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1. Abstract 

Type 2 diabetes mellitus (T2DM) is a chronic metabolic illness characterized by insulin 

resistance and depletion of pancreatic islet -cells. Aggregation of the islet amyloid polypeptide 

(IAPP/amylin) is thought to contribute to islet -cell apoptosis and the development of T2DM. 

Despite the implications of IAPP aggregation in T2DM, the mechanism of IAPP degradation 

remains largely unknown. While most amyloidogenic proteins are cleared via autophagy, human 

IAPP (hIAPP) has been reported to be primarily degraded via the proteasome. The proteasome is 

a large, multisubunit ATP-dependent peptidase complex responsible for most regulated protein 

catabolism in eukaryotes. Epidemiological studies have revealed genomic variations in 

proteasome subunits and accessory genes that may compromise the structure and function of the 

proteasome in TD2M patients. Thus, we aimed to discern the relationship between proteasome 

dysfunction and hIAPP-induced cellular toxicity. We generated two expression-inducible hIAPP 

plasmids that allowed us to model hIAPP toxicity in a transgenic yeast model. Utilizing our 

transgenic yeast model, we identified the proteasome transcription factor RPN4 as a contributing 

factor to hIAPP toxicity. In addition, we examined the role of the proteasome assembly 

chaperone variant hnas2 (E197G) to determine its effect on proteasome assembly and cell health. 

No differences were observed, suggesting that this variant retains its functionality as a 

proteasome assembly chaperone and may increase susceptibility to T2DM via a proteasome-

independent mechanism. Together, this data provides insight into the possible mechanisms 

modulating hIAPP toxicity and the role of the proteasome in T2DM within a transgenic yeast 

model.  
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2. Introduction 

2.1 Type 2 Diabetes Mellitus 

Type 2 Diabetes Mellitus (T2DM) is a chronic metabolic illness that currently affects 8.5% 

of the world’s population, with roughly 114.4 million people in the U.S. alone being classified as 

either diabetic or pre-diabetic [4]. Development of diabetes is caused either by the absence of 

insulin production (type 1) or by resistance to insulin action (type 2) [5].  Both result in 

deregulation of blood glucose levels. Glucose is normally controlled via the antagonistic 

activities of glucagon and insulin.  Glucagon is produced in the islet -cells of the pancreas, and 

stimulates blood glucose levels via gluconeogenesis in the liver.  In contrast, insulin is produced 

by the pancreatic く-cells, and promotes the internalization of glucose from the bloodstream into 

the intracellular space [6]. Disruptions to this homeostasis can lead either to high 

(hyperglycemia) or low (hypoglycemia) blood sugar. Whereas hypoglycemia presents clinically 

with more immediate symptoms, hyperglycemia leads to chronic and cumulative organ damage, 

especially to the kidneys (nephropathies), eyes (retinopathies), nerves (neuropathies), and 

cardiovascular system [7, 8].  

In organisms who frequently consume foods high in sugars, -cells overproduce insulin to 

minimize blood sugar spikes. Over time, cells become less responsive to this overproduced 

insulin, necessitating further increased insulin secretion and yielding a feed-forward cycle that 

accelerates disease.  One of the most common pathologies of T2DM observed in post-mortem 

patients is loss of pancreatic -cell mass.  This loss of pancreatic beta cells is consistent with the 

progressive loss of insulin production observed in T2DM patients [9].  Importantly, it puts 

further strain on the remaining く-cells to produce higher levels of insulin.  Of particular note is 

the observation that approximately 90% of T2DM patients display dense protein plaques in the 
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dead or damaged く-cell islets post-mortem [10, 11].  These plaques consist of proteinaceous 

deposits and closely resemble the amyloids that characterize neurodegenerative diseases such as 

Parkinson's [12], Alzheimer's [13], and Huntington's disease [14].  This seminal observation, 

coupled with strong evidence that formation of such amyloids cause the pathology in 

neurodegenerative diseases, has led to a hypothesis that formation of these amyloids in the 

pancreas are the major cause of beta cell death and resultant exacerbation of T2DM.   

 

2.2 Islet Amyloid Polypeptide (IAPP/Amylin) 

Insulin is co-secreted with a peptide called islet amyloid polypeptide, or IAPP, at a ratio of 

100:1 (insulin:IAPP). IAPP is synthesized as an 89-amino acid preproprotein that is post-

translationally modified to a 37-amino acid peptide active form (Figure 1) [15].  IAPP slows 

gastric emptying into the intestine and inhibits glucagon secretion from g-cells to minimize 

blood glucose spikes [16].  A number of recent studies have shown that IAPP possesses 

amyloidogenic qualities in some species, including humans [1, 17-20]. Further, analysis of post-

mortem plaques of T2DM patients have clearly demonstrated that they consist primarily of IAPP 

deposits [11].  The conversion of IAPP to a toxic species mirrors that for other amyloids.  IAPP 

can adopt a  sheet conformation, nucleate, and form toxic oligomeric fibers [16]. Formation of 

Figure 1: Cartoon images of human islet amyloid polypeptide (hIAPP), residues 1-37 
hIAPP is a 37-amino acid peptide that is capable of inducing toxicity to -cells and is linked to the 

development of T2DM. This image was provided by [1]. 
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the IAPP toxic aggregates can interfere with numerous cellular processes and has been reported 

to cause endoplasmic reticulum stress [21], mitochondrial damage [22], autophagy dysregulation 

[23], membrane disruption [17], and defects to the ubiquitin-proteasome system [20]. These 

cellular changes are highly similar to those observed in other amyloidopathies, such as 

Huntingon’s disease [14], Alzheimer’s [13], and Parkinson’s [12], further supporting the notion 

that IAPP is a major cause of く-cell death.  

