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Understanding how proteins are efficiently produced and localized within yeast cells, particularly
Saccharomyces cerevisiae, is vital for advancing biotechnological applications such as vaccine
development, enzyme production, and synthetic biology. One intriguing mechanism facilitating this
is ribosomal skipping, a process that allows for the simultaneous secretion and surface display of
proteins. When this process occurs with a degree of inefficiency, it offers unique opportunities to
engineer yeast strains capable of presenting proteins both on their surfaces and in their secreted
environment, enhancing their utility in various industrial and research settings.

Ribosomal Skipping: An Overview

What Is Ribosomal Skipping?

Ribosomal skipping, also known as stop-carry on translation, is a translational recoding event where
the ribosome bypasses a specific peptide bond formation without terminating translation entirely.
This process is often mediated by particular sequences within mRNA that alter the normal
translation process, resulting in the production of multiple proteins from a single mRNA transcript.

Key features include:

- The presence of “self-cleaving” peptide sequences, such as 2A peptides derived from viruses.
- The ability to produce multiple, separate proteins from a singular open reading frame (ORF).
- The efficiency of the skipping process directly influences the ratio of proteins produced.

Mechanism of Ribosomal Skipping in Yeast

In Saccharomyces cerevisiae, ribosomal skipping is frequently harnessed using viral 2A peptides,
which contain specific sequences that cause the ribosome to “skip” forming a peptide bond at a
designated site. The process involves:

- The translation of the 2A peptide sequence.

- A “pause” caused by the peptide’s structure, leading to the ribosome not forming a peptide bond.
- Continued translation of downstream sequences as separate proteins.

This process is generally efficient but not perfect, leading to varying degrees of “skipping
efficiency,” which can be modulated by sequence modifications and other cellular factors.



Significance of Inefficient Ribosomal Skipping

Advantages of Partial or Inefficient Skipping

While high efficiency in ribosomal skipping is often desirable for producing separate proteins,
deliberately inducing inefficiency offers unique benefits:

- Simultaneous Surface Display and Secretion: When the skipping is inefficient, a single mRNA can
produce a fusion protein that remains anchored to the cell surface while also secreting a cleaved,
free protein.

- Enhanced Functional Diversity: Partial skipping allows for the co-expression of multiple functional
protein forms, enabling complex bioconjugates or multi-epitope displays.

- Flexible Bioprocessing: The balance between membrane-anchored and secreted proteins can be
tuned, optimizing production and display for specific applications.

Impact on Protein Localization and Function

The degree of skipping efficiency influences how proteins are localized:

- High efficiency: Predominantly produces either membrane-anchored or secreted proteins, limiting
multifunctionality.

- Moderate or low efficiency: Favors the generation of both anchored and secreted forms from the
same transcript, facilitating multifunctional applications such as vaccine platforms or surface
enzyme display.

Engineering Saccharomyces for Simultaneous
Secretion and Display

Designing Expression Constructs

To exploit inefficient ribosomal skipping, specific genetic constructs are designed:

- Incorporate viral 2A sequences or synthetic peptides with known partial skipping efficiencies.

- Position the gene encoding the target protein upstream of the 2A sequence, followed by a secretion
signal sequence.

- Include a membrane anchor domain downstream of the 2A sequence to retain part of the protein on
the cell surface.

This arrangement allows:
- The upstream portion to be secreted freely into the medium.
- The downstream portion to be anchored on the cell surface.

Optimizing Skipping Efficiency

Achieving the desired balance requires careful optimization:
- Sequence modifications to enhance or reduce the cleavage efficiency.



- Use of different 2A peptides with varying intrinsic efficiencies.
- Adjustments in expression levels and cellular conditions to favor partial skipping.

Examples of Successful Strategies

- Using viral 2A peptides: Such as those from foot-and-mouth disease virus or porcine teschovirus,
with known partial efficiencies.

- Synthetic peptide design: Engineered sequences with tailored skipping efficiencies.

