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SUMMARY

Over the past two decades, the display of various recombinant proteins on the surfaces of
microorganisms, particularly yeast, has garnered significant research attention. This method is rapid,
simple, and cost-effective, combining the biosynthesis and secretion of recombinant proteins with
their immobilization on the host cell surface. Proteins synthesized using this technique are transported
to the cell surface and incorporated into the cell wall through mild, native processes, avoiding
aggressive chemical immobilization methods that often lead to a loss of physiological activity. Surface-
displayed proteins are generally more stable and resistant to environmental changes than those in
solution. Depending on the promoter used, cells can continuously renew the recombinant protein on
their surface or express it only under certain conditions. Additionally, cells carrying surface-displayed
enzymes can be easily separated from the reaction mixture and reused multiple times. These

enzymes can also catalyze reactions with substrates that cannot enter the cells, facilitating
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extracellular synthesis and simplifying product purification. However, the main obstacle to the
industrial application of this method is often low efficiency, resulting in limited amounts of displayed
protein. The efficiency depends on the processes that the protein undergoes on its way to the cell
surface, following the same pathway as native secretory proteins: synthesis in the endoplasmic
reticulum (ER), transport to the Golgi, and delivery to the cell surface via transport vesicles. Large
amounts of secretory proteins can overload the ER, triggering the unfolded protein response (UPR)
and endoplasmic reticulum-associated degradation (ERAD). Despite significant improvements for
some proteins, a universal system for all recombinant proteins has yet to be developed. However, the
complexity of protein processing and secretion pathways suggests that a single system improving
productivity for all recombinant proteins is unlikely. Instead, several optimized systems tailored to
specific protein structures may be necessary. This article provides an overview of the processes that
recombinant proteins intended for surface display undergo on their way to the cell surface in the
endoplasmic reticulum and represent a crucial bottleneck for the successful immobilization of

recombinant proteins at the cell surface.
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INTRODUCTION

Over the past two decades, the display of various recombinant proteins on the cell surfaces of
microorganisms, especially yeast, has been a major focus of research worldwide. This fast, simple
and inexpensive method combines the biosynthesis and secretion of recombinant proteins with their
immobilization on the surface of the host cell. Different systems for the immobilization of recombinant
proteins make it possible to find the optimal solution for each specific case. Recombinant proteins
synthesized with this technique are transported to the cell surface and incorporated into the cell wall
by mild, native cellular processes. This approach avoids the aggressive chemical immobilization
methods that can often lead to loss of physiological activity. In addition, proteins immobilized on the
cell surface are generally more stable and resistant to environmental changes than those in solution.
Depending on the promoter used in the constructs, the cells can either continuously renew the
recombinant protein on their surface or express it only under certain conditions. This method
eliminates the need to isolate, purify and chemically immobilize proteins on a carrier, making the
process faster, simpler and less expensive. Another advantage of surface-displayed enzymes is that

cells carrying these proteins can be easily separated from the reaction mixture and used multiple



times. In addition, surface-displayed enzymes can catalyze reactions with substrates that cannot enter

the cells, facilitating extracellular synthesis and simplifying purification of products.

The main obstacle to the industrial application of this method is often the low efficiency, which
leads to limited amounts of the displayed protein. The efficiency of surface display depends, among
other things, on the processes that the protein undergoes on its way to the cell surface. Recombinant
proteins intended for secretion or surface display follow the same pathway as native secretory
proteins. They are synthesized in the endoplasmic reticulum (ER), transported to the Golgi and then
delivered to the cell surface via transport vesicles. In the ER, the proteins are folded and undergo co-
and post-translational maodifications, including glycosylation. In addition to influencing proper protein
maturation, glycosylation of cell wall proteins is required for the assembly of the outer mannan layer,
which determines the permeability of the wall (1). The degree of protein mannosylation and
consequently the thickness and density of the mannan layer could influence the availability of
substrates for the enzymes expressed on the cell surface, which in turn affects reaction kinetics and
enzyme activity (2,3).

The process of protein folding in the ER is supported and controlled by the action of molecular
chaperones. Large amounts of secretory proteins can overload the ER and trigger the unfolded
protein response (UPR) and endoplasmic reticulum-associated degradation (ERAD) (Fig. 1). These
pathways contribute to reducing ER stress by slowing down overall protein synthesis, increasing the
production of chaperones and directing misfolded proteins to the proteasome for degradation.
Properly folded and modified proteins are packaged into COPII-coated vesicles and transported to
the Golgi for further processing and sorting. Vesicles containing recombinant proteins are transported
from the Golgi along the cytoskeleton to the plasma membrane, where they fuse and release their
contents into the periplasmic space. The proteins are then bound non-covalently or covalently to the
glucan of the cell wall by mechanisms that depend on the surface display model used for their
construction. Some proteins are bound to glycosylphosphatidylinositol (GPI) anchors, which are
initially incorporated into the plasma membrane and later transferred to the cell wall, where they bind
covalently to 3-1,6-glucan. Other proteins are covalently bound to the cell wall by ester bonds between
specific glutamates in so-called Pir sequences, which are present in proteins of the PIR family, and
B-1,3-glucan. The most common GPIl-anchored proteins used for surface display of heterologous
proteins are a-agglutinin, a-agglutinin, Cwp2 and Sed1l. Yeast a-agglutinin consists of two subunits,
one of which (Agal) is bound to the cell wall via a GPI anchor, while the other (Aga2) is connected to
Agal via disulfide bridges. The fusion of the heterologous protein with the C- or N-terminal of the

