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We investigate the relationship between mRNA expression levels and protein aggregation
propensities at the proteomic level, and find that these quantities exhibit a significant
correlation when they are averaged across subcellular localisations. In order to
investigate this phenomenon, we study the dependence of mRNA expression levels and
protein aggregation propensities on the volume of the corresponding subcellular

localisations, finding that proteins tend to be increasingly more abundant and
more soluble with decreasing volumes of their subcellular localisations.
These results indicate that the maintenance of protein solubility plays an even
greater role than previously thought in sustaining protein homeostasis.

Introduction

We recently presented initial evidence that the maximum levels
of mRNA expression are highly correlated with the aggregation
rates of the corresponding proteins.' We suggested that this
correlation arises from a balance between random mutagenesis
processes that increase the tendency of proteins to aggregate?
and the need to maintain their solubility at the concentrations
required for their optimal function in the cell.! In this
view, protein sequences have co-evolved with the cellular
environment and quality control mechanisms to resist
aggregation, but only to the minimal levels required for cell
viability. '

Our initial analysis, which was focused on a relatively small
set of human proteins for which both expression levels and
aggregation rates were measured experimentally under
near-physiological conditions, prompted a series of
questions about the possible implications of our findings.>*
We thus investigate here the relationship between expression
levels and aggregation propensities at a proteomic level. Our
results indicate that mRNA expression levels and
protein aggregation propensities are highly correlated if
proteins are grouped according to their subcellular localisations.
In order to understand these results, we begin to study how
the properties of the individual subcellular localisations
are related to the abundance and solubility of the proteins
that are present in them. We found a significant correlation
of the volumes of the subcellular localisations with the
aggregation propensities of the corresponding proteins, as
well as with the respective mRNA expression levels. Taken
together, these results indicate that proteins tend to be
simultaneously highly abundant and highly soluble in small
subcellular localisations.
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Correlation between mRNA expression levels and
protein aggregation propensities in different
subcellular localisations

It is well known that different cell compartments exhibit
different mRNA expression levels® and different aggregation
propensities.*” By bringing these observations together with
our previous analysis,! we observe here a strong anticorrelation
between mRNA expression levels and the aggregation
propensities of the corresponding proteins, when the latter
are grouped according to their subcellular localisations
(Fig. 1). Since, despite the presence of significant fluctuations
induced by variable turnover levels, mRNA expression levels
tend to be on average proportional to protein abundances,®
these results also suggest that average protein abundances
and average protein aggregation propensities should also be
correlated at the subcellular localisation level.

Consistently with previous results,®’ we found ribosomal
proteins to be highly aggregation-resistant, while cytosolic and
endoplasmic reticulum proteins show a higher tendency to
form aggregates. These results can be explained, at least in
part, by considering that ribosomal proteins are highly basic in
order to bind to negatively charged ribosomal RNA,
which involves unfavorable contributions to their aggregation
propensities.” ! Although in this study we excluded membrane
proteins of the rough and smooth endoplasmic reticulum and
of the Golgi apparatus, we observed that proteins associated
with the endoplasmic reticulum have an elevated hydrophobic
content and exhibit high aggregation propensities.”'® We also
observed that by excluding nuclear proteins, the correlation in
Fig. 1 improves from —93% to —97%, which indicates that
these proteins tend to have lower aggregation propensities
and lower expression levels than expected. These findings
can be interpreted by considering that proteins involved in
transcription constitute about 42% of the nuclear proteins in
our database and that they are on average as abundant as the
remaining proteins in the nucleus (2.41 on the scale reported
in Fig. 1), but are characterized by a lower aggregation
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Fig. 1 The relationship between expression levels and aggregation
propensities in different subcellular localisations in a human cell.
Aggregation propensities of proteins present in 11 different subcellular
localisations are plotted against the expression levels of the corres-
ponding mRNAs; the coefficient of correlation is —93%. In each case,
the average and the variance are reported for both mRNA expression
levels and protein aggregation propensities; aggregation propensities
and mRNA expression levels are averaged within each subcellular
localisation and over the 79 tissues that we analysed. Aggregation
propensities were calculated using the Zyggregator algorithm;>® a pH
of 4.5 was used for these calculations for proteins in lysosomes and
vacuoles. Gene Ontology (GO) annotations were used for identifying
protein localisations.??

propensity (—0.26 on the scale reported in Fig. 1), thus
suggesting that solubility in transcription is particularly
important to maintain cell viability.">!'" By contrast, we found
that transport and signal transduction proteins, which are
especially abundant in the cytosol and in the extracellular
space, have a significantly high aggregation propensity,
in agreement with previous results.® We also analysed the
proteins in the E. coli cytosol and found that they are

more aggregation prone than the proteins in the
human cytosol (0.88 and 0.38, respectively, on the scale
reported in Fig. 1), which suggests that higher aggregation
propensities are expected in organisms with a simpler
cellular organisation.'?

Correlation between mRINA expression levels and
protein aggregation propensities in different tissues

We found that although mRNA expression levels vary
within and among tissues, their values tend to be correlated
(Fig. 2). In our analysis we used 79 different human
tissues; data were taken from the gene atlas of the human
transcriptome, ' and scaled using median scaling and quantile
normalization."® We also observed strong correlations
between the mRNA expression levels and predicted aggregation
propensities of the corresponding proteins in specific
tissues when these properties are averaged over different
subcellular localisations (Fig. 3a). When the mRNA expression
levels and the aggregation propensities of the corresponding
proteins are not averaged in this way, but across tissues,
the overall relationship between them is much less significant
(Fig. 3b).