- Signal peptide fusion: To direct the secreted portion to the extracellular space effectively.

Applications of Simultaneous Secretion and Display in
Saccharomyces

Vaccine Development

- Surface display of antigens enhances immune recognition.
- Secreted antigens can stimulate systemic immune responses.
- Combining both enhances vaccine efficacy by presenting multiple antigenic forms.

Biocatalysis and Enzyme Display

- Enzymes displayed on the cell surface facilitate substrate access.
- Secreted enzymes increase overall enzyme availability.
- Dual localization improves process efficiency in bioreactors.

Protein Engineering and Synthetic Biology

- Construction of multifunctional proteins with both surface and secreted domains.

- Development of biosensors with surface-anchored detection elements and secreted reporter
proteins.

- Modular assembly of complex bioconjugates.

Industrial Biotechnology

- Production of therapeutic proteins with enhanced purification options due to secretion.
- Surface display for bioremediation or biosensing applications.
- Co-expression systems that maximize yield and functionality.

Challenges and Future Directions



Controlling Skipping Efficiency

- Precise modulation remains complex; ongoing research aims to develop more predictable and
tunable systems.
- Balancing secretion and display requires a deep understanding of translation dynamics.

Ensuring Protein Functionality

- Fusion or cleavage may affect protein folding and activity.
- Strategies such as linker design and post-translational modifications are under investigation.

Expanding the Toolbox

- Discovery of new peptide sequences with desired skipping efficiencies.
- Synthetic biology approaches to create novel recoding elements.
- Integration with CRISPR-based genome editing for stable, scalable production strains.

Conclusion

In summary, harnessing inefficient ribosomal skipping in Saccharomyces cerevisiae represents a
powerful strategy to co-produce surface-displayed and secreted proteins from a single genetic
construct. This approach provides a versatile platform for diverse applications, including vaccine
development, biocatalysis, protein engineering, and industrial biotechnology. Continued research
into the mechanisms controlling skipping efficiency and innovative construct design will further
enhance the capabilities of yeast as a biofactory, enabling more sophisticated and efficient
bioprocesses in the future.
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Frequently Asked Questions



How does inefficient ribosomal skipping facilitate the
simultaneous secretion and display of proteins in
Saccharomyces?

Inefficient ribosomal skipping allows the ribosome to partially bypass the stop codon, leading to the
production of fusion proteins that are both displayed on the cell surface and secreted, enabling
concurrent protein presentation and release in Saccharomyces.

What are the advantages of using inefficient ribosomal
skipping for protein display and secretion in yeast systems?

This approach simplifies the production process by combining display and secretion in a single
system, reduces genetic complexity, and enhances the efficiency of biotechnological applications
such as vaccine development and enzyme production.

Which genetic elements are typically modified to induce
inefficient ribosomal skipping in Saccharomyces?

Mutations or specific sequences within the stop codon context or the use of engineered peptide
sequences, such as those derived from viral 2A peptides, are employed to promote incomplete or
inefficient ribosomal skipping.

What are the potential applications of leveraging inefficient
ribosomal skipping in yeast biotechnology?

Applications include simultaneous surface display and secretion of therapeutic proteins or enzymes,
improved vaccine platforms, and streamlined screening of protein variants by enabling dual
presentation and release of proteins.

What challenges need to be addressed when employing
inefficient ribosomal skipping in Saccharomyces?

Challenges include optimizing the efficiency of skipping to balance display and secretion levels,
ensuring consistent expression, and avoiding unintended effects on cellular health or protein
functionality due to the manipulation of translation processes.

Additional Resources
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Introduction

The yeast Saccharomyces cerevisiae has long been a workhorse of biotechnology, serving as a



versatile platform for recombinant protein production, metabolic engineering, and synthetic biology.
A key challenge in these applications is the efficient and controlled display or secretion of
heterologous proteins. Traditionally, these processes have relied on separate pathways—either
secretion or cell-surface display—each with its own limitations in efficiency, stability, and ease of
genetic manipulation.