Aga2 subunit results in its immobilization on the cell surface. Finally, some cell wall proteins are just



adsorbed non-covalently to cell wall carbohydrates. However, of this group of proteins, only Flol is
used for cell surface display. Flol is a lectin-like protein that contains the flocculation domain near the
N-terminus. Numerous cell surface display systems have been constructed in which the N-terminus
of the heterologous protein is fused to the C-terminus of the Flo1 flocculation domain. More detailed
information on the cell wall proteins used to make recombinant constructs and the strategies used for
improvement of their incorporation onto the cell surface can be found in already published review
articles (4-6).

There are indications that the ability of the cell wall to bind covalently embedded proteins is
limited by the amount of native cell wall proteins it contains (7). S. cerevisiae has 5 genes encoding
Pir proteins and 31 genes encoding GPI-bound proteins, which are thought to be localized in the cell
wall, while some of the GPI-bound proteins remain anchored in the membrane and are not transferred
to the B-1,6-glucan (8,9). Thus, the capacity of the cell wall to bind heterologous proteins could be
increased by removing autochthonous Pir- or GPI-bound proteins. Finally, mutations in genes
encoding proteins involved in endocytosis have been shown to increase the amount of secreted
heterologous proteins from yeast cells (10), which could also affect the amount of heterologous
proteins displayed on the surface.

To improve the industrial applicability of protein surface display, many attempts have been
made to optimize various cellular events involved in this process. These include the regulation of
protein synthesis, the secretory pathway and endocytosis, modifications of the structure of cell wall
carbohydrates and native protein content, and mechanisms for anchoring recombinant proteins in the
cell wall. Although significant improvements have been achieved for some proteins, a universal
system for the successful immobilization of all recombinant proteins has yet to be developed. This
article provides an overview of the processes that recombinant proteins intended for surface display
undergo on their way to the cell surface in the endoplasmic reticulum, representing a crucial

bottleneck for the successful immobilization of recombinant proteins at the cell surface.

OVERCOMING THE SURFACE EXPOSURE BARRIER: STRATEGIES FOR STABILIZING
PROTEINS IN YEAST DISPLAY

Many proteins are only marginally stable in their native state, and displaying them on the yeast
surface can exacerbate folding and stability problems. This phenomenon, termed the “surface
exposure barrier”, refers to the destabilization, misfolding, aggregation or loss of function that can

occur when a marginally stable protein is tethered and exposed on the cell surface. Non-native



conditions that can create a “surface exposure barrier” are an altered environment, loss of native
interactions and cofactors, conformational constraints due to binding, (altered) glycosylation and
secretory folding and quality control. The extracellular milieu and yeast cell wall environment differ
from the cytosol or other native cellular compartments. A protein displayed on the yeast surface is
exposed to the surrounding medium, which may have a different pH, redox potential or ionic strength
than the protein’s native environment. Optimization of cultivation conditions (pH, T, osmolyte addition,
etc.) can result in subtle differences for certain proteins (11). Many proteins rely on partner subunits,
ligands or cellular cofactors to fold correctly or remain stable. When a protein is expressed in isolation
on the cell surface, these stabilizing interactions may not be present. If the instability of a protein is
due to a lack of cofactors or partner subunits, one solution is to provide those partners in trans. In
yeast display, this might mean co-displaying or co-secreting a binding partner. For example, to display
a heterodimeric Fab fragment (which consist of a heavy chain and a light chain), researchers have
co-expressed both chains in the same cell: the heavy chain was fused to Aga2 and the light chain
was secreted as a soluble protein that associates non-covalently (12). In addition, fusion of one
terminus of the protein to the anchoring protein constrains that end of the protein, and the tether can
perturb the protein’s folding or native state stability. For some enzymes, an N-terminal fusion resulted
in an inactive display, while a C-terminal fusion retained activity (13). This may be related to how the
protein’s own N-terminus is involved in folding or function. A straightforward strategy is therefore to
test both N- and C-terminal fusions. The fusion of a protein with an anchor protein can be optimized
by adding the linker and adjusting its length. Flexible glycine-serine linkers (e.g. GGSGGS repeats)
can reduce steric strain and allow the protein domain to fold without colliding with the cell surface or
anchor. For example, when displaying enzymes on yeast, a longer linker often enhanced the activity
of the enzyme as it could fold into its active conformation without being disrupted by the cell wall
(14,15). N-glycosylation of proteins during secretion can also change the properties of the protein
(15). Non-native glycosylation may impair folding or function, while the absence of native glycosylation
may remove a stabilizing element. One strategy to address this problem is to modify the host
glycosylation pathway to better mimic the native context of the protein, which has been shown to
improve folding fidelity (16). Finally, the proteins displayed on the yeast surface must fold in the
oxidizing environment of the endoplasmic reticulum (ER) and pass the cellular quality control points
in order to be successfully secreted. A protein that is only marginally stable may misfold during this
journey, fail quality control and thus never reach the surface. Indeed, experiments have shown a
strong correlation between the thermodynamic stability of a protein and its efficiency of secretion /
display in yeast: more stable mutants fold more easily and are displayed in higher copy numbers,