Proteins in small subcellular localisations are highly
concentrated and highly soluble

The correlation that we reported in Fig. 1 is likely to depend
on the specific environmental characteristics of the different
subcellular localisations. We started investigating these effects
by considering the relationship between the volumes of the
subcellular localisations, the levels of expression and the
aggregation propensities. We found that the mRNA expression
levels corresponding to proteins resident in small subcellular
localisations are high (Fig. 4a) and the respective aggregation
propensities are low (Fig. 4b). These results suggest that the
maintenance of solubility is a particularly important requirement
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Fig. 2 Examples of correlations between mRNA expression levels in different human tissues. We observe correlations between measurements of
mRNA expression levels from the same tissue (a) and, although at a weaker level, between samples of mRNA expression levels taken from different
tissues (b). The coefficient of correlation between liver samples is 90% (a), while the coefficient of correlation between liver and muscle samples is

50% (b).
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Fig. 3 Correlations between protein aggregation propensities and mRNA expression levels for tissues and subcellular localisations. (a) The
correlations between aggregation propensities and mRNA expression levels are calculated for 79 different tissues averaging over 11 different
subcellular localisations; significant anticorrelations are found in this case. The lowest coefficients of correlation were found for liver, amygdala
and cervical ganglion (—83%), while the lymph node, skin, and uterus showed the highest anticorrelations (97%). (b) We did not find significant
correlations between aggregation propensities and mRNA expression levels calculated for the different subcellular localisations when averaging
over the different tissues; the highest coefficient of correlation was observed for the Golgi apparatus (26%), while the lowest was observed for the
nucleolus (—34%).

to enable biochemical reactions in the cell to take place by effects caused by molecular crowding can also further
avoiding dysfunctional associations when confining the influence the properties of proteins confined in small subcellular
participating molecules in small volumes. We also note that localisations.'>!¢
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Fig. 4 Relationships between mRNA expression levels, protein aggregation propensities and volumes of the corresponding subcellular
localisations. The coefficient of correlation between protein aggregation propensities and volumes is 88% (a) and between mRNA expression
levels and volumes is —87% (b); volumes are calculated in pm? (Table 1) and reported on a logarithmic scale, and protein aggregation propensities
and mRNA expression levels in the extracellular space are not associated with specific volumes (dashed red line). These results indicate that
proteins primarily resident in larger subcellular localisations, such as the nucleus or the endoplasmic reticulum, tend to have high aggregation
propensities and low concentrations. On the contrary, proteins confined in small subcellular localisations, such as ribosomes, vacuoles or
lysosomes, tend to have low aggregation propensities and high concentrations.
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Table 1 Volumes of the subcellular localisations and numbers of
genes used in this study. Volumes were calculated using data
available from http://www.rkm.com.au/CELL/animalcell.html and
http://porpax.bio.miami.edu/ ~cmallery/150/cells/organelle.htm#two,
and through a literature search.”” = Genes were taken from the
atlas of the human transcriptome'? and their corresponding protein
sequences were downloaded from http://www.ensembl.org/

Expression
Subcellular Levels Aggregation Volume Number
Localisation (In scale)  Propensity  (um?) of Genes
Extracellular 2.35 0.44 — 1515
space
Cytosol 2.59 0.38 3750 1319
Nucleus 241 0.10 500 3178
E. reticulum 2.53 0.33 250 650
Golgi apparatus  2.52 0.23 100 153
Mitochondrion  2.67 0.11 10 729
Nucleolus 2.72 0.01 2 114
Lysosome 2.59 0.05 2 159
Vacuole 2.85 —-0.23 0.5 12
Proteasome 3.05 —0.38 0.005 25
Ribosome 2.28 —0.95 0.0005 168
Conclusions

We have reported a relationship between mRNA expression
levels and the aggregation propensities of the corresponding
proteins when their values are averaged across subcellular
localisations, thus supporting the suggestion that the
abundance and the solubility of proteins are correlated.'?
We have also shown that proteins tend to be concentrated
and soluble to a level inversely proportional to the volume of
their subcellular localisations. These results suggest that the
organisation of a cell into compartments makes biochemical
processes more efficient by concentrating the molecules that
carry them out, but only by simultaneously ensuring that their
solubility is kept at levels at which aggregation is avoided under
normal circumstances. In terms of their solubility, therefore,
proteins are maintained at the edge of aggregation.

Methods

We investigated the correlation between the mRNA
expression levels and the predicted aggregation propensities
of the corresponding proteins in a dataset that comprise
proteins in different subcellular localisations.

The aggregation propensity of a protein 7 is calculated as
n

L2
gt (1)

Gi= L PN,

where z; represents the overall aggregation score,”!? 2% is the
score for regions characterized by z; > 0 and z} is the score
for regions characterized by z; < 0. The variable L; is the
length of the polypeptide chain, P; is the number of regions
with positive aggregation scores, and N; is the number of
regions with negative aggregation scores. The parameters
p and n were chosen so that the expected value of &; is 0 and
its variance is 1 over the entire database used in this study.
The expression levels are estimates taken from measurements
of the cellular mRNA concentrations.”* To generate a
homogeneous set of variables, the expression levels of each
of the 158 human samples (79 different tissues) in the database

used here'® were normalized by median scaling and between
the samples by quantile normalization.'*
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