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The balance of proteins in cells, is proteostasis (protein homeostasis).  While protein balances can be moderated by cell

division, in non-dividing cells, with age there is declining proteostasis and the accumulation of deleterious proteins can

present as major problems, such as Alzheimer's disease, Parkinson's disease, Huntington's disease, etc. Budding yeast

also exhibit ageing and can offer convenient means to discover more about biological pathways involved in proteostasis. 

Similarities of yeast and humans mean that yeast can provide valuable insights into multiple pathways of proteostasis,

and can be used as a model for analysing drugs that may improve proteostasis and counter age-related decline in

neuronal health.
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1. Introduction

Alzheimer’s disease (AD) is an age-related progressive neurodegenerative disorder, which accounts for 60 to 80% deaths

resulting from dementia in elderly people . AD has been found to be a multifactorial disease with several causes being

hypothesized and investigated . However, amyloid beta (Aβ) mediated toxicity and its clearance from the neuronal

environment has been the most popular area of AD research for the last three decades, as amyloid plaques are the most

significant pathological hallmarks of the disease . Memory deficits and cognitive impairment due to loss of neurons

resulting in cortical atrophy accompanied by presence of amyloid plaques and neurofibrillary tangles are present in people

with AD . Depending upon the time of occurrence of first symptoms, AD victims have been classified into early onset

AD (EOAD) and late onset AD (LOAD). Most AD patients (90–98%) have late onset disease with symptoms appearing

after the age of 65 years . AD pathology has been divided into familial autosomal dominant inheritance forms (<1% of

total AD cases) and a sporadic multifactorial category (majority of cases) . The mutations in amyloid precursor protein

(APP) and two presenilin genes (PSEN1 and PSEN2) have been found to be associated with the familial form . On the

contrary, the multifactorial sporadic disease is more genetically complex, and cannot be attributed by any single risk factor

or cause. More than 20 risk loci have been identified from previous studies involving genome wide association studies

(GWAS) and linkage analysis (Figure 1). Most of these important AD-associated risk loci are associated with Aβ mediated

toxic pathways, while other risk loci are associated with immune function, endocytosis, synapsis, and lipid metabolism .

Interestingly, all these cellular processes associated with AD pathology are somehow dependent on cellular protein

homeostasis .

Figure 1. Risk factors/loci and associated cellular processes identified by genome wide association studies (GWAS)

involved in Alzheimer’s Disease (AD) converge to the proteostasis network. APP, amyloid precursor protein; PSEN1,

presenilin 1; PSEN2, presenilin 2; ADAM10, ADAM metallopeptidase domain 10; CLU, clusterin; CR1, complement
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C3b/C4b receptor 1; ABCA7, ATP binding cassette subfamily A member 7; CD33, CD33 molecule; MS4A, membrane

spanning 4-domains A; PICALM, phosphatidylinositol binding clathrin assembly protein; CD2AP, CD2 associated protein;

EPHA1, EPH receptor A1; BIN1, bridging integrator 1; APOε4, apolipoprotein E4; SORL1, sortilin related receptor 1.

Various risk loci have been identified by GWAS to be associated with AD. Some of these risk loci are clustered to

important cellular processes in this figure to depict their relationship with the proteostasis network, highlighting its

significance in AD pathology. Previous studies suggest an important role of the proteostasis network in cellular processes

associated with AD, including amyloid formation pathway, immune response mechanisms, vesicle trafficking, endocytosis,

and lipid metabolism.

The intracellular neuronal environment of AD patients is characterized by loss of proteostasis, mitochondrial dysfunction,

impaired mitophagy, oxidative damage, genetic instability, impaired protein clearance, amyloidosis, loss of synapsis,

disruption of lipid homeostasis, biometal distribution alteration, and energy failure . Most of these defects are found

associated with various events in the AD brain; however, the majority are thought to be the consequence of Aβ

overproduction and aggregation . These intracellular cues are also conserved in yeast cells with more than 60% of its

genes having human homologs or at least one conserved domain . The major yeast models used for AD studies

involve Saccharomyces cerevisiae . These models for AD studies have been very important in understanding the role

of conserved fundamental eukaryotic processes in AD pathology to develop methods to find potential therapeutics 

. The conservation of signal transduction, energy metabolism, proteostasis network, lipid metabolism,

vesicle trafficking, oxidative phosphorylation, stress response, longevity, and cell death in yeast models makes it highly

appropriate for studies on AD pathology and treatment . Various yeast models have been used in the past to

understand AD progression and to find interventions to prevent and cure the disease .