Recently, there has been much interest in understanding how quality control of IAPP is 

enforced in cells, specifically with respect to the mechanisms controlling the formation or 

clearance of IAPP aggregates [20].  Insulin-degrading enzyme (IDE) is responsible for clearance 

of monomeric IAPP in vivo, although recent structures of IDE suggest it cannot accommodate 

multimeric IAPP amyloids [24, 25].  This implies that it is more important for prevention of 

IAPP amyloidogenesis rather than clearance of amyloids.  Other cellular mechanisms that have 

been considered are both autophagy and the ubiquitin-proteasome system (UPS). Autophagy is a 

process in which cytosolic components are enveloped in a limiting membrane before delivery to 

the lysosome for processing by resident hydrolytic enzymes [26].  Destruction of other protein 

aggregates via autophagy has been reported, but IAPP has paradoxically been shown to inhibit 

autophagy by impairing lysosomal degradation [27].  The relative contribution of this 

impairment to accumulation of IAPP aggregates remains poorly studied.   

2.3 The Ubiquitin-Proteasome System  

 The ubiquitin-proteasome system (UPS) is the major pathway for the clearance of 

unneeded, damaged, or defective͒proteins in eukaryotes. In the UPS, substrate proteins are 

marked for degradation by the covalent attachment of a polyubiquitin (polyUb) chain formed 

from the small protein ubiquitin to the target protein.  This process is catalyzed by the sequential 
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actions of three conserved families of enzymes:  E1, E2, and E3. The polyUb chain serves as a 

signal for delivery of the substrate to the proteasome.  The proteasome degrades the substrate 

into short peptides, and recycles ubiquitin for attachment to other proteins [28]. The proteasome 

is a 2.5 MDa multi-subunit complex that consists of two main components: a 20S core particle 

(CP), and a 19S regulatory particle (RP) (Figure 2) [29]. The CP consists of four stacked 

heteroheptameric rings that form a barrel shape, with the peptidase active sites housed in the 

interior of the barrel [30]. The RP sits atop the open ends of the CP barrel to regulate substrate 

entry.  The RP consists of two subcomplexes, the lid and the base. The lid consists of nine non-

ATPase (Rpn) subunits, Rpn 3, 5-9, 11-12, and 15, and is responsible for removal of the polyUb 

chain from the target protein. The base is made up of six regulatory particle triphosphatase (Rpt) 

subunits, Rpt1-Rpt6, and four non-ATPase subunits: Rpn1, Rpn2, Rpn10, and Rpn13 [31]. 

Together, the non-ATPase subunits capture incoming substrates, and position them for ATP-

dependent unfolding by the Rpt subunits and translocation into the CP interior.  

 

2.4 Proteasomal Assembly Chaperone Defects and Disease Formation 

Figure 2: The structure of the 26S proteasome 
The proteasome is a 2.5MDa multisubunit complex that destroys proteins into small peptides, is a part of the ubiquitin-

proteasome system (UPS), and is highly conserved between humans and yeast. The crystal structure of the proteasome was 

provided by [3]. 
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 Assembly of the proteasome is a highly-regulated process that is dependent on both 

intrinsic features of the subunits themselves, as well as extrinsic dedicated assembly chaperones. 

In yeast, the base subcomplex is assembled with help from at least four evolutionarily conserved 

assembly chaperones: Rpn14, Nas6, Hsm3, and Nas2 [2]. Although the exact functions of these 

chaperones are still unclear, they function in part to control the order of subunit association, to 

stabilize the assembling base, and to regulate attachment of the RP to the CP. The assembly 

chaperones are particularly important for regulating attachment of the RP to the CP. Looking 

specifically at Nas2, this assembly chaperone binds to the Rpt4 and Rpt5 subunits of the base in 

both yeast and humans, and appears to facilitate their interaction.  Nas2 has also been proposed 

to prevent the premature association of Rpt4-Rpt5 with the CP, and in yeast, it controls the 

timing of assembly of the three main base assembly intermediates (Figure 3) [2, 31, 32].  

Interestingly, numerous studies have shown disruption of chaperone function causes proteasomal 

assembly defects [33], decreased proteasome activity [34], and accumulation of proteins that 

would otherwise be degraded [35], suggesting the chaperones exert a substantial impact on 

cellular proteolytic capacity via control of proteasome  biogenesis.  

 In 2011, a group surveyed the genomes of several families who are genetically 

predisposed to developing T2DM [36-39]. This group found several variants in the PSMD9 gene, 

which encodes the human orthologue of Nas2 (hereafter called hNas2).  One particular variant, 

Figure 3: Assembly of the base regulatory particle of the proteasome 
The assembly of the base subunit of the proteasome is mediated using four different assembly chaperones. PSMD9 is the 

human orthologue of yeast Nas2 and has been found to have genomic variations that are linked to the onset of T2DM. This 

image was adapted from [2].  
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rs14259, is a single nucleotide polymorphism that results in a missense coding sequence change 

E197G [37]. Molecular modeling indicates that E197 lies in the middle of a tightly packed beta 

strand in the Nas2 protein. This suggests it may interfere with hNas2 structure, folding, or 

activity. The mechanism by which this variant affects T2DM pathogenesis is unknown, but links 

between failed protein quality control, T2DM development, and the known function of Nas2 in 

proteasome assembly imply that compromise of proteasome structure and function may be 

responsible.  

