TRANSLATION and TRANSLATION HETEROGENEITY

The flow of information from DNA to messenger RNA and protein, is described by the central dogma of
molecular biology. In 1957 Francis Crick, James Watson, and Maurice Wilkins were awarded the Nobel Prize
in Physiology or Medicine for their discoveries concerning the molecular structure of DNA and RNA and the
significance of the information transfer from DNA to proteins. Since then, there have been many
discoveries and technological advances that led to a better understanding of the molecular mechanisms of
gene expression. At the very end, the fate and function of each cell depends on its protein composition.
Therefore, accurate gene expression control is critical for proper cell functioning.
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Figure 1. The central dogma of molecular biology

A key step in gene expression is mRNA translation: all organisms respond to environmental or
physiological changes by altering the amounts and activities of specific proteins that are necessary for
their adaptation and survival. The regulation of mRNA translation is fast, reversible and provides spatial
control, making it a unique regulatory mechanism of gene expression. In a simplistic view, one mRNA
molecule encodes for a single protein. However, it is now clear that translation is far more
heterogeneous.

Gene expression is heavily controlled by a network of highly interconnected posttranscriptional
regulatory factors, such as RNA-binding proteins and noncoding RNAs. The amplitude of translational
regulation exceeds the sum of transcription, mRNA degradation and protein degradation. Therefore, it
is essential to investigate translation in a global scale and the totality of the components in the
translation process, including but not limited to translating mRNAs, ribosomes, tRNAs, regulatory
RNAs and nascent polypeptide chains. The variability in translation can be at four different levels:

e mRNA molecules from different genes can be differentially translated in a single cell

e mRNA molecules originating from a single gene in a single cell can be translated differentially
e single mRNA can be translated differentially in different cell types

e asingle mRNA molecule can be translated differentially in space and time in a single cell



Recent technical advances have brought breakthroughs in the investigation of composition and
dynamics of many components involved in translation. All methodologies listed here below are
commonly used for measuring different aspects of protein synthesis, and most of the time are
combined together for a comprehensive view of the biological problem. Among them, ribosome
profiling (1) is one of the main methods used to shed light into many aspects of protein synthesis.
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At the level of protein synthesis, different factors can cause heterogeneity. Here below, we briefly
list the most important elements underling molecular mechanisms of spatial and temporal
regulation of translation.
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Figure 2. Heterogeneity at the ribosomal level

Ribosome Heterogeneity

Not all ribosomes are the same: while previously viewed as a homogenous machine, ribosome
diversity play a central role in the regulation of gene expression. Several studies have suggested



that some degree of heterogeneity may exist in the composition of the ribosome in term of rRNA,
ribosomal protein and ribosome associated proteins (2—4). This variability generates ribosome
with preferential regulation for any aspect of translational control (called “specialized ribosomes”)
(5, 6). Gene expression analysis of ribosomal genes revealed that up to 25% of the ribosomal
genes are differentially expressed across various tissues and cell lines and several paralogs of
ribosomal proteins are exclusively expressed in one tissue or cell type. Additionally, ribosomes
have been shown to be associated with many ribosome-associated proteins (7). These proteins, as
well as ribosomal proteins, can be posttranslational modified; adding another sources of
heterogeneity in ribosomes (3). Defects in ribosome biogenesis/composition can generate
ribosomopathies (8).

mRNA sequence

Eukaryotic genes encode multiple mRNA isoforms that differ in their primary nucleotide sequence
(a median of six transcript isoforms has been detected for each protein coding gene) (9, 10). The
different nucleotide sequence can originate from different polyadenylation sites (11), alternative
splicing (12) and variable transcription start site (TSS) usage (> 1 million TTSs are identified) (13).

RNA type

An incredibly small fraction of the mammalian genome is annotated as protein-coding (< 3 %),
while the number of potentially functional non-coding genes remains unclear (14). It has been
discovered that a large portion of noncoding RNAs are partially translated in short peptides or is
associated to ribosomes. Among them, long non-coding RNAs (IncRNAs) have been shown to
interact with ribosomes, encode peptides, or act as ribosome sponges (15-17).