2. Protein Homeostasis Network in Yeast

Constant turnover of cellular components inside a cell is of the utmost importance for adaptation during changing cellular

environment, which interplays with multiple cellular processes required for cell survival . Numerous proteins are

coordinately functioning in a cell to fulfill the survival requirements of the cell. Protein synthesis, proper folding, protein

quality control, transport of the protein to the target location, and proper function of the protein in its target depends on the

cellular environment. Defects in protein processing or folding can cause abnormal aggregation of proteins possibly leading

to disease if not repaired. These aberrations are detected by the cell and repaired by the protein quality control

mechanisms governed by the proteostasis network. In fact, at least two types of chaperones in a eukaryotic system are

controlling the protein folding: chaperones linked to protein synthesis (CLIPS) and chaperones expressed during stress

. In eukaryotes, chaperone mediated protein disaggregation machinery allows disaggregation of the protein aggregates

and helps to correct the misfolding or partial unfolding of the protein . However, failure to fold the proteins in correct

conformation and inability of the chaperones to refold the aggregated proteins leads to activation of protein clearance

mechanisms. Generally, protein clearance in the eukaryotic cell is controlled by three major molecular pathways: unfolded

protein response, ubiquitin proteasome system, and autophagy (Figure 2) . Various intrinsic and extrinsic factors play a

crucial role in the regulation of these pathways inside a cell. Ageing has been found to be one important reason for the

loss of proteostasis and subsequent disease development in neuronal cells due to accumulation of unwanted misfolded

proteins . During AD pathology, deposits of amyloid plaques and neurofibrillary tau tangles are the evidences that

support the loss of protein homeostasis as leading cause of the disease . Restoring the protein homeostasis has been

hypothesized to cure or prevent AD and similar diseases . This review elaborates on molecular mechanisms of

unfolded protein response, autophagy, and ubiquitin proteasome system in yeast and their relevance to study human

counterparts in relation to AD progression. Furthermore, we suggest possible applications of the knowledge of

proteostasis network originating from yeast to find ways to explore AD pathology and develop drugs.
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Figure 2. Proteostasis network involves protein synthesis, protein folding, heat shock response, unfolded protein

response, ubiquitin proteasome system, and autophagy. Green arrow, protective; Red arrow, toxic; HSF1, heat shock

factor 1; HSE, heat shock elements; UPRE, unfolded protein response elements. The proteostasis network involves

protein synthesis machinery, protein folding, protein quality control, protein transport, and the overall turnover of proteins

inside a cell. The presence of misfolded proteins in the cytosol trigger HSF1 activation, which activates promoters with

HSE and results in expression of heat shock proteins that are either involved in protein disaggregation and refolding or

clearance of the unwanted proteins through protein quality control mechanisms. Similarly, the presence of aberrations in

the ER lumen causing unfolded protein formation leads to activation of the unfolded protein response and downstream

activation of the protein quality control system.

2.1. Unfolded Protein Response Conserved in Yeast

Production of a protein is not sufficient for the proper biological function of protein; the expressed protein needs to be

folded in its native form to be functional . Most soluble proteins are folded directly in cytoplasm with the help of

molecular chaperones , while the secreted proteins including hydrophobic membrane proteins pass through the

endoplasmic reticulum (ER) and Golgi complexes and require correct folding . Correct folding and maturity of the

protein depends highly on the nutrient conditions, ER calcium homeostasis, availability of molecular chaperones, redox

status, and cell health . However, failure to maintain cellular homeostasis results in unfolded and misfolded proteins

that are prone to aggregation. The formation of unfolded and misfolded proteins in the ER lumen triggers proteotoxic

stress and activates the stress response pathway—the unfolded protein response (UPR) . UPR is a mechanism by

which the cells reduce the proteotoxic stress generated in the ER during protein folding and processing . At least two

types of stress response are activated during such conditions in mammalian cells. At first, the UPR attenuates protein

translational activity by phosphorylating the translational initiation factor 2α (eIF2α) and activating the mRNA decay

mechanism . On the other hand, it increases protein folding, and activates autophagy and the ubiquitin proteasome

system for degradation of undesired protein products . On the other hand, UPR also activates the oxidative stress

response to aid cell survival under ER stress .

2.1.1. Yeast Unfolded Protein Response

The UPR is conserved from the simplest eukaryotic unicellular yeast to complex human beings . In yeast, the UPR

involves sensing of unfolded proteins with the help of the stress sensor inositol requiring element 1 protein (Ire1p) in the

ER lumen (Figure 3). The Ire1p is an ER localized type I transmembrane protein with its luminal domain sensing the

protein folding environment in the ER and its cytosolic part comprising protein kinases and RNases activity. The luminal

portion of the Ire1p is constantly bound with the chaperone binding immunoglobulin protein (Bip/GRP78) in normal

conditions hindering the activation of Ire1p . Any aberrations in the protein folding environment is indicated by the

presence of unfolded and misfolded proteins in the ER or disassociation of Bip from Ire1p luminal part. The binding of Bip

with Ire1p plays a crucial role in regulating UPR in yeast . The oligomerization of Ire1p followed by its

autophosphorylation is an essential activation signaling process that activates the cytosolic Ire1p RNase activity. The

activation of Ire1p RNase activity leads to HAC1 (homologous to ATF/CREB1) mRNA splicing . In normal conditions,

HAC1 mRNA contains an inhibitory intron at the 3′ end, which renders HAC1 mRNA unfavorable for translation and

remains inhibited by yeast protein two 1 (Ypt1p) . Upon ER stress, the RNase activity of cytosolic part of Ire1p cleaves

the specific inhibitory intron present in the 3′ end of the HAC1 mRNA. Moreover, re-joining of the cleaved active HAC1

