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directly to the well without blocking, signal resulting from the protein nonspecifically interacting 

with the plate was observed. However, when the plate was first blocked with protein blocking 

buffer and the protein was diluted in blocking buffer, background signal is eliminated. The white 

circles indicate the outline of an individual well. ............................................................................. 57 

Figure 2.4 Detecting Binding of Varying Amounts of NIR-Labeled Streptavidin to Biotin On-Bead. 

Individual beads decorated with biotin were separated into the wells of a black 96-well plate with 

a clear bottom. The beads were blocked with protein blocking buffer. Then, NIR-labeled 

streptavidin was diluted in blocking buffer and varying amounts were added to the wells. After 

overnight incubation, the protein solution was removed, and beads were rinsed with PBS. The 

beads were resuspended in PBS and imaged for NIR fluorescence. (A) Individual beads were 

visualized by zooming in on the well. Clear differences in the fluorescence intensities were obvious 

and correlated to the amount of protein added to each well. (B) Fluorescence intensities of each 

bead were quantified and graphed, further revealing that higher fluorescence intensities resulted 

from more protein added to the wells. ............................................................................................... 58 

Figure 2.5 Desthiobiotin Conjugated to the Linker. Desthiobiotin (blue) was conjugated to 

TentaGel resin with the same linker structure used for experiments with biotin (red). Desthiobiotin 

has a lower affinity for streptavidin than biotin. We sought to determine if binding between NIR-

labeled streptavidin and desthiobiotin could be observed with our screening method. ................. 58 

Figure 2.6 Detecting Binding of Varying Amounts of NIR-Labeled Streptavidin to Desthiobiotin 

On-Bead. Individual beads decorated with desthiobiotin were separated into the wells of a black 

96-well plate with a clear bottom. The beads were blocked with protein blocking buffer. Then, 

NIR-labeled streptavidin was diluted in blocking buffer and varying amounts were added to the 

wells. After overnight incubation, the protein solution was removed, and beads were rinsed with 

PBS. The beads were resuspended in PBS and imaged for NIR fluorescence. (A) Individual beads 

were visualized by zooming in on the well. Clear differences in the fluorescence intensities were 

observed and correlated to the amount of protein added to each well. (B) Fluorescence intensities 

of each bead were quantified and graphed, further revealing that higher fluorescence intensities 

resulted from more protein added to the wells.................................................................................. 59 

Figure 2.7 Binding of NIR-Labeled Streptavidin to the FLAG Peptide On-Bead. As a control to 

ensure that fluorescence intensities observed in our other experiments were not the result of 

nonspecific interactions between the labeled protein and bead, 1.25 ng of labeled streptavidin was 

incubated with beads conjugated to the FLAG peptide. This peptide should not be recognized by 

streptavidin. Fluorescence intensities that resulted from the labeled protein binding the peptide 

were quantified and graphed to compare to the signals produced by incubation 1.25 ng of labeled 

streptavidin with biotin and desthiobiotin. Almost no signal was observed with the FLAG peptide, 

indicating that nonspecific interactions were not responsible for the fluorescent signals ............. 60 

Figure 2.8 Structures of GL-CBS, CBS, and D-CBS. Each ligand (blue) was conjugated to 

TentaGel resin with the attached linker (red). GL-CBS has the highest affinity to carbonic 

anhydrase with a KD of 120 nM. CBS has an affinity of 1.6 µM and D-CBS has an affinity of 4.6 

µM. ...................................................................................................................................................... 60 

Figure 2.9 Detecting Binding of NIR-Labeled Carbonic Anhydrase with Ligands of Varying 

Affinity. (A) Resin decorated with GL-CBS, CBS, or D-CBS was split into the wells of a 96-well 

plate and blocked with protein blocking buffer. NIR-labeled carbonic anhydrase was then diluted 
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in blocking buffer and varying amounts were added to the wells. After overnight incubation, the 

protein solution was removed, and the beads were rinsed with PBS. The plate was imaged for 

fluorescence and zoomed in pictures of individual beads were observed. Clear differences in 

fluorescence were observed. GL-CBS produced the highest fluorescence intensities at each amount 

of protein tested while D-CBS produced the lowest. (B-D) The fluorescence intensities resulting 

the labeled protein binding each ligand was quantified and graphed. This further demonstrated that 

the binding affinities correlated to the fluorescence intensities, with the GL-CBS ligand producing 

higher fluorescence intensities than the CBS and D-CBS ligand. (E) The fluorescent signal that 

resulted from 0.6 ng of carbonic anhydrase binding each ligand were compared. It is apparent that 

the GL-CBS ligand produced the highest fluorescence intensity, as it has the highest affinity to the 

protein. Likewise, D-CBS produced the lowest fluorescence intensity and had the lowest affinity 

to the protein. ...................................................................................................................................... 61 

Figure 2.10 Binding of NIR-Labeled Carbonic Anhydrase to the FLAG Peptide on Resin. 17 ng 

of labeled carbonic anhydrase incubated with beads conjugated to the FLAG peptide or GL-CBS. 

After overnight incubation, the protein solution was removed, and the beads were rinsed with PBS. 

The plate was imaged for fluorescence and the resulting fluorescence intensities were quantified 

and graphed. Almost no binding of the labeled protein to the FLAG resin was detected. ............ 62 

Figure 2.11 OBOC Library Design. (A) Scaffold of the OBOC library including the linker (red) 

and all amine positions. (B) Amines were selected randomly for positions one, two and four. 

Position three only housed one amine, 4-(2-aminoethyl)benzensulfonyl fluoride, which facilitates 

covalent binding to serine and threonine amino acid residues via a sulfonyl fluoride moiety. ..... 63 

Figure 2.12 OBOC Library Design. (A) Scaffold of the OBOC library including the linker (red) 

and all amine positions. (B) Amines were selected randomly for positions one, two and four. 

Position three only housed one amine, 4-(2-aminoethyl)benzensulfonyl fluoride, which facilitates 

covalent binding to serine and threonine amino acid residues via a sulfonyl fluoride moiety. ..... 64 

Figure 2.13 Validating Hits from Screening Gankyrin Against an OBOC. (A) Structures of the 

linker conjugated to fluorescein, the negative control ligand, and two example structures of ligands 

being validated. (B) Varying concentrations of the fluorescently labeled ligands or the negative 

control incubated with 500 ng of purified gankyrin. The samples were then subjected to SDS-

PAGE, and the gels were imaged for fluorescence. TMM-1 did not validate because it produced 

less intense bands than the negative control. TMM-6, however, did validate because the 

fluorescence intensities at each concentration tested were higher than the negative control. (C) This 

experiment was repeated in experimental triplicate. As a control, one sample containing only 

DMSO was used run on each gel so the data could be normalized. The fluorescent signal for each 

gel was normalized to the DMSO control and the resulting number from each run at each 

concentration were compiled and graphed. This revealed that TMM-6 produced statistically 

significantly higher fluorescence intensities at each concentration tested than the negative control, 

confirming it as a true hit. * p < 0.05, ** p < 0.01, *** p < 0.001 .................................................. 66 

Figure 2.14 Competition of Fluorescent and Nonfluorescent TMM-6 Binding Gankyrin. A 

competition experiment in which either fluorescent (FL-TMM-6) or nonfluorescent TMM-6 (NF-

TMM-6) was first added to purified gankyrin followed by addition of the other ligand was 

performed to ensure the fluorescein tag was not responsible for binding of the peptoid to the protein. 

As a control, one sample incubated with only FL-TMM-6. After subjecting the samples to SDS-

PAGE, the fluorescent signal was quantitated and graphed. This revealed addition of NF-TMM-6 
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first resulted in significantly lower fluorescence intensities than adding the fluorescent TMM-6 

first. This suggests that the fluorescein tag is not responsible for binding of the ligand to the protein.

.............................................................................................................................................................. 67 

Figure 2.15 Binding of Covalent and Noncovalent TMM-6 to Gankyrin. A fluorescent noncovalent 

version of TMM-6 was synthesized by exchanging the 4-(2-aminoethyl)benzensulfonyl fluoride 

for 2-phenylethylamine. Varying concentrations of covalent or noncovalent TMM-6 incubated 

with 500 ng of purified gankyrin and was then subjected to SDS-PAGE (left). The experiment was 

conducted in triplicate. The resulting fluorescence intensities were quantified and normalized to a 

control consisting of only DMSO-treated gankyrin. The resulting data was combined for each 

concentration to produce a triplicate and graphed (right). This revealed that incubation of 

noncovalent TMM-6 with gankyrin resulted in statistically significantly lower fluorescence 

intensities than incubation with the covalent ligand. This suggests that covalent binding between 

the ligand and the target is required to visualize by SDS-PAGE and the resulting fluorescent bands 

are not the result of nonspecific interactions between the ligand and protein. ............................... 68 

Figure 2.16 Pulldown of Gankyrin in Spiked HEK 293T Cell Lysate. HEK 293T cells were lysed, 

and 500 ng of purified gankyrin was added to the samples. The final gankyrin concentration was 

1% of the total protein amount. Fluorescent TMM-6 or negative control was added to the samples 

at a final concentration of 8 µM. (A) Samples were then subjected to SDS-PAGE and the gel was 

imaged for fluorescence. Several fluorescent bands were observed; however, two intense bands 

were most obvious (Band A and Band B). These bands were excised for proteomics analysis. (B) 

Proteomics analysis revealed that both bands were composed primarily of gankyrin. Modest 

sequence coverage of 60.6% (Band A) and 49.6% (Band B). Additionally, high MS/MS counts of 

43 and 45 were found as well. Other fluorescent bands were observed, indicating some nonspecific 

binding to TMM-6, but this peptoid binds gankyrin with moderate specificity. ............................ 69 

Figure 2.17 Structures of the FLAG and Scrambled FLAG Sequence. A linker (red) and the FLAG 

or scrambled FLAG peptide (blue) were synthesized on TentaGel resin. The FLAG peptide served 

as our model ligand for detection of the FLAG antibody in a protein solution. The scrambled FLAG 

peptide served as a negative control, as it should not be recognized by the antibody. .................. 71 

Figure 2.18 Detection of a FLAG Antibody Binding the FLAG Peptide on Resin with a 

Fluorescently Labeled Secondary Antibody. Resin conjugated to the FLAG and scrambled FLAG 

peptide were separated into a 96-well plate and varying amounts of a FLAG antibody were added 

to the wells. A fixed amount of fluorescently labeled secondary antibody was then added. The 

beads were rinsed and plate was imaged for NIR fluorescence. (A) Individual beads were 

visualized. Addition of more primary antibody to the well resulted in higher fluorescence 

intensities, indicating that more FLAG antibody had bound the bead. (B) The fluorescence 

intensities produced by FLAG and scrambled FLAG resin were graphed. This further confirmed 

that adding more primary antibody to the FLAG resin resulted in higher fluorescence intensities. 

Importantly, no binding of the FLAG antibody to the scrambled FLAG resin was observed. This 

indicated that the fluorescent signal was dependent on the primary antibody recognizing and 

binding the sequence on resin. (C) As a control, 12.5 ng of primary antibody or a fixed amount of 

fluorescently labeled secondary antibody were individually incubated with FLAG resin. Very little 

fluorescent signal was observed from either antibody incubating with the beads, suggesting that 

nonspecific interactions between the antibodies and the resin were not responsible for the observed 

fluorescent signal. ............................................................................................................................... 72 

file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424510
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424510
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424510
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424511
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424511
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424511
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424511
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424511
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424511
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424511
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424511
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424511
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424511
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424511
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424512
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424512
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424512
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424512
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424512
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424512
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424512
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424512
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424512
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424512
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424513
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424513
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424513
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424513
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424514
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424514
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424514
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424514
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424514
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424514
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424514
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424514
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424514
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424514
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424514
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424514
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424514
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424514
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424514
file:///C:/Users/Marianne/Desktop/Lab%20Stuff/Manuscripts/Thesis/Whole%20Document/FullDraft_V11.docx%23_Toc70424514


 

 

14 

Figure 2.19 LC/MS Traces for the Linkers to Establish the Screening Method and OBOC Library. 

The linker structures shown above were synthesized on 90 µm TentaGel resin. After synthesis, a 

test cleavage was performed. LC/MS traces for each linker are shown above............................... 77 

Figure 2.20 LC/MS Trace of Biotin Conjugated to the Linker. The structure of biotin conjugated 

to the linker can be seen in Figure 2.2. The expected molecular weight was 1137.43 g/mol. The 

(M+2H)/2 mass is seen at 570 m/z. The M+H mass is also seen at 1138 m/z. .............................. 79 

Figure 2.21 LC/MS Trace of Desthiobtion Conjugated to the Linker. The structure of desthiobiotin 

conjugated to the linker can be seen in Figure 2.5. The expected mass was 1107.47. the (M+3H)/3 

mass can be seen at 554 m/z. ............................................................................................................. 80 

Figure 2.22 LC/MS Traces of GL-CBS, CBS, and D-CBS on the Linker. The structure of ligands 

conjugated to the linker can be seen in Figure 2.8. (A) LC/MS trace for GL-CBS. The expected 

mass is 1051.34. (B) LC/MS trace for CBS. The expected mass is 881.24. (C) LC/MS trace for D-

CBS. The expected mass was 996.26 ................................................................................................ 84 

Figure 2.23 Purification of His-Tagged Gankyrin for Screening. (A) Coomassie stain of fractions 

eluted from the resin with an imidazole gradient. (B) Fractions containing pure gankyrin were 

combine and dialyzed in PBS. Protein was then concentrated, and a western blot was performed 

with an anti-His antibody. .................................................................................................................. 88 

Figure 2.24 In-Gel Fluorescence Validation of Ligands. (A) Examples of gels obtained during the 

in-gel fluorescence validation experiment. The fluorescence intensities of the bands shown in the 

gels on the left were quantified to produce the graphs on right. (B) Quantification of the gels 

provided in Figure 2.13. Since TMM-6 appeared to produce higher fluorescence intensities at some 

of the concentrations compared to the negative control, this was repeated in experimental triplicate.

.............................................................................................................................................................. 92 

Figure 2.25 LC/MS Trace of the Linker and FLAG Peptide. The structure of the FLAG peptide 

and linker can be seen in Figure 2.12. The expected mass is 1692.63 g/mol. The (M+3H)/3 mass 

is seen at 565 m/z. ............................................................................................................................... 95 

Figure 2.26 LC/MS Trace of the Linker and Scrambled FLAG Peptide. The structure of the 

scrambled FLAG peptide and linker can be seen in Figure 2.12. The expected mass is 1692.63 

g/mol. The (M+2H)/2 mass is seen at 848. The (M+3H)/3 mass is seen at 565 m/z. .................... 96 

Figure 3.1 Monitoring the Lifespan of Yeast. Yeast lifespan can be evaluated by monitoring the 

replicative lifespan (RLS) or chronological lifespan (CLS). RLS is studied by counting the number 

of daughter cells a single mother is able to produce. As the mother cell ages, it is no longer able to 

produce offspring. CLS is studied by allowing yeast to reach a stationary growth phase and 

monitoring the number of days the culture can survive in media or sterile water........................ 103 

Figure 3.2 Structures of BA, UA, and OA. BA and UA have previously been demonstrated to 

enhance the activity of the proteasome. We sought to determine if both of these small molecules, 

and another one of similar structure, OA, could extend the CLS of yeast with reduced proteasome 

capacity. ............................................................................................................................................. 104 

Figure 3.3 Structure of the TAS-1 Reporter Probe. TAS-1 is a peptide/peptoid hybrid probe. The 

peptide region (red) is recognized and cleaved by the proteasome. This releases the rhodamine 
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(green) which produces a quantifiable fluorescent signal. The peptoid region (blue) facilitates cell 

permeability and makes the probe more soluble. ........................................................................... 105 

Figure 3.4 UA and Its Derivatives Stimulate Human 20S Proteasomes. Purified human 20S was 

dosed with 10 µM of UA, BA, OA, or DMSO. As a control, samples were also dosed with 25 µM 

BTZ or DMSO. TAS-1 was added to a final concentration of 10 µM and fluorescence was 

monitored over an hour. Slopes from the resulting lines produced by cleavage of the probe by the 

proteasome were calculated. This was normalized to the DMSO control in which activity was set 

to 100% for these samples. The resulting data was graphed as a bar graph as shown above. UA, 

BA, and OA all significantly stimulated the proteasome. As expected, BTZ significantly inhibited 

proteasome activity. DMC did not alter proteasome activity. * p < 0.05, ** p < 0.01. *** p < 0.001

............................................................................................................................................................ 105 

Figure 3.5 Lysate from rpn4Δ Yeast Display Reduced Proteasome Activity Compared to WT 

Lysate. Lysate of both rpn4Δ and WT yeast were dosed with 20 µM of suc-LLY-AMC, a reporter 

probe. Fluorescence was monitored over one hour and the slopes of the resulting lines were 

calculated. Data was normalized to the WT strain and graphed as shown above. The rpn4Δ lysate 

showed significantly reduced proteasome activity compared to the WT lysate. This was expected, 

as the rpn4Δ strain produces fewer proteasome subunits than the WT strain. ............................. 106 

Figure 3.6 VE and UA Extend Δ8 Yeast Lifespan. Δ8 yeast were dosed with the indicated 

proteasome stimulates at a final concentration of 200 µM or 20 µM. Every seven days, samples 

were diluted in sterile water (right) and spotted on agar plates. Outgrowth was monitored over 

several weeks. Dosage of 200 µM MK886 or 20 µM UA extended CLS, as evidenced by the 

increased outgrowth of more dilute samples compared to the DMSO control after 39 days. ..... 107 

Figure 3.7 Media Conditions Alter CLS of WT and rpn4Δ Yeast. Three base medias that differed 

in amino acid composition, SD, SC, and CSM were supplemented with a low, normal, or high 

amount of glucose or nitrogen source. Every combination was tested, resulting in 15 media 

conditions. Both strains of yeast were grown in each media in duplicate in a deep well 96-well 

plate. Everyday samples of yeast were diluted in sterile water and spotted on an agar plate. 

Outgrowth was monitored over eight days. Clear differences in CLS were observed in response to 

growing yeast in the different media conditions. One condition, CSM supplemented with a high 

glucose concentration and normal nitrogen concentration, reduced WT yeast lifespan to just six 

days (highlighted in red). Similarly, the rpn4Δ strain also exhibited a lifespan around 6 days. 

Shortening of lifespan from 39 days to just 6 would facilitate faster data acquisition. ............... 108 

Figure 3.8 Buffered Media Does Not Impact CLS of WT and rpn4Δ Yeast in CSM Media. To 

determine if acidification of the media was responsible for reduced CLS of the yeast, we grew the 

WT and rpn4Δ yeast in SD aging media which is buffered with citric acid, buffered, and unbuffered 

CSM media. The SD media was used in our initial CLS experiments with the Δ8 strain. Every day, 

samples of yeast were diluted in growth media and the OD600 was measured after 16 hours of 

growth. This data was graphed and revealed that the buffered CSM performed almost identically 

to the unbuffered media. This suggests that acidification of the media was not responsible for 

reduction in CLS. .............................................................................................................................. 109 

Figure 3.9 Establishing Controls for the CLS Assay. WT and rpn4Δ yeast reached a senescent state 

and were then diluted in aging media. Yeast were dosed with DMSO, or 200 µM DMC or BTZ. 

Everyday samples of yeast were diluted in sterile water and spotted on agar plates. Outgrowth in 
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response to dosage with one of the small molecules was monitored over six days. Since DMC 

promotes autophagy and has been previously shown to extend CLS, we expected to find that 

dosage with this small molecule would result in better outgrowth at high dilutions of yeast 

compared to the DMSO control. Conversely, we expected to see reduced outgrowth in response to 

dosage with BTZ compared to the DMSO control. We found that DMC did appear to slightly 

extend the lifespan of the rpn4Δ yeast, but this effect was not as profound in the WT strain. This 

could because the WT strain has fully functional protein clearance pathways. BTZ successfully 

reduced outgrowth of both strains, suggesting that inhibiting proteasome activity reduces CLS of 

both strains. ....................................................................................................................................... 110 

Figure 3.10 Outgrowth of WT and rpn4Δ Yeast In Response to Varying Concentrations of UA. 

WT and rpn4Δ yeast reached a nondividing state, diluted in aging media, then dosed with 200 µM 

of DMC as a control, or varying concentrations of UA in replicates of five. Every day, samples 

were diluted in sterile water and spotted on agar plates. Outgrowth was monitored over six days 

and compared to the DMSO control. None of the UA concentrations seemed to impact CLS of WT 

yeast, as evidenced by similar amounts of outgrowth observed at all dilutions compared to the 

DMSO control. Dosage of 20 µM and 10 µM of UA (red) slightly extended the CLS of the rpn4Δ 

yeast. This is reflected by better outgrowth of the diluted yeast compared to the DMSO control. It 

is possible UA did not extend WT CLS because this strain exhibits normal proteasome activity.

............................................................................................................................................................ 111 

Figure 3.11 Monitoring the OD600 of Yeast in Response to Dosage with UA. The OD600 of the 

same samples used for the spot assay was measured for the WT and rpn4Δ strain. Samples were 

diluted in growth media and added to the wells of a sterile 96-well plate. After 18 hours of growth, 

the OD600 was measured for each well. This data correlated with the results observed from the spot 

assay experiment. DMC was the only small molecule that significantly extended the growth rate 

of the WT yeast. However, dosage with both UA and DMC significantly increased the growth rate 

of the rpn4Δ yeast on day 3. This suggested that 10 µM was the optimal concentration to monitor 

lifespan extension. ............................................................................................................................ 112 

Figure 3.12 UA and BA Extend the CLS of rpn4Δ Yeast. WT and rpn4Δ yeast were dosed with 

10 µM of UA, BA, or OA after reaching a nondividing state. As additional controls, samples were 

also dosed with 200 µM of DMC or BTZ or DMSO. Every day, samples were diluted in sterile 

waster and spotted on agar plates. Outgrowth was monitored over six days. The CLS of WT yeast 

did not appear to extend in response to dosing with any of the compounds, including DMC, which 

was consistent with previous observations. However, BTZ reduced the lifespan of the WT yeast 

to just four days. However, dosage of the rpn4Δ yeast with UA and BA successfully increased 

CLS. This is evidenced by the better outgrowth of more dilute yeast compared to the DMSO 

control (highlighted in red). Outgrowth was similar to that produced by dosing with 200 µM DMC. 

BTZ reduced lifespan of the rpn4Δ to four days. ........................................................................... 113 

Figure 3.13 UA Facilitates Degradation of YFP-α-Synuclein. Lysate from yeast induced to express 

YFP-α-synuclein was dosed with 10 µM UA or DMC, or 50 µM MG-132. (A) After dosing, 

western blots were performed with an antibody that recognizes YFP to determine the amount of 

α-synuclein remaining in the lysate (B) The experiment was conducted in experimental and 

technical triplicate. Fluorescence intensities were quantified for each protein band. Signal was 

normalized to the DMSO control for each independent run, then the data was compiled as graphed. 

DMC did not significantly impact α-synuclein levels. However, dosage with MG-132 resulted in 
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significant accumulation of α-synuclein. Excitingly, dosage with UA resulted in significant 

reduction of α-synuclein compared to the DMSO control, suggesting that proteasome stimulator 

can facilitate better degradation of aggregate-prone proteins. ....................................................... 114 

Figure 3.14  Levels of G6PDH Are Not Significantly Impacted by Dosage with Proteasome 

Stimulators.  The western blots stained with the YFP were also stained with an antibody for the 

housekeeping protein, G6PDH. Levels of the loading control were similar between the DMSO 

samples and samples dosed with MG-132 and UA. This suggests that no significant degradation 

or accumulation of this protein resulted from dosed with the proteasome stimulator or inhibitor, 

respectively. Levels of G6DPH were lower in the DMC dosed lysate than the negative control, all 

though this was not statistically significant. ................................................................................... 115 

Figure 3.15 Lines Resulting from Cleavage of the TAS-1 Probe by the Proteasome. 50 nM of 

purified human 20S proteasome was dosed with 10 µM of UA, BA, OA, and DMC. As a control, 

samples were dosed with 50 µM or 25 µM BTZ or DMSO. The final concentration of TAS-1 was 

10 µM. Fluorescence that resulted from cleavage of the reporter probe by the proteasome was 

monitored every two minutes for one hour and graphed as shown above. Each graph represents 

one replicate of the experiment. Each line represents three data points........................................ 121 

Figure 3.16 Lines Resulting from Dosing WT and rpn4Δ Yeast Lysate with a Proteasome Reporter 

Probe. 50 ng of lysate from the WT and rpn4Δ strain was dosed with 20 µM of suc-LLVY-AMC 

in replicates of three. Fluorescence was monitored every 2 minutes for 40 minutes. This was 

performed in experimental triplicate and graphed. Each graph represents one trial of the 

experiment. The slopes of the lines shown were calculated, normalized to the WT strain, and 

graphed as a bar graph as shown in Figure 3.5. .............................................................................. 123 

Figure 3.17 Monitoring the OD600 of WT and rpn4Δ Yeast Dosed with DMC and BTZ. To establish 

our positive and negative controls, WT or rpn4Δ yeast were dosed with DMSO, 200 µM DMC or 

BTZ. Yeast were diluted every day and spotted on agar plates. Yeast were further diluted in YPD 

media in a sterile clear 96-well plate and allowed to grow 18 hours. The OD600 of each well was 

measured on a plate reader. This was repeated every day and the data was graphed as shown above. 