We hypothesize that the T2DM-associated E197G variant in hNas2 compromises 

proteasome assembly and thus function, and that compromise of proteasome function 

exacerbates hIAPP toxicity. To test this hypothesis, we established a model of human IAPP 

(hIAPP) in yeast and observed how proteasome expression levels affected hIAPP-mediated 

toxicity, and investigated the impact of the T2DM-associated hnas2 (E197G) variant on 

proteasome assembly and function. From this work, we provided the first insights into the 

functional impact of the T2DM-associated variant on proteasome structure and activity, and 

demonstrated the importance of the proteasome in prevention of hIAPP toxicity. 
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3. Methods: 

3.1 Yeast strain and plasmid creation 

3.1.1 Yeast strains 

 Yeast strains used in this study are detailed in Table 1. Yeast strains were generated 

using standard yeast genetic methods as described in [40].  In brief, double mutants were created 

from pre-existing single mutants via mating and selection for progeny harboring the appropriate 

combination of alleles.   

 

3.1.2 Plasmids 

 Plasmids were created via standard molecular biological approaches as described below. 

A full list of constructs and genotypes are described in Table 2. Plasmids were transformed into 

TOP10 F’ E. coli cells and DNA was isolated using the Qiagen DNA purification kit. Plasmids 

were introduced into yeast using the lithium acetate transformation protocol as described in [40]. 

Plasmid sequences are available upon request. 

 

3.1.2.1 Site-directed, Ligase-Independent Mutagenesis (SLIM) 

 Site-directed, ligase-independent mutagenesis (SLIM) was utilized to delete a sequence 

coding for a V5 tag in the hIAPP expression plasmid [41]. The four primers for deletion of the 

V5 coding sequence in the Polymerase Chain Reaction (PCR) and the settings used are described 

in Table 3. Final PCR products were transformed into TOP10 F’ E. coli, and grown on LB + 

ampicillin plates at 35C overnight. Colonies were screened by DNA sequencing for the desired 

deletion.  The full coding sequence was verified by DNA sequencing before use.   
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3.1.2.2 Cloning 

 The PSMD9 (hNAS2) cDNA was amplified from a HeLa cDNA library flanked by EcoR 

I and Sal I sites, and inserted into the same sites of the constitutive yeast expression plasmid 

p414GPD.  The E197G variant was then introduced into the resultant plasmid via Quikchange 

(Stratagene).  For production of plasmids expressing hNas2 or the E197G variant under control 

of alternative promoters, plasmids containing the appropriate cDNA were digested with 1L of 

restriction enzymes EcoRI and SalI (NEB) for two hours at 37C to release the cDNA. Digested 

DNA was separated on a 0.8% agarose gel for 30 minutes at 120 volts (V), and bands 

corresponding to the PSMD9 cDNA or variant were cut out from the gel and purified using a gel 

purification kit (Zymo Research; protocol used as described in the kit). The PSMD9 or the 

E197G variant cDNA was then ligated into plasmids harboring different yeast promoters using 

T4 DNA ligase (NEB).  Finally, ligation reactions were transformed into TOP F’ E. coli, and 

grown overnight on a LB + ampicillin plates to select for transformants.  After preparation of 

plasmid DNA by miniprep (Qiagen), the plasmid DNA was digested with EcoR I and Sal I to 

confirm the presence of the desired cDNA insert.   

 

3.2 Galactose induction 

 Cells harboring galactose-inducible expression plasmids were grown overnight to mid-

log phase in selective media that contained sucrose as a neutral sugar. To induce expression from 

the GAL1 promoter, galactose was added to 2% (w/v) from a 20% (w/v) stock solution. At 

desired times, cells were harvested by centrifugation at 15,000 x g for one minute, and utilized 

for protein expression via western blot analysis, or live-cell microscopy as described below. 
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3.3 Protein expression analysis  

3.3.1 Denaturing polyacrylamide gel electrophoresis  

 Western blot analysis of yeast protein was performed as described in [42]. 2.0 OD600 

equivalents of cells were harvested, centrifuged at 5,000 x g for one minute, and resuspended in 

400たL of 0.1M sodium hydroxide. Cells were incubated for five minutes at room temperature 

(RT) and were again centrifuged at 5,000 x g for one minute, then resuspended in 1x Laemmli 

buffer to denature proteins. Samples were then loaded onto a 12% SDS-PAGE gel and run at 

200V for one hour to separate proteins. Proteins were then transferred onto a PVDF membrane 

(Immobilon-P) at 100V for one hour at 4C. Membranes were then subjected to immunoblotting 

with anti-GFP antibodies (Roche, #11814460001) at 1:5000 in 5% milk with 1x tris-buffered 

saline with Tween-20 (TBS-T). Blots were then imaged using a Bio-rad Chemidoc imaging 

station on the chemiluminescence setting every 30 seconds for 600 seconds.  

