for more detail.)

Summary :
1. Protein density in animal cells is in the order of 10° /fL, which gives 37 mM in concentration,
2. Number of proteins shows large difference of 103-10° /cell depending on their species,
3. Correlation between copy numbers of mRNA and protein is low,
4. Average inter protein distance is 10 nm, if we count all proteins in a cell.
The discussion here may be physical rather than biological. But we see it is related to cellular function.
This is simply because cells are chemical machines. Combination of proteomics technology and Al will
accumulate more information on the topic discussed here. This should lead to deeper understandings

in molecular cell biology, which should be quite beneficial to cell simulations.