This data, combined with the spot assay, reveals that dosing with DMC extended lifespan of the 

yeast, as evidenced by higher OD600 during the first few days of the assay in the rpn4Δ strain. 

Likewise, BTZ successfully inhibited lifespan, as shown by the lower OD600 during the first few 

days of the experiment. The OD600 was similar for all samples on day 6, indicating the excess yeast 

had died. ............................................................................................................................................ 127 

Figure 4.1 Structure of the iCP. Upon stimulation by cytokines such as IFN-γ, three new catalytic 

subunits are expressed, β1i, β2i, and β5i. These are incorporated into newly synthesized 

proteasomes to form the iCP. ........................................................................................................... 136 

Figure 4.2 Structure of ONX-0914. ONX-0914 was among the first iCP selective probes 

discovered. It specifically binds the β5i subunit with 20-fold specificity over the β5 subunit. It is 

commercially available and commonly used to modulate iCP activity. ....................................... 138 

Figure 4.3 UA and Its Derivatives Significantly Increase sCP Activity. Purified human 20S 

proteasome was dosed with 10 µM of UA, BA, or OA. TAS-1, an sCP reporter probe, was then 

added to the samples and cleavage of the probe by the sCP was monitored over one hour. Rate of 

cleavage of the probe was calculated for each compound and normalized to samples dosed with 
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DMSO. This revealed that UA, BA, and OA all significantly increase sCP activity. * p < 0.05, ** 

p < 0.01, *** p < 0.001 .................................................................................................................... 139 

Figure 4.4 Structure of TBZ-1. TBZ-1 is a reporter probe that is cleaved by the iCP. The peptide 

region (blue) is specifically recognized by the iCP and cleaved. This releases the rhodamine (green) 

to produce a fluorescent signal. The peptoid region (red) makes the probe cell permeable and more 

soluble. .............................................................................................................................................. 140 

Figure 4.5 UA Stimulates the iCP in a Dose-Dependent Manner. 5 nM of purified iCP was dosed 

with varying concentrations of UA. TBZ-1 was added to a final concentration of 15 µM and 

fluorescence was monitored over one hour. Slopes that resulted from the iCP cleaving the probe 

over time were calculated and normalized to DMSO-dosed samples. This revealed that UA 

stimulates the iCP in a dose-dependent manner. ............................................................................ 140 

Figure 4.6 UA and Its Derivatives Stimulate the iCP. 5 nM of purified iCP was dosed with varying 

concentrations of UA, BA, and OA. TBZ-1 was added to a final concentration of 15 µM and 

fluorescence was monitored over one hour. Slopes that resulted from cleavage of the prober over 

time were calculated for each compound and normalized to control samples dosed with DMSO. 

UA and all its derivatives stimulate the iCP. .................................................................................. 141 

Figure 4.7 Cells Dosed with IFN-γ Express the iCP. BT-20, and MRC-5 cells were dosed with 

varying amount of IFN-γ for three days and western blots were performed with a β5 and β5i 

antibody to monitor expression of the sCP and iCP, respectively. Bot cell lines showed an increase 

in iCP expression, as evidenced by the presence of a band after blotting for β5i. This was met with 

a correlating decrease in the intensity of the β5 band. MRC-5 was selected as a suitable cell line 

for further experimentation because the β5 band intensity decreased most significantly at every 

IFN-γ amount tested compared to the BT-20 cells. This indicated that these cells are expressing 

mostly iCP and not a mixture of the sCP and iCP. *Data collected by Christine Muli ............... 141 

Figure 4.8 Viability of iCP-Expressing MRC-5 Cells After Dosage with UA. MRC-5 cells were 

inducted to express the iCP by dosing with 5 ng/mL of IFN-γ for 2 days. Cells were then dosed 

with varying concentrations of UA for 2 hours. A Cell Titer Glo assay was performed to determine 

viability of the cells after dosing. Luminescent signal was normalized to cells dosed with DMSO 

(0 µM). Only dosage with 25 µM of UA resulted in significant cell death. ................................. 142 

Figure 4.9 UA Stimulates the iCP in Cells. MRC-5 cells were induced to express the iCP and 5,000 

cells were seeded in the wells of a 96-well plate. Cells were dosed with 10 µM of UA, DMSO, or 

25 µM ONX-0914 for 2 hours. Cells were washed and dosed with 31 µM of TBZ-1. Fluorescence 

was monitored for 1.5 hours. Slopes of the resulting lines were calculated and values above or 

below one standard deviation were removed for each sample. Slopes were normalized to the 

DMSO control and graphed as shown. This revealed that dosage with UA stimulated the iCP. 

Importantly, dosage with 25 µM ONX-0914, an iCP inhibitor, significantly reduced activity. . 142 

Figure 4.10 Raw Data of Purified iCP Stimulation by UA. Purified iCP was dosed with varying 

concentrations of UA. TBZ-1 was added to each well at a final concentration of 15 µM. As a 

control, wells containing only TBZ-1 with no iCP were included to monitor background 

fluorescence. Samples were also dosed with DMSO as a control. Fluorescence intensity was 

measured over 1 hour and graphed to visualize fluorescence vs. time. The slopes of each line were 

calculated, normalized to the DMSO-dosed wells, and graphed as shown in Figure 4.5. ........... 146 
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Figure 4.11 Evaluating Cytotoxicity of ONX-0914 in iCP-Expressing MRC-5 Cells. 20,000 iCP-

expressing MRC-5 cells were seeded in a black 96-well plate. 3 wells were dosed with varying 

concentration of ONX-0914 for 2 hours. Cell Titer Glo was then added to each well and 

luminescence was measured. The signal was normalized to DMSO-dosed wells by dividing the 

signal from each well by the average of the wells dosed with DMSO and graphed as shown above. 

ONX-0914 is not toxic to cells with dosage as high as 50 µM. .................................................... 147 

Figure 4.12 Monitoring iCP Activity in MRC-5 Cells. MRC-5 cells were induced to express the 

iCP and 5,000 cells were seeded in a black 96-well plate. Cells were dosed with DMSO, 10 µM 

UA, or 25 µM ONX-0914 for 2 hours. Cells were then washed with PBS and dosed with 31 µM 

of TBZ-1. Fluorescence was read every 2 minutes for 1.5 hours. The resulting lines were graphed 

as shown above. A lag time is seen during the first 30 minutes of monitoring fluorescence. This 

was removed and the resulting slopes were calculated and normalized to the DMSO-dosed cells as 

described. The slopes were displayed as bar graphs as shown in Figure 4.9. .............................. 148 

Figure 5.1 Future Directions for TMM-6. We next plan to evaluate the impacts of TMM-6 on cells 

that overexpress gankyrin. We plan to dose cells with TMM-6 and monitor the extent of apoptosis 

and levels of p53 and retinoblastoma protein. We hypothesize that TMM-6 could prevent gankyrin 

from enhancing degradation of these two cell cycle regulating proteins and result stabilizing their 

expression. This could lead to activation of apoptosis. We are also interested in using fluorescently 

labeled TMM-6 to monitor expression of gankyrin in cells during the onset and progression of 

cancers. .............................................................................................................................................. 155 

Figure 5.2 Expanding our OBOC Screening Technology. We plan to broaden the applications of 

our OBOC screening method into a technique to detect autoantibodies, bacteria, or cancer cells in 

patient blood samples. This could expedite the process of diagnosing autoimmune diseases, 

bacterial infections, and certain cancers. ......................................................................................... 158 

Figure 5.3 Tat-Transfected Cells Exhibit Reduced iCP activity. MRC-5 cells were induced to 

express the iCP by dosing with 5 ng/mL of IFN-γ for two days. Cells were then transfected with 

HIV Tat DNA. Mock-transfected or Tat-transfected cells were dosed with 31 µM of our iCP 

reporter probe, TBZ-1. Cleavage of the probe was monitored for 1.5 hours and the slopes of the 

resulting lines were graphed as bar graphs as shown above. This revealed that cells expressing 

HIV Tat have lower iCP activity than the mock transfected cells. This suggests the iCP could be 

an interesting target for therapeutic intervention. ........................................................................... 160 
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ABSTRACT 

The proteasome is responsible for the majority of protein degradation in the cell. 

Dysregulation of proteasome activity is implicated in a variety of diseases such as cancer, 

neurodegeneration, and aging. As a result, it has emerged as therapeutic target and significant 

research to elucidate the impacts of modulating its activity with small molecules is ongoing. While 

a variety of small molecule binders have been identified and shown to be effective in treating 

diseases such as cancer, there is a lack of standardized assays to identify new binders and evaluate 

their impacts in biologically relevant settings. In this work, we present a suite of assays that can 

be used to screen proteasome subunits for new binders and determine the impacts of small 

molecules in yeast with reduced proteasome capacity. We also explore stimulation of the 

immunoproteasome (iCP), a proteasome isoform that is expressed during inflammatory conditions.  

 We first developed a method to screen one-bead-one-compound (OBOC) libraries in which 

hits could be prioritized. Our method involves labeling a target protein with a near-infrared range 

fluorophore and incubating it with OBOC library beads in a well plate. The plate can then be 

imaged for fluorescence and the signal can be quantified. This provides a basis to rank hits. We 

used this screening method to identify TMM-6, a peptoid that covalently binds the oncoprotein 

gankyrin. Since this method does not require the function of a protein to be known, it is ideal for 

screening noncatalytic proteasome subunits. 

 We then optimized an assay to monitor the chronological lifespan (CLS) of yeast in 

response to dosage with small molecules that stimulate the proteasome. Through alterations of 

growth media, we successfully reduced the time required to perform this assay from over a month 

to just one week. Similarly, the assay was scaled down to a 96-well plate format to make it more 

amendable to high-throughput applications. We used this assay to evaluate the impacts of the 

proteasome stimulator ursolic acid (UA) on the CLS of yeast with reduced proteasome capacity. 

We found that dosage with UA resulted in slight lifespan extension.  

The iCP generates peptides that are compatible with major-histocompatibility complexes 

type I (MHC-I) and several viruses are known to deploy proteins that interact with the iCP to 

inhibit its activity. We hypothesize that iCP inhibition could be rescued with a small molecule 

stimulator and in turn increase the pool of MHC-I compatible peptides, allowing virally infected 

cells to be recognized by the immune system. Here, we report UA and structurally similar 
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compounds as potent iCP stimulators. Stimulation was demonstrated in both a biochemical assay 

and in cells induced to express the iCP.  

This work resulted in several new assays that can be used to quickly identify quality binders 

to proteasome subunits and evaluate their impacts in aged yeast. We anticipate usage of these 

assays will result in the discovery of new proteasome binders that impact its activity. Particularly, 

we are interested in determining the impacts of targeting noncatalytic proteasome subunits, as their 

therapeutic potential remains largely underexplored. We also identify new iCP stimulators and 

plan to further explore the impacts of iCP stimulation on MHC-I expression. 
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 THE PROTEASOME AS A THERAPEUTIC TARGET 

AND METHODS TO IDENTIFY SMALL MOLECULE MODULATORS OF 

ITS ACTIVITY 

1.1 Overview of Protein Degradation by the Proteasome 

1.1.1 The Ubiquitin-Dependent Pathway 

The ubiquitin proteasome system (UPS ) is responsible for degradation of up to 80-90% of 

proteins in the cell that are worn out or 

misfolded.1,2 At the center of the UPS is the 

proteasome, a large multi-catalytic enzymatic 

complex that is responsible for hydrolyzing 

proteins into small peptide fragments. These 

fragments are then recycled by the cell. The 

proteasome exists in several isoforms that carry 

out ubiquitin-dependent or ubiquitin-

independent protein degradation (Figure 1.1).2–

4 The 26S proteasome is responsible for 

ubiquitin-dependent degradation of proteins. It 

is composed of two parts, a 19S regulatory 

particle (RP) and a 20S core particle (sCP).3,5 

The RP is responsible for recognizing 

ubiquitinated substrates, removing the ubiquitin 

tags, unfolding the protein through an ATP-

dependent process, and shuttling the protein into 

the catalytic core.2,6 The sCP is composed of a series of four heptameric rings that arrange in an α-

β-β-α fashion. The α rings form a gate structure which exists in an open or closed confirmation to 

allow or block entry of a protein substrate into the proteasome.4,7–9 The β rings house three catalytic 

subunits, β1, β2, and β5 which exhibit different cleavage specificities (caspase-like, trypsin-like, 

and chymotrypsin-like, respectively).2,10 These subunits are responsible for the hydrolysis of the 

unfolded protein into short peptide sequences. Proteins that are folded are typically too bulky to 

Figure 1.1. Isoforms of the Proteasome. The 

proteasome exists in equilibrium between two 

isoforms, the 26S and the 20S. The 26S carries out 

ubiquitin-dependent degradation while the 20S 

facilitates ubiquitin-independent degradation of 

protein substrates. The 26S is composed of the 19S 

regulatory particle (RP) and the 20S core particle 
(sCP). The RP recognizes ubiquitinated substrates and 

prepares them for cleavage by the sCP. The sCP can 

exist without an RP. The sCP consists of four 

heptameric rings. The α rings make up a gate structure 

that allows entry of unfolded proteins. The β-rings 

house three catalytic subunits that are responsible for 

hydrolyzing the unfolded protein into short peptide 

sequences that can be recycled by the cell. The 20S can 

hydrolyze small, intrinsically disordered proteins that 

are not tagged with ubiquitin. 
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be degraded by the sCP directly without unfolding by the RP. This offers a layer of protection to 

prevent excessive degradation of proteins that are still needed by the cell.6 

The 26S carries out ubiquitin-dependent protein degradation in which the protein substrate 

must first be labeled with a chain of ubiquitin proteins. This is facilitated by the ubiquitin enzyme 

cascade consisting of E1, E2, and E3 enzymes. E1 enzymes activate ubiquitin and transfer it to an 

E2 enzyme.11 The E2 enzyme will then transfer the ubiquitin to a target protein with support from 

an E3 ligase enzyme.11 Multiple ubiquitin are successively attached to a target protein to build a 

polyubiquitin chain.12 Ubiquitin chains are built through linkage of one ubiquitin to the next 

through attachment by one of several lysine residues. Generally, protein substrates tagged for 

proteasomal degradation have chains of four to five ubiquitin proteins that are attached through 

K48 linkage.13 After linkage of ubiquitin to the target protein, it can then be recognized by the 

proteasome and degraded. 

The RP of the 26S proteasome houses two subunits, Rpn-10 and Rpn-13 that recognize 

ubiquitin-tagged proteins.14,15 The ubiquitin chain is then removed from the target protein either 

through the RP subunit Rpn-11 or other deubiquitinating enzymes recruited by the RP.6 The exact 

mechanism of protein unfolding by the RP is not completely understood, but it is believed that 

interactions between disordered regions of the target protein with Rpt subunits of the RP facilitates 

protein unfolding.16,17 The linearized protein is then shuttled into the catalytic core of the sCP 

where it is hydrolyzed into peptide fragments. 

Ubiquitin-dependent protein degradation by the 26S is critical to removing well-folded 

proteins from the cell. Dysregulation or disruption of this process impacts proteostasis and can 

result in cell death. As previously mentioned, the 26S proteasome exists in equilibrium with the 

sCP in the cell. The sCP is also capable of degrading a subset of proteins that are not tagged with 

ubiquitin, resulting in ubiquitin-independent protein degradation.  

1.1.2 The Ubiquitin-Independent Pathway 

The structural diversity of proteins found within the cell are vast, ranging from large, well 

ordered and tightly folded, to small, disordered proteins. As discussed above, well-folded proteins 

are primarily degraded by the proteasome through a ubiquitin-dependent manner which is carried 

out by the 26S proteasome. However, there are several instances in which small, disordered 

proteins must be degraded. These proteins are small enough to directly enter the gate formed by 
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the α subunits and are readily degraded by the sCP.18 The sCP is sometimes linked to an 11S cap 

structure.18,19 Similar to the RP, this cap can facilitate opening of the gate formed by the α rings to 

allow entry of small proteins into the catalytic core for degradation.  

Proteins that are degraded in this fashion are either intrinsically disordered, or contain large 

regions that are structurally disordered.20 Interestingly, many of these proteins are prone to 

aggregation which leads to cell death and implicated in several neurodegenerative disorders such 

as Parkinson’s Disease and Huntington’s Disease.21–23 Other groups of small disordered proteins 

include cell cycle regulating proteins and transcription factors.24 As such, proper function of the 

ubiquitin independent proteasomal degradation pathway is critical to maintaining homeostasis and 

cell health, as decline of this pathway could disrupt the ability of the cell to properly divide. 

1.1.3 Protein Clearance During Inflammatory Conditions 

 During inflammatory conditions such as viral infection or injury, cells undergo several 

changes. One of which is production of an isoform of 

the proteasome known as the immunoproteasome (iCP) 

(Figure 1.2). Upon stimulation by cytokines such as 

interferon gamma (IFN-γ), the cell begins synthesizing 

three new proteasome catalytic subunits, β1i, β2i, and 

β5i.25 These subunits are incorporated into newly 

synthesized proteasomes to produce the iCP. These new 

subunits exhibit slightly different cleavage specificities 

than their standard counterparts, resulting in better 

production of peptides that can be loaded into major 

histocompatibility complexes type I (MHC-I).26 This is 

due to increased production of peptides that have 

hydrophobic C-termini, a necessary feature for peptides 

to be loaded into MHC-I complexes, by the iCP as compared to the sCP.27 Both cellular proteins 

and viral proteins are degraded by the iCP to form antigenic peptides. Loaded MHC-I complexes 

are then displayed on the outside of the cell surface and alert the immune system of an infection 

or abnormal condition.25,28 Like the sCP, the iCP is also capable of degrading misfolded and 

damaged proteins to prevent excess accumulation.27  

Figure 1.2 The Immunoproteasome. Upon 

stimulation by IFN-γ, cells begin producing new 

catalytic proteasomal subunits, β1i, β2i, and β5i, 

forming the immunoproteasome (iCP). These 

subunits are incorporated into new proteasomes 

as they are assembled. The iCP is more efficient 

at generating peptide fragments that are 

compatible with MHC-I complexes that are 
displayed on the outside of the cell and can alert 

the immune system of an infection. The iCP is 

endogenously expressed in some cell types, such 

as cells derived from bone marrow and some 

immune cells 
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 Viral infection often leads to release of cytokines, including IFN-γ, near infected cells 

resulting in expression of the iCP.26,29 Partially as a result of the increased pool of MHC-I-

compatible peptides produced by the iCP, MHC-I expression on the cell surface increases. Since 

viruses must evade the immune system for successful infection, some directly target the iCP and 

inhibit it to prevent the generation of antigenic peptides.30 Several viruses including human 

immunodeficiency virus (HIV),31,32 Hepatitis C,33 and Epstein-Barr virus34 are all known to deploy 

proteins that interact with the iCP. These proteins work to inhibit the iCP, thereby reducing 

degradation of viral proteins and subsequent loading of viral antigens into MHC-I complexes for 

immune system detection. This is one of several ways viruses work to evade the immune system 

and establish successful infection. 

Since the iCP plays a critical role in producing MHC-I-compatible peptides, it is also 

endogenously expressed in antigen-presenting cells such as dendritic cells.27,30 Recent research has 

also shown iCP expression has implications in the differentiation of several tissue types35–37 and 

division of T-cells.38 This strongly suggests that there are other important functions of the iCP 

outside of generating MHC-I-compatible peptides, but the understanding of the iCP in these rolls 

is not yet fully elucidated. 

1.2 The Proteasome as a Therapeutic Target 

1.2.1 Proteasome Dysregulation and Cancer 

Since tight regulation of protein synthesis and degradation is critical to cell viability, 

disruption of the proteasome can have devastating impacts on cell health. When protein synthesis 

is not matched by degradation, proteins accumulate leading to cell stress and the activation of 

several pathways that eventually result in death if left unchecked.39,40 Dysregulation of the 

proteasome is implicated in several disease states, including cancer. Cancer cells generally have 

lost control over cell cycle regulatory processes, which results in uncontrolled cell proliferation 

and tumor progression.36,37 Since the proteasome is responsible for degrading transcription factors 

and cell cycle regulating proteins, it has a direct role in the onset and progression of some cancers.41 

Mutations in the genome of cancer cells often leads to abhorrent protein production, resulting in 

faster synthesis of proteins than their healthy counterparts.41,42 Therefore, increased protein 
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production must be matched by enhanced elimination. As a result, some cancer cells rely more 

heavily on proteasome activity for sufficient protein clearance to avoid death. 38   

In particular, the hematological cancer that results from malignant B-cells, multiple 

myeloma (MM), is known to rely more heavily on proteasome activity than normal cells.43,44 B-

cells are primarily responsible for producing immunoglobulins, proteins that are secreted by the 

cell to bind and neutralize components of a pathogen.29 B-cells require complex regulation of 

proteasome activity during this differentiation process.45 When B-cells turn malignant, as in the 

case with MM, they begin producing abnormally large amounts of immunoglobulins.46 Since these 

cells produce large amounts of proteins in the form of immunoglobulins, they are extremely reliant 

on proteasome activity for survival.47  As a result, the proteasome has emerged as an important 

therapeutic target for this type of cancer. Increased reliance on proteasome activity by MM cells 

provides a way to discriminate between cancer cells and healthy cells. Attention has been turned 

to methods to modulate proteasome activity to exploit this difference. Specifically, it has been 

hypothesized that inhibition of the proteasome’s activity could lead to excess buildup of proteins 

in MM cells and trigger apoptosis.44,47 Large amounts of research has led to the discovery of 

several small molecules that inhibit proteasome activity, which will be discussed in a later section. 

It has been demonstrated that disruption of proteasome activity through the use of a small molecule 

inhibitors triggers apoptosis of MM cells and other B-cell cancers.45 Excitingly, a few small 

molecules proteasome inhibitors have been approved by the Food and Drug Administration (FDA) 

for the treatment of MM.44,48 These small molecule inhibitors have greatly enhanced the quality of 

life and life expectancy of patients diagnosed with MM.  

While the role of the standard proteasome in cancer progression is well characterized, 

recent evidence suggests the iCP is overexpressed in several cancers including MM,49  prostate 

cancer,50 and some forms of breast cancer.51 The reasons why the iCP is overexpressed remains to 

be fully elucidated. iCP expression has been linked to resistance of cancer cells to sCP inhibitors, 

suggesting that it may be deployed by cancer cells to overcome sensitivity to chemotherapy agents 

that inhibit the proteasome.49,52 The mechanism of inducing iCP expression differs depending on 

the type of cancer. In the case of solid tumors, the microenvironment is vastly different than that 

of healthy tissues.51 This is partially due to the presence of tumor-infiltrating lymphocytes which 

release large amounts of IFN-γ.53 Release of this cytokine triggers expression of the iCP in cancer 

cells within the tumor.36,37,51 Interestingly, cancer patients with high expression of the iCP were 
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associated with better prognosis and improved survival rates, indicating that the iCP plays an 

important role in the progression of cancer and may serve as an interesting therapeutic target for 

these cancers.51 

Cancers that do not form solid tumors such as MM and other hematological malignancies 

are known to overexpress the iCP, despite the lack of tumor-infiltrating lymphocytes no presence 

of IFN-γ.54,55 This is likely partially due to the fact that cells from hematopoietic origins such as 

the blood cells that lead to hematological malignancies already express a basal level of the iCP.54,55 

Studies have also shown that overexpression of the iCP in some hematological cancers is not 

dependent on the transcription of genes that are triggered by IFN-γ stimulation.51,56 

Since tight regulation of protein synthesis and degradation is crucial to cell survival, cancer 

cells must carefully regulate proteasome activity to ensure increased protein synthesis is matched 

by degradation. This leaves cancer cells more vulnerable to proteasome inhibition and subsequent 

death than normal cells. As a result, the proteasome has emerged as an important target in the 

development of new chemotherapy agents against several types of cancer. The iCP is also known 

to be overexpressed in many cancers, although the exact implications of this remain unclear. It is 

important to note that iCP expression in cancer cells must be tightly regulated, as the iCP will 

increase the pool of antigenic peptides, leaving cancer cells vulnerable to immune system detection. 

As a result, iCP expression varies greatly among cancers and although small molecule inhibitors 

have been developed with the intent to use against cancer, their use must be carefully tailored to 

specific types of cancer.57 The discovery and use of proteasome inhibitors as chemotherapy agents 

will be discussed in a later section. 

1.2.2 Proteasome Dysregulation and Aging 

Aging is accompanied by several changes in cellular processes including protein 

degradation, which can result in accumulation of damaged proteins and eventually cell death.58 In 

fact, decline in protein clearance pathways is one of the driving forces of aging.59 Research 

indicates that both autophagy and the UPS decline with age and this is compounded by 

dysregulation of the transcriptome and proteome.60,61 The results of protein accumulation on aged 

cells can be devastating. Decline of protein clearance pathways with age leads to secondary 

pathologies such as neurodegenerative diseases which are characterized by protein buildup and 

aggregation.58 Reduction in proteasome activity is observed in several aged human tissues such as 
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the heart,62 brain,63 and fibroblasts.64 Conversely, proteasome activity in the fibroblasts of 

centenarians has been shown to be significantly higher than  other older humans, resembling that 

of younger humans.65 Other long-lived species, such as naked mole rats, which are among the 

longest living rodents, have been shown to have higher proteasome activity than other mammals 

of similar size with significantly shorter lifespans.66 Although naked mole rats and other similar 

sized rodents experience similar amounts of protein damage, the amount of ubiquitinated proteins 

in naked mole rat tissues was shown to be significantly lower than other aged rodents. Along 

similar lines, studies with transgenic mice with reduced proteasome activity revealed these rodents 

had faster onset and rapid progression of aging compared to control mice with normal proteasome 

activity.66 This suggests that decreased proteasome activity plays an important role in the onset of 

aging. The clear link between the decline of the UPS and onset of aging has warranted investigation 

into the proteasome as a therapeutic target for aging.  