RNA modifications

Posttranscriptional modifications of RNA nucleotides play a key role in the storage and transfer of
the genetic information. Distinct nucleotide modifications have been described for mRNAs, which
have been termed the ‘epitranscriptome’. Many other modifications are described on tRNA and
rRNA, with the ribosome turned out to be a platform of RNA modifications (18). The most
prevalent modification is methylation of the adenosine base at the nitrogen-6 position (m6A)
(average occurrence: one to three modified adenosines per mRNA). Our understanding of the
effect of these modification in translation and diseases is only at the beginning (19).

mRNA structure

An additional layer of information comes from the complex and high-ordered RNA structures.
These structure could affect translation in multiple ways: inhibit translation initiation, promote
translation initiation or stall ribosomes during translation elongation (20, 21). A subset of mMRNAs
contains internal ribosomal entry sites (IRESs), usually in the 5" UTR, enabling cap-independent
initiation (22).

RNA binding proteins

The majority of the RNA binding proteins associate with mRNAs through one or multiple well-
defined RNA-binding domains to form ribonucleoprotein complexes (RNPs). RNA binding domains
often bind a relatively short sequence motif of around two to eight nucleotides (23). The
interaction of the RBP with the target mRNA affects stability and localization of both protein and
the target RNA in a complex network.



All the elements listed above could cause differences in protein synthesis inside each single cell. This
can resultin:

1. Production of proteins with different amino acid composition, with/without differences in
length.
This effect can be caused by (i) ribosome frameshifting during translation elongation, (ii)
alternative translation start site selection or (iii) stop codon readthrough:
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Figure 3. Heterogeneity in protein composition

Frameshifting is caused mainly by sequence elements in mRNA/tRNA that
stochastically redirect translating ribosomes into a new reading frame (i.e., by + 1 or -
1 nucleotide). It is typical in viral gene expression in the framework of host-pathogen
interactions (24, 25).

Start codon (AUG) are most effectively recognized as a translation initiation site (TIS)
when surrounded by specific sequences (e.g Kozak consensus sequence
(GCCACCAUGG) (26). However, translation initiation can also occur at non-AUG
codons, such as GUG or CUG, and it can fail to initiate at an start site caused by leaky
scanning. Ribosomal profiling revealed that at least half of the human mRNA
transcripts contain more than one TIS (27-29). Alternative TIS usage could also act as
part of a regulatory mechanism to bring ribosomes away from the main open reading
frame (ORF), resulting (at least in eukaryotes) in ‘junk’ polypeptides; mainly for TISs
that are out of frame with respect to the main protein coding ORF. Finally, translation
form unconventional TISs is known to drive tumorigenesis (30).

e Stop codon recognition is generally efficient and results in translation termination.
However, with a frequency from 0.01% to 0.1% the stop codon (mainly UGA) can be
decoded as a sense codon, resulting in a C terminally extended protein (31, 32), at least
in mammalian cells.

2. Protein produced with a different synthesis rate

Heterogeneity in the translation rate is likely to originate predominantly at the initiation step,
mainly caused by differential recruitment rates of the pre-initiation complex to the 5’ cap and
usage of alternative TISs (33). In addition, variability in the translation elongation rate (e.g.,
due to ribosome stalling) may contribute to generate additional variability and used by the
cells for spatial control of gene expression (e.g. in neurons) (34).
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Figure 4. Heterogeneity in protein synthesis rate. Top, enhancement of the rate of protein synthesis.
Bottom, depression of protein synthesis rate.

Overall, there are many steps involved that contribute to gene expression and in the past years the
mMRNA levels (RNA-seq) was considered to be the main read out of gene expression. However, it is just
one of many indicators. Gene expression can be highly regulated during protein synthesis. Immagina
BioTechnology s.r.l. provides uniquely enabling technologies to break down walls on translation and
ribosome profiling studies.
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