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Introduction

Cells synthesize thousands of different proteins that should be delivered to different
cellular compartments, integrated into membranes, or secreted outside of the cell to conduct
their functions. Over 20 thousand genes are detected in a human genome including about
3,000 genes encoding secreted proteins and 5,500 genes encoding membrane proteins
(Uhlen et al., 2015). Thus, about 40% of all proteins are transported through or integrated
into cellular membranes. What happens to secretory/membrane proteins that are not able to
be targeted to the endoplasmic reticulum (ER) because of the mutations in the signal
peptides or defects in the protein transport machinery? These proteins are potentially
harmful to cells if they are mislocalized. In this article we discuss secretory protein targeting,
signal peptides interactions with transport machinery of the cells, defects in these processes,
their possible implications in human diseases, and cellular mechanisms preventing synthesis
of defective secretory proteins.

Signal peptides and protein targeting to ER

How cells distinguish secretory and membrane proteins from others to transport them?
Many secreted proteins are synthesized with an extra N-terminal amino acid sequence called
signal sequence or signal peptide that is removed (cleaved off) upon translocation of the
proteins into ER lumen. These signal sequences are served as “tags” or “zip codes” to direct
proteins to the ER for their further transport. Some membrane proteins also have cleavable
signal peptides, while others use their first transmembrane spans for these purposes. Signal
peptides from different secretory proteins do not have consensus of distinct amino acid
sequences and they do not show significant amino acid homology. However, they have
similar organization and three featured domains—N, H, and C (Figure 1A). The N is
N-terminal portion of the signal peptides (1-5 amino acids), it often has one-two positively
charged amino acids; H or hydrophobic core is presented by a region of 7-15 hydrophobic
amino acids; and C region (3-7 amino acids) contains a site for signal peptidase (von Heijne,
1985; von Heijne, 1990). The signal peptide cleavage site is described by −3, −1 rule that
provides restrictions of the amino acid residues in those positions of the signal peptide (von
Heijne, 1983). Interestingly, signal peptides from different organisms (bacteria, yeast,
mammals, etc.) have similar organization and features demonstrating universal concept
for protein targeting signals.

Signal peptides are recognized by Signal Recognition Particle (SRP) (Hsieh and Shan,
2021; Kellogg et al., 2021). SRP dependent pathway is the major route for sorting of secreted
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and membrane proteins in mammalian cells. SRP is a complex of six
proteins (SRP9, SRP14, SRP19, SRP54, SRP68, SRP72) and one
noncoding RNA (7SL RNA) in mammals. SRP plays a key point in
selecting proteins for their targeting to the ER membrane. SRP
recognizes signal peptides of secretory protein precursors or
membrane spans of membrane proteins immediately after their
appearance from the ribosome during translation. SRP54 subunit
directly binds signal peptides during translation. This interaction
leads to the SRP molecular rearrangement, temporal elongation
arrest, targeting complex to the SRP receptor in the ER membrane,
transferring it to the translocon, then SRP leaves the complex,
translation resumes, and the polypeptide nascent chain is co-
translationally translocated into ER lumen through the
translocon (Figure 1B). Proteins translocated to ER are folded
with participation of the ER chaperones, subjected to co- and
post-translational modifications and transported further.

Aberrant signal peptides, defective
SRPs, protein quality controls and
human diseases

Mechanisms of protein targeting and transport are complex and,
thus, many things can go wrong. It could be a problem with
secretory protein itself because of genetic mutations or mistakes
of transcription/translation, or issues with transport machinery
because of defects in its components. Moreover, different stresses
can affect proteins as well. These events can lead to protein
mislocalization, misfolding and accumulation of insoluble protein
aggregates that are potentially harmful. There are several cellular
quality control mechanisms evolved to protect cells from these toxic
species. They work at different levels and substrates, some of them
are general and triggered by stress, others are specialized. Examples
are responses to stress (unfolded protein response, UPR; ribosome-
associated quality control, RQC, others), appearance of premature

stop-codon mutations in mRNAs (nonsense mediated decay,
NMD), mRNA truncations or ribosome stalling (no-go decay,
NGD), or the absence of a natural stop codon (nonstop decay,
NSD) (Brandman and Hegde, 2016; Shao and Hegde, 2016; Hetz
and Papa, 2018; Joazeiro, 2019; Kurosaki et al., 2019; Sitron and
Brandman, 2020; D’Orazio and Green, 2021). In addition, secretory
and membrane proteins are controlled by a specific protein quality
control on the ribosome termed Regulation of Aberrant Protein
Production (RAPP) (Karamyshev et al., 2014; Karamyshev and
Karamysheva, 2018). It senses signal peptide interactions with a
targeting factor SRP and degrades the secretory protein mRNAs if
these interactions are disrupted by mutations in a signal peptide or
defects in SRP.

What mutations in signal sequences trigger RAPP? As
mentioned above, the signal peptides have a domain
organization. The domain structure of signal sequences reflects
their functions. Thus, H region is crucial for binding with
SRP54—deletions of hydrophobic amino acids from this area
dramatically reduce interaction with SRP54, while alterations of
charged amino acids in the N domain have only mild effect (Nilsson
et al., 2015). Mutations in the signal peptide C region mostly affect
processing (Karamyshev et al., 1998). However, impact of mutations
in C region on SRP binding and protein transport have a minimal
affect (Nilsson et al., 2015). Thus, hydrophobicity of the H domain is
the major factor affecting SRP interaction with a signal peptide.
Indeed, mutations decreasing hydrophobicity of the signal peptide
in the preprolactin signal peptide H-region triggered degradation of
the mutated protein mRNA (Karamyshev et al., 2014). Moreover,
the effect of the mutations was graded—the mRNA degradation
gradually increased with the severity of the mutations. Interestingly,
depletion of the SRP54 subunit also triggers RAPP.