Outside of rodents, other model organisms have emerged as important tools to study the 

relationship between proteasome activity and aging onset. Yeast, for example, share significant 

structural similarity to human proteasomes and are known to undergo similar mechanisms of 

aging.67,68 Yeast are also relatively easy to genetically manipulate to reduce or increase expression 

of various proteasome subunits. Studies with yeast have revealed that knocking down transcription 

of proteasome subunits resulted in a significant shortening in lifespan compared to yeast with 

normal proteasome expression.69 Conversely, overexpression of these genes led to lifespan 

extension. Enhancing autophagy has also been shown to increase the lifespan of yeast, further 

providing evidence that elimination of proteins is critical to the onset of aging.70 

1.3 Small Molecule Proteasome Activity Modulators 

1.3.1 Proteasome Inhibitors and Cancer 

As previously described above, the proteasome has emerged as an interesting therapeutic 

target in several types of cancers. Since cancer cells produce more proteins than normal cells, they 

must maintain a careful balance between synthesis and degradation to ensure survival. As a result 

of this increased dependence on the proteasome, many research groups have turned their attention 

to developing small molecules that inhibit its activity. Increased reliance of cancer cells on 

proteasome activity should make them more sensitive its inhibition than noncancerous cells.43,71 
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The results of this research yielded several small molecule inhibitors of the proteasome. Some of 

these have been approved by the FDA for cancer treatment and therefore represent an important 

class of chemotherapy agents. 

The first small molecule inhibitor of the proteasome discovered that was adopted in the 

clinic is bortezomib, which was approved by the FDA for treatment of MM in 2003 (Figure 1.3). 

Bortezomib is a dipeptide that houses a boronic acid moiety that binds the β5 subunit of the sCP.44 

The boronic acid interacts with the catalytic threonine residue in the active 

site of the β5 subunit and prevents it from cleaving incoming protein 

substrates, thereby inhibiting proteasome activity.44,72 Bortezomib binds 

reversibly to the β5 subunit and proteasome activity is completely restored 

within 48-72 hours after administration. Bortezomib is an attractive drug 

because it proved to be potent against some types of MM that had become 

resistant to other forms of treatment.72,73 Although it is well established 

bortezomib triggers apoptosis in cancer cells, the mechanism behind 

induction of apoptosis remain unknown. It is theorized that blocking 

proteasome activity prohibits degradation of cell cycle regulating proteins 

such as p53 and prevents activation of the NF-κB pathway.74,75 While 

bortezomib is remarkably effective at triggering apoptosis in cancer cells, 

it is important to note that it also inhibits proteasomes of normal cells. Although these cells are 

more tolerant of proteasome inhibition, this off target effect often leads to significant side effects 

such as neuropathy, nausea, vomiting, and diarrhea, which may warrant discontinued use in 

patients who exhibit severe side effects.44,76 Similarly, boronic acid moieties are also known to 

interact with serine proteases and other cellular enzymes.77,78 Although the concentration of 

bortezomib required to inhibit the proteasome is lower than that required to inhibit serine proteases. 

In addition to the potential of severe side effects, cancer patients eventually acquire 

resistance to bortezomib, rendering the drug less effective at suppressing cancer cell 

proliferation.44 The exact mechanism of resistance to bortezomib remains unclear.79 It was 

originally hypothesized that mutations in the PSMB5 gene, which encodes the β5 subunit, were 

responsible for resistance, but research has shown that this is not the case.79–81 Although mutations 

in the PSMB5 gene are sometimes observed in MM patients, they do not appear to correlate to 

Figure 1.3 Structure of 

Bortezomib. Bortezomib 

is a dipeptide inhibitor of 

the proteasome. It contains 

a boronic acid moiety that 

interacts with the catalytic 

threonine of the β5 

subunits of the sCP. 

Bortezomib is a reversible 

binder of the sCP and has 

been successfully used to 
treat MM patients who are 

resistant to other 

chemotherapies. 
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bortezomib resistance. As a result, more research is necessary to elucidate mechanisms of patient 

resistance to bortezomib. 

Because resistance is not uncommon, some research groups 

turned their attention to making second generation proteasome 

inhibitors, leading to the discovery of carfilzomib (Figure 1.4).48 Like 

bortezomib, carfilzomib also binds the β5 subunit of the sCP.82 

However, the warhead that interacts with the β5 subunit and prevents 

it from cleaving proteins is an epoxyketone, not a boronic acid as in 

bortezomib. Epoxyketones are used in several small molecule 

inhibitors of the proteasome.83 The epoxyketone of carfilzomib 

interacts with the catalytic threonine residue of the β5 subunit.84,85 

Unlike bortezomib, carfilzomib is an irreversible binder of the 

proteasome.86 Generally, it appears to be better tolerated by patients 

than bortezomib, but some side effects such as nausea and fatigue have been observed.84 

Additionally, patients also can confer resistance to carfilzomib.87 Research to discover new 

proteasome inhibitors to aid in the treatment of cancer is ongoing.87 

As noted above, some cancers also rely on the iCP to clear accumulating proteins, although 

the exact role of the iCP in cancer remains unclear.25 iCP expression in cancer cells provides a way 

to discriminate between normal cells and diseased cells and researchers have begun investigating 

the iCP as a therapeutic target for cancer. Several small molecule inhibitors of the iCP have been 

developed as part of an effort to discover new chemotherapy agents. Among them is PR-924 

(Figure 1.5). This small molecule is an tripeptide housing an epoxyketone.82 At concentrations 

lower than 100 nM, PR-924 binds the β5i subunit of the iCP with remarkable specificity, however 

binding to the β5 subunit of the sCP is observed at concentrations higher than 1 µM.88 This small 

molecule has been demonstrated to induce apoptosis of several leukemia and MM cell lines and 

cells that were resistant to bortezomib.88,89 Excitingly, mice with MM treated with PR-924 

exhibited reduced tumor growth with limited side effects, indicating that targeting the iCP may 

result in fewer side effects than sCP inhibitors. However, it should be noted that the concentrations 

of PR-924 required to trigger apoptosis inhibited both the β5i and β5 subunits, indicating that 

inhibition of the iCP alone may not be sufficient to kill cancer cells. 

Figure 1.4 Structure of 

Carfilzomib.  Carfilzomib is a 

second-generation proteasome 

inhibitor that is used as a 
chemotherapy agent for multiple 

forms of hematological 

malignancies. Unlike 

bortezomib, it houses an 

epoxyketone moiety which 

facilitates irreversible binding of 

the small molecule to the β5 

subunit of the sCP. 
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Another small molecule iCP inhibitor that has shown some efficacy against cancer cells is 

UK-101, the first known β1i subunit binder (Figure 1.5).90,91 This structure was based off a 

previously reported iCP inhibitor, dihydroeponemycin. Modeling and 

molecular dynamic simulations suggest that UK-101 binds the iCP 

through an interaction of the leucine side chain with a hydrophobic 

binding pocket within the β1i subunit.92 This may allow the tert-

butyldimethyl siyl (TBDMS) group to then be inserted into the active 

site of the β1i subunit. UK-101 has been tested for its ability to slow 

proliferation of prostate cancer cells and trigger apoptosis.50,91 

Excitingly, dosage of UK-101 did result in slowed proliferation of iCP-

overexpressing prostate cancer cells and not normal cells. All cells 

tested were equally sensitive to sCP inhibitors, suggesting that the iCP 

could be a therapeutic target for some prostate cancers. Similar results 

were obtained when mice with prostate cancer were dosed with UK-

101 over several days.50 Much work is still needed to fully evaluate the potential of the iCP as a 

therapeutic target for cancer, although initial results are encouraging. New iCP inhibitors are 

currently being developed in addition to evaluating the use of both an sCP and iCP inhibitor to 

treat some types of cancer.93–95 

1.3.2 Proteasome Stimulators and Neurodegenerative Diseases 

Neurodegenerative diseases are often characterized by the buildup of unwanted proteins in 

the cells of tissues such as the brain.39,96 In addition to protein accumulation, proteasome activity 

often declines which eventually leads to cell death.96,97 Proteasome activity is known to be reduced 

in diseases such as Parkinson’s Disease (PD)98 and Huntington’s Disease (HD).99 It has been 

hypothesized that stimulating the proteasome could delay protein accumulation and allow cells to 

clear proteins that are prone to aggregation. To this end, several small molecule stimulators of the 

proteasome have been discovered through the efforts of our lab and others. Proteasome stimulators 

generally fall into two broad categories: (i) detergents, which appear to slightly denature the 

proteasome and facilitate better substrate entry into the sCP and (ii) stimulators that target a 

specific subunit of the proteasome and increase its activity.100 

Figure 1.5 Structures of iCP 

Inhibitors. PR-924 is a potent 

inhibitor of the β5i subunit o 

the iCP. UK-101 was the first 

discovered covalent inhibitor 

of the β1i subunit of the iCP 
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Among some of the first identify proteasome stimulators is betulinic acid (BA) (Figure 

1.6).101 BA is a natural product initially discovered in birch trees and has proven to have anti-HIV 

and anti-cancer properties which are not related to modulating proteasome activity.102 BA has been 

shown to enhance the chymotrypsin-like cleavage activity of the 

proteasome, indicating that it could be specifically targeting the 

β5 subunit of the sCP.101 This was discovered through the use of 

short peptide fluorogenic substrates that produce a fluorescent 

signal upon cleavage by the proteasome. In an effort to make more 

potent stimulators, the group that identified BA synthesized 

several analogs.101 Interestingly, none of the analogs further 

increased proteasome activity and many actually inhibited 

proteasome activity. The ability of BA to stimulate the proteasome 

in more biologically relevant situations has subsequently been 

analyzed.103 When cleavage of a longer, more complex peptide substrate by the sCP in response 

to dosage with BA was analyzed by liquid chromatography mass 

spectrometry (LC/MS), it was discovered that BA did not facilitate 

increased cleavage of the substrate, indicating that stimulation of the 

proteasome by BA may only be an artifact of smaller probes.103 

Similarly, BA did not enhance degradation of α-synuclein in vitro or 

in cellulo by the proteasome, suggesting further research is required 

to evaluate BA as a stimulator.  

Several other stimulators have been discover by our group 

such as MK-886,103 AM-404,103 and miconazole (MO) (Figure 

1.7).104 MK-886 and AM-404 were discovered as part of a screen with 

the National Institutes of Health (NIH) Clinical Collection small 

molecule library. Not only did these small molecules stimulate 

purified proteasomes, but also enhanced degradation of α-synuclein 

in vitro and in cellulo.103 The mechanism of stimulation of both MK-886 and AM-404 has not been 

fully elucidated, but studies suggest they do not act as gate openers, indicating they may 

allosterically interact with the proteasome to enhance one of its three forms of hydrolysis. MO has 

also been shown to enhance degradation of α-synuclein in vitro and in cellulo.104 

Figure 1.7 Structure of Betulinic 

Acid. Betulinic acid was one of the 

first reported proteasome 

stimulators. Although it has been 

shown to increase the activity of the 

β5 subunit, conflicting data suggests 

it may not stimulate the proteasome 

in biologically relevant settings 

Figure 1.6. MK-886, AM-404, 
and miconazole have all 

recently been identified as 

proteasome stimulators. The 

mechanism of action for all of 

these are not fully understood, 

but it is likely that MK-886 and 

AM-404 are allosteric 

stimulators while MO is a gate 

opener. 
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Although great progress had been made in the discovery of small molecule proteasome 

stimulators, much work remains to be done to determine the therapeutic impact of these small 

molecules in vivo and more complex biological systems. Recently, researchers have also 

discovered expression of the immunoproteasome in a variety of neurodegenerative diseases such 

as Huntington’s Disease,105 Alzheimer’s Disease,106 and amyotrophic lateral sclerosis107. However, 

induction of iCP expression and impacts of this on onset and progression of these diseases remains 

unknown. Therefore, significant knowledge gaps surrounding the iCP as a therapeutic target for 

neurodegenerative diseases exist and require careful study.  

1.4 Methods to Identify Small Molecule Binders of the Proteasome 

1.4.1 Activity-Based Screening 

Methods to discover small molecule modulators of proteasome activity have, until recently, 

primarily involved utilizing activity-based assays in which cleavage of a reporter probe by the 

proteasome is monitored over time in response 

to dosing with a small molecule. Generally, 

cleavage of such probes releases a fluorophore 

that produces a fluorescent signal that can be 

quantified. The rate of cleavage of the probe is 

then calculated to determine how a small 

molecule impacts proteasome activity.108 

Several reporter probes are commercially 

available, with the succinyl (Suc)-LLVY-AMC 

probe being the most common (Figure 1.8).109 

This probe was initially designed to monitor the 

activity of calpain I and II, two cysteine 

proteases. However, this probe more broadly 

monitors chymotrypsin-like protease activity 

and since has been used to monitor sCP activity 

of the proteasome. The 7-amino-4-methylcoumarin (AMC) fluorophore was originally 

incorporated into such probes because of its high quantum yield, which produces an intense 

Figure 1.8 Structures of Proteasome Reporter Probes. 

Suc-LLVY-AMC is a peptide probe is commercially 

available and used to monitor chymotrypsin-like 

cleavage by proteases, including the proteasome. Its 
small size makes detecting proteasome stimulation 

difficult. The FRET peptide was designed by our lab 

and offers a longer peptide sequence that separates 

Edans and Dabcyl, two fluorophores that form a FRET 

pair. Its larger size allows for more sensitive detection 

of proteasome stimulation than the suc-LLVY-AMC 

probe. 
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fluorescent signal.108 When the proteasome encounters this probe, it cleaves after the tyrosine 

residue, which releases the AMC and produces a fluorescent signal.108 Although this probe is used 

extensively in the literature, it is not very sensitive to proteasome stimulation. This is partially 

because of its small size. The four amino acid substrate readily enters the proteasome and is quickly 

degraded.110 

In an effort to make probes that are more sensitive to stimulation, our lab has developed 

several new substrates that are longer than the traditional Suc-LLVY-AMC probe. Among these 

is a substrate that relies on fluorescence resonance energy transfer (FRET) (Figure 1.8).110 This 

probe houses two fluorophores, Edans and Dabcyl, separated by eight amino acid residues. When 

the two fluorophores are in close proximity, the fluorescent signal is quenched. Upon cleavage of 

the probe by the proteasome, the distance between the fluorophores is increased and produces a 

measurable fluorescent signal. This probe is also much larger than Suc-LLVY-AMC. As a result, 

the substrate cannot pass as quickly into the proteasome as Suc-LLVY-AMC and is cleaved more 

slowly. This lower rate of cleavage allows for 

more sensitive detection of proteasome 

stimulation. This probe was utilized to discover 

MO as a proteasome stimulator.104 

Along similar lines, newer fluorescent 

probes have been designed by our lab to not only 

monitor proteasome stimulation in vitro but also 

in cells. A set of three peptide/peptoid probes, 

TAS-1, -2, and -3 have been developed to 

monitor proteasome stimulation (Figure 1.9).111 

These probes house a rhodamine fluorophore 

between a peptide sequence recognized by the proteasome and a peptoid sequence that facilitates 

cell permeability. Creation of these probes has opened new avenues to monitoring proteasome 

activity in cells. A similar probe has also been designed to monitor activity of the iCP.112 

In addition to monitoring the activity of the proteasome biochemically, several fluorescent 

probes that interact covalently with one of the catalytic subunits of the proteasome have been 

developed.83,113,114 Proteasome can be incubated with a small molecule of interest then incubated 

Figure 1.9 Structure of the TAS Probes. The TAS probes 

consist of a peptide region (blue) that is recognized and 

cleaved by the proteasome, a rhodamine fluorophore 

(red), and peptoid region (green) that promotes solubility 

and cell permeability. Cleavage of the peptide region by 

the proteasome releases the rhodamine to produce a 

quantifiable fluorescent signal. This set of probes is also 

cell permeable which facilitates detecting proteasome 

stimulation in a variety of cell models. 
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with a cocktail of covalent probes. When samples are analyzed by 

sodium dodecyl sulfate gel electrophoresis (SDS-PAGE), fluorescent 

intensities corresponding to the probe binding the specific subunit can 

analyzed. Changes in fluorescence intensities in response to addition 

of the small molecule can be monitored to determine which subunit 

the small molecule binds.113,115 Of the most common probes are NC-

001 (β1/β1i specific),113 LU-112 (β2/β2i specific),116 and NC-005-VS 

(β5/β5i specific) (Figure 1.10).117 NC-001 facilitates covalent linkage 

to the β1/β1i subunit through an epoxyketone moiety. This probe is 

also cell permeable and shows remarkable specificity, with no 

inhibition of other proteasome subunits in response to dosing cells 

with up to 4 µM of NC-001.118 LU-112 was discovered by a series of 

structure-activity studies to evaluate the binding pockets of the β2 

subunit.116 Finally, NC-005 was initially discovered with an 

epoxyketone moiety and was based off of the structure of another 

known β5 inhibitor, aldehyde1-naptylacetyl(Nac)- 4-methyl-

tyrosine(mTyr)-phenylalanine-4-methyl-tyrosinal.118,119 This probe is 

known to be cell permeable. Further studies to elucidate the impact of 

the warhead on the probe’s specificity revealed that exchanging the 

epoxyketone for another warhead known to promote covalent binding 

to the β5 subunit, a vinyl sulfone,120 was shown to further increase its 

specificity to β5 and β5i over other subunits.121  

Although these probes can be used to monitor the composition of proteasomes in a sample 

and the ability of a small molecule to bind a particle subunit, careful characterization of the probes’ 

specificity after attaching a fluorophore must be studied. Some groups have reported that adding a 

fluorophore can alter the specificity of the probe to a particular subunit.117 Similarly, these probes 

are used to monitor activity of the catalytic subunits. Targeting the noncatalytic subunits also has 

potential as a therapeutic intervention in several diseases. Methods to screen for noncatalytic 

subunit binders are discussed next. 

Figure 1.10 Structure of 

Covalent Catalytic Subunit 

Binders. NC-001 binds the 

β1/β1i subunits of the sCP. It 

covalently binds with these 

subunits via the epoxyketone 

moeity. LU-112 and NC-005-

VS both contain a vinyl sulfone 
moeity that facilitaes covalent 

binding to the β2/β2i and β5/β5i 

sCP subunits, respectively. 

These probes can be conjugated 

to fluorphores and incubated 

with the proteasome in the 

presence of a stimulator. 

Samples are then subjected to 

SDS-PAGE and changes in 

fluroescence intensities 

produced by the labeled probes 

binding sCP subuntis in 

response to a small moleucle 

can reveal which subunit the 

molecule binds. 
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1.4.2 Screening Techniques for Binders to the Noncatalytic Proteasome Subunits 

Until recently, research has primarily focused on identifying small molecules that interact 

with the catalytic subunits of the proteasome. However, this only 

represents a small fraction of proteasome subunits. It has been 

demonstrated that the subunits of the RP play critical roles in the rate 

and types of substrates that are degraded by the proteasome.6 In fact, 

many noncatalytic subunits have altered expression in cancer, making 

them an interesting target in the pursuit of new chemotherapy 

agents.10 Screening of proteins with no enzymatic activity such as the 

noncatalytic proteasome subunits can be difficult, since there is no 

measurable output that can be monitored in response to a small 

molecule. In recent years, techniques to screen one-bead-one-

compound (OBOC) libraries have emerged as important strategies to 

screen noncatalytic proteins. OBOCs have revolutionized the speed 

at which thousands of small molecules can be synthesized.122 

Significant progress remains in creating more efficient methods to 

screen OBOC libraries, but a few have been developed that have led 

to the discovery of new small molecule binders to noncatalytic 

proteasome subunits. 

Several OBOC screening methods have been developed, 

including utilizing magnetic beads.123 Briefly, this method involves 

incubating OBOC beads with a target protein (Figure 1.11). A primary antibody is added to the 

sample, followed by magnetic beads conjugated to a secondary antibody. Hit beads that 

successfully bound the target protein, primary antibody, and secondary antibody can be physical 

separated from nonhits with a strong magnet.123,124 The identity of the small molecule on-bead is 

determined by mass spectrometry analysis or DNA sequencing if the library was DNA encoded 

prior to the screen.123–125 This method was recently employed to screen a 100,000 peptoid OBOC 

library against Rpn-13, a noncatalytic proteasome subunit.126 Six hits were yielded from this screen 

and derivatives were synthesized and subsequently analyzed with a fluorescence polarization assay 

in which fluorescently labeled ligands interacted with varying amounts of Rpn-13. This resulted 

in the discovery of KDT-11 (Figure 1.11). Not only does KDT-11 bind Rpn-13 with modest 

Figure 1.11 Screening Scheme 

for Magnetic Bead OBOC 

Lbirary Screening. Beads of the 

OBOC are incubated with a 

target protein. A primary 

antibody against the protein is 

then added followed by 

magentic beads conjugate to a 

secondary antibody. Beads that 

bound the protein, primary and 

secondary antibody can then be 

separeted with a strong magent 

and the small molecule can be 
identified by mass 

spectrometry. KDT-11 was 

identified as binder to Rpn-13 

using this screening method. 
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affinity, it was also shown to kill MM cells at a lower IC50 than noncancerous cells.126 As 

previously discussed, MM cells rely more heavily on proteasome activity than healthy cells and 

KDT-11 highlights important implications of the roles of noncatalytic 

proteasome subunit function in cancer cells. 

 Thermal shift assays are also beginning to emerge as 

interesting tools to screen OBOC libraries. This method utilizes 

fluorescent dyes that bind hydrophobic regions of proteins.127,128 A 

target protein is incubated with the dye and a small molecule then the 

temperature is gradually raised over time (Figure 1.12). This causes 

the protein to denature, exposing hydrophobic regions that are 

generally internalized to the surrounding environment. The dye binds 

these regions and produces a fluorescent signal. The temperature at 

which the fluorescent signal is maximal is the melting temperature of 

the protein and signifies the protein has completely unfolded. If a 

small molecule binds the target protein and stabilizes it, the melting 

temperature shifts. These shifts provide a basis to determine if a small 

molecule of interest bound a target protein when compared to control 

samples. This technology was recently used to screen an OBOC 

library against Rpn-6, a subunit of the RP. TXS-8 was discovered 

from this screen, a peptoid composed of four amines (Figure 1.12). 

Excitingly, TXS-8 was more toxic towards Burkitt’s lymphoma cells 

than noncancerous cells.129 

 Screening methods to identify new proteasome binders have 

yielded several interesting compounds that either modulate the activity of the catalytic subunits or 

bind noncatalytic subunits. More attention is now being turned to screening the noncatalytic 

subunits to further elucidate the impacts of their expression in cancer and other diseases.129,129–132 

While current OBOC screening techniques have facilitated the discovery of these ligands, these 

methods have several drawbacks. Primarily, binding between the target protein and small molecule 

must be strong to identify hits133 and these methods do not allow for hits to be prioritized from the 

initial screen. This is compounded with the fact that false positives are very common among these 

techniques, which leads to significant work to validate hits.133 As a result, new screening 

Figure 1.12 Thermal Shift Assay 

and TXS-8. Thermal shift assays 

rely a fluroscent dye that binds 

hydrophobic regions of a 
protein. When a protein is 

incubated with the dye and 

gradually heated, it unfolds to 

expose the hydropbhic regions 

that the dye recongizes and 

binds, which produces a 

fluroescent signal. Changes in 

flourescence can be used to 

determine when the protein has 

completely unfolded. When a 

protein is incubated with a small 

molecule that stabilizes it, the 

melting temperature increases 

and this can be detemrined by 

monitoring the flureoscent 

signal. TXS-8 was discovered as 

a binder to Rpn-6 with this 

method. 
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techniques are needed to overcome these limitations and make the discovery of noncatalytic 

proteasome subunit binders more streamlined. Newer screening methods are currently under 

development and will be discussed in following chapters.134,135 

1.5 Conclusions 

Since the proteasome plays a critical role in maintaining proteostasis, its function must be 

tightly regulated by cells.26 Therefore, it is unsurprising that dysfunction of its activity is 

implicated in several pathologies associated with aging,61 neurodegenerative diseases,100,101,108 and 

cancer progression.41,42,77,126 As a result, it has emerged as an important therapeutic target for a 

variety of diseases. Since many types of cancer cells rely more heavily on proteasome activity than 

normal cells, they are more sensitive to its inhibition.41,42 Conversely, aging and neurodegenerative 

diseases are often characterized by slowing of proteasome activity and a significant body of 

research has shown that stimulating the proteasome can delay and reverse some of these 

pathologies.39,60,96,136 Similarly, the role of the iCP in cancer56 and neurodegeneration107,108 are 

beginning to be studied. As new probes and small molecule binders are developed for the 

proteasome, its role in these diseases will be even better characterized. Moreover, a deeper 

understanding of this will facilitate better treatment strategies for diseases that are devastating and 

pose a significant public health and economic burden. 