while unstable variants are often intercepted by the quality control machinery (17). Shusta et al. (18)



found that the “efficiency of the consecutive kinetic processes of membrane translocation, protein
folding, quality control, and vesicular transport” correlates with protein stability. The secretory pathway
thus acts as a filter that excludes marginally stable proteins. This collection of challenges that a protein
must overcome to remain correctly folded and functional when displayed on the yeast surface
represents an exacerbation of the protein’s marginal stability problem: any tendency to unfold or
misfold is amplified by the stress of heterologous secretion and surface binding. As a result, many
proteins (especially those that are large, have multiple domains or require delicate interactions) show
greatly reduced functional display levels unless measures are taken to stabilize them. More than two
decades of methodological refinements and experimental findings have made it clear that stability
engineering is not just a side-aspect, but often a central component of yeast display campaigns (19).
Several strategies have been developed to improve the folding and stability of proteins enabling their
successful display on the yeast surface. One approach is to use prior knowledge of protein structure
or evolutionary sequence data to guide stabilizing changes through rational design or consensus
design. Rational design might involve the stabilization of a known flexible region (e.g. replacing a
glycine in a helix with alanine to reduce flexibility, or introducing a salt bridge at a solvent-exposed
patch) (20). Consensus design is based on the principle that at each position in a protein family, the
most frequent amino acid (consensus residue) often contributes to stability, so mutations toward the
consensus sequence can stabilize a protein (15). A powerful complement to rational design is directed
evolution, where randomized libraries of the protein are created and screened for improved stability
phenotypes (19). In the context of yeast display, several selection pressures can enrich stabilized
variants. Shusta et al. (18) applied a 46 °C heat shock to a scTCR library prior to sorting, effectively
selecting mutants based on thermostability. Another approach is to simply sort for high expression
levels at normal temperature, following the logic that the yeast’s secretory system itself acts as a
selector and that yeast display has an intrinsic link between expression level and stability (17). This
strategy was used by Traximayr et al. (19) to stabilise already highly thermostable proteins such as
the IgG1-Fc domain. They created an error-prone PCR library of an IgG1-Fc and sorted for clones
with the highest surface expression and those that retained folding after heat exposure. While glyco-
engineering is more common for improving therapeutic protein production, the same principle applies
to surface display. Each protein must be evaluated individually, as the effects of glycosylation vary
from case to case (15,16,21). Finally, lowering the growth temperature during induction (e.g. inducing
protein expression at 20 °C instead of 30 °C) can significantly improve folding yield by slowing down
protein synthesis and allowing more time for correct folding (22). In addition, the choice of promoter
can influence the expression level of protein (23). Very strong expression of a difficult protein may

overwhelm the folding machinery, whereas a moderately strong promoter can lead to a lower rate of



protein synthesis that the cell can handle (resulting in more of the protein folding rather than
aggregating). From a strain engineering perspective, modifying the ER and unfolded protein response

(UPR) capacity of the host can be beneficial.

THE ROLE OF THE STRUCTURE OF THE ENDOPLASMIC RETICULUM IN THE PRODUCTION
OF HETEROLOGOUS PROTEINS

The ER is the largest cellular organelle, accounting for about 35 % of the cell volume and
extending from the nucleus to the cell membrane as a continuous and complex membrane system
organized in sheets and tubules. These morphologically distinct parts of the ER have different
functions, with the sheets playing a role in protein maturation and the tubules involved in lipid
biosynthesis. The structure of the ER is constantly remodeled and maintained by a series of proteins
that regulate its morphology and connect the ER to the microtubules (24-28). The most important and
well-known function of the ER is the synthesis and maturation of secretory proteins. Secretory proteins
are synthesized by ribosomes bound to the cytosolic surface of the ER, where the nascent protein
chains are translocated into the ER lumen by the Sec61 translocon (29). In S. cerevisiae, ribosomes
are mainly located in the ER sheets (30), as the large surface area of the membrane provides
sufficient space for ribosome binding and the large volume of its lumen ensures accessibility of the
nascent proteins to chaperones required for folding into the native conformation and to enzymes

catalyzing post-translational modifications.

The differentiation of the newly synthesized parts of the ER membrane into tubules and sheets
is not yet fully understood. It is known that the formation of ER tubules depends on reticulon proteins
(31). These proteins are incorporated into the cytoplasmic layer of the ER membrane and form ER
tubules by oligomerization via their specific hydrophobic hairpin structures (24,32). There are two
reticulons (Rtnl and Rtn2) and one reticulon-like protein (Yopl) in S. cerevisiae. Deletion of all three
proteins leads to a significant reduction in the amount of ER tubules (30), but does not cause defects
in vesicular trafficking from the ER and has only a minor negative effect on growth compared to wild-
type yeast (31). Overexpression of a reticulon protein or alteration of its oligomerization pattern leads
to a shift in ER morphology from sheets to tubules (32,33). Accordingly, expansion of the ER
membrane without a parallel increase in reticulon concentration and/or activity leads to the formation
of ER sheets. On the other hand, it appears that the sheet structure is stabilized by the Sec61
translocon and the binding of the ribosome (34,35). The key factor that defines ER morphology in

yeast is the proportion between ER surface area and the abundance of Yopl, Rtnl and Rtn2 (36).