[33]

[34]

[35]

[36]

[37]

[36]

[38]

[39]

[40]

[36]

[41]

[42]

[43]

[44]



mRNA ends is accomplished by tRNA ligase (Rlg1p) protein . This processing of the HAC1 mRNA leads to its higher

translation to Hac1p protein. Hac1p, protein encoded by the translationally active HAC1 mRNA, is a basic leucine zipper

(bZIP) transcription factor that recognizes specific unfolded protein response elements (UPRE) sequences (5′-

CACCTTG), present in the promoters of target genes including the Hac1 gene. Although Hac1p is sufficient for activation

of UPR in yeast, complex interaction with other transcription factors involving interplay with Hac1p may result in activation

of the UPRE promoters . The upregulation of the promoters with UPRE region and subsequent UPR are protective to

cells leading to the degradation of the unfolded protein by activating ER associated degradation (ERAD) . The

expression of stress resistance genes, autophagy genes and restoration of the energy metabolism further enhances cell

survival. In addition, ER stress also reduces protein synthesis by inhibiting the eukaryotic translation initiation factor, which

has been reported to be involved in assembly of mRNA-protein (RNP) granules . At least two types of RNP granules,

namely processing bodies (P-bodies) and stress granules, are found to be produced during various stresses including ER

stress in yeast . Formation of these granules, specifically the stress granules, are typically cytoprotective in nature and

is an integral part of protein quality control.

Figure 3. Schematic diagram showing unfolded protein response in yeast cells. Bip, binding immunoglobulin protein; ER,

endoplasmic reticulum; Ire1, inositol requiring element 1; HAC1, Homologous to ATF/CREB1; Rlg1p, tRNA ligase protein;

UPRE, unfolded protein response elements. The presence of unfolded/misfolded proteins in the ER lumen is recognized

by the yeast Ire1 sensor protein that activates the specific cytosolic endonuclease activity cleaving the inhibitory intron of

HAC1 mRNA and rendering HAC1 mRNA translationally active. Hac1p protein translates and translocates to the nucleus,

where it recognizes the characteristic cis-acting elements in the promoter regions of certain genes referred to as UPRE

and increases expression of genes under control of such promoters. The process is referred to as the UPR.

2.1.2. Human Unfolded Protein Response

The human homologs of Bip, Ire1p, and Hac1p share high similarity in their molecular mechanism and the activation of

important cytoprotective processes in mammalian cells, providing a rationale to explore yeast as model organism to study

UPR and ER stress (Table 1). However, the mammalian UPR is more complex than the yeast UPR. The mammalian UPR

is accomplished by three mechanisms dependent on three sensors, namely, inositol requiring element 1 (IRE1), PKR-like

ER kinase (PERK), and activating transcription factor (ATF6), in the ER lumen . The conserved IRE1 signaling in

mammals causes the splicing of X-box binding protein 1 (XBP1, the Hac1p functional homolog in mammals) transcription

factor mRNA and downstream signaling . Additionally, the PERK protein is similar to Ire1p of yeast in the luminal part,

while it is different in the cytosolic part. The activation of PERK leads to activation of the protein kinase domain that

phosphorylates the eukaryotic translation initiation factor 2 alpha (eIF2α), which reduces the protein translational activity

. In humans as well, the inhibition of protein translation is associated with the formation of RNP granules, which is

generally cleared by either protein disaggregation machinery or by autophagy . In contrast, ATF6 sensors are absent in

yeast and function very differently from the conventional response. Upon ER stress, ATF6p is transported to Golgi

complexes, where it is cleaved by two proteases, specificity protein 1 (SP1) and specificity protein 2 (SP2), to release a

fragment ATF6f. The ATF6f fragment translocates to the nucleus and acts as a bZIP transcription factor, which binds to the

DNA in the promoter region of the target genes involved in ER associated degradation (ERAD) . Meanwhile, the failure
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to protect cells from chronic ER stress may result in the activation of activating transcription factor 4 (ATF4)/C/EBP

homologous protein (CHOP) signaling. The ER stress-induced CHOP signaling activates proapoptotic genes and reduces

antiapoptotic gene expression . Simultaneously, CHOP signaling also upregulates expression of growth arrest and

DNA damage 34 (GADD34p) protein phosphatase, which dephosphorylates eIF2α enhancing protein synthesis, thereby

inducing formation of reactive oxygen species as a result of compromised ER folding environment and chronic ER stress

. The overall effect of chronic ER stress is characterized by the activation of programmed cell death via apoptosis

.

Table 1. Conserved proteins of yeast unfolded protein response and their human homologs.

Yeast Protein Human Homolog Function References

Kar2p/Bip/Grp78p HSPA5/BiP/GRP78 Chaperone regulating activation of Ire1p

Ire1p

IRE1α

IRE1β
Stress sensing and endonuclease activity

PERK Stress sensing and protein kinase

Hac1p XBP1p UPRE binding and expression of target genes

Sui2p eIF2α
Eukaryotic translation initiation factor involved in protein

translation regulation

Ypt1p RAB1Ap Regulates UPR by HAC1 mRNA decay
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