To this end, significant attention has been turned to developing sets of fluorescent probes 

that can be used to monitor the activity of the proteasome and the iCP.83,117,121 These probes have 

assisted in the discovery of proteasome binders such as bortezomib, which is now FDA approved 

to treat certain hematological cancers.44 Newer fluorescent proteasome substrates have also been 

developed to identify stimulators which could eventually be used to treat aging pathologies and 

neurodegenerative diseases.110–112 Although these probes can be used to detect proteasome 

stimulation, more standardized techniques to evaluate the biological relevance of this in disease 

still remain as a significant gap between initial discovery and use in the clinic. Methods to monitor 

degradation of proteins prone to aggregation fused to green fluorescent protein (GFP) have been 

developed, but can lead to inconsistent results.103,110,114,137 As a result a suite of new techniques to 

evaluate small molecule stimulators for biological relevance is required for a full understanding of 

their therapeutic potential. 
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Similarly, although the development of OBOC libraries has revolutionized the number and 

variety of small molecules that can be synthesized, progress lags in the ability to efficiently screen 

these libraries.122 This is especially relevant for screening against noncatalytic subunits of the 

proteasome, which have no known enzymatic function. Tools such as thermal shift and magnetic 

beads have facilitated the discovery of ligands to RP subunits such as KDT-11126 and TXS-8129, 

but these methods have several drawbacks. Most significantly, hits from the initial screen cannot 

be prioritized with these methods, making validation cumbersome. Methods in which binding 

between a target protein and small molecule can be quantified are currently under development, 

but significant work remains to make these techniques widespread and commercially 

available.123,134 Development of more stringent, easier OBOC library screening techniques against 

proteins with no known function will vastly expedite the process of discovering small molecule 

binders of the noncatalytic subunits of the proteasome. Research has recently implicated these 

subunits as having important roles in cancer progression, identifying them as a new target for 

therapeutic intervention.126,129 Discovery of new small molecules that can be developed into probes 

to monitor expression of the noncatalytic subunits of the proteasome will result in a deeper 

understanding of their role in disease.  

Here, we describe several new methods to discover small molecule binders of the 

proteasome and evaluate their impacts in biologically relevant systems. We first developed a 

method to screen OBOC libraries against proteins of interest in which hits can be prioritized. We 

used this method to identify a covalent peptoid ligand to gankyrin, an oncoprotein that has no 

known catalytic function.134 Next, we describe an assay to monitor lifespan extension of yeast in 

response to small molecules that modulate proteasome activity. Finally, we describe stimulators 

of the iCP and evaluate their impact in cell models.  
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 DEVELOPMENT OF A NIR-BASED OBOC SCREENING 

METHOD 

*Reproduced in part with permission from Maresh, M.E.; Trader, D.J. Development of a Method 

To Prioritize Protein-Ligand Pairs on Beads Using Protein Conjugated to Near-IR Dye. ACS Comb. 

Sci. 2019, 21 (3), 223-228. Copyright 2021 American Chemical Society.  

2.1 Introduction 

Although creation of one-bead-one-compound (OBOC) libraries has revolutionized the 

speed at which thousands of small molecules can be synthesized, progress falls short in the ability 

to screen these libraries against target proteins that have no known enzymatic function.1 In these 

instances, libraries can be screened by monitoring a protein’s melting temperature in response to 

dosage with a small molecule2–4 or by using a combination of primary and secondary antibodies 

conjugated to magnetic beads.5 While these methods have been used to discover small molecule 

binders to target proteins, they have several drawbacks. First, binding between the target protein 

and small molecule must be strong enough to withstand various wash steps. Depending on the 

application of the small molecule post-screen, a weaker binding ligand might be desired. Secondly, 

hits from the initial screen cannot be readily prioritized. As a result, validation of hits can be 

tedious and time consuming. Therefore, developing novel OBOC library screening techniques in 

which protein-ligand pairs could be prioritized would expedite the hit identification process and 

reduce the number of hits that require validation. 

Attention has been turned to developing more quantitative OBOC library screening 

methods. Some of these methods entail printing small molecules on glass slides, then adding a 

target protein and antibody cocktail. This method requires specialized, expensive equipment and 

is limited in the diversity of small molecules that can be screened.6–8 More recently, incorporation 

of fluorescent dyes to detect binding between a ligand and protein has resulted in OBOC library 

screening techniques that are quantitative while not limiting chemical diversity of the library. Such 

methods often involve labeling a target protein with a fluorophore and incubating it with OBOC 

library beads. Binding is then visualized with confocal microscopy.9–11 Other techniques utilize 

quantum dots conjugated to streptavidin to screen OBOC libraries.12 This technique requires 

labeling a target protein with biotin prior to screening. The protein is then incubated with library 
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beads and quantum dots conjugated to streptavidin bind the labeled protein that has bound the 

small molecule on-bead. Fluorescent signal produced by the quantum dot can be visualized with 

fluorescence microscopy and hit beads can be identified. While these methods overcome some of 

the challenges posed by techniques utilizing magnetic beads, they also have drawbacks. Most 

commonly, the fluorophores utilized to visualize binding between a target protein and small 

molecule often overlap with autofluorescence produced by the protein or resin. This can make data 

deconvolution difficult and cumbersome. 

 

 

To overcome this obstacle, some research groups have focused on incorporating 

fluorophores that emit at longer wavelengths into their screening methods.13 Since protein and 

bead autofluorescence generally do not occur at these wavelengths, data obtained from screens are 

easier to evaluate. In an effort to build upon these methods and create an OBOC library screening 

method in which protein-ligand pairs can be prioritized, we have recently develop screening 

technique in which a target protein is conjugated to a near-infrared range (NIR) fluorophore.14 

Briefly, a target protein is labeled with a NIR fluorophore and beads of an OBOC are individually 

separated into a black 96-well plate with a clear bottom (Figure 2.1). Beads are blocked with 

protein blocking buffer to limit nonspecific binding. The labeled protein is then diluted in blocking 

buffer and added to the wells. After incubation, beads are rinsed, and the plate is imaged for NIR 

fluorescence. The fluorescence intensities that result from the labeled protein binding the small 

molecule on-bead can be quantified and provide a basis to rank hits. Since this method does not 

rely on the function of the protein being measured, both catalytic and non-catalytic proteins can 

be screened for potential binders. 

Figure 2.1 General Screening Scheme. Our screening method involves labeling a target protein 

with a NIR-emitting fluorophore. Beads of an OBOC or beads conjugated to a control small 

molecule are then individually separated into the wells of a black 96-well plate with a clear bottom. 

The labeled protein is then added to the wells. After binding between the protein and bead, the 

plate is rinsed to remove excess protein and imaged for NIR fluorescence. Fluorescence intensities 

that result from the labeled protein binding the small molecule on-bead can be quantified and 

provide a basis to rank hits. 
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2.2 Results and Discussion 

2.2.1 Establishing Assay Design and Screening Conditions with NIR-Labeled Streptavidin 

and Biotin On-Bead 

To establish screening conditions to detect NIR-labeled proteins to small molecules on-

bead, we wanted to utilize a high affinity protein-ligand pair. Binding between streptavidin and 

biotin is among the strongest noncovalent interactions and as a result, was selected as a model 

protein-ligand system. Streptavidin was first labeled with a NIR fluorophore, IRDye 800CW, 

conjugated to a N-hydroxysuccinimide (NHS) ester moiety. NHS esters react with primary amines, 

and by controlling the pH of the protein solution, attachment of the dye to the N-terminus is 

possible.15,16 NIR fluorophores are sensitive and produce a strong fluorescent signal. As a result, 

only one or two fluorophores must be attached to the protein to detect a signal.17 The number of 

dye molecules attached to the protein can be controlled by adjusting the amount of dye added to 

the protein solution. The dye-to-protein ratio of labeled streptavidin was determined to be 2-to-1. 

The labeled streptavidin was aliquoted at -20 ˚C and thawed before use. 

Next, a linker structure was 

synthesized on TentaGel resin, followed by 

conjugation of biotin (Figure 2.2). The 

linker provides physical space between the 

bead and the small molecule to prevent 

nonspecific interactions between the protein 

and bead. This structure also contains an 

arginine residue that provides the necessary 

charge for ionization to identify a small 

molecule synthesized on the bead during an 

OBOC library screen against a target protein 

by matrix assist laser desorption ionization- time of flight (MALDI-TOF). The linker also houses 

a methionine residue so the small molecule can be cleaved from the resin with a cyanogen bromide 

cocktail.18 Finally, the bromine in the linker was added to produce a unique isotope pattern in 

which there is a 1:1 ratio of the M:M+2. Therefore, any structure containing a bromine will produce 

two peaks following this mass pattern, simplifying identification of structures by MALDI-TOF. 

Figure 2.2 Linker Structure Conjugated to Biotin. The linker 

(red) was synthesized on the resin to provide space between 

the bead and small molecule and to assist in identifying 

ligands by MALDI-TOF analysis after a screen against an 

OBOC library. The methionine residue is cleaved by 

cyanogen bromide so the small molecule can be removed from 

the bead. The arginine provides the necessary charge for 

ionization during MALDI-TOF analysis. The bromine 

produces a unique isotope pattern so fragments produced 

during MALDI-TOF can be readily identified as part of the 

small molecule. Biotin (blue) was conjugated to the linker. 
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This would allow us to readily differentiate between fragments produced by a small molecule 

during MALDI-TOF and background signal. The linker and biotin were both attached to the resin 

by standard solid phase synthesis. A small amount of product was cleaved from the resin and 

checked by liquid chromatography mass spectrometry (LC/MS) to ensure successful addition of 

the linker and biotin. Importantly, before the resin was used in the assay, it was swollen in 

phosphate-buffered saline (PBS) to prevent the beads from collapsing when exposed to aqueous 

solvents. TentaGel resin was selected for this purpose because, unlike other resins, it is structurally 

sound in aqueous environments.  

The first challenge we faced was establishing blocking conditions such that nonspecific 

interactions between the resin, well plate, and protein were 

minimal. We found that adding the labeled protein diluted in 

PBS led to significant background signal because of the protein 

nonspecifically binding to the well plate (Figure 2.3). However, 

background signal was essentially eliminated when blocking 

buffer was added to the wells and the labeled protein was diluted 

in blocking buffer. As a result, wells and beads were first 

blocked with protein blocking buffer and the labeled protein 

was diluted in blocking buffer in all the remaining experiments.  

With the blocking conditions established, we next 

turned our attention to evaluating if binding between NIR-

labeled streptavidin and biotin on-bead could be observed. 

Beads conjugated to biotin were separated into the wells of a 

96-well plate. NIR-labeled streptavidin was then diluted in 

blocking buffer and varying amounts (ranging from 1.25 ng to 

0.005 ng) were added to the wells. The protein incubated with 

the resin overnight. The following day, the protein solution was removed by pipetting, and the 

beads were rinsed with PBS to remove excess protein. The plate was then imaged for NIR 

fluorescence with a LI-COR Odyssey CLx imaging system. It is important to note that the average 

diameter of the resin was 90 µm, so the resolution of the instrument was set to 81 µm to facilitate 

visualization of individual beads. Similarly, the instrument was set to medium imaging quality.  

Excitingly, the beads produced a fluorescent signal, indicating that streptavidin had bound biotin. 

Figure 2.3 Establishing Proper 

Blocking Conditions for the OBOC 
Screening Method. A two-step 

method that involves blocking both 

the beads and well and diluting the 

labeled protein in blocking buffer 

eliminates background signal. When 

NIR-labeled streptavidin diluted in 

PBS was added directly to the well 

without blocking, signal resulting 

from the protein nonspecifically 

interacting with the plate was 

observed. However, when the plate 

was first blocked with protein 

blocking buffer and the protein was 

diluted in blocking buffer, 

background signal is eliminated. 

The white circles indicate the outline 

of an individual well. 
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Moreover, differences in fluorescence intensities 

corresponding to the amount of labeled protein added 

to the wells was readily visualized when zooming in 

on individual beads (Figure 2.4A). The fluorescence 

intensities were quantified and graphed, further 

revealing that higher fluorescence intensities 

correlated to higher amounts of protein bound to 

biotin on-bead in the well (Figure 2.4B). 

Fluorescence produced by adding 1.25 ng of protein 

almost saturated the detector, as represented by the 

bright red color of the bead. Fluorescence could 

reliably be detected with as little as 0.01 ng of protein 

added to the well, indicating that this assay could 

potentially be very sensitive to detecting relatively 

strong binding affinity between a protein and a ligand.  

Since binding between streptavidin and biotin 

is very strong, we next sought to determine if binding 

could be observed with a ligand that had lower affinity 

to streptavidin.19 We selected desthiobiotin as a new ligand, which still binds to streptavidin, but 

has a weaker  KD than biotin. Desthiobiotin was synthesized on a similar linker structure using 

standard solid phase synthesis (Figure 

2.5). The product was cleaved from a 

small amount of resin and analyzed by 

LC/MS to ensure the desired sequence was 

correctly conjugated to the resin. Beads 

were swollen in PBS then individually 

separated into the wells of a 96-well plate. 

Beads were blocked with protein blocking 

buffer, then NIR-labeled streptavidin was diluted in blocking buffer, and varying amounts of the 

protein was added to each well. After overnight incubation, the protein solution was removed, 

beads were rinsed with PBS, and then the plate was imaged on a LI-COR Odyssey CLx imaging 

Figure 2.4 Detecting Binding of Varying 

Amounts of NIR-Labeled Streptavidin to Biotin 

On-Bead. Individual beads decorated with biotin 

were separated into the wells of a black 96-well 

plate with a clear bottom. The beads were blocked 

with protein blocking buffer. Then, NIR-labeled 

streptavidin was diluted in blocking buffer and 

varying amounts were added to the wells. After 

overnight incubation, the protein solution was 

removed, and beads were rinsed with PBS. The 

beads were resuspended in PBS and imaged for 

NIR fluorescence. (A) Individual beads were 

visualized by zooming in on the well. Clear 

differences in the fluorescence intensities were 

obvious and correlated to the amount of protein 

added to each well. (B) Fluorescence intensities 

of each bead were quantified and graphed, further 

revealing that higher fluorescence intensities 

resulted from more protein added to the wells. 

Figure 2.5 Desthiobiotin Conjugated to the Linker. 
Desthiobiotin (blue) was conjugated to TentaGel resin with 

the same linker structure used for experiments with biotin 

(red). Desthiobiotin has a lower affinity for streptavidin than 

biotin. We sought to determine if binding between NIR-

labeled streptavidin and desthiobiotin could be observed with 

our screening method. 
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system. Fluorescence intensities that resulted from the labeled streptavidin binding desthiobiotin 

were visualized by zooming in on individual 

beads (Figure 2.6A). The fluorescence 

intensities were quantified and graphed (Figure 

2.6B). Similar to biotin, differences in 

fluorescence intensities were clear and 

correlated to the amount of protein added to the 

well. Large amounts of protein resulted in 

higher fluorescence intensities, while lower 

amounts of protein resulted in weaker 

fluorescent signals. The limit of detection was 

similar to that observed with biotin, where 

binding could be reliably detected with as little 

as 0.01 ng of protein added to the well. 

Importantly, fluorescence intensities were 

generally lower for each amount of labeled 

streptavidin added to the well than the 

corresponding amount binding biotin. This 

further showed that differences in binding 

affinities between ligands and a target protein could be detected with this screening method. 

As a control to ensure binding of the labeled protein to the biotin and desthiobiotin resin 

was not the result of nonspecific interactions, 1.25 ng of labeled streptavidin was incubated with 

resin conjugated to the FLAG peptide. Since streptavidin is not known to interact with the FLAG 

peptide, we expected to find almost no fluorescence from the FLAG beads incubated with the 

labeled streptavidin. After incubation, the plate was rinsed, and the beads were analyzed for 

fluorescence. Fluorescence intensities were quantified and graphed and plotted with the values 

from labeled streptavidin binding with biotin and desthiobiotin (Figure 2.7). As expected, almost 

no binding between the FLAG peptide and labeled streptavidin was observed, indicating that the 

fluorescent signals are not the result of nonspecific binding between the labeled protein and the 

resin.  

Figure 2.6 Detecting Binding of Varying Amounts of 

NIR-Labeled Streptavidin to Desthiobiotin On-Bead. 

Individual beads decorated with desthiobiotin were 

separated into the wells of a black 96-well plate with a 

clear bottom. The beads were blocked with protein 

blocking buffer. Then, NIR-labeled streptavidin was 

diluted in blocking buffer and varying amounts were 

added to the wells. After overnight incubation, the protein 

solution was removed, and beads were rinsed with PBS. 

The beads were resuspended in PBS and imaged for NIR 

fluorescence. (A) Individual beads were visualized by 

zooming in on the well. Clear differences in the 

fluorescence intensities were observed and correlated to 

the amount of protein added to each well. (B) 

Fluorescence intensities of each bead were quantified and 

graphed, further revealing that higher fluorescence 

intensities resulted from more protein added to the wells. 
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We demonstrated successful optimization of our screening assay using NIR-labeled 

streptavidin and two ligands, biotin and desthiobiotin. Varying 

concentrations of the labeled protein incubated with beads 

conjugated to one of the ligands. Clear differences in fluorescence 

intensities were observed. Higher fluorescence intensities 

correlated to larger amounts of protein added to the well. Likewise, 

differences in the intensities produced by the labeled protein 

binding biotin and desthiobiotin were observed. This suggested that 

differences in binding affinities between ligands and a protein could 

be detected with our screening method. Importantly, we showed 

that fluorescence intensities are dependent on the protein 

recognizing and binding the ligand, as almost no fluorescence was 

observed with labeled streptavidin incubating with a ligand (the 

FLAG peptide) that is not known to bind streptavidin.  

2.2.2 Monitoring Binding of NIR-Labeled Carbonic 

Anhydrase to Ligands of Varying Affinity 

Although streptavidin binding to biotin and desthiobiotin 

served as a good 

model to optimize the 

conditions for our 

screening assay, 

binding between the protein and these ligands is 

among the strongest noncovalent interactions. As a 

result, we sought to test a protein with ligands that 

have more realistic binding affinities that could be 

detected in a screen against a target protein. We 

selected the carbonic anhydrase protein and three 

ligands with varying affinities, 

carboxybenzylsulfonamide (CBS), glycylleucine-

CBS (GL-CBS), and aspartic acid-CBS (D-CBS).20 Purified carbonic anhydrase was purchased 
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Figure 2.7 Binding of NIR-

Labeled Streptavidin to the FLAG 

Peptide On-Bead. As a control to 

ensure that fluorescence intensities 

observed in our other experiments 

were not the result of nonspecific 

interactions between the labeled 

protein and bead, 1.25 ng of 

labeled streptavidin was incubated 

with beads conjugated to the 

FLAG peptide. This peptide 

should not be recognized by 

streptavidin. Fluorescence 

intensities that resulted from the 

labeled protein binding the peptide 

were quantified and graphed to 

compare to the signals produced by 
incubation 1.25 ng of labeled 

streptavidin with biotin and 

desthiobiotin. Almost no signal 

was observed with the FLAG 

peptide, indicating that nonspecific 

interactions were not responsible 

for the fluorescent signals 

Figure 2.8 Structures of GL-CBS, CBS, and D-

CBS. Each ligand (blue) was conjugated to 

TentaGel resin with the attached linker (red). GL-

CBS has the highest affinity to carbonic anhydrase 

with a KD of 120 nM. CBS has an affinity of 1.6 µM 

and D-CBS has an affinity of 4.6 µM. 
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and labeled with the NIR fluorophore. The resulting dye-to protein-ratio was calculated to be 1.8-

to-1. The selected ligands had KD’s of 120 nM (GL-CBS), 1.6 µM (CBS), and 4.7 µM (D-CBS). 

Each ligand was conjugated to resin decorated with a linker structure similar to that used to screen 

streptavidin against biotin and desthiobiotin using standard solid phase synthesis (Figure 2.8). The 

mass of each ligand was confirmed by cleaving the product from a small amount of resin and 

subjecting it to LC/MS analysis. The resin was swollen in PBS prior to use. 

Beads decorated with one of the three ligands were individually separated into the wells of 

a black 96-well plate with a 

clear bottom. The beads were 

then blocked with a protein 

blocking buffer. NIR-labeled 

carbonic anhydrase was 

diluted in blocking buffer, 

and varying amounts of 

protein ranging from 8.8 ng 

to 0.1 ng was added to the 

wells. After overnight 

incubation, the wells were 

rinsed with PBS to remove 

excess protein solution and 

the plate was imaged for NIR 

fluorescence (Figure 2.9A). 

We expected to observe 

similar results to streptavidin 

and biotin, such that higher 

fluorescence intensities 

would result when more labeled protein was added to the wells and lower fluorescence intensities 

would result when less labeled protein was added. In addition, we expected higher overall 

fluorescence intensities from the protein binding GL-CBS, as it has the highest affinity. Conversely, 

we expected lower fluorescence intensities resulting from the same amount of protein binding both 

the CBS and D-CBS ligand. This would suggest that the fluorescence intensities were dependent 

Figure 2.9 Detecting Binding of NIR-Labeled Carbonic Anhydrase with Ligands 

of Varying Affinity. (A) Resin decorated with GL-CBS, CBS, or D-CBS was 

split into the wells of a 96-well plate and blocked with protein blocking buffer. 

NIR-labeled carbonic anhydrase was then diluted in blocking buffer and varying 

amounts were added to the wells. After overnight incubation, the protein solution 

was removed, and the beads were rinsed with PBS. The plate was imaged for 

fluorescence and zoomed in pictures of individual beads were observed. Clear 
differences in fluorescence were observed. GL-CBS produced the highest 

fluorescence intensities at each amount of protein tested while D-CBS produced 

the lowest. (B-D) The fluorescence intensities resulting the labeled protein 

binding each ligand was quantified and graphed. This further demonstrated that 

the binding affinities correlated to the fluorescence intensities, with the GL-CBS 

ligand producing higher fluorescence intensities than the CBS and D-CBS 

ligand. (E) The fluorescent signal that resulted from 0.6 ng of carbonic anhydrase 

binding each ligand were compared. It is apparent that the GL-CBS ligand 

produced the highest fluorescence intensity, as it has the highest affinity to the 

protein. Likewise, D-CBS produced the lowest fluorescence intensity and had 

the lowest affinity to the protein. 
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on the affinity of the ligand to the protein. The resulting fluorescence intensities were quantified 

for each ligand and graphed (Figure 2.9B-D). Excitingly, not only did we observe differences in 

fluorescence intensities that correlated with the amount of protein added to the well, but clear 

differences in intensities resulting from the same amount of protein binding one of the three ligands 

was evident. When comparing the signal produced from each ligand after adding 0.6 ng of labeled 

carbonic anhydrase, the difference in the binding affinity for each ligand was obvious, especially 

when comparing signal from the GL-CBS and D-CBS ligand (Figure 2.9E). Since differences in 

fluorescence intensities correlated to the affinity of the ligands, with the highest affinity ligand 

producing the highest fluorescence intensities and lowest affinity ligand producing the lowest 

intensities, we concluded that this screening method could be used to detect ligands of varying 

affinity to a protein of interest.  

As a control, labeled carbonic anhydrase incubated with resin conjugated to the FLAG 

peptide. No interaction is known for this protein-ligand 

combination, so we expected to see very little fluorescence. The 

final amount of protein added to the well was 17 ng. The 

fluorescence intensities were then quantified and compared to 

wells in which 17 ng of labeled protein was added to GL-CBS 

resin. As expected, almost no fluorescence was detected in 

response to adding labeled carbonic anhydrase to the wells 

containing the FLAG peptide (Figure 2.10). This suggested that 

binding between the labeled protein and the ligand was not the 

result of nonspecific binding. 

We initially wanted to test binding of carbonic anhydrase 

to the ligands of varying affinity to ensure that we could monitor 

binding of protein-ligand pairs with weaker affinities than biotin 

and streptavidin. We chose carbonic anhydrase because it had three ligands with varying affinities, 

GL-CBS, CBS, and D-CBS. When varying amounts of labeled protein incubated with beads 

conjugated to one of the three ligands, clear differences in fluorescence intensities were observed. 

Not only did fluorescence intensities correlate with the amount of protein added to the well, but 

more importantly, differences in the fluorescence resulting from the same amount of protein 

binding each ligand were apparent. In general, binding of the protein to GL-CBS produced the 

Figure 2.10 Binding of NIR-Labeled 

Carbonic Anhydrase to the FLAG 

Peptide on Resin. 17 ng of labeled 

carbonic anhydrase incubated with 

beads conjugated to the FLAG 

peptide or GL-CBS. After overnight 

incubation, the protein solution was 

removed, and the beads were rinsed 

with PBS. The plate was imaged for 

fluorescence and the resulting 

fluorescence intensities were 

quantified and graphed. Almost no 

binding of the labeled protein to the 

FLAG resin was detected. 
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highest fluorescence intensities of all the ligands and D-CBS resulted in the lowest fluorescence 

intensities. Almost no binding of carbonic anhydrase to the FLAG peptide was detected, indicating 

that fluorescence is not the result of nonspecific binding between the protein and the ligand. This 

data indicated that differences in binding affinities between a protein and ligand correlate to the 

fluorescence intensity and can be detected with our screening method.  