ER homeostasis is mainly controlled by the Unfolded Protein Response (UPR) signal transduction
pathway.

UPR ACTIVATION DURING ER STRESS

When the overexpression of secretory proteins exceeds the folding capacity of the ER,
misfolded proteins accumulate in the ER lumen, leading to ER stress, which causes a change in ER
size and shape by activating the UPR (37,38) (Fig. 2). The expansion of the ER membrane leads to
the formation of large ER sheets. Overexpression of the reticulon protein Rtnl can cause the ER to
convert from sheet to tubular shape, but does not alter the effect of increasing ER volume on reducing
ER stress (33,39). Increased ER volume could reduce ER stress by enabling better functioning of
membrane-dependent processes (ERAD, glycosylation, etc.), harboring more chaperones, and
promoting protein folding by lowering the concentration of folding intermediates that tend to form
aggregates through hydrophobic interactions (40,41). The accumulation of misfolded proteins in the
ER activates the UPR sensor protein Irel, which in turn activates the transcription factor Hacl. Hacl
has been shown to regulate the transcription of approximately 380 genes (42). In general, it induces
transcription of genes encoding chaperones, which enhances the ER folding capacity, and activates
the endoplasmic reticulum-associated degradation (ERAD) pathway (42,43) to translocate misfolded
proteins from the ER to the cytosol, where they are degraded by the proteasome (44). The ERAD
machinery is constitutively active in the cell, but is additionally activated by Hacl under ER stress.
Mutants in ERAD components constitutively activate the UPR and are hypersensitive to ER stress.
The combined deletion of ERAD components and IRE1 leads to severe synthetic phenotypes (42).
To increase the processing rate of the secretory pathway and protect the cell from the formation of
ROS which occur as a consequence of increased disulfide bond formation during protein maturation,
genes involved in response to oxidative stress are also upregulated (45), as are genes encoding
components of the glycosylation machinery, since glycosylation is important for the proper folding of
glycoproteins. In addition, genes encoding components of the post-Golgi, COPI and COPII transport
vesicles and enzymes involved in inositol and lipid synthesis are also upregulated to increase ER

membrane synthesis and vesicle transport.

The increase in ER volume also depends on the regulation of the transcriptional repressor
Opil, which controls the activity of the heterodimeric transcriptional activator Ino2/Ino4. The deletion
of OPI1 leads to a constitutive activation of the Ino2/Ino4 complex, resulting in increased phospholipid

biosynthesis and an expansion of the ER size without increasing the chaperone concentration (33).



Without Ino2/Ino4 activation, ER expansion is lessened, probably due to reduced biosynthesis of
lipids. Moreover, opil mutants and cells with inactive Ino2 exhibit expanded ER sheets independent
of Sec61 protein levels, indicating that Sec61 is not limiting for ER sheet formation (33). On the other

hand, Hacl activates the Ino2/Ino4 complex, thereby stimulating Ino2/Ino4 activity during ER stress.

Irel is a type | transmembrane protein that contains a luminal, a transmembrane and a
cytosolic part. The luminal part of Irel consists of five subregions (46), of which subregions II-IV form
a tightly folded so-called core stress sensing region (CSSR). According to crystal structure and
systematic mutational analysis, subregion lll is a flexible segment, and the Kar2 chaperone binding
site is located in subregion V (47). Under normal conditions, Irel is in a complex with the Kar2 protein.
Kar2 is an essential and abundant protein that belongs to the Hsp70 family of chaperones that
supports and controls the folding of secretory proteins in the ER lumen and is involved in the transport
of proteins across the ER membrane at the expense of ATP energy (48). The synthesis of Kar2 is
triggered by the activation of the UPR. Normally, part of Kar2 is bound to immature proteins to support
its correct folding, and most of Kar2 is in complex with Irel. Upon ER stress, the majority of Kar2 is
diverted away from Irel and bound to misfolded proteins, which is the first step in activating Irel
(47,49,50). Following the release of Kar2, dimerization of Irel occurs via the CSSR region, and the
CSSR dimer forms a groove similar to the major histocompatibility complex, which is capable of
interacting with unfolded proteins (46). Further interactions of CSSR with unfolded proteins lead to a
change in the conformation of the luminal domain of Irel, resulting in realignment and activation of
the cytosolic domains. In this way, highly oligomerized Irel clusters are formed, leading to a fully
active Irel (51). The cytosolic part of Ire 1 contains a protein kinase and an RNase domain. The
protein kinase domain triggered by ER stress performs autophosphorylation, followed by activation of
the RNase domain, which converts the precursor form of HAC1 mRNA (HAC1u) into the mature form
(HAC1i) (52,53). The HAC1 precursor mRNA (HAC1u) is produced constitutively and contains a
specific intron at the 3’ end that is processed only by Ire1 RNase activity (54). This intron contains a
translation attenuator that forms a loop structure in which the ribosomes are stalled (55). The
formation of mature mRNA is catalyzed by the splicing activity of Irel and the activity of the RNA
ligase RIgl (56). HACL1i is translated into the transcription factor Hacl, which regulates the expression
of a number of genes to reduce ER stress (42,57). The transcription factor Hacl is a member of the
basic leucine zipper (bZIP) family. It forms homodimers and binds to UPRE motifs (UPR element) in

promoters of UPR targets (58).