 

3.3.2 Nondenaturing gel electrophoresis  

 Yeast whole cell extracts were performed as described in [43]. For nondenaturing gel 

electrophoresis (NATIVE-PAGE) analysis, cells were grown in 500mL cultures to an OD 

between 1.5-2.0 and centrifuged at 10,000 x g for five minutes at 4C. Cultures were then re-

suspended in ice-cold water to remove remaining media, and again centrifuged at 4,200 x g for 

five minutes. Cell pellets were frozen in liquid nitrogen and crushed to a fine powder using a 

mortar and pestle; 150 L of the samples was resuspended in an equal volume of extraction 

buffer (50mM tris-HCl at a pH of 7.5, 5mM MgCl2, 10% glycerol, 1mM ATP) and incubated on 

ice for 10 minutes. Extracts were centrifuged at 4C for 10 minutes at 10,000 x g, at which point 

120L of the supernatant was directly transferred to 30L of 5x loading buffer (1.5g of xylene 
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cyanol and 1L of ATP per 1mL of extraction buffer). BCA protein assay (Pierce #: 23228) was 

utilized to measure the concentration of protein from the solution. Twenty-five micrograms of 

protein for each sample was loaded onto a 4% acrylamide gel containing 1mM ATP, and run 

with a current of 100V for three hours at 4C. After, proteins were transferred to PVDF at 100V 

for one hour, 4C. Membranes were probed with antibodies to either the 20S CP (Enzo, BML-

PW9355) at 1:2500 in 5% milk with TBS-T; to Rpt5 (Enzo, PW8245) at 1:10,000 in 5% milk 

with TBS-T; or to Rpn12 (our lab stock) at 1:5000 in 5% milk with TBS-T. After addition of 

secondary antibody, membranes were imaged as for SDS-PAGE.  Bands shown on the blot were 

quantified using the ImageLab software (BioRad). The volume was measured for individual 

bands representing full proteasomes, proteasomal assembly intermediates, or free subunits, and 

then expressed as a percentage of the total volume in each lane.  

 

3.4 Yeast serial dilution cell viability assay 

 Yeast strains harboring various plasmids were grown overnight in synthetic complete 

(SC) medium lacking the appropriate amino acid to select for cells containing the plasmid.  For 

GAL1 induction experiments, the SC medium contained sucrose to prime the GAL1 promoter for 

activation; for all other experiments, the medium contained glucose.  The following morning, 

cultures were diluted to OD600 = 0.1 in 1mL of media. Six-fold serial dilutions were then 

prepared in a 96-well plate with deionized water (diH2O) by transferring 30L of the sample into 

150L of diH2O, mixing, and repeating until desired concentrations were made. Four microliters 

of each dilution were then spotted onto plates lacking the appropriate amino acid and containing 

either glucose or galactose for the carbon source as indicated.  Plates were then incubated at 

either 30C, 35C, or 37C for various times before imaging.  
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3.5 Live-cell imaging of GFP and GFP fusions 

 Yeast cells were grown in selective media at 30oC to mid-log phase. Expression from the 

GAL1 promoter was induced by addition of galactose to 2% (w/v) from a 20% (w/v) solution. At 

various times after addition of galactose, 1mL of culture was centrifuged at 15,000 x g for one 

minutes, and all but 30たL of the supernatant was discarded.  The cell pellet was then 

resuspended and 4たL of the suspension was spotted onto a glass microscope slide and covered 

with a cover slip.  The cells were then imaged using an EVOS FL cell imaging microscope 

(Thermo-Fisher) using the GFP filter set and a lamp power of 80%. All images were acquired 

using the same lamp intensities to allow comparison. For the analysis, cells with elongated buds 

were counted and divided by the total cell count on a single frame, and averaged over several 

frames, to provide the percentage of elongated cells.  
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4. Results 

4.1 hIAPP is expressed in a transgenic yeast model  

To better understand the role that the proteasome plays in quality control of IAPP, we 

established a system for expression of hIAPP in the budding yeast Saccharomyces cerevisiae.  

Budding yeast is a highly tractable model for the study of protein quality control disorders 

because the cellular protein folding machinery and the two major protein catabolic pathways, 

autophagy and the ubiquitin-proteasome system, are highly conserved with that of humans [44, 

45].  Residues 8-37 of hIAPP have previously been shown to be sufficient for amyloid formation 

in vitro and for human cell toxicity in vivo [16].  We thus created a construct for inducible 

expression of hIAPP8-37 under control of the galactose promoter PGAL1.  Controlled expression of 

the amyloidogenic fragment was deemed necessary because of the likelihood of toxicity upon 

Figure 4: hIAPP is expressed in a transgenic yeast model, but yields unwanted truncation 
(A) Cartoon model of the hIAPP construct. Domains are not to scale.  (B) Expression of the hIAPP fusion protein in WT yeast.  Cells 

harboring the indicated constructs were induced for four hours with 2% galactose. Cell pellets were then frozen in -80C for one week 

before lysis and anti-GFP immunoblot analysis on a denaturing polyacrylamide gel (SDS-PAGE).   
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constitutive expression.  To aid detection via microscopy, we expressed this fragment as a fusion 

to green fluorescent protein (GFP). For biochemical analysis, epitope tags 3xFLAG and V5 were 

also attached preceding the GFP and hIAPP coding sequences, respectively.  We also included a 

TEV protease site to allow separation of the IAPP fragment from GFP if necessary (Figure 4A). 

 To test for protein production, we induced expression from the plasmid with 2% 

galactose for four hours in wild-type (WT) yeast.  We then prepared whole cell extracts, and 

separated the proteins via denaturing polyacrylamide gel electrophoresis (SDS-PAGE), and used 

antibodies against GFP to visualize the hIAPP fusion protein.  Although we observed expression 

of our full-length IAPP fusion in cells induced with galactose, there existed a second band that 

likely represented a truncation product. Since our immunoblots suggested this product contained 

the intact GFP protein, and because the size was only 2-3 kDa smaller than the full-length 

protein, we inferred that the band most likely represented a C-terminal truncation (Figure 4B). 