2.2.3 Screening NIR-Labeled Gankyrin Against a Covalent OBOC Library 

After optimizing our assay conditions with fluorescently labeled streptavidin and biotin on 

resin and determining binding of ligands of varying affinity to carbonic anhydrase could be 

detected with our new screening method, we next wanted to screen a protein of interest against an 

OBOC library. Since we wanted to highlight the applicability of our assay to screen proteins with 

no known enzymatic function, we selected gankyrin as our target protein. Gankyrin is an 

oncoprotein that is overexpressed in a variety of cancers including liver,21 breast,22,23 and 

colorectal.24,25 In normal cells, gankyrin is known to interact with the S6 ATPase subunit of the 

19S regulatory particle of the proteasome.26,27 When gankyrin is overexpressed, it forms protein-

protein interactions with the E3 ligase MDM2 which promotes ubiquitination and subsequent 

degradation of p53, a key cell cycle-regulating protein.28 Overexpression of gankyrin also leads to 

increased degradation of retinoblastoma protein, another protein that is critical in cell cycle 

regulation.29 Since these interactions drive cell 

cycle dysregulation and cancer progression, some 

research groups have turned their attention to better 

characterizing gankyrin and evaluating it as a 

therapeutic target for some cancers. This has led to 

the discovery of a small molecule binder of 

gankyrin.30 p53 stabilization was observed when 

cells transfected with gankyrin were dosed with 

this small molecule, highlighting gankyrin’s 

potential as a therapeutic target. In an effort to 

discover more small molecule binders of gankyrin 

that could potentially be developed into probes to 

Figure 2.11 OBOC Library Design. (A) Scaffold of the 

OBOC library including the linker (red) and all amine 

positions. (B) Amines were selected randomly for 

positions one, two and four. Position three only housed 

one amine, 4-(2-aminoethyl)benzensulfonyl fluoride, 

which facilitates covalent binding to serine and 

threonine amino acid residues via a sulfonyl fluoride 

moiety. 
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monitor its expression and activity, we screened an OBOC library against gankyrin.31 

Our 343-member peptoid OBOC library consisted of four positions with one of seven 

amines. We selected to screen a peptoid library over a peptide library because peptoids are more 

resistant to cleavage by proteases in the cell.32 Since we hoped to eventually use hits from this 

screen for in-cell applications, peptoids were selected over peptides. A linker structure similar to 

that used in the carbonic anhydrase experiments was first synthesized on the resin (Figure 2.11A). 

This linker would allow us to identify the peptoids on hit beads after the screen by MALDI-TOF. 

The library was synthesized using the split and pool method and standard solid phase synthesis. 

Positions one, two, and four consisted of randomly selected amines (Figure 2.11B). Position three 

was only composed of one amine that housed a sulfonyl fluoride moiety that facilitates covalent 

binding to amino acid residues such as threonine and serine.33 Analysis of gankyrin’s amino acid 

sequence revealed it has several serine and threonine 

residues that could covalently interact with the peptoids on-

bead. 

Gankyrin was purified through bacterial expression 

as described in the Materials and Methods section. The 

protein was then labeled with the NIR-emitting fluorophore. 

The protein solution was aliquoted and stored at -20 ̊ C until 

use. Beads were swollen in PBS and then individually 

separated into the wells of a black 96-well plate with a clear 

bottom. Beads were blocked with protein blocking buffer. 

NIR-labeled gankyrin was diluted in blocking buffer, and 

0.6 ng was added to each well. Protein incubated with the 

beads overnight, and then the beads were rinsed with PBS. 

The plate was imaged for NIR fluorescence with a LI-COR 

Odyssey CLx imaging system (Figure 2.12).31 The 

resolution was set to 81 µm to facilitate better visualization of the beads which were an average of 

90 µm. Fluorescence intensities that resulted from the labeled gankyrin binding the small 

molecules on-bead were analyzed by viewing zoomed-in images of the bead (Figure 2.12). Clear 

differences in fluorescence intensities were observed. Some beads displayed very high 

fluorescence, indicating that a large amount of protein had bound the small molecule. Conversely, 

Figure 2.12 OBOC Library Design. (A) 

Scaffold of the OBOC library including 

the linker (red) and all amine positions. (B) 

Amines were selected randomly for 

positions one, two and four. Position three 

only housed one amine, 4-(2-

aminoethyl)benzensulfonyl fluoride, 

which facilitates covalent binding to serine 
and threonine amino acid residues via a 

sulfonyl fluoride moiety. 
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some beads produced very little fluorescence, suggesting that gankyrin was unable to significantly 

bind the small molecule.  

Two screens of 424 beads against gankyrin were performed. Since our library consist of 

343 members, we screened 424 beads, which accounts for a 23% overage to ensure statistically 

that the entire library would be covered in the screens. The fluorescence intensities that resulted 

from the labeled protein binding the small molecules on-bead were quantified and ranked. The top 

5% of fluorescence intensities from each screen were selected as our initial hits, which produced 

a total of 42 hits per screen. The structures of the hits from each screen were identified by MALDI-

TOF analysis (Appendix A). When comparing the hit structures between both screens, we noted 

that several structures overlapped, with similar amines in similar positions. Since these amines 

appeared in multiple structures, we reasoned that they were likely important for binding to 

gankyrin. A total of 10 overlapping structures were selected for further investigation and validation.  

2.2.4 Validation of Hits from the OBOC Screen 

After identifying 10 structures as our initial hits, we next sought to validate their binding 

to gankyrin. Since the interaction between the ligands and gankyrin is covalent, we reasoned that 

it could withstand SDS-PAGE analysis and used an in-gel fluorescence assay to confirm binding 

of the fluorescently labeled ligands to gankyrin. Samples were then subjected to SDS-PAGE 

analysis, and the gel was imaged for fluorescence. To do this, we synthesized the ligands on a 

linker with a monomethoxytrityl (MMT)-protected cysteine residue where fluorescein could be 

attached via a maleimide group. After synthesis of each of the ten ligands was complete, the MMT 

group was removed, and fluorescein was conjugated to the linker to fluorescently label the ligands 

(Figure 2.13A).31 Importantly, a negative control was also synthesized which was composed of 

amines that were present in the initial screen but were not observed in any of the hit structures 

(Figure 2.13A). This control still contained the sulfonyl fluoride moiety, therefore some binding 

of the negative control to gankyrin was anticipated. All fluorescent peptoids were purified by high 

performance liquid chromatography (HPLC), and purity was determined by LC/MS analysis 

(Appendix B). Fractions containing pure product were lyophilized and stored at -20 ˚C protected 

from light until use. 

Gankyrin was purified as described in the Materials and Methods section and was stored 

at 4 ̊ C for up to three days before use. Fluorescently labeled ligands and the negative control were 
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diluted in dimethyl 

sulfoxide (DMSO) such 

that the final 

concentration in the  

samples would range 

from 20 to 0.1 µM. 

Then, the ligands 

incubated with purified 

gankyrin. After 

incubation, the reaction 

was quenched by adding 

laemmli buffer and 

heating. Samples were 

subjected to SDS-PAGE 

and imaged for 

fluorescence. We 

anticipated that the 

ligands would bind gankyrin and result in a fluorescent band in the gel. Moreover, validated hits 

would produce higher fluorescence intensities at each concentration tested when compared to the 

negative control. This would suggest that the amines that composed each ligand were important to 

binding gankyrin, not only the sulfonyl fluoride moiety. Fluorescence intensities from the bands 

that resulted from the labeled ligands covalently binding gankyrin were quantified and graphed 

(Appendix C).  

Most of our hits did not validate, such as TMM-1, because they did not produce 

fluorescence intensities that were higher than those produced by the negative control (Figure 

2.13B). However, one hit, TMM-6, did produce higher fluorescence intensities than the negative 

control (Figure 2.13B). Initially, this assay was performed in singlet with all then ligands. We 

repeated the assay in experimental triplicate with TMM-6 to ensure our initial result was valid. As 

a control, one sample of gankyrin that was DMSO-dosed was included during each replicate. 

Fluorescent signal from the bands corresponding to gankyrin bound to TMM-6 were normalized 

by dividing all values by the intensity produced by the DMSO lane. The values that resulted from 

Figure 2.13 Validating Hits from Screening Gankyrin Against an OBOC. (A) 

Structures of the linker conjugated to fluorescein, the negative control ligand, and 

two example structures of ligands being validated. (B) Varying concentrations of 

the fluorescently labeled ligands or the negative control incubated with 500 ng 

of purified gankyrin. The samples were then subjected to SDS-PAGE, and the 
gels were imaged for fluorescence. TMM-1 did not validate because it produced 

less intense bands than the negative control. TMM-6, however, did validate 

because the fluorescence intensities at each concentration tested were higher than 

the negative control. (C) This experiment was repeated in experimental triplicate. 

As a control, one sample containing only DMSO was used run on each gel so the 

data could be normalized. The fluorescent signal for each gel was normalized to 

the DMSO control and the resulting number from each run at each concentration 

were compiled and graphed. This revealed that TMM-6 produced statistically 

significantly higher fluorescence intensities at each concentration tested than the 

negative control, confirming it as a true hit. * p < 0.05, ** p < 0.01, *** p < 0.001 
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each trial at each concentration were compiled and graphed (Figure 2.13C). This revealed that 

TMM-6 produced statistically significant higher fluorescence intensities than the negative control 

at every concentration tested, rendering it a valid hit.  

We next wanted to be certain that the fluorescein tag was not responsible for the binding 

of TMM-6 to gankyrin. A nonfluorescent version of TMM-6 was synthesized to perform a 

competition experiment. Either fluorescently labeled 

or unlabeled TMM-6 incubated with purified 

gankyrin. After one hour, the other ligand was added 

and incubated for an additional hour. Samples were 

then quenched with laemmli buffer and heating and 

analyzed by SDS-PAGE. We expected that addition 

of the nonfluorescent ligand followed by the 

fluorescent ligand would result in lower fluorescence 

intensities because the unlabeled ligand would bind 

most of the gankyrin the sample and prevent binding 

of fluorescently labeled TMM-6. Conversely, we 

expected high fluorescence intensities to result from 

the addition of the fluorescent ligand first. The gel 

was imaged for fluorescence, and the fluorescence 

intensities of the resulting bands were quantified 

(Figure 2.14).31 We observed significantly lower 

signal from the samples in which the nonfluorescent 

TMM-6 was added first. This indicated that the 

fluorescein tag was not responsible for binding of the ligand to gankyrin. 

We next sought to ensure that binding between TMM-6 and gankyrin was the result of 

covalent linkage of the ligand to the protein and no other nonspecific interactions. To do this, we 

synthesized a noncovalent version of TMM-6 in which the 4-(2-aminoethyl)benzensulfonyl 

fluoride was exchanged for 2-phenylethylamine. This amine is very similar in structure but does 

not possess the sulfonyl fluoride and should therefore not covalently bind to gankyrin. The 

noncovalent ligand was synthesized on the fluorescein linker. Next, covalent or noncovalent 

TMM-6 was incubated with purified gankyrin at concentrations ranging from 20-0.1 µM and 

Figure 2.14 Competition of Fluorescent and 
Nonfluorescent TMM-6 Binding Gankyrin. A 

competition experiment in which either fluorescent 

(FL-TMM-6) or nonfluorescent TMM-6 (NF-

TMM-6) was first added to purified gankyrin 

followed by addition of the other ligand was 

performed to ensure the fluorescein tag was not 

responsible for binding of the peptoid to the protein. 

As a control, one sample incubated with only FL-

TMM-6. After subjecting the samples to SDS-

PAGE, the fluorescent signal was quantitated and 

graphed. This revealed addition of NF-TMM-6 first 

resulted in significantly lower fluorescence 

intensities than adding the fluorescent TMM-6 first. 

This suggests that the fluorescein tag is not 

responsible for binding of the ligand to the protein. 
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subjected to SDS-PAGE (Figure 2.15).31 We expected that the complex of noncovalent TMM-6 

and gankyrin would fall apart in 

the gel during SDS-PAGE and 

result in very low fluorescence 

intensities. Conversely, we 

expected to see bands with high 

fluorescence intensities result 

from samples that were incubated 

with the covalent TMM-6 since its 

interaction with gankyrin should 

withstand SDS-PAGE. The 

experiment was conducted in 

triplicate, and the resulting bands 

from each concentration were 

quantified/normalized to the 

signal produced by a control that 

consisted of only DMSO-dosed 

gankyrin. The data was then graphed and revealed that incubation of gankyrin with the noncovalent 

TMM-6 resulted in statistically significant lower fluorescence intensities than incubation with the 

covalent ligand (Figure 2.15). This indicates that covalent attachment of the ligand to the protein 

is responsible for binding that can withstand SDS-PAGE, and binding is not the result of 

nonspecific interactions. 

Because the sulfonyl fluoride on TMM-6 nonspecifically interacts with serine and 

threonine amino acid residues, we sought to determine the specificity of the ligand to gankyrin. To 

do this, we conducted a pulldown experiment in human embryonic kidney (HEK) 293T cell lysate 

was spiked with purified gankyrin. Gankyrin was added to the lysate at a final concentration of 1% 

of the total protein amount. Then, fluorescently labeled TMM-6 or the negative control used in our 

in-gel validation experiments was added to the samples such that the final concentration was 8 µM. 

After incubation, laemmli buffer was added to the samples and they were subjected to SDS-PAGE. 

The gel was then imaged for fluorescence. We expected to find bands varying in molecular weight 

and fluorescence intensity, as some nonspecific binding of TMM-6 to other proteins via the 

Figure 2.15 Binding of Covalent and Noncovalent TMM-6 to Gankyrin. A 

fluorescent noncovalent version of TMM-6 was synthesized by 

exchanging the 4-(2-aminoethyl)benzensulfonyl fluoride for 2-

phenylethylamine. Varying concentrations of covalent or noncovalent 

TMM-6 incubated with 500 ng of purified gankyrin and was then subjected 

to SDS-PAGE (left). The experiment was conducted in triplicate. The 

resulting fluorescence intensities were quantified and normalized to a 

control consisting of only DMSO-treated gankyrin. The resulting data was 
combined for each concentration to produce a triplicate and graphed 

(right). This revealed that incubation of noncovalent TMM-6 with 

gankyrin resulted in statistically significantly lower fluorescence 

intensities than incubation with the covalent ligand. This suggests that 

covalent binding between the ligand and the target is required to visualize 

by SDS-PAGE and the resulting fluorescent bands are not the result of 

nonspecific interactions between the ligand and protein. 
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sulfonyl fluoride moiety would occur. However, we 

expected to find one strong fluorescent band corresponding 

to the molecular weight of gankyrin. Imaging of the gel 

revealed two intense fluorescent bands (Figure 2.16A).31 

These bands were present in the lysate dosed with TMM-6 

but not to the same extent as the lysate dosed with the 

negative control. These bands were excised from the gel by 

cutting with a clean razor blade and placed in a clean tube. 

The gel was rescanned to ensure the bands were fully 

excised. The resulting gel pieces were sent to the Purdue 

Proteomics Facility for protein identification. Excitingly, 

gankyrin was revealed to be the most abundant protein in 

both bands. Not only did proteomics analysis show moderate 

sequence coverage of gankyrin, but both bands had high 

MS/MS counts of 43 and 45, respectively (Figure 2.16B). 

Other fluorescent bands were observed in both the TMM-6 

and negative control dosed lysate, indicating that there is 

some nonspecific binding of TMM-6 to other proteins. 

However, the most intense fluorescent bands were composed 

primarily of gankyrin, indicating that TMM-6 has moderate 

specificity. It is not known why two bands were observed 

that were composed of gankyrin since purified gankyrin was 

added directly to the lysate. It is possible that band A, which 

has a higher molecular weight than band B, was modified by 

other enzymes in the lysate.  

To our knowledge, TMM-6 is the first reported covalent binder of gankyrin. Further work 

is needed to understand its implications in cancer cell lines that are known to overexpress gankyrin. 

Similarly, TMM-6 could be developed into a probe to monitor expression of gankyrin during 

cancer onset and progression by attachment of a fluorophore like the experiments performed in the 

validation of ligands binding pure gankyrin. TMM-6 bound gankyrin with moderate specificity in 

a pulldown in which HEK 293T cell lysate was spiked with purified protein, suggesting that off-

Figure 2.16 Pulldown of Gankyrin in 

Spiked HEK 293T Cell Lysate. HEK 293T 

cells were lysed, and 500 ng of purified 

gankyrin was added to the samples. The 

final gankyrin concentration was 1% of the 

total protein amount. Fluorescent TMM-6 
or negative control was added to the 

samples at a final concentration of 8 µM. 

(A) Samples were then subjected to SDS-

PAGE and the gel was imaged for 

fluorescence. Several fluorescent bands 

were observed; however, two intense 

bands were most obvious (Band A and 

Band B). These bands were excised for 

proteomics analysis. (B) Proteomics 

analysis revealed that both bands were 

composed primarily of gankyrin. Modest 

sequence coverage of 60.6% (Band A) and 

49.6% (Band B). Additionally, high 

MS/MS counts of 43 and 45 were found as 

well. Other fluorescent bands were 

observed, indicating some nonspecific 

binding to TMM-6, but this peptoid binds 
gankyrin with moderate specificity. 
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target binding could be limited. TMM-6 could emerge as an important tool to better understand 

the implications of gankyrin in cancer and evaluate it as a therapeutic target for some cancers. 

2.2.5 Establishing Conditions to Detected a FLAG Antibody Binding the FLAG Peptide 

Conjugated to Resin 

After successfully establishing screening conditions for a protein target against an OBOC 

library, we next turned our attention to the possibility of detecting antibodies with this assay. 

Several autoimmune disorders are characterized by overexpression of antibodies that lead to attack 

on the body’s own tissues.34,35 Sensitive detection of these antibodies could facilitate better 

diagnosis of autoimmune disorders. Similarly, screening these antibodies for new small molecule 

binders could lead to the development of a better understanding of the impacts of antibody 

production during autoimmunity and better therapies to treat these diseases. Screening samples for 

antibodies relevant for diagnostic purposes are often limited to the use of microarrays, in which 

the chemical diversity of ligands is significantly restrained to what can be conjugated to a glass 

slide or well plate.36 As a result, there remains a need for better tools to screen antibodies against 

a wide variety of ligands. This will facilitate a deeper understanding of autoimmunity. 

We hypothesized that our OBOC screening method could be adapted to detect and screen 

antibodies of interest. Individual beads of an OBOC library or ligand known to interact with a 

target antibody conjugated to resin could be split into the wells of a 96-well plate and blocked. 

Next, a pure antibody of interest, or a sample containing a target antibody, such as blood serum, 

could be added to the wells and incubate with the small molecule on-bead. After incubation, the 

beads could be rinsed and a fluorescently labeled secondary antibody could then be added to detect 

the presence of the target antibody. After washing the plate to remove excess secondary antibody, 

the plate could then be imaged for fluorescence and fluorescence intensities could be quantified. 

If an antibody were screened, hits could then be ranked to expedite the validation process. 

Similarly, if we sought to detect the presence of an antibody in a sample, a fluorescent signal would 

signify that the target antibody is present. This could expedite the process of diagnosing 

autoimmune disorders. 

To establish conditions to screen antibodies against an OBOC library, we wanted to choose 

an antibody-ligand combination that was well characterized. The FLAG peptide is commonly used 
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to tag proteins of interest during purification and represented an ideal ligand for the optimization 

of our assay. The FLAG antibody is 

commercially available and served as our 

target antibody. We first synthesized the 

FLAG peptide on TentaGel resin conjugated 

to the linker structure used for our OBOC 

library screen against gankyrin (Figure 

2.17). Since the long-term goal of this 

method is to screen antibodies against 

OBOC libraries, it is important to include 

the linker that will facilitate identification of 

the ligands post-screen. As a control, a 

scrambled version of the FLAG peptide was also synthesized. We hypothesized that the FLAG 

antibody would be unable to recognize the scrambled sequence and should therefore not bind, 

providing a negative control for our optimization experiments (Figure 2.17). The linker and 

peptides were synthesized with standard solid phase peptide synthesis, and the identity was 

confirmed by LC/MS prior to use. The resin was swollen in PBS prior to use. 

FLAG beads or scrambled FLAG beads were individually separated into the wells of a 96-

well plate and blocked with protein blocking buffer. Next, a FLAG antibody was diluted in 

blocking buffer and varying amounts ranging from 12.5-0.1 ng were added to the wells. After 

overnight incubation, the antibody solution was removed, and the beads were washed with PBS. 

A fluorescently labeled secondary antibody was diluted in blocking buffer and 50 ng was added to 

the wells. The excess antibody was removed, the beads were rinsed with PBS and the plate was 

imaged for NIR fluorescence. Zoomed in pictures of the beads were examined (Figure 2.18A). 

The fluorescence intensities that resulted from the fluorescently labeled secondary antibody 

binding the primary antibody attached to the FLAG peptide on resin were quantified and graphed 

(Figure 2.18B). It was apparent that the fluorescent signal increased with increasing amounts of 

primary antibody. Addition of 12.5 ng and 6.3 ng nearly saturated the detector. Importantly, even 

when as little as 0.1 ng of primary antibody was added to the well (average signal of 68 RFU), the 

signal was still six times higher than background signal produced by incubating the antibodies in 

wells that did not contain beads (average signal of 10 RFU). Almost no binding of the primary 

Figure 2.17 Structures of the FLAG and Scrambled FLAG 

Sequence. A linker (red) and the FLAG or scrambled FLAG 

peptide (blue) were synthesized on TentaGel resin. The FLAG 

peptide served as our model ligand for detection of the FLAG 

antibody in a protein solution. The scrambled FLAG peptide 

served as a negative control, as it should not be recognized by 

the antibody. 
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antibody to the scrambled FLAG peptide was observed after addition of the secondary antibody, 

suggesting nonspecific binding of the primary antibody to the resin was not responsible for the 

fluorescent signal (Figure 2.18B). 

To further evaluate the extent 

of nonspecific binding of both the 

primary and secondary antibody to the 

bead, FLAG resin was incubated with 

each antibody independently, the plate 

was imaged for fluorescence, and the 

fluorescence intensities were 

quantified (Figure 2.18C). 

Essentially no signal was produced as 

result of incubating the primary FLAG 

antibody with the resin. Similarly, 

very little signal was produced from 

incubating the fluorescently labeled 

secondary antibody with the FLAG 

resin. This further suggested that the 

fluorescent signal resulted from a 

combination of the primary and 

secondary antibody. Moreover, 

fluorescent signal also depends on the 

primary antibody recognizing the 

sequence on-bead, as the almost no 

fluorescent signal was observed after 

incubating scrambled FLAG beads with the antibodies. 

2.3 Conclusions 

Although the development of OBOC libraries has made the process of synthesizing 

thousands of small molecules streamline and cost effective, progress lags in the ability to screen 

these libraries against target proteins. Common screening techniques are not quantitative and 

Figure 2.18 Detection of a FLAG Antibody Binding the FLAG 

Peptide on Resin with a Fluorescently Labeled Secondary 

Antibody. Resin conjugated to the FLAG and scrambled FLAG 

peptide were separated into a 96-well plate and varying amounts of 

a FLAG antibody were added to the wells. A fixed amount of 

fluorescently labeled secondary antibody was then added. The 

beads were rinsed and plate was imaged for NIR fluorescence. (A) 

Individual beads were visualized. Addition of more primary 

antibody to the well resulted in higher fluorescence intensities, 

indicating that more FLAG antibody had bound the bead. (B) The 
fluorescence intensities produced by FLAG and scrambled FLAG 

resin were graphed. This further confirmed that adding more 

primary antibody to the FLAG resin resulted in higher fluorescence 

intensities. Importantly, no binding of the FLAG antibody to the 

scrambled FLAG resin was observed. This indicated that the 

fluorescent signal was dependent on the primary antibody 

recognizing and binding the sequence on resin. (C) As a control, 

12.5 ng of primary antibody or a fixed amount of fluorescently 

labeled secondary antibody were individually incubated with 

FLAG resin. Very little fluorescent signal was observed from either 

antibody incubating with the beads, suggesting that nonspecific 

interactions between the antibodies and the resin were not 

responsible for the observed fluorescent signal. 
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require strong binding between the biological target and small molecule.13,14,37 This makes the 

process of validating hits lengthy and cumbersome. Some research groups have turned attention 

to developing more quantitative OBOC screening methods that utilize fluorophores. These 

methods generally involve conjugating a fluorophore to a protein before or after it has bound 

ligands of the OBOC library.9–11 Beads can then be visualized with a confocal microscope. While 

these methods do provide more quantitative screening options for OBOC libraries, the 

fluorophores used in these techniques often overlap with autofluorescence produced by the bead 

or the protein, making data deconvolution difficult. As a result, there is a new interest in the use 

of NIR fluorophores, as they emit at wavelengths longer than those associated with 

autofluorescence.  

