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3. Protein post-translational modification
- An origin of functional fluctuation? -

Protein post-translational modification (PTM) is a chemical modification by embedding phosphate
group (H,POy), methyl group (-CHj), ubiquitin, SUMO, or sugar chain, or by cis-trans isomerization
at specific amino acid residues of proteins. PTM leads to alterations in protein functions such as change
in the activity or induction to the degradation. Here, we focus on the number of PTM sites in a single
protein. There are many PTM sites in a protein, which will be discussed later.

For simplicity, let’s assume that occurrence/erasure of PTM on a site does not depend on states on
the other sites. Since this assumption ignores autophosphorylation and/or crosstalk between PTM
cites, it should be kept in mind that this is not always true. This simplification, however, enables us to
calculate number of different PTM states, NSprwm, by

NSpry = np® X na? Xy € Xoor, 1)
where n, na nyv, * + -+ are number of states in each PTM sites, which are
unphosphorylated/phosphorylated (2 states), unacetylated/acetylated (2 states), unmethylated/singly
/doubly/triply methylated (4 states) for example, and a, b, c, * * + are number of sites in a protein for
each modification type. PTM sites of proteins used for NSpry calculation are listed in Table 1.

Modification can occur at early or later time after translation. We do not discriminate this difference.

Histone : 13 and 6 methylation sites for H1 and H4, respectively, are reported. Thus, we obtain
H1: NSppy, = 413(M) = 67,108,864, Hd: NSppy = 45(M) = 4,096.
PTM states for H1 of 67,108,864 is surprising.
RelA : A constituent of transcription factor NF-kB, which translocates from cytoplasm to nucleus upon
activation. Phosphorylation (10), acetylation (3), methylation (1), and acetylation/methylation (4)
sites are reported. Numbers in parentheses indicate numbers of modification sites for each
modification type.
NSpra = 219(P) x 23(A) x 41 (M) x 5*(4/M) = 20,480,000.
P53 : A transcription factor which promotes transcription of cancer suppressing genes. It acts as a
tetramer. Phosphorylation (12) and acetylation (11) sites are reported. NSpry for p53 monomer is
NSpry = 212(P) x 211(4) = 8,388,608.
Estrogen receptor : A receptor of estrogen hormone, to which phosphorylation (4) sites are reported.
NSpry = 2%(A) = 16.
SARS-CoV-2 : A variant of COVID-19 pandemic, 2019. Glycosylation (22), palmitoylation (11),
methylation (4) sites are reported.
NSpry = 222(G) x 211 (pal) x 4*(M) = 2,199,023,255,552.
Pinl : An enzyme catalyzing cis-trans isomerization at Pro residue of phosphorylated Ser/Thr-Pro
motif. Phosphorylation (4), acetylation (1), SUMOylation (2), and oxidation (3) sites are reported.
NSpry = 2%(P) x 21(4) x 22(Sw) x 23(0x) = 1,024.



Relation to diseases : There are many reports on this topic. Among them, abnormal PTM in Histone
or complex I of electron transport chain are known to be linked to diseases (Liy, J., et al., J.Cell
Mol Med., 2021; Zhou, T., et al., Front.Imm. 2022; Matecki, ] M., et al., J.Biol.Chem., 2022).
Abnormalities in acetylation are reported to be linked to diseases including cancer and
neurodegeneration (Drazic, A., et al., BBA, 2016), and PTM abnormality in Pin1 is reported to be
linked to Alzheimer’s disease (Chen, D., et al., Front.Cell Develop.Biol., 2020).

Relation to protein turnover : A role of PTM to change activities of proteins is well established.
Alteration in protein turnover by PTM was recently reported (Zecha, J., et al., Nat.Comm., 2022). In

this report, turnover was measured and analyzed in PTM resolution.

PTM, an origin of cellular fluctuations? : The above calculations may raise a serious problem. If we
assume that different combinations of PTM sites in a protein correspond to different functions of that
protein, number of different states (=functions) for histone, RelA, and p53 is in the order of 107 or
more, which exceeds number of each protein species in a cell (Cf. Cell blog 1). This suggests that
number of proteins expressing the same function is small, even if they possess the same amino acid
sequence. This can lead to unstable cellular functions. But this seems not to be the case. Possible
explanations for this problem are listed below;

1) Only part of PTMs occur in normal condition,

2) PTM sites with no linkage to protein functions exist,

3) PTM sites are not independent (PTM is generated site-exclusively and/or site-cooperatively,
combination of multiple PTM sites acts as a single function, and/or different PTM patterns of a
single protein act as an identical function),

4) Proteins (and cells too) are always in PTM fluctuation, and dominant PTMs only, such as induced
by external stimulus, are observed. Importantly, this raises a possibility that PTM fluctuation can
cause fluctuations in experiment and drug/medicinal outcome.

Other view point suggests a possibility that cells actively use PTM fluctuation (Cf. stochastic

resonance). Further investigation will give us clearer view.

Table 1 PTM sites of proteins referred in this blog (number of sites only for SARS-CoV-2)
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