After activation, the level of Irel RNase activity must be tightly controlled. Chawla et al. (59)

reported that to inactivate the UPR after the restoration of ER function, the kinase domain of Irel must



recognize and transmit signal to the RNase domain that ER function is restored to attenuate the
production of Hacl. Their results showed that Irel is attenuated by dephosphorylation of the kinase
domain and some conformational changes. Restoration of the complex of Irel and Kar2, whose
transcription is induced by the UPR, also contributes to the attenuation of Irel through a negative
feedback mechanism. Mutant cells that are unable to attenuate Irel activity are less able to survive
the extended activation of the UPR, demonstrating the importance of adequate attenuation of the
UPR for cell survival (59).

THE ROLE OF ERAD IN THE QUALITY CONTROL OF SECRETORY PROTEINS

Secretory proteins are usually delivered cotranslationally in unfolded form into the lumen of
the ER, where molecular chaperones support their folding and keep them in soluble form until folding
is complete. Some of the chaperones are part of the ER quality control (ERQC). Correctly folded
proteins are then sorted and transported to their final destination, while proteins that fail to fold
correctly are targeted for degradation by the ERAD (60). Yeast ER chaperones include Kar2 and Lhs1
from the Hsp70 family, the lectin-like Cnel and the membrane-bound chaperone Rotl, the co-
chaperones Scjl and Jeml, the nucleotide exchange factor Sill and the group of thiol
oxidoreductases Mpd1l, Mpd2, Epsl, Eugl and Pdil (61-66). The molecular chaperones Kar2, Scj1,
Jem1 and Pdil bind exposed hydrophobic regions of unfolded proteins (62,66-69).

The method by which ERQC distinguishes between unfolded and folded proteins is not yet
fully understood. It is hypothesized that correctly folded proteins form conformational export signals
that are recognized by the ERQC sorting mechanism, whereas misfolded proteins are unable to form
them and would be retained in the ER. This is supported by the fact that a family of proteins which
recognize export signals in mature proteins and concentrate them at ER export sites (so-called “cargo
sorting factors”) is found in the ER (70). However, some misfolded proteins possess a functional
export signal and can be exported from the ER by COPII vesicles (71). This mechanism enables the
removal of misfolded proteins from the ER even when the ERAD is saturated (72). Some misfolded

proteins form insoluble aggregates that are removed by autophagy (73).

The best characterized ERAD determinant to date is the modification of the branched glycan
chain Glc3-Man9-GIcNAc?2 linked to Asn in the protein sequence Asn-X-Ser/Thr (74). During the
folding process, glucosidase | (Gls1) and glucosidase Il (Gls2) sequentially hydrolyze three glucose
residues, leaving a truncated Man9-GIcNAc2 chain, which is further truncated by mannosidase |

(Mns1) to Man8-GIcNAc2. These reactions are slow, allowing the glycoprotein enough time to fold. If
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the glycoprotein remains unfolded, it becomes a substrate for the complex of mannosidase Htm1/Mnl1
and protein disulfide isomerase PDI (75,76). The Htm1-PDI complex specifically cleaves the terminal
mannose residue in one branch of the glycan chain and exposes an a-1,6-linked mannose, which is
the ligand for the Yos9 ERAD receptor (77). Inhibition of either of these steps impairs ERAD of
glycoproteins (75). However, the Man7-GIcNAc2 glycan structure must be bound to a disordered
protein segment to signal ERAD (78). If folding of the protein is completed in the time required to
process the glycan to Man8-GIcNAc2, it escapes Htm1-PDI processing and can leave the ER. It has
also been reported that some ERAD substrates are modified by O-mannosylation, although the
mechanism by which misfolded proteins are selected for O-mannosylation is not yet understood
(79,80). This is consistent with the fact that the PMT1 and PMT2 genes, which encode
mannosyltransferases that catalyze O-mannosylation reactions, are targets of the UPR (42) and that
a number of ER factors, including the Hrd1 complex, are associated with the Pmtl/Pmt2 complex
(81).