In an effort to build upon currently available quantitative screening techniques and create 

a screening method that is amendable to a wide variety of proteins, we developed an OBOC 

screening method that entails labeling a target protein with a NIR-emitting fluorophore. The 

labeled protein is then incubated with beads of an OBOC library. The beads are rinsed, and the 

plate is imaged for fluorescence. Fluorescence intensities that result from the labeled protein 

binding the ligands on-bead can be quantified and provide a basis to rank hits. Since this method 

does not rely on the function of the protein being known for screening, the types of proteins that 

can be screened are vast. Similarly, because the fluorophore is conjugated to the N-terminus of the 

protein via a NHS ester moiety, it can readily be attached to many types of proteins.  

We optimized conditions for this screening method by synthesizing biotin and 

desthiobiotin on resin and monitored binding of NIR-labeled streptavidin. We found that addition 

of more streptavidin led to higher fluorescent signals. In general, fluorescence intensities that 

resulted from streptavidin binding biotin were higher than those produced by the protein binding 

desthiobiotin. Since the affinity of streptavidin to biotin is higher than its affinity to desthiobitoin, 

this suggested that our method could be used to detect differences in binding affinities of a protein 

to a ligand. Additionally, we screened NIR-labeled carbonic anhydrase against three ligands with 

varying affinities: GL-CBS , CBS, and D-CBS. These affinities ranged from 120 nM to 4.7 µM 

and are much more realistic to the types of affinities that would be detected in a screen. Excitingly, 

clear differences in the fluorescence intensities that resulted from the labeled protein binding each 

ligand were observed, with the highest affinity ligand (GL-CBS) producing the highest 

fluorescence intensities. From this, we concluded that this assay could readily detect differences 
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in binding affinities of a ligand to a target protein and that fluorescence output correlated to binding 

affinity. 

We then screened a 343-member OBOC library that contained a covalent amine against 

our protein of interest, gankyrin. We selected gankyrin as a target because it has no known 

enzymatic function and its overexpression drives progression of some cancers.28,29 This yielded 

ten hits that were validated with an in-gel fluorescence assay. One hit validated, TMM-6, and 

demonstrated modest specificity to gankyrin in a pulldown experiment in which HEK 293T cell 

lysate was spiked with the purified protein. To the best of our knowledge, TMM-6 is the first 

reported covalent binder of gankyrin. This screen demonstrates the first successful use of our 

OBOC screening technique to identify ligands to a protein with no enzymatic function. We are 

hopeful that in the future, TMM-6 could be developed into a probe to monitor gankyrin expression 

in cancer onset and progression. This will improve understanding of gankyrin as a therapeutic 

target for some forms of cancer. The impacts of TMM-6 on degradation of p53 and retinoblastoma 

protein, two cell cycle-regulating proteins that are degraded as a result of gankyrin overexpression, 

are still being elucidated. 

Finally, we established conditions to detect and screen antibodies with our OBOC 

screening method. Many autoimmune disorders are characterized by overexpression of antibodies. 

Screening these antibodies for small molecule binders could lead to the development of probes to 

monitor autoimmune disorder progression. The framework for a screen against a target antibody 

was created using the FLAG peptide and a FLAG antibody. When varying amounts of the FLAG 

antibody were incubated with beads conjugated to the FLAG peptide followed by a fixed 

concentration of fluorescently labeled secondary antibody, clear differences in fluorescence were 

observed. Higher fluorescence intensities were produced by adding more primary antibody to the 

well, indicating that fluorescence correlated with the amount of antibody present. Importantly, 

almost no signal was observed when the antibody was incubated with a scrambled FLAG sequence. 

As little as 0.1 ng of antibody could be detected with our assay, which rivals the sensitivity of 

commercially available ELISA assays. From this, we concluded that this assay could be used to 

screen antibodies implicated in autoimmune disorders for new ligands. Similarly, in the future, 

this technology could be expanded into a diagnostic tool. A ligand to a target antibody could be 

synthesized on-bead. Then, samples such as blood serum could be incubated with the bead. If a 

fluorescent signal results from the addition of a labeled secondary antibody, this could provide 
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evidence that an antibody is present in the sample and assist doctors in diagnosing autoimmune 

disorders. 

2.4 Materials and Methods 

2.4.1 General Materials and Methods 

All peptides were synthesized on TentaGel resin using solid-phase peptide synthesis and 

reactions were carried out in fritted syringes (purchased from Henke Sass Wolfe). 90μm TentaGel 

S NH2 resin was purchased from Rapp Polymere. Fmoc-protected natural amino acids were 

purchased from Novabiochem. HBTU was purchased from Oakwood Chemical and HOBt Hydrate 

was purchased from Creosalus. N,N-Dimethylformamide (DMF) and Dichloromethane (DCM) 

were purchased from Fisher Scientific. N,N-Diisopropylethylamine (DIPEA) was purchased from 

Fisher Scientific. Piperdine was purchased from Sigma Aldrich. Biotin was purchased from 

Thermo Fisher Scientific and desthiobiotin was purchased from Sigma Aldrich. Streptavidin was 

purchased from Sigma Aldrich. After synthesis was complete, peptides were cleaved from resin 

using cyanogen bromide purchased from Sigma Aldrich and identities were confirmed using an 

Agilent single quadrupole LC/MS system. Assays were visualized on a LI-COR Odyssey® CLx 

imaging System. 

A gankyrin plasmid for bacterial expression was purchased from Addgene and used for 

expression and purification of the protein (Cat. Number 31332). Plasmid DNA was extracted with 

a mini-prep kit purchased from Qiagen. DNA was introduced to Rosetta (DE3) Competent cells 

purchased from Invitrogen. Bacteria was cultured in Luria-Bertani (LB) broth purchased from 

Fisher Scientific supplemented with ampicillin and chloramphenicol purchased from GoldBio and 

Fisher Scientific, respectively. Protein was captured with HisPur™ Ni-NTA resin and eluted with 

imidazole both purchased from Fisher Scientific. Gankyrin was labeled with a NIR-emitting 

Fluorophore with an IRDye® 800CW NHS Ester Kit purchased from LI-COR (Cat. Number 928-

38042). NIR-labeled protein was aliquoted and stored a -20 ˚C and only thawed immediately 

before use. Labeled protein was diluted in Intercept (PBS) Blocking Buffer purchased from LI-

COR for screening. 

Screening was conducted in black 96-well plates with a clear bottom purchased from Fisher 

Scientific (Cat. Number 265301). After OBOC library beads were individually separated into the 
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wells of the plate, they were blocked with StartBlock™ (PBS) blocking buffer purchased from 

ThermoFisher Scientific. Fluorescence intensities were quantified using ImagesStudio software 

from  LI-COR. Hit peptoids were cleaved from the resin using cyanogen bromide that was 

purchased from Sigma-Aldrich. Identity of the hit peptoid was determined with a Sciex  4800 

MALDI TOF/TOF instrument. 

HEK 293T cells were maintained in Dulbecco’s Modified Eagle Medium purchased from 

Corning. Cells were lysed with MPER purchased from Fisher Scientific. Gels from SDS-PAGE 

for cell culture studies and the in-gel fluorescence studies were imaged on a Sapphire Biomolecular 

Imager from Azure. Fluorescence intensities were quantified using ImageStudio software from LI-

COR. 

2.4.2 Synthesis of Ligands on Resin and Establishing Screening Conditions 

2.4.2.1 Linker Synthesis 

100 mg of 90 µm TentaGel S NH2 resin was swollen in DMF for 1 hour followed by DCM 

for 1 hour. The terminal fmoc was removed by adding 2 mL of a 20% piperdine solution in DMF 

to the resin and allowing it to agitate for 20 minutes at room temperature. A Kaiser test was 

performed to ensure successful removal of the fmoc and the resin was rinsed three times with DMF 

followed by three times with DCM. HBTU (4.5 equiv.), HOBt (4.4 equiv.), and Fmoc-methionine-

OH (5 equiv.) were premixed in 600 µL of DMF. After dissolving, 10 equiv. of DIPEA was added 

and the solution was added to the resin. This coupled to the resin for 30 minutes at 37 ˚C with 

agitation. The solution was drained, and the resin was rinsed with DMF and DCM. A Kaiser test 

was performed, producing a negative result to indicate full coupling of the amino acid to the resin. 

Fmoc was removed by adding 2 mL of a 20% piperdine solution to the resin and allowing it to 

agitate for 20 minutes at room temperature then the resin was rinsed with DMF followed by DCM. 

A Kaiser test was performed and produced a positive result, indicating removal of the fmoc. Next, 

the same equivalences of HBTU, HOBt were weighed followed by Fmoc-Arg(pbf)-OH (5 equiv). 

These components were dissolved in 600 µL of DMF, then 10 equiv. of DIPEA was added. This 

solution was added to the resin and allowed to couple for 30 minutes at 37 ˚C with agitation. The 

solution was drained, the resin was rinsed with DMF and DCM, and a Kaiser test was performed 

to ensure successful coupling. The fmoc was removed by adding 2 mL of 20% piperdine in DMF 
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to the resin and agitating for 20 minutes at room temperature. A Kaiser test was performed, and 

the resin was rinsed with anhydrous DMF. A 2 M BAA and 1 M DIC solution were prepared in 

anhydrous DMF. Equal amounts 

were mixed until a precipitate was 

formed. This was then added to the 

resin and agitated for 20 minutes at 

37 ˚C. While the resin was 

activating, a 1 M stock of 

bromophenethylamine was 

prepared by diluting the amine in 

anhydrous DMF. The BAA/DIC 

mixture was drained and the resin 

was washed to remove the 

precipitate. The 1 M stock of 

bromophenethylamine was added 

to the resin and coupled for 1 hour 

at 37 ˚C. The solution was then 

drained and a chloranil test was 

performed to detect the presence of a primary amine. The same equivalence of HBTU and HOBt 

as listed above were weighed followed by Fmoc-gly-OH (5 equiv.) and dissolved in 600 µL of 

DMF. After the solids were dissolved, 10 equiv. of DIPEA was added to the solution and this was 

added to the resin. The amino acid residue coupled for 30 minutes at 37 ˚C. the solution was 

drained, the resin was rinsed with DMF and DCM, and a Kaiser test was performed to ensure the 

reside had successfully coupled. Fmoc was removed by adding 2 mL of a 20% piperdine solution 

in DMF to the resin and letting it agitate for 20 minutes at room temperature. A Kaiser test was 

then performed to ensure the fmoc removal was complete. The same equivalence of HBTU and 

HOBt as listed above were weighed followed by 5 equiv. of N-[(9H-Fluoren-9-ylmethoxy)-

carbonyl]-L-propargylglycine. For biotin and desthiobiotin conjugation, three sacrosines were 

added after the N-[(9H-Fluoren-9-ylmethoxy)-carbonyl]-L-propargylglycine (Figure 2.19).  This 

was dissolved in 600 µL of DMF followed by 10 equiv. of DIPEA. The solution was added to the 

Figure 2.19 LC/MS Traces for the Linkers to Establish the Screening 

Method and OBOC Library. The linker structures shown above were 

synthesized on 90 µm TentaGel resin. After synthesis, a test cleavage was 

performed. LC/MS traces for each linker are shown above. 
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resin and allowed to couple for 30 minutes at 37 ˚C with agitation. The solution was drained and 

the resin was rinsed with DMF followed by DCM and a Kaiser test was performed.  

A small clump of resin was transferred to a 1.5 mL eppitbue and the synthesized linker was 

cleaved from the resin by adding 1 mL of a 95% TFA, 2.5% DCM, and 2.5% Triisopropylsilane 

(TIPS) solution. This agitated for 1 hour at room temperature. The TFA was blown off with argon 

gas, then the cleaved product was resuspended in a 50/50 mixture of ultrapure water and 

acetonitrile (ACN) substituted with 0.1% formic acid (FA). The dissolved product was run on 

LC/MS to ensure the linker structure had been properly synthesized (Figure 2.19). The resin was 

stored at 4 ˚C until use with the terminal fmoc still attached. Right before the ligands were 

synthesized, the fmoc was removed by adding 2 mL of a 20% piperdine solution to the resin and 

allowing it to agitate for 20 minutes at room temperature. The resin was then rinsed with DMF 

followed by DCM and a Kaiser test was performed to ensure successful deprotection. 

2.4.2.2 Conjugating Biotin to Resin 

To assess the ability of the assay to detect protein-ligand interactions, biotin was attached 

to resin containing the linker sequence shown above. After confirmation that the linker was 

properly synthesized on the resin by LC/MS, 100 mg of resin was deprotected by the addition of 

2 mL of 20% piperdine in DMF. The deprotection was carried out for 20 minutes at room 

temperature with agitation. The piperdine solution was drained and the resin was washed three 

times with 1 mL of DMF followed by three times with 1 mL of DCM. A Kaiser test was performed 

to ensure successful deprotection of the resin. Next, 5 eq. of biotin, 4.5 eq. of HBTU, 4.5 eq. of 

HOBt, and 10 eq. of DIPEA was dissolved in 600 µL of DMF and added to the resin. The biotin 

was allowed to couple to the resin for 30 minutes at room 37 °C with agitation. After 30 minutes, 

the biotin had crashed out of solution. The resin was washed three times with 2 mL DMF followed 

by three times with 2 mL of DCM to remove solid biotin. The coupling was repeated using 2.5 

equivalents of HBTU and HOBt, 10 equivalents of DIPEA, and 3 equivalents of biotin was 

dissolved in 1 mL of DMF to improve solubility. The mixture was added to the resin and coupled 

for 30 minutes at 37 °C with agitation. The biotin solution was drained, and the resin was washed 

three times with 2 mL of DMF followed by three washes with 2 mL of DCM. A Kaiser test was 

performed to ensure successful coupling of biotin to the resin. 
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After the biotin coupling, the protecting groups were removed from amino acid residues 

by the addition of 1 mL of a 95% TFA, 5% DCM, and 5% TIPS solution. The resin was agitated 

for 1 hour at room temperature with the TFA solution. Then, the solution was drained, and the 

resin was washed three times with 2 mL DCM. To cleave the peptide, a small clump of resin was 

placed in a 1.5 mL eppitube and suspended in 70 µL of a 50 mg/mL solution of cyanogen bromide 

dissolved in 5:4:1 ACN: glacial acetic acid (GAA): water. The peptide was allowed to cleave 

overnight at room temperature with agitation. The following morning, the cyanogen bromide 

solution was evaporated using a SpeedVac and the cleaved peptide was dissolved in 60 µL of a 

solution of 50:50 ACN: water 

with 0.1% formic acid (FA). 

25 µL of this solution was 

injected onto an Agilent 

single quadrupole LC/MS 

system to determine the 

identity of the cleaved peptide 

(Figure 2.20). 

Next, desthiobiotin was synthesized on the linker containing sacrosine. After confirmation 

by LC/MS that the linker was properly synthesized on the resin, Fmoc was removed from the final 

residue of 100 mg of resin by the addition of 2 mL of 20% piperdine in DMF. The deprotection 

took place for 20 minutes at room temperature with agitation. The piperdine was then drained, and 

the resin was washed three times with 1 mL of DMF followed by three washes with 1 mL DCM. 

A Kaiser test was performed to ensure successful deprotection. Next, the desthiobiotin was coupled 

to the resin by dissolving 5 eq. of desthiobiotin, 4.5 eq. of HBTU, 4.5 eq. of HOBt, and 10 eq. of 

DIPEA in 600 µL DMF. The solution was added to the resin and the coupling was allowed to go 

for 30 minutes at 37 °C with agitation. The desthiobiotin solution was then drained and the resin 

was washed three times with 1 mL DMF followed by three washes with 1 mL DCM. A Kaiser test 

was performed to ensure successful coupling. 

Figure 2.20 LC/MS Trace of Biotin Conjugated to the Linker. The structure of 

biotin conjugated to the linker can be seen in Figure 2.2. The expected 

molecular weight was 1137.43 g/mol. The (M+2H)/2 mass is seen at 570 m/z. 

The M+H mass is also seen at 1138 m/z. 
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After coupling desthiobiotin to the linker, protecting groups were removed from the amino 

acid residues by adding 1 mL of a 95% TFA, 5% DCM, and 5% TIPS solution to the resin. The 

resin agitated with the TFA solution for 1 hour at room temperature. The TFA solution was then 

drained, and the resin was washed three times with 2 mL of DCM. The peptide was then cleaved 

by adding 70 µL of a 50 mg/mL solution of cyanogen bromide dissolved in 5:4:1 ACN: GAA: 

water. The cleavage took place overnight at room temperature with agitation. The following 

morning, the cyanogen bromide solution was evaporated by using a SpeedVac and the cleaved 

product was resuspended in 

60 µL of a 50:50 ACN: 

water solution with 0.1% 

FA. 25 µL of the dissolved 

product was then injected 

into an Agilent single 

quadrupole LC/MS system (Figure 2.21). 

2.4.2.3 Labeling Purified Streptavidin and Carbonic Anhydrase with a NIR Fluorophore 

To determine the ability of the assay to detect protein-ligand interactions, streptavidin was 

purchased from Sigma Aldrich and labeled with an IRDye® 800CW Protein Labeling Kit-High 

Molecular Weight, purchased from LI-COR (Cat. 928-38040). Streptavidin was labeled exactly 

following the manufacturer’s protocol. Briefly, 1 mg of streptavidin was dissolved in 1 mL of 

phosphate-buffered saline (PBS). The pH of the protein solution was raised to 8.5 by adding 100 

µL 1 M potassium phosphate, pH 9.0. One vial of near infrared dye was thawed and dissolved in 

25 µL of ultra-pure water. The proper amount of dye was calculated using the manufacturer’s 

instructions and was added to the protein solution. The dye was allowed to react with the protein 

for 2 hours at 4 °C, protected from light. After 2 hours, free dye was removed by passing the 

labeled protein through a Pierce® ZebaTM Desalting Column that was washed three times with 

2.5 mL of PBS before the protein was added. After the free dye was removed, the protein 

concentration was measured using a NanoDrop One system purchased from Thermo Scientific. 

The absorbance at 780 nm was also measured using a nanodrop one system. The fluorophore to 

protein ratio was calculated following the directions provided in the manufacturer’s protocol. The 

final fluorophore to protein ratio for streptavidin was 2:1. 

Figure 2.21 LC/MS Trace of Desthiobtion Conjugated to the Linker. The structure 

of desthiobiotin conjugated to the linker can be seen in Figure 2.5. The expected 

mass was 1107.47. the (M+3H)/3 mass can be seen at 554 m/z. 
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Carbonic Anhydrase was purchased from Sigma Aldrich and labeled with an IRDye® 

800CW Protein Labeling Kit-High Molecular Weight, purchased from LI-COR (Cat. 928-38040). 

Carbonic anhydrase was labeled exactly following the manufacturer’s instructions. Briefly, 1 mg 

of protein was weighed and dissolved in 1 mL of PBS. The pH of the protein solution was adjusted 

to 8.5 by adding 100 µL of 1 M potassium phosphate, pH 9.0. Then, one vial of infrared dye was 

thawed and dissolved in 25 µL of ultra-pure water. Using the manufacturer’s protocol, the correct 

amount of dye was calculated and added to the protein solution. The dye was allowed to react with 

the protein for 2 hours at 4 ˚C, protected from light. To remove excess dye, the protein solution 

was passed through a Pierce® ZebaTM Desalting Colum that was washed 3 times with 2.5 mL of 

PBS prior to use. After removal of extra dye, the protein concentration was measured by using a 

NanoDrop One system purchased form Thermo Scientific. The absorbance of the protein labeled 

with the NIR fluorophore was measured also measured at 780 nm. Using the manufacturer’s 

protocol, the dye to protein ratio of the carbonic anhydrase was calculated to be 1.8. 

2.4.2.4 Determining Lowest Detectable Binding of NIR-Labeled Streptavidin to Biotin On-

Bead 

Streptavidin purchased from Sigma Aldrich was dyed with a NIR-emitting fluorophore 

following the described protocol. Prior to the beginning of the experiment, TentaGel resin with 

either biotin or desthiobiotin was swollen in PBS by adding 750 µL of DMF and 250 µL of PBS 

to the resin and allowing it to agitate for 20 minutes at room temperature. The resin was then 

checked for clumping and the solution was drained. The amount of PBS added to the DMF was 

gradually increased and the process was repeated until the resin agitated in 1 mL of PBS. The day 

of the experiment, beads conjugated with biotin or desthiobiotin were split into the wells of a black 

96-well plate with a clear bottom such that there was one bead per well. Next, the resin was blocked 

with 50 µL of StartingBlockTM (PBS) Blocking Buffer purchased from Thermo Scientific (Cat. 

37538) for 30 minutes at room temperature with agitation. While the resin was blocking a 1,000 

ng/µL frozen stock of dyed streptavidin was thawed and 1 µL was added to 499 µL of Odyssey® 

Blocking buffer PBS purchased from LI-COR (Cat. 92740000) to create a solution that had a 

concentration of 2 ng/µL. Next, 12.5 µL of the 2 ng/µL stock solution was added to 987.5 µL of 

Odyssey® Blocking buffer PBS purchased from LI-COR (Cat. 92740000) to achieve a stock 

concentration of 0.025 ng/µL. This stock solution was then serially diluted such that the lowest 
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concentration of streptavidin was 0.0001 ng/µL. After blocking was complete, 50 µL of each dyed 

streptavidin concentration was added to wells containing biotin and desthiobiotin in quadruplicate. 

The highest protein concentration in the well was 1.25 ng and the lowest protein concentration in 

the well was 0.005 ng. The resin was allowed to incubate with the protein overnight at 4 ˚C with 

agitation, protected from light.  

The following morning, the protein was removed, and the resin was washed once with 50µL of 

PBS. The beads were resuspended in 50 µL of fresh PBS and imaged on a LI-COR Odyssey® CLx 

imaging system. As a control, 1.25 ng of dyed streptavidin was allowed to incubate with four beads 

conjugated to the FLAG peptide and four beads conjugated to the scrambled FLAG peptide. 

ImageStudio software from LI-COR was used to quantify fluorescence intensities produced by the 

dyed streptavidin protein binding the biotin and desthiobiotin-conjugated resin. The fluorescence 

intensity of an empty well was set to 0.0 to normalize the intensities of the other wells. This 

experiment was repeated twice, with each protein concentration being added in quadruplicate, then 

the fluorescence intensities for each concentration of dyed streptavidin were pooled. The highest 

and lowest fluorescence intensities were removed, and the data was graphed. Occasionally, a bead 

was lost during the washing process. Wells in which a bead was missing were not quantified.  

2.4.2.5 Conjugating CBS, D-CBS, and GL-CBS Carbonic Anhydrase Ligands to Resin 

To test the ability of our assay to detect protein-ligand binding with a KD in the low 

micromolar range, we synthesized substrates of varying affinity to carbonic anhydrase. After 

conformation by LC/MS that the linker was properly synthesized on the resin, the Fmoc on the 

final residues was removed from 15 mg of resin by the addition of 2 mL of 20% piperdine in DMF. 

The solution was allowed to agitate with the resin for 20 minutes at room temperature and a Kaiser 

test was performed to ensure the deprotection was complete. The resin was then washed three 

times with 2 mL of DMF followed by 2 mL of DCM. For The CBS ligand, 

carboxybenzylsulfonamide was coupled to the resin by dissolving 6 mg of 

carboxybenzylsulfonamide (50 mM final concentration), 6.6 µL of EDC-HCL (50 mM final 

concentration) and 0.4 mg of HOAt (5 mM final concentration) in 600 µL of DCM. About 50 µL 

of methanol was added to facilitate dissolving of the CBS.  

For GL-CBS, a glycine and leucine residue were coupled prior to the 

carboxybenzylsulfonamide. After confirmation by LC/MS that the linker was properly synthesized 
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on the resin, the Fmoc on the final residue was removed from 15 mg of the resin by the addition 

of 2 mL of 20% piperdine in DMF. The resin was allowed to agitate with the piperdine for 20 

minutes at room temperature then a Kaiser test was used to ensure deprotection was complete. 

Next, Fmoc-Gly-OH was coupled to the linker by dissolving 5 eq. of Fmoc-Gly-OH, 4.5 eq. of 

HBTU, 4.5 eq. of HOBt and 10 eq. of DIPEA in 600 µL of DMF. The solution was added to the 

resin and allowed to couple for 30 minutes at room temperature with agitation, the resin was 

washed with DMF and DCM, then a Kaiser test was performed to ensure complete coupling. Then, 

the resin was deprotected with 2 mL of 20% piperdine in DMF, which agitated for 20 minutes at 

room temperature. After conformation by Kaiser test that the Fmoc was removed, Fmoc-Leu-OH 

was coupled by dissolving 5 eq. of Fmoc-Leu-OH,  4.5 eq. of HBTU, 4.5 eq. of HOBt and 10 eq. 

of DIPEA in 600 µL of DMF. The solution was allowed to incubate with the resin for 30 minutes 

at room temperature with agitation. A Kaiser test was performed to ensure the coupling was 

complete. The resin was then washed three times with 2 mL of DMF followed by 2 mL of DCM. 

CBS was coupled as described above. 