Figure 5: Comparison of hIAPP and hIAPP V5〉 expression in stored and fresh cells.   
(A) Diagram of the hIAPP expression construct lacking the V5 tag.  Domains are not to scale. (B) Anti-GFP immunoblot of 

hIAPP fusion protein expression performed after cell pellets were frozen at -80oC for two days.  Truncation products are 

indicated.  An asterisk marks a species that is slightly larger than the predicted size of hIAPP V5〉, and may represent a post-
translationally modified form of the protein.  (C), Anti-GFP immunoblot of hIAPP fusion protein expression performed on 

freshly prepared cell lysates.  A very small amount of truncation protein is evident in the hIAPP expression lane.   
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Based on the architecture and known size of the full-length fusion protein, C-terminal truncation 

of 2-3 kDa would be expected to remove the IAPP fragment and would likely occur due to 

cleavage within the V5 epitope tag (Figure 4A). 

To circumvent this undesired proteolysis, site-directed, ligase-independent mutagenesis 

(SLIM) was utilized to remove the sequence encoding the V5 epitope tag from our expression 

construct (hIAPP V5〉; Figure 5A). We then repeated our initial experiment to compare 

expression from the original construct and the V5 deletion construct.  Despite the absence of the 

V5 tag, we still observed proteolytic fragments that were reactive with the GFP antibody, as well 

as a weakly abundant band slightly larger than the anticipated size of the full-length fusion 

protein (indicated with an asterisk; Figure 5B).  Strikingly, we noticed that the ratio of cleavage 

product to full-length protein for the V5-containing fusion protein was greatly reduced in this 

second experiment.  During the initial experiment, the cell pellets were frozen for over a week 

before analysis, but only for two days during the second experiment.  This suggested that the 

samples may undergo proteolysis during storage.   

To test whether the protein was sensitive to freezing, expression of the hIAPP fusion with 

or without the V5 tag was induced with galactose for four hours.  Instead of freezing, cells were 

immediately processed for analysis. We observed that the presence of the proteolytic fragment 

from the full-length fusion protein was further reduced, and importantly, there was no evidence 

of a cleavage fragment of the V5〉 construct (Figure 5C).  Together, these observations suggest 

that sample storage prior to processing enhances proteolysis of the hIAPP fusion protein, and 

that the V5〉 construct is more resistant to proteolysis when analysis is performed immediately, 

likely due to the absence of a preferred proteolytic site.  Importantly, the lack of obvious 

proteolytic products from the hIAPP protein when cells were prepared fresh indicates that the 
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protein is intact in vivo.  Thus, any GFP fluorescence we observe will result from the full-length 

fusion protein and can serve as a reporter of hIAPP expression and localization. 

 

4.2 Expression of hIAPP is toxic to cells lacking the proteasome transcription factor Rpn4.  

We next investigated the impact of hIAPP expression on cell health.  We compared the 

growth upon expression of hIAPP of WT cells, or cells lacking the RPN4 gene.  RPN4 encodes a 

transcription factor that drives expression of proteasome subunits.  Deletion of RPN4 has 

previously been shown to reduce the steady-state abundance of proteasomes and to sensitize cells 

to protein misfolding stress.  We plated cells harboring empty vector, hIAPP, or hIAPP V5 in 

six-fold serial dilutions onto glucose-containing plates as control, or onto galactose-containing 

plates to induce protein expression.  We then monitored growth of the cells.  In WT cells, no 

difference in growth was seen between the vector, hIAPP, or hIAPP V5〉-expressing cells on 

either glucose- or galactose-containing media (Figure 6).  In contrast, both versions of the 

hIAPP construct caused significant growth suppression in rpn4〉 cells compared to vector on 

galactose, but not glucose, containing media.  This provides evidence that hIAPP expression 

Figure 6: hIAPP and hIAPP V5〉 expression impairs growth of rpn4〉 cells. 

WT or rpn4〉 cells were grown in six-fold serial dilutions on SC plates lacking tryptophan (to select for 

cells harboring the plasmid) and containing either glucose or galactose. Plates were then incubated at 30C 

for two days before imaging.  
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causes toxicity in yeast, and suggests that the proteasome may help to protect against hIAPP-

induced toxicity.   

Reflecting on these results (Figure 6), we considered the possibility that hIAPP was forming 

toxic aggregates in cells.  For other amyloidogenic proteins, intracellular aggregates can be 

readily discriminated by the formation of GFP puncta within the cell. Using GFP live cell 

microscopy, we visualized cells that were again harboring either empty vector, hIAPP, or hIAPP 

V5〉 for various times after addition of galactose (Figure 7). In WT cells, the expression of 

hIAPP after 24 hours (Figure 7C and D) was evident as diffuse GFP fluorescence in the cytosol, 

with weaker fluorescence evident in the vacuole (Figure 7D). No difference in the localization 

Figure 7: hIAPP in rpn4 yeast strains displays an elongated morphology phenotype.  
Cells were grown in SC - tryptophan with sucrose media for an overnight culture. Images were taken 24 hours after galactose 

induction in the brightfield (A/C/E/G/I/K) or GFP (B/D/F/H/J/L) channels. Scale bar = 5m. (M): Yeast that showed the 

elongated phenotype were counted and a percent was calculated between the number of the elongated cells and the total cells 

in frame. 
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of the hIAPP fusion protein from the 24 hours time point was observed at earlier time points 

after induction (not shown).  A similar distribution of fluorescence was observed upon hIAPP 

V5〉 expression in WT cells at all time points examined (Figure 7E and F).  This suggests that 

neither the hIAPP nor hIAPP V5〉 fusion proteins form obvious puncta, at least under our 

experimental conditions.  This may be due either to a failure of the constructs to aggregate in 

vivo, the formation of submicroscopic aggregates that cannot be resolved by epifluorescence 

microscopy, or by rapid clearance of any aggregates by protein quality control pathways that 

precluded their ready detection.   