Recent advances have unveiled a nuanced mechanism in Saccharomyces that leverages inefficient
ribosomal skipping to enable the simultaneous secretion and display of proteins. This process hinges
on the ribosome's ability to partially bypass specific peptide sequences during translation, resulting
in the production of two distinct protein products from a single mRNA transcript. This discovery not
only broadens our understanding of translational regulation in yeast but also opens new avenues for
biotechnological applications, including multi-functional enzyme complexes, vaccine development,
and biosensors.

This review delves into the mechanistic underpinnings, experimental evidence, and potential
applications of this phenomenon, emphasizing its significance in the broader context of yeast-based
bioproduction.

Ribosomal Skipping: An Overview

Ribosomal skipping, also known as "stop-carry on" or "recoding," is a translational mechanism where
the ribosome, upon encountering specific signals within the mRNA, fails to form a standard peptide
bond, resulting in the production of separate polypeptides from a single mRNA transcript. Classical
examples include the 2A peptides derived from picornaviruses, which induce a "ribosomal skipping"
event that results in the cleavage between two protein domains.

Key features of ribosomal skipping include:

- Sequence-specific signals: Short peptide motifs (e.g., 2A sequences) that induce skipping.

- Partial translation failure: The ribosome skips forming a peptide bond at a specific site without
terminating translation.

- Production of multiple proteins: From a single mRNA, enabling stoichiometric expression.

In many engineered systems, the skipping efficiency is optimized to produce predominantly separate
proteins, but recent findings suggest that inefficient or "leaky" skipping can generate a mixture of
fused and separated proteins, a phenomenon that, until now, was underappreciated in yeast.

Discovery of Inefficient Ribosomal Skipping in Saccharomyces
The Phenomenon of Partial Skipping

Traditional models of Saccharomyces translation have assumed near-complete efficiency of
engineered 2A-like sequences, producing distinct proteins with minimal fused intermediates.
However, recent experimental studies reveal that certain 2A peptides exhibit suboptimal skipping
efficiency in yeast, resulting in a significant proportion of fused proteins alongside separated
products.



Researchers observed that when employing modified 2A peptides or native viral sequences in S.
cerevisiae, the expected separation was incomplete, leading to the co-presence of:

- Secretion-competent proteins
- Cell-surface display constructs
- Fused multi-domain proteins

This inefficiency was initially considered a drawback but has now been recognized as an exploitable
feature that enables combined secretion and display.

Experimental Evidence

In a series of experiments, researchers constructed plasmids encoding reporter proteins (such as
GFP and enzymatic domains) linked via various 2A sequences. Analyses included:

- Western blotting: Revealed both cleaved and uncleaved forms.

- Flow cytometry: Demonstrated simultaneous surface display and secretion.

- Enzymatic activity assays: Confirmed functional proteins in both extracellular medium and on the
cell surface.

Notably, the degree of skipping efficiency varied depending on:
- The specific 2A sequence used

- The amino acid context surrounding the sequence

- The expression level of the constructs

- The host strain background

The data consistently indicated that inefficient skipping allowed a fraction of the translated product
to remain as a fusion protein, which could be secreted or displayed, depending on the design.

Mechanistic Insights into Yeast Ribosomal Skipping

The Role of 2A Peptides and Sequence Context

In S. cerevisiae, the most commonly used 2A peptides include those derived from Foot-and-Mouth
Disease Virus (FMDV) and Those from Porcine Teschovirus-1 (P2A). These sequences typically
contain a conserved motif responsible for inducing ribosomal skipping.

However, their efficiency in yeast differs from that in mammalian systems, likely due to:

- Differences in translation elongation factors

- Ribosomal structural variations

- mRNA secondary structures

In cases of inefficiency, the ribosome sometimes fails to skip entirely, resulting in a fused
polyprotein that can still be processed or secreted.