For D-CBS, an aspartic acid residue was coupled prior to the addition of the 

carboxybenzylsulfonamide. After confirmation by LC/MS that the linker was properly synthesized, 

the Fmoc on the final residue was removed from 15 mg of resin by allowing the resin to incubate 

with 2 mL of a 20% piperdine solution in DMF for 20 minutes at room temperature. A Kaiser test 

was performed to ensure the deprotection was complete. Next, Fmoc-Asp(OtBu)-OH was coupled 

to the linker by dissolving 5 eq. of Fmoc-Asp(OtBu)-OH, 4.5 eq. of HBTU, 4.5 eq. of HOBt, and 

10 eq. of DIPEA in 600 µL of DMF. The solution was added to the resin and allowed to couple 

for 30 minutes at room temperature with agitation. The resin was then washed three times with 2  

mL of DMF followed by 2 mL of DCM. A Kaiser test was performed to ensure the coupling was 

complete and the last residue was deprotected by adding 2 mL of a 20% piperdine solution in DMF 

and allowing incubation for 20 minutes at room temperature. A Kaiser test was performed to ensure 

successful deprotection. The carboxybenzylsulfonamide was coupled as described above. 
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The protecting groups on the linker were removed by incubating the resin with a 95% TFA, 

5% DCM, and 5% TIPS solution for 1 hour at room temperature. The solution was then drained, 

and the resin was washed several times with DCM to remove excess reagents. Then, a small clump 

of resin was placed in the well of a chemical resistant 96-well plate and the product was cleaved 

by adding 70 µL of a 50 mg/mL 

cyanogen bromide solution 

dissolved in 5:4:1 ACN: GAA: 

water. The cleavage took place 

overnight at room temperature. 

The following morning, the 

cyanogen bromide solution was 

removed with a SpeedVac and 

the product was dissolved in 60 

µL of a 50:50 ACN: water 

solution with 0.1% FA. 25 µL 

of this solution was then 

injected onto an Agilent single 

quadruple LC/MS system (Figure 2.22). 

2.4.2.6 Determining Differences in Fluorescence Intensities Produced by Adding NIR-

Labeled Carbonic Anhydrase to Beads Conjugated to Each Ligand 

 To determine the ability of our assay to detect protein-ligand binding with affinities in the 

low micromolar range, we screened several substrates with labeled carbonic anhydrase. First, 

TentaGel resin conjugated with GL-CBS, CBS, and D-CBS was swollen in PBS by adding 250 

µL of PBS and 750 µL of DMF to the resin. The resin was allowed to agitate with this solution for 

20 minutes. The solution was then drained, and the amount of PBS was gradually increased until 

the resin was swollen in 1 mL of PBS. The day of the experiment, GL-CBS, CBS, and D-CBS 

beads were split into the wells of a black 96-well plate with a clear bottom such that there was one 

bead per well. As a negative control, FLAG resin was split into 8 wells. The beads were then 

blocked with 50 µL of StartingBlockTM (PBS) Blocking Buffer for 30 minutes at room 

temperature with agitation. During this time, a stock of 0.0044 mg/mL of labeled carbonic 

Figure 2.22 LC/MS Traces of GL-CBS, CBS, and D-CBS on the Linker. The 

structure of ligands conjugated to the linker can be seen in Figure 2.8. (A) 

LC/MS trace for GL-CBS. The expected mass is 1051.34. (B) LC/MS trace 

for CBS. The expected mass is 881.24. (C) LC/MS trace for D-CBS. The 

expected mass was 996.26 
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anhydrase was serially diluted in Odyssey® Blocking buffer PBS such that the highest 

concentration in the well would be 282 ng and the lowest concentration would be 0.1 ng. After 

blocking was complete, blocking buffer was removed from the resin and 50 µL of each protein 

concentration was added to the wells containing GL-CBS, CBS, and D-CBS resin in quadruplicate. 

Binding was allowed to take place overnight at 4 ˚C with agitation, protected from light. The 

following morning, the protein was removed, and the beads were washed once with 50 µL of PBS. 

The beads were resuspended in 50 µL of PBS and imaged on a LI-COR Odyssey® CLx imaging 

system. Wells containing FLAG resin beads incubated with 17 ng of carbonic anhydrase to ensure 

there was no nonspecific binding and fluorescence intensities of these wells was quantitated. 

ImageStudio software from LI-COR was used to quantify fluorescence intensities 

produced by the labeled carbonic anhydrase protein binding the GL-CBS, CBS, and D-CBS-

conjugated resin. The fluorescence intensity of an empty well was set to 0.0 to normalize the 

intensities of the other wells. This experiment was repeated twice, with each protein concentration 

being added in quadruplicate, then the fluorescence intensities for each concentration of dyed 

carbonic anhydrase were pooled. Fluorescence Intensities that were above or below one standard 

deviation of the mean were removed. Occasionally, a bead was lost during the washing process. 

Wells in which a bead was missing were not included.  

2.4.3 Screening of Gankyrin Against an OBOC Library 

2.4.3.1 Covalent OBOC Library Synthesis 

100 mg of linker resin synthesized as described above was swollen in DMF for 30 minutes 

followed by DCM for 30 minutes. The terminal fmoc was removed as described above. The resin 

was washed once with anhydrous DMF then a 2 M stock of BAA and a 1 M stock of DIC in 

anhydrous DMF was prepared. Equal amounts of the solutions were mixed until a precipitate 

formed and this was added to the resin. The resin activated for 15 minutes at 37 ˚C with agitation. 

During this time, 0.5 M stocks of the seven amines listed in Figure 2.11 at position 1 were prepared 

by diluting the amines in anhydrous DMF. The activating solution was drained from the resin and 

the resin was rinsed with anhydrous DMF then split roughly equally between seven syringes. One 

of the diluted amines was added to each syringe and coupled for 1 hour at 37 ˚C with agitation. 

The amine solutions were then drained, and the resin was rinsed three times with anhydrous DMF. 
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A chloranil test was performed for each syringe to ensure successful coupling of each amine. The 

resin was then pooled back into one syringe and activated using the premixed 2 M BAA and 1 M 

DIC solution as described above. Resin was then roughly equally separated into seven syringes 

and 0.5 M stocks of the amines listed for position 2 in Figure 2.11 were added. Amines coupled 

for 1 hour at 37 ˚C with agitation. The solutions were then drained, and the resin was washed 3 

times with anhydrous DMF. A chloranil test was performed for each syringe, then the resin was 

pooled back together. The resin was activated with the 2 M BAA and 1 M DIC solutions as 

described above. After activation, however, the resin was not split into separate syringes, as the 

same amine was going to be coupled for all the structures in the 3rd position. 4 -(2-

aminoethyl)benzensulfonyl fluoride hydrochloride was weighed such that dissolving in 500 µL of 

anhydrous DMF would produce a 0.5 M stock. After dissolving the amine, DIPEA was added to 

a final concentration of 0.5 M to quench the hydrochloride. This was then added to the resin and 

allowed to couple for 1 hour at 37 ˚C with agitation. The amine was then removed, resin was 

washed three times with anhydrous DMF and a chloranil test was performed. The resin was then 

activated with the 2 M BAA and 1 M DIC as described above. The resin was then roughly equally 

split between 7 syringes and 0.5 M stocks of amines listed at position four in Figure 2.11 were 

added to one of the syringes. This incubated for 1 hour at 37 ˚C with agitation. The solution was 

drained, the resin was washed three times with anhydrous DMF, and a chloranil test was performed 

for each syringe. Resin was then combined into one syringe and the pbf protecting group on the 

arginine in the linker was removed by adding 1 mL of a 95% TFA, 2.5% TIPS, and 2.5% DCM 

solution. This agitated for 1 hour at room temperature. The solution was drained and the resin was 

washed 3 times with DMF followed by 3 times with DCM. The resin was stored at  4 ˚C until use.  

2.4.3.2 Purification and Labeling of Gankyrin with a NIR Fluorophore 

A His-tagged gankyrin plasmid resistant to ampicillin was purchased from AddGene. An 

8 mL starter culture was prepared by scrapping bacteria from the agar stab and inoculating it in 

LB broth with 0.1 mg/mL of ampicillin. The culture grew overnight at 37 °C. The following 

morning the plasmid DNA was extracted with a mini-prep kit following the manufacturer’s 

protocol. Rosetta (DE3) competent cells were transformed with the plasmid DNA following the 

manufacturer’s protocol. Competent bacteria were streaked on a LB agar plate supplemented with 

ampicillin and allowed to grow overnight at 37 °C. The next day, single bacterial colonies were 
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inoculated into 8 mL of LB broth supplemented with ampicillin and chloramphenicol and allowed 

to grow overnight at 37 °C. Glycerol stocks of the transformed bacteria were prepared by diluting 

100 µL of the bacteria stock in 100 µL of a sterile 50% glycerol solution. Glycerol stocks were 

stored at -80 °C.  

 To purify gankyrin, 20 µL of the glycerol stock was inoculated into 8 mL of LB broth 

supplemented with ampicillin and chloramphenicol and grew overnight at 37 °C with agitation. 1 

L of LB broth was sterilized by autoclaving and once the media had cooled, 100 mg of ampicillin 

was added to the broth. The entire 8 mL starter culture was then added to the broth and agitated at 

37 °C. Bacteria grew until and OD600 of 0.6-0.8 was reached. Isopropyl β-D-1-

thiogalactopyranoside (IPTG) was dissolved in PBS such that the final concentration in the 1 L 

flask would be 1 mM. Protein production was induced with IPTG for 2.5 hours at 37 °C. Then, 

bacteria were pelleted by centrifuging at 4,700 xg for 15 minutes. Media was poured off and 

bacteria were resuspended in 40 mL of lysis buffer (50 mM Tris-HCl (pH 8.0), 300 mM NaCl, 

0.1% triton-X 100, 1 mM EDTA supplemented with 0.25 mg/mL lysozyme and 1 mM 

phenylmethylsulfonyl fluoride (PMSF). Bacteria was transferred to a 50 mL falcon tube and 

ultrasonicated at 30% amplitude for 1 minute with 3 seconds on and 2 seconds off. Ultrasonication 

was carried out at 4 °C and the falcon tube was placed in ice. Lysate was clarified by pelleting at 

14,000 xg for 40 minutes at 4 °C in a prechilled centrifuge.  

Supernatant was collected in a new tube. Gankyrin was purified by allowing the lysate to 

incubate with 200 µL of HisPur™ NI-NTA resin for 40 minutes at room temperature with gentle 

agitation. Lysate was then drained and the resin was washed three times with 10 mL of PBS to 

remove protein that was bound nonspecifically. 10 mM, 50 mM, 150 mM, 350 mM, and 600 mM 

solutions of imidazole were prepared by dissolving imidazole in PBS. Two 1 mL imidazole 

fractions of each concentration were added to the resin and collected in 1.5 mL eppitubes starting 

with the 10 mM concentration. 42 µL from each fraction was mixed with 8 µL of 4X Laemmli 

buffer and samples were heated for 5 minutes at 95 °C. Samples were run on SDS-PAGE and the 

gel was stained with Coomassie (Figure 2.23A). Fractions containing only pure gankyrin (protein 
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near 24 kDa) were compiled and added to a dialysis bag. The pure protein dialyzed in PBS 

overnight at 4 °C. A western blot was 

conducted using an anti-HIS antibody (Novus 

Biologicals) the first time the protein was 

purified (Figure 2.23B). The following day, 

the pure protein was collected and protein 

concentration was determined by measuring 

absorbance at 280 nm with a Nanodrop one 

system. Protein was then concentrated to 1 

mg/mL by placing the protein solution in a 

5,000 MWCO amicon protein concentrator and centrifuging at 4,000 xg at 4 °C. 

 1 mg of gankyrin was labeled with the NIR fluorophore using an IRDye® 800CW NHS 

Ester Kit purchased from LI-COR following the manufacturer’s protocol. Briefly, the pH of the 

protein solution was raised to 8.5 by adding 1 M potassium phosphate buffer, pH 9.0. This ensured 

the NHS ester moiety on the dye only bound the N-terminus of the protein. Next, a vial of 800CW 

dye was dissolved in 25 µL of ultrapure water. The correct amount of dye was calculated using the 

manufacturer’s protocol and was added to the gankyrin solution. The dye incubated with the 

gankyrin for 2 hours at 4 °C. Excess dye was removed by passing the solution through a desalting 

column. The absorbance at 780 and 280 nm of the solution was measured with a NanoDrop One 

system and used to calculate the dye to protein ratio using the manufacturer’s protocol. The dye to 

protein ratio was determined to be 0.7. The protein was aliquoted and stored at -20 °C. Protein was 

thawed and used immediately before use. 

2.4.3.3 Screen of Gankyrin Against the OBOC Library 

 Beads of the OBOC were stored at 4 ̊ C until use. Prior to screening beads were conditioned 

in PBS. Beads were first swollen in DMF for 20 minutes. The solution was drained at replaced 

with a 75% DMF, 25% PBS solution for 30 minutes. This was drained and replaced with a 50% 

DMF 50% PBS solution and agitated for 30 minutes. Beads were check after an increase in the 

percentage of PBS to ensure there was no clumping. If the beads did clump, the amount of PBS 

was reduced, and beads were agitated until clumps no longer formed prior to increasing the amount 

of PBS. The solution was drained and replaced with a 25% DMF, 75% PBS solution that agitated 
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Figure 2.23 Purification of His-Tagged Gankyrin for 

Screening. (A) Coomassie stain of fractions eluted from the 

resin with an imidazole gradient. (B) Fractions containing 

pure gankyrin were combine and dialyzed in PBS. Protein 

was then concentrated, and a western blot was performed 

with an anti-His antibody. 
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for 30 minutes. Finally, beads were swollen in 100% PBS for 30 minutes. Beads were stored dry 

at 4 ˚C after the initial transfer to PBS. Beads were allowed to swell in 100% PBS for 20 minutes 

after each removal from the refrigerator to ensure they would not collapse during screening. 

 Beads were individually split into the wells of a black 96-well plate with a clear bottom by 

adding 1 mL of PBS to the syringe with the library and cutting the tip off of a 200 µL micropipette 

tip and looking at the well plate under a microscope. 50 µL of PBS was added to each well of the 

plate. About 20 µL of the library in PBS was pipetted with the cut micropipette tip and added to 

one well of the plate. Then, about 4 µL of beads from the first well were transferred to the second 

well. Individual beads in the second well were then transferred to the wells of the plate. PBS was 

then removed from the wells by careful pipetting. 50 µL of blocking buffer purchased from 

ThermoFisher (see general methods for full name) was added to each well. Beads blocked for 30 

minutes at room temperature with gentle agitation. The blocking buffer was then removed by 

pipetting. 

 An aliquot of NIR-labeled gankyrin was removed from the freezer immediately before use 

and diluted in Intercept Blocking buffer (PBS) from LI-COR. 50 µL of the protein diluted in 

blocking buffer was added to each well. The final amount of labeled gankyrin per well was 0.6 ng. 

The plate was covered with a lid and wrapped in tin foil. The beads incubated with the labeled 

protein overnight at 4 ̊ C with gentle agitation. The following day the protein solution was removed 

and wells were washed with 50 µL of PBS. Beads were then resuspended in 50 µL of PBS and 

imaged on an Odyssey CLx imaging system from LI-COR. Importantly, the resolution of the scan 

was set to 84 µm to accommodate visualizing the 90 µm beads. Fluorescence intensities of 

individual beads that resulted from the labeled protein binding the small molecule were quantified 

using ImageStudio software from LI-COR. Fluorescence intensities were normalized to the 

intensity of a well containing no bead to accommodate for background fluorescence. Two screens 

of 424 beads were performed. The top 5% fluorescence intensities from each screen were 

considered initial hits. Hits were then identified as follows. 

2.4.3.4 Identification of Hits from the Gankyrin Screen 

After selecting the top 5% of fluorescence intensities as hits, beads in the corresponding 

wells were removed from the screening plate and placed into a chemical resistant plate by pipetting. 

Since the binding between the protein and small molecule is covalent, the protein was first removed 
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by agitating beads in increasingly organic solvent to unfold the protein and promote disassociation 

with bead. First, beads were washed three times with 50 µL of ultrapure water. Beads were agitated 

for 10 minutes during each wash. Next, beads were washed three times for 10 minutes in a solution 

of 50/50 ultrapure water and DMF. Next, beads were washed three times for 10 minutes with DMF. 

Beads were then washed three times for 10 minutes with DCM. Finally, the beads were agitated 

overnight with 50 µL of DCM at room temperature. The plate was tightly wrapped with tin foil to 

prevent evaporation. The next day, the DCM was removed. The small molecule on the bead was 

cleaved with a 50 mg/mL solution of cyanogen bromide dissolved in a 5:4:1 ACN: Glacial Acetic 

Acid (GAA):Water. 50 µL of this cocktail was added to each well. The plate was wrapped in tin 

foil to prevent evaporation and agitated overnight in a chemical hood. The following morning, the  

plate was speed vacced to dry the cleaved product. The product was re-dissolved in 7 µL of a 50/50 

ACN/Ultrapure water solution with 0.1% TFA. 1.3 µL of this was spotted with 0.7 µL of MALDI 

matrix solution. Hits were subjected to MALDI-TOF analysis. The unique isotope provided by the 

bromine in the linker structure facilitated identification of amines from the hit structures from other 

fragments associated with left over protein or other sample contaminates. Several hit structures 

were identified from each independent screen. The structures between the two screens were 

combine and peptoids that exhibited similarity in the amines at various positions were further 

pursued for validation. This produced 10 structures between the two screens that were further 

validated for binding to gankyrin with an in-gel fluorescence assay. Sample structures from both 

screens and the resulting overlapping structures from combining both screens can be seen in  

Appendix A. 

2.4.3.5 Validation of Hits Using an In-Gel Fluorescence Assay 

2.4.3.5.1 Synthesis of Ligands for the Validation Experiments 

50 mg of resin containing the linker shown in Figure 2.13A was swollen in DMF for 30 

minutes followed by DCM for 30 minutes. The fmoc was removed from the mini-peg by adding 1 

mL of 20% piperdine in DMF to the syringe and agitating it for 20 minutes. A Kaiser test was 

performed to ensure successful deprotection. The resin was washed with anhydrous DMF. Next, a 

2 M BAA and 1 M DIC solution was prepared and equal volumes were mixed until a white 

precipitate formed and the solution was added to the resin. This incubated for 15 minutes at 37 ̊ C. 
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500 µL of a 0.5 M solution of the first amine of each structure was prepared by diluting it in 

anhydrous DMF. The activating solution was removed and the resin was rinsed once with 

anhydrous DMF and the amine solution was added to the syringe. The amine coupled for 1 hour 

at 37 ˚C. The resin was then washed with anhydrous DMF and a chloranil test was performed to 

ensure successful coupling. This procedure was repeated for all four positions. For the 4-(2-

aminoethyl)benzensulfonyl fluoride hydrochloride, 1.5 equivalence of the solid was weighed and 

dissolved in 250 µL of anhydrous DMF. DIPEA was added to a final concentration of 0.5 M. This 

was added then added to the syringe and coupled for 1 hour at 37 ˚C.  

 After all the amines were coupled, the MMT protecting group was removed from the 

cysteine on the linker to conjugate fluorescein. 1 mL of a 2% TFA solution in DCM was added to 

the syringe and agitated or 5 minutes. The solution was drained and replaced until it no longer 

turned yellow. Then, the pH of the resin was neutralized by washing with a 10% DIPEA solution 

in DCM three times for 5 minutes. 1.5 equivalence of N-(5-Fluoresceinyl)-maleinimide was 

weighed and dissolved in 250 µL of DMF. This was then added to the syringe and coupled for 1 

hour. The solution was drained and the resin was washed 3 times with DMF followed by 3 washes 

with DCM. The resin was stored at 4 ̊ C until purification. The peptoid was cleaved from the resin 

by adding a 95% TFA, 2.5% TIPS, 2.5% DCM solution to the resin and agitating it for 2 hours at 

room temperature. The cleaved produce was collected in a clean 15 mL Falcon tube and the resin 

was rinse twice with 1 mL of DCM. The TFA was blown off with argon. The cleaved product was 

resuspended in 200 µL of a 50/50 ACN/ultrapure water solution with 0.1% TFA. The product was 

then purified by RP-HPLC and the purity was checked by LC/MS as shown in Appendix B. After 

purification, HPLC fractions containing the pure product were combine and rotovapped to remove 

residual ACN. The product was then frozen and lyophilized. The resulting powder was stored at -

20 ˚C protected from light until use. 

2.4.3.5.2 In-Gel Fluorescence Validation of Ligands 

Gankyrin was purified as described above. Immediately prior to the start of the experiment, 

fluorescently labeled negative control or the test ligand were removed from the freezer and a small 

amount of powder was scrapped from the vial and placed in a 0.6 mL tube. Ligands were dissolved 

in 6 µL of DMSO then diluted 1:100 in PBS. The concentration of the ligands were determined by 

measuring absorption at 494 nm and Beer’s Law. Stocks of each ligand were prepared such that 
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the final concentrations in the samples would be 20, 8, 1, or 0.1 µM by diluting the ligands in 

DMSO. Purified gankyrin was concentrated to a 10.2 ng/µL stock. 49 µL of the protein was added 

to 0.6 mL eppitubes. Next, 1 µL of the negative control or test ligands at each concentration were 

added to one sample of protein. As a control, one sample was also dosed with 1 µL of DMSO. The 

final protein amount was 500 ng per sample. Samples were vortexed to mix then incubated at 4 ̊ C 

for three hours with gentle rotation, protected from light. During incubation, 12.5% resolving SDS-

PAGE gels were prepared with a 4.5% stacking gel. The reaction between the ligands and the 

protein was quenched by adding 20 µL of 4X Laemmli buffer and heating at 95 ˚C for about five 

minutes. Samples were then run on SDS-PAGE in chambers protected from light. The gel was run 

at 120 V for about 1.5 hours to prevent streaking of the excess ligand in the gel. Gels were run 

until all Laemmli dye was run off the bottom. The gels were then washed three times with ultrapure 

water.  

Gels were imaged on an 

Azure Sapphire Biomolecular 

Imager (Figure 2.24A). The 

intensity of the fluorescing bands 

resulting from the labeled ligands 

binding the purified gankyrin were 

quantified using ImageStudio 

software from LI-COR. The 

intensities of the negative control 

band and test ligands were 

compared. Quantification of the 

fluorescence intensities of the bands 

produced by TMM-1 and TMM-6 

shown in Figure 2.13 are provided 

as well (Figure 2.24B). 

Figure 2.24 In-Gel Fluorescence Validation of Ligands. (A) Examples 

of gels obtained during the in-gel fluorescence validation experiment. 

The fluorescence intensities of the bands shown in the gels on the left 

were quantified to produce the graphs on right. (B) Quantification of the 

gels provided in Figure 2.13. Since TMM-6 appeared to produce higher 

fluorescence intensities at some of the concentrations compared to the 

negative control, this was repeated in experimental triplicate. 
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2.4.3.6 Pulldown of Gankyrin in Spiked Cell Lysate Samples with TMM-6 

To determine if TMM-6 could recognize and bind gankyrin in more complex protein 

mixtures and evaluate the specificity of TMM-6, we conducted a binding experiment in which 

fluorescently labeled ligand incubated with HEK 293T cell lysate spiked with purified gankyrin. 

Fluorescently labeled TMM-6 and the negative control were synthesized as described above and 

purified by RP-HPLC. After checking purity by LC/MS, the lyophilized product was stored at -20 

˚C until use. Gankyrin was purified as described above the day before the experiment. HEK 293T 

cells were maintained in DMEM supplemented with 10% FBS at 37 ˚C with 5% CO2.  

 The day of the experiment, HEK 293T cells were pelleted at 1,000 x g for 5 minutes. Cells 

were washed once with 500 µL of PBS. Cells were then lysed with 300 µL of MPER following 

the manufacturer’s instructions. Briefly, cells gently rotated with MPER for 10 minutes at room 

temperature. Lysate was clarified by centrifuging at 14,500 xg for 15 minutes at 4 ̊ C in a prechilled 

centrifuge. Supernatant was transferred to a new 1.5 mL eppitube and the protein concentration 

was determined by measuring absorbance at 280 nm with a NanoDrop One system. Purified 

gankyrin was concentrated such that the final concentration in each sample would be 500 ng. 

Lysate was diluted in PBS and 46.3 µL of lysate was added to 0.6 mL tubes. The final lysate 

amount in each sample was 50,000 ng. Next, 2.7 µL of gankyrin was added to each tube, making 

the final amount of gankyrin in each sample 500 ng, or 1% of the total protein concentration. 

Fluorescently labeled TMM-6 and negative control was scrapped from the vial and dissolved 6 µL 

of DMSO. This was diluted 1:100 in PBS and the concentration of the stock was determined by 

measuring absorbance at 494 nm and using Beer’s Law. 

400 µM stocks of each ligand were prepared by further dilution in DMSO. 1 µL of either 

TMM-6 or the negative control was added to the tubes containing HEK 293T cell lysate spiked 

with gankyrin. The samples incubated for 3 hours at 4 ̊ C protected from light with gentle rotation. 

After incubation, the reaction was quenched by adding 20 µL of 4X Laemmli buffer and heating 

samples at 95 ̊ C for 5 minutes. 50 µL of each sample was subjected to SDS-PAGE using a freshly 

made gel as described above. The gel was run at 120 V for about 90 minutes, until the loading 

buffer ran off the bottom. The gel was then washed 3 times with ultrapure water and imaged on a 

Sapphire Biomolecular Imager from Azure. Two bands produced the highest fluorescence 

intensities after incubating with TMM-6. These were excised from the gel by cutting with a clean 
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razor blade and placed in clean 1.5 mL eppitubes. The gel was then rescanned to ensure the entire 

band had been successfully cut from the gel.  