Because expression of the hIAPP fusion proteins was toxic in rpn4〉 cells (Figure 6), we 

analyzed the localization of the two hIAPP fusions in cells lacking RPN4 (Figure 7H-M). We 

hypothesized that either construct in this strain would harbor GFP puncta consistent with 

aggregate formation, consistent with the apparent toxicity in rpn4〉 cells.  Upon expression of the 

full-length hIAPP fusion, we instead observed a pattern similar to that observed in WT cells.  

However, we unexpectedly observed altered cell morphology upon expression of hIAPP V5〉 in 

rpn4〉 yeast, especially at later time points (Figure 7L and M). The abundance of such cells was 

much higher than in WT cells, and much higher that rpn4〉 cells harboring either empty vector or 

hIAPP containing the V5 tag (Figure 7M).  These cells appeared to be multilobed, and increased 

in abundance at later time points. Although it is unclear how hIAPP V5〉 expression may have 

induced such a phenotype only in rpn4〉 cells, it is noteworthy that this phenotype is reminiscent 

of defects in yeast cell division that have previously been documented [46], and is occasionally 

observed in severe proteasome assembly mutants.  However, the absence of this phenotype in 

WT cells or rpn4〉 cells expressing hIAPP suggests it is dependent on multiple factors.     
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4.3 Complementation analysis in yeast suggests that the hnas2 (E197G) variant retains 

function    

Proteasome biogenesis and all known proteasome assembly chaperones are conserved from 

yeasts to humans.  Complementation of a deleted yeast gene with a human orthologue has been a 

powerful strategy to demonstrate functional conservation across evolution.  Thus, we 

hypothesized that a complementation approach would allow us to investigate the functional 

consequences of disease-associated variants in hNAS2.  To test whether such an approach was 

possible, we first cloned the human hNAS2 cDNA sequence from HeLa cDNA into a yeast 

expression plasmid under control of the constitutive GPD promoter.  We then introduced either 

empty vector, the yeast NAS2 gene, or hNAS2 into either WT yeast or cells lacking the assembly 

chaperones NAS2 and HSM3.  In yeast, deletion of NAS2 or HSM3 alone does not cause an 

obvious growth defect, whereas co-deletion of both NAS2 and HSM3 causes substantial 

temperature sensitivity not evident in the single mutants.  In this way, complementation of NAS2 

function in nas2〉 hsm3〉 cells would be anticipated to rescue the temperature sensitivity.  

As shown in Figure 8A, WT cells readily tolerated growth at 36oC or 37oC, whereas nas2〉 

hsm3〉 cells harboring empty vector failed to grow.  As expected, provision of a copy of the 

yeast NAS2 gene rescued this impaired growth at elevated temperature.  Importantly, provision 

of hNAS2 expressed from the strong GPD promoter caused a complete rescue of temperature 

sensitivity in nas2〉 hsm3〉 cells.  This suggests that hNAS2 can functionally complement nas2〉 

in yeast, and indicates that the impact of the E197G variant can be assessed via complementation 

analysis.  

We next tested the impact of the E197G variant on temperature sensitivity in nas2〉 hsm3〉 

cells.  As before, we observed temperature sensitivity of nas2〉 hsm3〉 cells harboring empty 
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vector that was rescued by provision of either yeast NAS2 or hNAS2 (Figure 8B). In contrast to 

our hypothesis, the hnas2 (E197G) variant complemented NAS2 function as efficiently as did 

WT hNAS2.  To rule out the possibility that high expression of hnas2 (E197G) masked any 

deleterious effects of the coding sequence v, the promoter sequences for both hNAS2 and hnas2 

(E197G) were exchanged to ones with lower expression strength in the order PGPD > PADH1 >  

PCYC1.  Expression of hNAS2 from both the GPD and ADH1 promoters fully complemented the 

growth defect of nas2〉 hsm3〉 yeast, whereas expression of neither hNAS2 nor hnas2 (E197G) 

from the CYC1 promoter was not sufficient to restore growth at 37oC.  Importantly, the growth of 

the hnas2 (E197G)-expressing strains mirrored those expressing hNAS2 at all three promoters 

strength, indicating no appreciable impact of the E197G variant on hNAS2 function.  Together, 

Figure 8: Complementation analysis of hNAS2 and hnas2 (E197G) in yeast. 

(A) hNAS2 complements NAS2 function in yeast. WT or nas2〉 hsm3〉 cells were transformed with the indicated 

plasmids.  Equal numbers of cells were then spotted in six-fold serial dilutions onto SC media lacking tryptophan.  

Cells were incubated at the temperatures shown for two days prior to imaging. (B) The hnas2 (E197G) variant 

complements growth of nas2〉 hsm3〉 as effectively as hNAS2.  The indicated proteins were expressed from 

promoters of increasing strength and incubated for two days before imaging.  Expression from the very low strength 

CYC1 promoter was insufficient to completely rescue the temperature sensitivity of nas2〉 hsm3〉 yeast.   
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these data indicate that the E197G variant does not have an obvious functional defect compared 

to the WT hNAS2, at least in the context of this complementation assay.   