There are two ERAD complexes, Hrd1/Der3 and DoalO, which are located in the ER
membrane and recognize, ubiquitinate and translocate misfolded proteins for degradation. These
complexes contain the E3 ubiquitin ligase Hrd1 or Doal0 respectively, and a variety of other factors
(Fig. 3). Genetic analyzes have shown that some of these components, such as Doal0, Hrd1l and
Derl, are required for specific substrates, while others (such as Cdc48, Ubc7 and Cuel) are generally
required (82-84). The Cdc48-Npl4-Ufd1-Ubx2 complex and Ubc7 are located in the cytosol and are
part of both Doal0 and Hrd1/Der3 ERAD complexes. Both the Doal0 and the Hrd1/Der3 complexes
also include the transmembrane component Cuel. Cuel recruits the Ubc7 E2 ubiquitin-conjugating
enzyme to the ERAD complexes. The Hrd1/Der3 complex also contains the membrane component
Derl, the Iluminal components Hrd3 and Yos9 and the cytosolic component Usal. The
transmembrane protein Derl may be involved in the translocation of misfolded proteins into the
cytosol (85), while Usal acts as a scaffold for the Hrd1/Der3 complex, linking Derl to Hrd1 (86,87).
The Doal0 complex is specific for membrane proteins with defects in their cytosolic domains (ERAD-
C) and Hrdl/Der3 for luminal proteins (ERAD-L) and membrane proteins with defects in their
transmembrane segments (ERAD-M) (82,83,86). In ERAD-M mode, the Hrd1 protein itself recognizes
defects in transmembrane segments of proteins, whereas in ERAD-L mode, luminal proteins such as
Kar2, the Htm1-PDI complex and Yos9 are involved in substrate recognition (88,89). Kar2 is specific
for non-glycosylated and Yos9 for glycosylated substrates, while Hrd3 recognizes unfolded and/or
extended segments of polypeptide chains. The DoalO0 complex serves for the degradation of

misfolded transmembrane proteins, mostly those with defects in their cytosolic domains, as well as
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some misfolded cytosolic proteins, and acts as a complement to the Hrd1/Der3 complex (90,91).
There is evidence that cooperation with the cytosolic chaperones Hsp70 Ssal, Hsp40 Ydj1 and Hsp40
HIj1 is required for the function of the Doal0 complex (91).

The degradation of misfolded proteins takes place in the cytosol, but the mechanism for their
translocation from the ER to the cytosol is not yet clear. Moreover, since a wide range of different
structural features of potential substrates is possible, there are probably also several mechanisms for
retrotranslocation. Polyubiquitination has been shown to be a critical step in the retrotranslocation of
both luminal and transmembrane proteins (91). Activated ubiquitin is transferred from the cytosolic
E1 ubiquitin-activating enzyme Ubal to the ERAD E2 ubiquitin-conjugating enzymes Ubc6 and Ubc7
and finally to ERAD substrates by the Hrd1/Der3 or DoalO E3 ubiquitin ligase and the E4 chain-
extension enzyme Ufd2 (91). The polyubiquitin chains are recognized by the Cdc48 ATPase, which
forms a heterotrimeric complex with the cytosolic proteins Ufd1l and Npl4, providing the mechanical
force for protein translocation at the expense of ATP hydrolysis (92,93). However, the components of
the translocation channel have not yet been identified, although there are several candidates,
including Derl (93) and Hrd1/Der3 (94).

Prior to the degradation of glycoproteins by the proteasome, the N-linked glycans must be
removed by the cytosolic enzyme Pngl (95). The transfer of polyubiquitinated proteins to the
proteasome is mediated by the protein Rad23 (96). It has been shown that Rad23 can interact with
Pngl and Ufd2 and furthermore with Cdc48 via Ufd2, potentially linking the ERAD machinery to the
proteasome and enabling rapid degradation of ERAD substrates (97,98).

MODIFICATIONS OF THE ER, SECRETORY PATHWAY, UPR AND ERAD

Recently, much effort has been devoted to the processes that occur in the ER, i.e.
cotranslational and posttranslational modifications, folding and transport through the secretory
pathway, the quality control system and the mechanisms for the degradation of misfolded proteins
(Table 1). It has been shown that the production of recombinant proteins can be improved by genetic
modifications targeting the transcriptional level of individual enzymes involved in ER homeostasis or
ER membrane expansion processes in general (41,99). Koskela et al. (99) showed that
overexpression of Irel, which activates the UPR likely due to a change in the ratio of Irel and Kar2,
resulted in increased secretion of recombinant proteins. Sheng et al. (101) showed that
overexpression of IRE1 in a mutant strain lacking Ypt32 (mediates intra Golgi traffic and the budding

of post-Golgi vesicles) increased recombinant protein expression over 2-fold. Instead of
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overexpressing individual chaperone or foldase genes, Valkonen et al. (104) regulated the expression
of HAC1, and thus affected the entire UPR signalling pathway at once. They showed that deletion of
HACL1 led to decreased production of heterologous proteins, and overexpression of HAC1 led to
increased production of heterologous proteins, suggesting that induction of the UPR favors the
production of heterologous proteins, probably by enhancing protein folding and eliminating misfolded

proteins by ERAD, which is activated by UPR activation (Fig. 3).

Robinson et al. (107) showed that overexpression of PDI led to increased secretion of human
growth factor B and Schizosaccharomyces pombe acid phosphatase. Overproduction of Kar2
increased the secretion of bovine prochymosin (105), and co-expression of Kar2 and Pdi increased

the secretion of single-chain antibody fragments (117).