RAPP is a unique protein quality control—it co-translationally
recognizes aberrant proteins at the ribosome and prevents their
synthesis through specific mRNA degradation. It requires active
translation. The RAPP response involves engagement of

FIGURE 1
Signal peptides, protein targeting and its dysregulation. (A) Domain organization of signal peptides. (B) Scheme of SRP-dependent protein targeting
in eukaryotes and Regulation of Aberrant Protein Production (RAPP) quality control on the ribosome. Under normal conditions SRP recognizes signal
peptide and targets ribosomes to the SRP receptor in the ERmembrane, and finally the secretory protein is translocated through the translocon to the ER
lumen. However, when SRP is not able to recognize the signal peptide because of the mutations or because defects in the SRP itself, RAPP quality
control is activated and the mRNAs are degraded. (C) Mutations in signal peptide domains affect different processes: mutations in the N domain affect
efficiency of the protein translocation and secretion; mutations decreasing hydrophobicity of the H domain disrupt interaction with SRP, trigger RAPP
protein quality control and lead to mRNA degradation of the mutated protein; mutations in the C domain may affect processing by a signal peptidase.
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AGO2 protein, specific chaperone network (HSPA1A, DNAJB1,
HSP90AA1, others), ribosome rearrangement through exchange of
the ribosomal protein RPS27 and RPS27L, and ribosome-associated
ubiquitination (Karamyshev et al., 2014; Tikhonova et al., 2022). It is
proposed that ribosome heterogeneity and specialization may play
an important role in many cellular processes (Genuth and Barna,
2018a; Genuth and Barna, 2018b; Miller et al., 2023). Thus, exchange
of ribosomal proteins during RAPP activation may be important for
its molecular mechanism. It is also established that RAPP is a general
pathway controlling many secretory and membrane proteins
(Tikhonova et al., 2022). However, details of the molecular
mechanism of RAPP are not well understood.

There are many diseases associated with the defects in protein
targeting to ER. Generally, they can be divided into two large
categories—disorders associated with defects in a targeting factor
SRP, and diseases associated with mutations in specific secretory
proteins. The first category includes defects in SRP protein subunits
and 7SL RNA leading to very diverse disorders including cancer,
autoimmunity, hematological, neurological, neurodegenerative,
infectious, and other diseases (Kellogg et al., 2022). The
molecular mechanisms of these disorders are diverse and they
depend on the affected subunit. The loss of SRP54 as a result of
autoimmune response or some mutations in SRP54 may induce the
RAPP quality control. Some mutations may interfere with the
efficiency of SRP interaction with SRP receptor, or with SRP
complex formation. Several studies demonstrated that mutations
in the G-domain of SRP54 are associated with neutropenia and
Shwachman-Diamond syndrome (Carapito et al., 2017; Bellanne-
Chantelot et al., 2018; Juaire et al., 2021). The second category of
diseases is associated with mutations in secretory proteins. It is
connected with a loss of expression or a change of processing of a
single secretory protein. Among them are frontotemporal lobar
degeneration (FTLD) connected with granulin haploinsufficiency,
aspartylglucosaminuria caused by defects in
aspartylglucosaminidase, Wolman disease associated with
mutations in lipase A, and many others (Jarjanazi et al., 2008;
Karamyshev et al., 2020). Molecular mechanisms of these
diseases are associated with location of mutations in secretory
proteins and their severity. We proposed that mutations in the
signal peptide H-domain decreasing hydrophobicity induce RAPP,
while mutations located in the C-region do not activate RAPP, but
instead may inhibit processing (Tikhonova et al., 2019) (Figure 1C).
Mutations in the signal peptide N-domain are unlikely to induce
RAPP because this area is not important for interaction with SRP,
but it may be important for secretion efficiency. Recently we
elucidated that a pathological RAPP activation and mRNA
degradation of the granulins with W7R and A9D mutations is a
molecular mechanism of FTLD pathology for the patients bearing
these mutations (Pinarbasi et al., 2018; Karamysheva et al., 2019).
The similar conclusions were made for many other secretory
proteins with mutations that are associated with a number of
human diseases (Tikhonova et al., 2019). Thus, pathological
RAPP activation may play a significant role in many human

diseases. Interestingly, the RAPP pathway is also involved in
some cases of the Parkinson’s disease, however, the molecular
basis of it is not clear yet (Hernandez et al., 2021).

Conclusion

The protein transport is one of the most important cellular
processes. About 40% of all proteins in a cell are secretory and
membrane proteins. Mutations in the hydrophobic core of the signal
peptide or depletion of SRP54 subunit of the SRP complex lead to
the RAPP activation and elimination of the secretory protein mRNA
template. Activation of the RAPP pathway can cause a number of
human diseases; however, many details of the RAPP mechanism
remain unclear such as what components of mRNA degradation
machinery are involved in the degradation process, and how changes
in ribosome composition/modification contribute to RAPP.
Therefore, understanding of the fine details of the molecular
mechanism of the RAPP pathway is crucial for the development
of new strategies for treatment multiple human diseases.
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