 

4.4 The hnas2 (E197G) variant rescues proteasome assembly defects as effectively as 

hNAS2 

We next evaluated the impact of the E197G variant on proteasome assembly via 

nondenaturing polyacrylamide electrophoresis (native PAGE).  This approach allows for 

visualization of proteasomes and subcomplexes thereof, and has been invaluable for 

investigating both the mechanisms of proteasome biogenesis as well as the functions of 

proteasomal assembly chaperones.  We and others have previously shown that the nas2〉 hsm3〉 

and nas2〉 rpt4-G106D mutants harbor proteasome assembly defects that can be partially 

repaired by expression of WT yeast NAS2 [32].  We thus expressed hNAS2 or the E197G variant 

from the weak CYC1 promoter in these mutant cells as above, and investigated the impact on 

proteasome assembly by native PAGE, followed by immunoblotting with antibodies against 

various subunits of the proteasome (Figure 9).   

Compared to WT extracts, the levels of doubly capped proteasomes (RP2CP) were only 

modestly reduced in nas2〉 hsm3〉 cells, consistent with previous reports (Figure 9).  An 

assembly defect was much more obvious in the nas2〉 rpt4-G106D mutant cell extracts, as 

evidenced by a substantial decrease in the abundance of doubly- and singly capped proteasomes 

(RP2CP and RP1CP, respectively; Figure 9A-F).  As expected, expression of yeast NAS2 in 

nas2〉 rpt4-G106D cells partially rescued the assembly defect, evidenced by increased 

abundance of doubly capped proteasomes (Figure 9A-C), decreased abundance of free lid 
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(Figure 9B), and the presence of small amounts of free RP and base similar to those observed in 

WT cells (Figure 9A).  Expression of either hNAS2 or hnas2 (E197G) from the weak CYC1  

promoter did not rescue the proteasome assembly defect as readily as yeast NAS2; this may be 

due either to insufficient expression of the protein from this weak promoter, or due to an 

incomplete ability of the human protein to substitute for the yeast one.  However, some evidence 

of rescue was present.  Specifically, a modest increase in the number of singly capped 

proteasomes (RP1CP) was evident in blots against the base and CP (Figure 9A-D, and C-F), but 

not evident when blotting against the lid (Figure 9B and E). Instead, a proportional increase in 

double and single capped proteasomes was observed from cells expressing either hNAS2 or 

hnas2 (E197G) compared to the nas2〉 rpt4-G106D empty vector (Figure 9E). Importantly, no 

difference in rescue was observed between hNAS2 and hnas2 (E197G), suggesting that the 

variant does not compromise the assembly function and consistent with the growth-based 

complementation assays.  Taken together, these results suggest that the hnas2 (E197G) protein 

product retains its functionality as a proteasome assembly chaperone.  
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Figure 9: Partial rescue of proteasomal assembly defects by hNAS2 and hnas2 (E197G). 

Whole cell extracts of the indicated strains were separated by native-PAGE before immunoblotting with antibodies against the base 

subunit Rpt5 (A), the lid subunit Rpn12 (B), or the core particle (C).  The positions of the doubly-capped core particle (RP2CP), the 

singly capped RP1CP, or the individual lid, base, and CP subcomplexes are indicated.   Asterisks indicate assembly intermediates.  

*, Rpt4-Rpt5; **, free Rpn12; *** CP capped with an alternative regulator, Blm10; ****, CP assembly intermediate. The graphs 

represent a single experiment. 
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5. Discussion 

In this study, we investigated the relationship between hIAPP, proteasome gene variants, 

and T2DM pathogenesis. We successfully expressed hIAPP transgenically in yeast, and 

demonstrated that hIAPP is toxic in cells lacking the transcription factor, RPN4, which regulates 

proteasome abundance (Figure 4-5). This suggests Rpn4 plays a role in prevention of hIAPP-

induced toxicity (Figure 6). It was further observed that some cells lacking RPN4 with one of 

our hIAPP constructs (hIAPP V5) displayed an elongated, multilobed morphology (Figure 7).  

Finally, we provide the first insight of the impact of the polymorphism in hnas2 (E197G) on 

proteasome assembly. We observed no obvious impact of the E197G variant on human Nas2 

function.  Together, this supports the notion that the proteasome is important for mitigating 

hIAPP toxicity, but the hnas2 (E197G) variant may increase susceptibility to T2DM via some 

proteasome-independent means.   

When looking at WT cells with functional Rpn4, cell health was not greatly affected with 

induced hIAPP expression (Figure 6). In rpn4〉 cells, hIAPP constructs were toxic.  This 

suggested that a particular steady-state abundance of proteasomes is needed to prevent hIAPP-

induced toxicity. In support of our observation that RPN4 protects against hIAPP toxicity, a very 

similar study was published during the drafting of this thesis that identified RPN4 as a protective 

gene upon hIAPP overexpression in yeast [47].  Thus, it is likely that some minimum threshold 

of proteasome activity is necessary to prevent hIAPP toxicity.  This is consistent with previous 

studies in mammalian cells indicating the proteasome destroys IAPP [20], suggesting a broad 

conservation of the proteasome in clearance of amyloidogenic peptides and further supporting 

the practicality of yeast as a model for studying hIAPP pathogenesis.  
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Expression of hIAPP-V5〉 in rpn4〉 yeast yielded multi-lobed cells reminiscent of several 

well-characterized cdc mutants [46] that arrest during mitosis, prior to cytokinesis.  In budding 

yeast, cytokinesis is mediated via formation of an actomyosin ring, followed by a primary and 

secondary septum ring [48, 49] that forms at the cell midpoint and contracts to physically 

separate the mother and daughter cell. This contractile ring is formed by a family of proteins 

known as septins. Elongated, multi-lobed cells are a common phenotype of cdc mutants with 

defects in septin proteins, due to impaired contraction. In regards to hIAPP V5, we hypothesize 

two potential explanations for this phenomenon.  In the first, hIAPP V5 may interfere directly 

with formation of the septum ring.  The other possibility is that hIAPP V5〉 may be acting as a 

sink for proteasomes, thereby reducing the destruction of some protein(s) important for 

cytokinesis.  To our knowledge hIAPP, has not been reported to cause direct or indirect cell 

cycle defects. This intriguing observation raises the possibility that hIAPP interferes with cell 

division in the absence of RPN4, and potentially warrants further study into the relationship 

between cell division, proteolysis, and IAPP in human cells.  However, the observation that the 

V5-containing fusion caused no such defect warrants caution.   