Factors Affecting Skipping Efficiency



Multiple factors influence the degree of skipping:

| Factor | Effect |

-1

| Sequence Variations | Minor mutations can drastically alter efficiency |

| Peptide Length | Longer or optimized sequences improve skipping |

| Flanking Residues | Amino acids adjacent to 2A motifs modulate skipping |

| Translation Rate | High expression may lead to saturation and leaky skipping |
| mRNA Secondary Structures | Can influence ribosomal pausing and skipping |

Understanding these factors allows for deliberate tuning of the balance between fused and
separated proteins, harnessing the natural inefficiency for functional purposes.

Functional Implications of Simultaneous Secretion and Display
Dual-Function Protein Production

The capacity for Saccharomyces to produce both secreted and displayed proteins simultaneously has
significant biotechnological implications:

- Multi-enzyme complexes: Facilitating substrate channeling by co-localizing enzymes on the cell
surface while secreting others.

- Vaccine platforms: Presenting antigens on the cell surface while secreting immunostimulatory
factors.

- Biosensors: Displaying recognition elements while secreting reporter enzymes.

Advantages of Inefficient Skipping

Leveraging the natural inefficiency offers several benefits:

- Simplified Genetic Constructs: Single transcript encoding multiple functionalities.

- Stoichiometric Control: Adjusted by modulating skipping efficiency through sequence design.
- Reduced Burden: Single promoter and transcript reduce metabolic burden.

- Enhanced Versatility: Enables complex protein architectures without extensive engineering.
Challenges and Considerations

Despite these advantages, challenges include:

- Heterogeneity of product populations: Variability in the ratio of fused vs. separated proteins.

- Unpredictable efficiency: Requires empirical optimization.

- Potential for misfolding or non-functional fusion proteins.

Careful design and characterization are essential to maximize the benefits of this mechanism.

Engineering Strategies to Exploit Inefficient Skipping



Rational Design Approaches

- Sequence Optimization: Fine-tuning 2A sequences for desired skipping efficiency.
- Context Modification: Altering flanking regions to favor or disfavor skipping.

- Expression Tuning: Adjusting promoter strength or translation initiation rates.
Synthetic Biology Tools

- Mutagenesis libraries: To identify variants with tailored skipping efficiencies.

- Inducible systems: To dynamically regulate the ratio of fused/separated proteins.
- Fusion tags and linkers: To improve folding and functionality of fusion proteins.
Future Directions

- Directed evolution of 2A sequences in yeast for bespoke efficiency.

- Computational modeling to predict skipping behavior based on sequence.
- Integration with other synthetic biology modules for complex multi-protein systems.

Broader Implications and Future Perspectives
Expanding the Toolbox for Yeast Biotechnology

The realization that inefficient ribosomal skipping can be harnessed deliberately expands the toolkit
available for yeast engineering. It enables:

- Coordinated expression of multi-functional proteins
- Simplified genetic architectures
- Potential for creating self-assembling multi-protein complexes

Potential for Cross-Species Application

While this review focuses on Saccharomyces cerevisiae, similar mechanisms could be explored in
other eukaryotic systems, potentially leading to:

- Universal strategies for multi-protein expression
- Enhanced vaccine design across hosts
- Novel therapeutic protein production platforms

Ethical and Safety Considerations

As with all synthetic biology endeavors, considerations around containment, unintended
interactions, and biosafety must guide the application of these technologies.

Conclusion

The phenomenon of inefficient ribosomal skipping in Saccharomyces cerevisiae exemplifies how
nuanced translational regulation can be exploited for biotechnological innovation. Rather than



viewing leaky skipping as a flaw, researchers are now recognizing its utility in enabling the
simultaneous secretion and display of proteins, thereby streamlining complex protein production
systems. Continued mechanistic elucidation, coupled with strategic engineering, promises to unlock
new capabilities in yeast-based manufacturing, vaccine development, and synthetic biology.

This discovery underscores the importance of understanding and harnessing natural cellular
processes—sometimes imperfect—to achieve sophisticated biological functions, ultimately advancing
our capacity to engineer life at the molecular level.
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