One additional step for the increasing recombinant protein production was shown to be
regulation of N-glycosylation. Disruption of the genes coding for Mnn2, Mnn10, Mnn11 and Ochl
improved the production of different recombinant proteins (2,109,118-120). Tang et al. (3) investigated
the effect of N-glycosylation modification on the secretion of three recombinant cellulases, Cel3A
(Saccharomycopsis fibuligera B-glucosidase), CelA (Clostridium thermocellum endoglucanase) and
Cel7A (T. reesei cellobiohydrolase 1) that were N-hyperglycosylated when expressed in S. cerevisiae.
In this work, strains with deletions in OCH1, MNN1 and MNN9 (crucial Golgi mannosyltransferase
genes) were used in order to block the hypermannosylation. Results showed a significant increase in
cellulase extracellular activities, that was primarily caused by increased protein production. Authors
also noticed that the improvement in protein production might be a result of the up-regulation of main
components in the secretory pathway, as well as of the damaged cell wall integrity. Namely, genes
SSAl and KAR2 (protein folding-related), SNC2, BOS1, SSO1 and ERV25 (protein trafficking-
related), and DER1 and HRD3 (ERAD-related), were up-regulated in constructed strains.

Studies have been conducted on the effects of a single deletion of ERAD components alone
or the deletion of individual ERAD components in combination with a deletion of IREL. It has been
found that a single deletion of UBC7 or HRD1 leads to slower degradation of ERAD substrates and
an accumulation of misfolded substrates in the ER (110-112). Single deletions of HRD1, HRD3 and
UBC7 showed a slight decrease in the production of recombinant protein, while a more pronounced
decrease was observed after deletion of YOS9 (106). However, a slight increase in production was
observed after the deletion of the gene HTM1 (106), which encodes the mannosidase responsible for
the exposure of an a-1,6-linked mannose required for the efficient binding of the ERAD-targeted
glycoprotein to Yos9 (75). This could be due to the fact that the Ahtm1 strain takes longer to fold and

secrete the glycoprotein. While deletion of IRE1 in wild-type cells greatly reduced the production of
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recombinant proteins, deletion of IRE1 in the Ahtm1 and Ayos9 strains slightly reversed the effects
observed in these single mutants. In addition, the Ayos9Aire1 and Ahtm1Aire1 strains showed a
longer retention of the recombinant proteins in the ER and their slower secretion from the cells (106).
Similarly, the expression of a number of recombinant proteins in P. pastoris was improved by
coexpression of the Kar2 or Pdil (102,108), Hacl (100,103), Irel (121) and some other co-

chaperones (102,121,122) as nicely reviewed in the recent paper by Raschmanova et al. (113).

A seminal study by Tang et al. (114) investigated the engineering of vesicle trafficking in S.
cerevisiae to improve both the extracellular activity and surface display efficiency of cellulases. In this
work, components such as Secl2, Sec13, Erv25, and Bos1 were overexpressed to enhance protein
transport from the ER to the Golgi, ultimately leading to improved secretion of Clostridium
thermocellum endoglucanase (CelA). The study further revealed that engineering components in the
Golgi-to-plasma membrane trafficking pathway, such as SNARE proteins including Ssol, Snc2, Secl,
and Sec9, had a protein-specific impact; certain cellulases, for instance, experienced enhanced
secretion when these genes were upregulated. An important aspect of these modifications is the
differential effect that engineering the vesicle trafficking system has on varying proteins. While CelA
secretion predominantly benefits from modifications in early vesicle transport events (ER to Golgi),
the efficient secretion of cellulases like B-glucosidase (BGL1) relies more on enhancements in the
later stages (Golgi to plasma membrane). This specificity indicates that distinct proteins possess
unique limitations in protein transport, and therefore, the optimization strategy must be tailored to the
particular heterologous protein of interest. At the same time display efficiency of CelA and BGL1 fused
with a-agglutinin was improved in these mutants. Such results indicate that engineering the vesicle

trafficking pathway is important step for regulating both recombinant protein secretion and display.

Bao et al. (115) showed that the moderate expression of SEC16 decreases ER stress by
increasing COPII formation and the number of ER exit sites, enchancing protein secretion. This was
shown to be good general strategy for increasing the secretion of a number of recombinant proteins
including Trichoderma reesei endoglucanase | and Rhizopus oryzae glucan-1,4-a-glucosidase.
Huang et al. (116) by microfluidic screening and whole-genome sequencing identified several genes
involved in the secretory and trafficking pathways whose mutations significantly affected the secretion
capacity of the mutant cells. The deletion of genes coding for proteins associated with COPII vesicles,
such as COG5 and ERV29, decreased a-amylase secretion, while the deletion of GOS1, involved in
the retrograde Golgi traffic, increased the secretion efficiency. Furthermore, the deletion of genes
VPS5 and VPS17, coding for proteins important for transport between the Golgi and endosome,

significantly enhanced the secretion of recombinant protein (123).
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Besada-Lombana and Da Silva (124) combined multiple deletions affecting in the same time
more points in the secretory pathway. They enhanced the cotranslational translocation of protein into
the ER by fusing the signal peptide of the oligosaccharyltransferase Ostl a subunit to the pro-region
of the MFa1 leader sequence. Then, they expanded the ER through PAH1 deletion, overexpressed
ERV29 (an ER transmembrane receptor needed for protein packing into COPII vesicles) and limited
ERAD activity via deletion of DER1. Expression of a fungal 3-glucosidase, a bacterial endoglucanase
and a single-chain antibody fragment in this engineered strain resulted in different results for each

protein, ranging from 5.8 to 11-fold increase compared to the wt strain.