The other major finding of our study was that both hNAS2 and hnas2 (E197G) equally 

complemented the growth defect of nas2〉 rpt4-G106D (Figure 9). Although we have not 

demonstrated this in human cells, the high conservation between both the proteasome and Nas2, 

coupled with the lack of an obvious functional defect in the variant protein (even when expressed 

at low levels in yeast) implies that it likely supports normal proteasome assembly in humans.  

Therefore, we suggest that the effect of the variant on T2DM susceptibility in humans is likely 

independent of the role of hNAS2 in proteasome assembly, and may instead compromise some 

other (as-yet unknown) process important for T2DM pathogenesis. 
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Some reports have investigated other functions of hNas2 [50], but the link between this 

variant and T2DM remains a mystery.  hNas2 contains a PDZ motif that mediates binding to at 

least two different transcription factors, one of which is implicated in insulin regulation [51].  A 

low hNAS2 expression level has been shown to negatively affect -cell health, but it has not been 

directly tied to these transcription factors [50].  Further, it is unknown whether the variant 

impacts association with these transcription factors. What can be concluded from this study is 

that the E197G variant alone is unlikely to affect proteasome assembly in human cells.  Further 

studies will be necessary to understand the relationship between this variant and T2DM 

susceptibility.   
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8. Supplemental Information 

8.1 Table 1 - Yeast strains 

              Name                                         Genotype                                           Source 

RTY 1 MATa his3-〉200 leu2-3,112 ura3-52 lys2-801 trp1-1 

gal2 

Tomko Lab 

YPH499 MATa ura3-52 lys2-801_amber ade2-101_ochre 

trp1-〉63 his3-〉200 leu2-〉1 

Sikorski and 

Hieter, 1989 

RTY 23 MATg ura3-52 lys2-801_amber ade2-101_ochre 

trp1-〉63 his3-〉200 leu2-〉1 rpn4〉::kanMX4 

Tomko Lab 

RTY 998 MATa his3-〉200 leu2-3,112 ura3-52 lys2-801 trp1-1 

gal2 nas2〉::HIS3 hsm3〉::kanMX4 

Tomko Lab 

RTY 2203 MATa his3-〉200 leu2-3,112 ura3-52 lys2-801 trp1-1 

gal2 nas2〉::His3 rpt4-G106D RPN12-6xGly-

3xFLAG::hphMX4 

This study 

    

8.2 Table 2 - Plasmids 

       Name                                Genotype                                                 Source 

pRT 54 p414GPD Mumberg et 

al., Gene, 1995 

pRT 167 p424GAL1 Tomko Lab 

pRT 269 YCplac22-NAS2-FLAG Tomko Lab 

pRT 1048 p414ADH1 Tomko Lab 

pRT 1422 p414CYC1 Tomko Lab 

pRT 1821 p414GPD-hsPSMD9(R134W) Tomko Lab 

pRT 1837 p414GPD-hsPSMD9/Nas2 Tomko Lab 

pRT 1845 p424GAL1-3xFLAG-yEGFP-TEVx-V5-hsIAPP(8-37) Tomko Lab 

pRT 1846 p414GPD-hsPSMD9(E197G) Tomko Lab 

pRT 1871 p414ADH1-hsPSMD9/NAS2 Tomko Lab 

pRT 1872 p414ADH1-hsPSMD9(E197G) Tomko Lab 
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pRT 1873 p414CYC1-hsPSMD9/NAS2 Tomko Lab 

pRT 1874 p414CYC1-hsPSMD9(E197G) Tomko Lab 

pRT 1947 p424GAL1-3xFLAG-yEGFP-TEVx-hsIAPP(8-37) Tomko Lab 

 

8.3 Table 3: Site-directed, Ligase Independent Mutagenesis - Primer sequences and PCR 

setting 

 Made as recommended in [41]. 

Primers                        Sequences 

RT1799 - FT  5’-  GAGAACCTATACTTTCAGGGAGCGACCCAAAGGTTA GCG - 3’ 

RT1800 - FS 5’ - TTTATATAACTCATCC - 3’ 

RT1801 - RT 5’ - TCCCTGAAAGTATAGGTTCTCTTTATATAACTCATCC - 3’ 

RT1802 - RS 5’ - GCGACCCAAAGGTTAGCG - 3’ 

 

PCR Settings:  

 

Reaction 1  

Temperature Time Cycles 

98C 30 seconds  

98C 10 seconds 25 cycles 

55C 30 seconds 

72C 4 minutes 

72C 5 minutes  

4C ∞   

 

 

 

 

 

 

 

 

 

 

Reaction 2 

Temperature Time Cycles 

99C 3 minutes   

65C 5 minutes     3 cycles 

30C 40 minutes 

4C ∞   
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