CONCLUSIONS

Over the past decade, numerous attempts have been made to modify S. cerevisiae to improve
the production of recombinant proteins. These included the improvement of vector systems,
promoters and the signal sequences for secretion, interventions in folding and post-translational
modifications as well as the optimization of growth conditions and the fermentation process. However,
none of these attempts led to a host strain and/or a process that could be successfully used for all
recombinant proteins. This is due to the enormous complexity of protein processing and the secretion
pathway as well as the great variability of heterologous protein structures. One of the most critical
steps in the synthesis of recombinant proteins destined for surface display occurs in the ER, where
recombinant proteins accumulate in high concentrations due to the high production of these proteins,
which is usually achieved by using strong promoters upstream of the structural genes that encode
them. This phenomenon burdens the secretory pathway and causes ER stress leading to activation
of the UPR and ERAD pathways. Different, sometimes even contradictory, results obtained from the
inactivation or overexpression of certain proteins in the UPR and ERAD pathways indicate the close
link between these two processes and the need for their coordination and balance. The results in the
literature show that for improved productivity in the production of some recombinant proteins, it is
necessary to accelerate the UPR and/or ERAD to speed up the secretion of the synthesized proteins
and increase the concentration of chaperones and other enzymes required for the processes of
folding and post-translational modifications. However, for other types of recombinant proteins, the
productivity of their synthesis has been shown to be positively affected by slowing down the UPR
and/or ERAD, giving newly synthesized proteins more time to adopt their final conformation and
preventing their too rapid recruitment for degradation in proteasomes. It can therefore be assumed
that it will probably not be possible to create a single, universal system that would improve cell

productivity for all types of recombinant proteins, but that several different systems with optimized
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conditions for the synthesis of specific recombinant proteins that share some common structural

features should be established.
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Fig. 3. Composition of ERAD complexes. The diagram shows the composition and localization of the
distinct components (cytosol, ER membrane, ER lumen) of the individual ERAD complexes. The
components of the Doal0 complex are shown in green, the components of the Hrd1 complex in purple
and the components that make up both complexes in yellow. Created in BioRender. Zunar, B. (2025)

https://BioRender.com/s19pm3q

Table 1. Effect of modifying the expression of protein components of ER, UPR, ERAD and vesicles
involved in protein secretion on the ER structure, secretion and surface display of recombinant

proteins

Protein Function / Modification Effect Reference
localization
Rtnl reticulon ER proteins | deletion decrease of tubular ER (29
Rtn2
Yopl
Rtnl reticulon ER proteins | overexpression | increase of tubular ER 31,32
Rtn2
Yopl
Rtnl reticulon ER proteins | deletion increased volume of ER, 38
Rtn2 attenuated UPR
Yopl
Opil transcription deletion increased volume of ER, 38
regulator attenuated UPR
Irel UPR sensor protein | overexpression | increased secretion of 98-100
in ER recombinant proteins
Hacl transcription deletion decreased production of 101
regulator recombinant proteins
Hacl transcription overexpression | increased production of 32,101-103
regulator recombinant proteins
Pdil ER chaperon overexpression | increased secretion of 104-106
recombinant proteins
Kar2 ER chaperon overexpression | increased secretion of 105,107,108
recombinant proteins
Ubc7 ERAD component deletion accumulation of misfolded 109-111
proteins in the ER
Hrd1 ERAD component deletion accumulation of misfolded 109-112
proteins in the ER, decreased
production of recombinant
proteins
Hrd3 ERAD component deletion decreased production of 112
recombinant proteins
Ubc7 ERAD component deletion decreased production of 112
recombinant proteins
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Yos9 ERAD component deletion decreased production of 112
recombinant proteins
Htm1 mannosidase in ER | deletion increased production of 112
recombinant proteins

Secl2 sorting proteins in overexpression | increased secretion of CelA 113

Secl3 ER to Golgi endoglucanase

Erv25 transport vesicles

Bosl

Ssol sorting proteins in overexpression | increased secretion of 3- 113

Snc2 Golgi to plasma glucosidase BGL1

Secl membrane transport

Sec9 vesicles

Secl6 sorting proteins in overexpression | increased secretion of 114
ER to Golgi recombinant proteins
transport vesicles

Cog5 sorting proteins in deletion decreased a-amylase 115
ER to Golgi secretion
transport vesicles

Erv29 sorting proteins in deletion decreased a-amylase 115
ER to Golgi secretion
transport vesicles

Gosl retrograde Golgi deletion increased a-amylase 115
transport vesicle secretion

Vpsh transport Golgi to deletion enhanced secretion of 116
endosome vesicle recombinant protein

Vpsl7 transport Golgi to deletion enhanced secretion of 116
endosome vesicle recombinant protein

Mnn2 protein deletion increased production of 2,117

Mnnll | mannosylation / recombinant cellulases
Golgi

Ochl a-1,6- deletion increased production of 3,118
mannosyltransferase human tissue-type
/ Golgi plasminogen activator

Mnnl10 | protein deletion improved secretion of 119
mannosylation / recombinant proteins and
Golgi invertase

Mnnl protein deletion improved production of 3

Mnn9 mannosylation / recombinant proteins

Golgi
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