The gel fragments were submitted to the Purdue Proteomics Facility and the most abundant 

protein in each band was determined to be gankyrin. Since purified gankyrin was added to the 

samples, it is unclear why it produced two bands differing in molecular weights in the spiked HEK 

293T lysate samples. It is possible that one band represents gankyrin that has been modified by 

other enzymes in the lysate, resulting in a different molecular weight. Notably, there were other 

fluorescent bands in the TMM-6 sample, indicating that this ligand may bind other proteins. 

However, none of the bands fluoresced to the same extent as the bands identified as gankyrin, 

indicating that this interaction is the most prominent in the lysate. Binding of the negative control 

to protein in the spiked lysate produced only a few bands, indicating that is does not bind many 

proteins to a significant extent. 

2.4.4 Establishing Conditions for Screening Antibodies 

2.4.4.1 Conjugating the FLAG Peptide to Resin 

After confirmation by LC/MS that the linker sequence was successfully synthesized on the 

resin, the last Fmoc deprotection was carried out with 2 mL of 20% piperdine in DMF for 20 

minutes at room temperature with agitation. The FLAG peptide was then synthesized continuing 

off the linker following the exact same peptide coupling procedure described above. Briefly, 5 eq. 

of Fmoc-Lys(Boc)-OH, 4.5 eq. of HBTU, 4.5 eq. of HOBt, and 10 eq. of DIPEA was dissolved in 

600 μL DMF and added to the resin. The coupling was allowed to proceed for 30 minutes at 37  °C 

with agitation. The amino acid solution was drained, and the resin was washed three times with 1  

mL of DMF and three times with 1 mL of DCM. A Kaiser test was performed to ensure successful 

coupling of the amino acid. The fmoc was removed with 2 mL of 20% piperdine in DMF for 20 

minutes at room temperature with agitation. Piperdine was drained, resin was washed, and a Kaiser 

test was performed to ensure successful deprotection. This process was repeated for each amino 

acid residue in the FLAG sequence. 
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After the final Fmoc deprotection, protecting groups were removed by adding 1 mL of a 

95% TFA, 5% DCM, and 5% TIPS solution to the resin and allowing it to incubate for 1 hour at 

room temperature with agitation. The solution was drained, and the resin was washed three times 

with 1 mL DCM. A small clump of resin was removed and placed in a 1.5 mL eppitube. The 

peptide was cleaved by 

adding 70 μL of a 50 mg/mL 

solution of cyanogen bromide 

dissolved in 5:4:1 ACN: 

GAA: water and allowing the 

resin to incubate overnight at 

room temperature with 

agitation. The following morning, the cyanogen bromide solution was evaporated using a 

SpeedVac and the cleaved peptide was dissolved in 60 μL of 50:50 ACN: water solution with 0.1% 

FA. 25 μL of the dissolved peptide was injected onto an Agilent single quadrupole LC/MS system 

(Figure 2.25). 

2.4.4.2 Conjugating the Scrambled FLAG Peptide to Resin 

To evaluate whether the interaction between the FLAG antibody and resin loaded with the 

FLAG peptide was specific, the sequence of the FLAG peptide was scrambled and synthesized on 

resin containing the linker. Priority was given to separating the aspartic acid residues. The 

scrambled FLAG peptide was synthesized following the same protocol as described above. Briefly, 

25 mg of resin containing the linker was deprotected with 2 mL of 20% piperdine in DMF for 20 

minutes at room temperature with agitation. The piperdine was then drained and the resin was 

washed three times with 1 mL of DMF followed by three washes with 1 mL of DCM. A Kaiser 

test was performed to ensure the fmoc deprotection was complete. The scrambled FLAG peptide 

sequence was synthesized directly off the linker by dissolving 4.5 eq. of HBTU, 4.5 eq. of HOBt, 

10 eq. of DIPEA, and 5 eq. of Fmoc-Asp(OtBu)-OH (5 eq.) in 600 µL of DMF. The solution was 

added to the resin and the residue was allowed to couple for 30 minutes at 37 °C with agitation. 

The solution was drained, and the resin was washed three times with 1 mL of DMF and three times 

with 1 mL of DCM. A Kaiser test was performed to ensure the coupling was complete. Next, fmoc 

was removed from the newly coupled residue by adding 2 mL of 20% piperdine in DMF to the 

Figure 2.25 LC/MS Trace of the Linker and FLAG Peptide. The structure of the 

FLAG peptide and linker can be seen in Figure 2.12. The expected mass is 

1692.63 g/mol. The (M+3H)/3 mass is seen at 565 m/z. 
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resin. The resin was deprotected for 20 minutes at room temperature with agitation. The piperdine 

was drained and the resin was washed three times with 1 mL of DMF followed by three washed 

with 1 mL of DCM. This process was repeated for each amino acid residue in the scrambled FLAG 

sequence. 

After the final Fmoc deprotection, protecting groups were removed from the peptide by the 

addition of 1 mL of a solution of 95% TFA, 5% DCM, and 5% TIPS to the resin. The resin 

incubated with the solution for 1 hour at room temperature with agitation. The TFA solution was 

drained, and the resin was washed three times with 2 mL of DCM. Next, a small clump of resin 

was placed in a 1.5 mL 

eppitube and the scrambled 

FLAG peptide was cleaved 

from the resin by the addition 

of 70 µL of a 50 mg/mL 

solution of cyanogen bromide 

dissolved in 5:4:1 ACN: 

GAA: water. The peptide cleavage went overnight at room temperature with agitation. The 

following morning, the cyanogen bromide solution was evaporated with a SpeedVac. The cleaved 

peptide was dissolved in 60 µL of a 50:50 ACN: water solution with 0.1% FA. 25 µL of this 

solution was then injected into an Agilent single quadrupole LC/MS system to confirm the identity 

of the peptide (Figure 2.26). 

2.4.4.3 Detecting a FLAG Antibody Binding the FLAG Peptide On-Bead 

FLAG antibody purchased from Novus Biologicals (Cat. NBP2-37823) was used with 

FLAG resin and scrambled FLAG resin. Prior to the experiment, resin with the FLAG or scrambled 

FLAG peptide was swollen in PBS by adding 250 µL of PBS to 750 µL of DMF. This solution 

was added to the resin and allowed to shake for 20 minutes at room temperature. The resin was 

then checked to ensure no clumps had formed, and the solution was drained. The amount of PBS 

added to the DMF was gradually increased until the resin was agitated in 1 mL of PBS. On the day 

of the experiment, FLAG resin and scrambled FLAG resin were split into the wells of a black 96-

well plate with a clear bottom such that there was one bead per well. The resin was then blocked 

with 50 µL of StartingBlockTM (PBS) Blocking Buffer for 30 minutes at room temperature with 

Figure 2.26 LC/MS Trace of the Linker and Scrambled FLAG Peptide. The 

structure of the scrambled FLAG peptide and linker can be seen in Figure 2.12. 

The expected mass is 1692.63 g/mol. The (M+2H)/2 mass is seen at 848. The 

(M+3H)/3 mass is seen at 565 m/z. 
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agitation. During this time, anti-FLAG antibody was thawed and diluted to 0.25 ng/µL in 

Odyssey® Blocking Buffer (PBS). The antibody was then serially diluted in the blocking buffer 

such that the lowest stock solution was 0.002 ng/µL. After blocking, 50 µL of each antibody 

concentration was added to wells containing FLAG and scrambled FLAG beads in quadruplicate. 

As a control, both the primary and secondary antibody were allowed to incubate with the FLAG 

resin to ensure there was no intrinsic fluorescence or nonspecific binding. The controls were 

prepared the same way as described above. The fluorescence intensity for each control was 

quantitated and graphed. The highest primary antibody concentration in the well was 12.5 ng and 

the lowest concentration was 0.1 ng. The beads were allowed to bind the antibody overnight at 4 

˚C with agitation. 

The following morning, the primary antibody was removed, and the resin was washed once 

with 50 µL of PBS. A secondary mouse antibody conjugated with IRDye 800CW, a fluorophore 

that fluoresces at 795 nm, was used to bind the FLAG antibody and image the resin (LI-COR, Cat. 

925-32210). The secondary antibody was diluted 1:10,000 in in Odyssey® Blocking Buffer (PBS). 

50 µL of the diluted secondary antibody was added to every well containing resin. The final 

secondary antibody amount in the wells was 50 ng. The secondary antibody was allowed to 

incubate with the resin for 40 minutes at room temperature with agitation, protected from light. 

The secondary antibody was then removed, and the resin was washed once with 50 µL of PBS. 

The resin was resuspended in 50 µL of fresh PBS and imaged on a LI-COR Odyssey® CLx 

imaging system. ImageStudio software from LI-COR was used to quantify the fluorescence 

intensity produced by the secondary antibody. Fluorescence intensity was normalized to an empty 

well such that the fluorescence intensity of the empty well was 0.0. The experiment was repeated 

twice, once in triplicate and once in quadruplicate, and the fluorescence intensities for each 

antibody concentration were pooled. The highest and lowest fluorescence intensities were removed 

from each antibody concentration and the remaining data was graphed. Occasionally, a resin bead 

was lost from a well during the washing process. Wells were beads were missing were not 

quantitated. 
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 EVALUATING PROTEASOME STIMULATORS BY 

MONITORING YEAST LIFESPAN 

3.1 Introduction 

Aging and its related pathologies pose a significant global health and economic burden, as 

humans are living longer. Currently, there are no specific medical interventions to slow or reverse 

the signs of aging, making the discovery of new therapeutics critical to improving the quality of 

life of an aging population. Aging is driven by several changes in cellular processes.1 This includes 

decline in the autophagy pathway and protein clearance by the proteasome.2,3 This is further 

exacerbated by dysregulation of the transcriptome and proteome, which leads to accumulation of 

unwanted proteins in the cell.4 Protein accumulation in regions of the brain and spinal cord can 

lead to the onset of neurodegenerative diseases.5,6 The link between decline of protein clearance 

pathways and aging has warranted investigation of the proteasome as a therapeutic target for aging. 

Recent studies have demonstrated that the naked mole rat, one of the longest-lived mammals, 

exhibits increased proteasome activity compared to other rodents of similar size.7 Although the 

rodents studied showed similar amounts of protein damage, naked mole rats had lower amounts of 

ubiquitinated proteins in various tissues than other rodents. This suggests that increased 

proteasome activity facilitates better clearance of proteins, including those that are damaged, and 

results in a longer lifespan. Conversely, studies with transgenic mice knocked down for 

proteasome subunit expression exhibited earlier onset of aging and shorter lifespans than normal 

mice.8 This phenomenon also extends to humans. Decline in proteasome activity has been 

observed in several aged human tissues including the brain,9 heart,10 and fibroblasts.11 Interestingly, 

fibroblasts harvested from centenarians demonstrated increased proteasome activity compared to 

other aged individuals.12 Not only was proteasome activity higher in centenarian tissues, but was 

also similar to that of fibroblasts taken from younger humans.  

Currently, there are few tools that can be used to monitor proteasome activity and aging 

together, slowing efforts to evaluate the proteasome as a therapeutic target. Yeast have emerged 

as an important tool to study aging.13 The lifespan of the budding yeast, Saccharomyces cerevisiae, 

can be monitored in several ways. One of which is through monitoring replicative lifespan (RLS), 

where the ability of a single yeast cell to produce daughter cells is observed over time.4,14 As yeast 

age, they begin to produce fewer offspring cells. The ability of yeast to continue to produce 
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daughters in response to treatment with different compounds is sometimes used to evaluate the 

impact of small molecules on aging. The 

chronological lifespan (CLS) of yeast can also be 

measured.15 CLS is monitored by determining how 

many days nondividing yeast survive in response to a 

treatment (Figure 3.1).  

While both methods are frequently used to study 

changes in yeast lifespan, they come with several 

drawbacks. Monitoring RLS requires careful 

technical work in which single daughter cells are 

removed from single mother cells and counted over 

many days until the mother cell no longer produces 

offspring.16,17 This is very labor intensive and requires 

extreme attention to detail. CLS assays generally 

involve allowing yeast to reach a nondividing state 

known as senescence. Outgrowth on agar plates can then be monitored over several weeks. 

However, this is not amenable to high throughput applications in which longevity is measured in 

response to dosage with several small molecules. 

 Both RLS and CLS have been used to study yeast lifespan in response to changes in 

proteasome activity.18,19 Since gene expression of yeast can be readily altered using genetic 

techniques, they are an ideal organism for manipulating proteasome expression and activity. 

Recently, it was demonstrated that knocking down expression of proteasome subunits in yeast 

resulted in shortened RLS.19 Conversely, increased expression of proteasome subunits extended 

the RLS of the yeast. Increased expression correlated with higher activity of the proteasome, 

suggesting that its activity directly relates to yeast longevity. Several strains of yeast that are 

knocked down for proteasome subunit expression are commercially available. Among them is the 

rpn4Δ BY4741 strain. This strain of S. cerevisiae is knocked down for the RPN4 transcription 

factor, which controls expression of proteasome subunits.19,20 Reduced expression of these genes 

results in fewer proteasomes, which leads to reduced proteasome activity compared to the wildtype 

(WT) BY4741 strain.  

Figure 3.1 Monitoring the Lifespan of Yeast. Yeast 

lifespan can be evaluated by monitoring the 

replicative lifespan (RLS) or chronological 

lifespan (CLS). RLS is studied by counting the 

number of daughter cells a single mother is able to 

produce. As the mother cell ages, it is no longer 

able to produce offspring. CLS is studied by 

allowing yeast to reach a stationary growth phase 

and monitoring the number of days the culture can 

survive in media or sterile water. 
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 Thus far, research to elucidate the implications of proteasome activity on yeast lifespan 

have been limited to genetic manipulation of proteasome 

expression. However, full characterization of the proteasome as 

a therapeutic target for aging will rely on the ability to alter the 

lifespan of an organism in response to dosage with a small 

molecule proteasome stimulator. The impacts of small 

molecules that promote autophagy on the CLS of yeast have 

recently been studied. In fact, the flavonoid 4,4’-

dimethoxychalcone (DMC) has been discovered as an 

autophagy promoting small molecule and was shown to increase 

the CLS of yeast (Figure 3.2).21 This suggests that manipulation 

of protein clearance pathways could prevent or delay the onset 

of aging.  

Several small molecule stimulators of the proteasome have been identified by our research 

group and others. Among them are betulinic acid (BA) and ursolic acid (UA) (Figure 3.2).22,23  

We sought to determine if the CLS of both WT and rpn4Δ yeast could be extended in response to 

dosage with BA, UA, and another related compound, oleanolic acid (OA) (Figure 3.2). This not 

only required confirmation of proteasome stimulation with a suite of biochemical assays, but also 

optimization of a CLS assay in which data could be obtained in the short period of one week, 

compared to over a month with traditional methods. 

3.2 Results and Discussion 

3.2.1 Identification of Proteasome Stimulators Through an Activity-Based Assay 

We first sought to confirm that UA, BA, and OA stimulated the proteasome. Unfortunately, 

purified yeast proteasome is not commercially available. As a result, we utilized a biochemical 

assay in which purified human 20S was dosed with each compound and a reporter probe. The 

human and yeast proteasome share remarkable structural similarity, indicating that the effects of 

the stimulators may be similar between the two forms.24 Purified human 20S was dosed with 10 

µM of BA, UA, or OA. To ensure that DMC, the compound that would be used as a positive 

Figure 3.2 Structures of BA, UA, and 

OA. BA and UA have previously been 

demonstrated to enhance the activity 

of the proteasome. We sought to 

determine if both of these small 

molecules, and another one of similar 

structure, OA, could extend the CLS of 

yeast with reduced proteasome 

capacity. 
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control, did not stimulate the proteasome 

samples were also dosed with 10 µM of this 

compound.  As a negative control, samples 

were dosed with 25 µM of bortezomib (BTZ), 

a known proteasome inhibitor.25 Stimulation 

was monitored with a reporter probe that has 

recently been developed by our lab, TAS-1 

(Figure 3.3).26 This is hybrid probe contains a 

rhodamine fluorophore housed between a peptide and peptoid region. The peptide region is 

recognized and cleaved by the proteasome. This releases the rhodamine/peptoid to produce a 

fluorescent signal. The peptoid region makes the probe more water soluble and cell permeable. 

We selected this probe to monitor stimulation over other 

commercially available probes because it is larger, 

making it a more challenging substrate for the 

proteasome and less easily cleaved.26,27 Therefore, TAS-

1 is more sensitive to detecting stimulation than other 

probes that are cleaved quickly by the proteasome. 

Purified proteasome was dosed with each 

compound and 10 µM of TAS-1. Fluorescence was 

measured over the course of one hour. The slopes of the 

resulting lines were calculated and normalized to 

proteasome samples dosed with dimethyl sulfoxide 

(DMSO). The resulting data was graphed as a bar graph, 

revealing that all the compounds tested significantly 

increased proteasome activity (Figure 3.4). The extent 

of stimulation was similar among all the compounds 

tested. As expected, dosage with BTZ resulted in a 

significant reduction in proteasome activity. Importantly, 

DMC did not alter proteasome activity. This was expected, as DMC is known to promote 

autophagy and should not impact proteasome activity.21 Since DMC did not alter proteasome 

activity, we concluded this could be used as a positive control for CLS experiments. 

Figure 3.3 Structure of the TAS-1 Reporter Probe. TAS-1 

is a peptide/peptoid hybrid probe. The peptide region (red) 

is recognized and cleaved by the proteasome. This releases 

the rhodamine (green) which produces a quantifiable 

fluorescent signal. The peptoid region (blue) facilitates cell 

permeability and makes the probe more soluble. 
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Figure 3.4 UA and Its Derivatives Stimulate 

Human 20S Proteasomes. Purified human 20S 

was dosed with 10 µM of UA, BA, OA, or 

DMSO. As a control, samples were also dosed 

with 25 µM BTZ or DMSO. TAS-1 was added 

to a final concentration of 10 µM and 

fluorescence was monitored over an hour. 

Slopes from the resulting lines produced by 

cleavage of the probe by the proteasome were 

calculated. This was normalized to the DMSO 

control in which activity was set to 100% for 

these samples. The resulting data was graphed 

as a bar graph as shown above. UA, BA, and 

OA all significantly stimulated the proteasome. 
As expected, BTZ significantly inhibited 

proteasome activity. DMC did not alter 

proteasome activity. * p < 0.05, ** p < 0.01. 

*** p < 0.001 
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Next, we wanted to confirm that there was a difference in the activity of proteasomes in 

WT and rpn4Δ yeast lysate. Since the rpn4Δ strain is knocked down for the RPN4 transcription 

factor which controls expression of proteasome subunits, this strain should exhibit lower 

proteasome activity than its counterpart WT strain.20 To test this, lysate from both strains of yeast 

were dosed with a commercially available reporter probe, Suc-LLVY-amino-4-methylcoumarin 

(AMC). Since Suc-LLVY-AMC is well established in the literature and is readily cleaved by the 

proteasome, we hypothesized it would sensitive to the reduced proteasome activity in the rpn4Δ 

lysate. This probe houses the peptide sequence L-L-V-Y 

which is recognized and cleaved by the proteasome. 

Cleavage of the peptide release the AMC fluorophore 

which produces a quantifiable signal. Lysate from both 

strains were dosed with 20 µM of the reporter probe and 

fluorescence was monitored over one hour. The change in 

RFU per minute was calculated from the resulting lines. 

Slopes were normalized to the WT strain and graphed 

(Figure 3.5). Strikingly, we observed about a 40% 

reduction in proteasome activity of the rpn4Δ strain 

compared to the WT strain. This suggests that reduced 

expression of proteasome subunits correlates to reduced 

proteasome activity. Further, this validated that both 

strains could be used to monitor changes in lifespan 

extension in response to dosage with proteasome stimulators.  

With these results, we next turned our attention to determining if dosage with proteasome 

stimulators could extend the CLS of yeast. This would provide evidence that the proteasome could 

be a viable therapeutic target to delay the onset of aging. 

3.2.2 Optimization of a Chronological Lifespan Assay with Yeast with Reduced 

Proteasome Activity 

We began our studies of lifespan extension in response to dosage with proteasome 

stimulators by utilizing an isogenic strain of BY4741 yeast devoid of eight drug resistance-

associated genes (Δ8).28 This work was completed in collaboration with the Hazbun lab. We 
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Figure 3.5 Lysate from rpn4Δ Yeast Display 

Reduced Proteasome Activity Compared to 

WT Lysate. Lysate of both rpn4Δ and WT 

yeast were dosed with 20 µM of suc-LLY-

AMC, a reporter probe. Fluorescence was 

monitored over one hour and the slopes of the 

resulting lines were calculated. Data was 

normalized to the WT strain and graphed as 

shown above. The rpn4Δ lysate showed 

significantly reduced proteasome activity 
compared to the WT lysate. This was 

expected, as the rpn4Δ strain produces fewer 

proteasome subunits than the WT strain. 
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selected the Δ8 strain because yeast are equipped with transporters that can expel drugs. 

Additionally, the cell wall of yeast can make passage of small molecules into the cytosol difficult. 

We wanted to develop lifespan extension assays with a yeast strain in which a small molecule 

could readily enter and would not be rapidly exported. We sought to monitor the CLS of this strain, 

which refers to the ability of the yeast to survive after reaching a nondividing state.15 To do this, 

we dosed cultures of yeast with proteasome stimulators and incubated in media with aeration. 

Every seven days, samples of the Δ8 yeast were diluted in sterile water and spotted on agar plates. 

Outgrowth on the plates was monitored at each dilution to determine if any of the proteasome 

stimulators tested resulted in CLS extension. This was characterized by better outgrowth of the 

yeast at higher dilutions over time. We selected three proteasome stimulators previously identified 

by our lab, Vitamin E succinate (VE),23 UA,23 and MK886.29  Δ8 yeast were dosed with two 

concentrations of each compound, 200 µM or 20 µM.  

We found that the Δ8 strain had a relatively long lifespan and took almost 40 days to 

produce measurable results. However, results from dosage with different proteasome stimulators 

revealed that both MK886 and UA enhanced CLS compared 

to the DMSO control (Figure 3.6). This is evidenced by 

better outgrowth of 1:1,000 and 1:10,000 diluted samples 

compared to the same dilutions of the DMSO-dosed samples 

after 39 days of growth. Since UA extended lifespan to a 

similar extent as MK886 but could be dosed at 20 µM instead 

of 200 µM, we selected it for further study. 

Since results took about 40 days to obtain, we sought 

to alter the CLS assay conditions to make it more amendable 

to high-throughput applications. It has been well established 

that several factors of the growth media impact the lifespan 

of yeast, including amino acid composition, glucose 

concentration, and nitrogen concentration.31 We performed a 

series of CLS assays using three base medias that differed in 

amino acid composition (SD, SC, and CSM). Each media was 

supplemented with a combination of low, high, or normal 

concentration of glucose and nitrogen source. We initially conducted the Δ8 CLS experiment with 

Δ8 

Figure 3.6 VE and UA Extend Δ8 Yeast 

Lifespan. Δ8 yeast were dosed with the 

indicated proteasome stimulates at a 

final concentration of 200 µM or 20 

µM. Every seven days, samples were 

diluted in sterile water (right) and 

spotted on agar plates. Outgrowth was 

monitored over several weeks. Dosage 

of 200 µM MK886 or 20 µM UA 

extended CLS, as evidenced by the 

increased outgrowth of more dilute 
samples compared to the DMSO 

control after 39 days. 
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SD media supplemented with normal glucose and nitrogen concentrations. Therefore, we wanted 

to compare the other media conditions to the initial media to determine if lifespan could be 

shortened. The assay was further altered by scaling down from culture tubes to a deep well 96-

well plate. The deep wells facilitated proper agitation of the yeast while still maintaining aeration. 

Additionally, more compounds can be tested in a 96-well plate format than culture tubes, which 

are used in a traditional assay. Since we wanted to use both the WT and rpn4Δ yeast strain for 

experimentation with our small molecule proteasome stimulators, both strains were grown in one 

of the fifteen media conditions. Every day, a sample from each media was diluted in sterile water 

and spotted on agar plates. Outgrowth was monitored each day to determine the impacts of the 

altered media conditions on yeast CLS (Figure 3.7). 

 

 

Figure 3.7 Media Conditions Alter CLS of WT and rpn4Δ Yeast. Three base medias that differed in amino acid 

composition, SD, SC, and CSM were supplemented with a low, normal, or high amount of glucose or nitrogen 

source. Every combination was tested, resulting in 15 media conditions. Both strains of yeast were grown in 

each media in duplicate in a deep well 96-well plate. Everyday samples of yeast were diluted in sterile water 

and spotted on an agar plate. Outgrowth was monitored over eight days. Clear differences in CLS were observed 

in response to growing yeast in the different media conditions. One condition, CSM supplemented with a high 

glucose concentration and normal nitrogen concentration, reduced WT yeast lifespan to just six days 
(highlighted in red). Similarly, the rpn4Δ strain also exhibited a lifespan around 6 days. Shortening of lifespan 

from 39 days to just 6 would facilitate faster data acquisition. 
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We observed clear differences in the ability of both WT and rpn4Δ yeast to grow in the 

various media conditions. Some media conditions 

resulted in outgrowth that was similar to our original 

media, SD supplemented with normal glucose and 

nitrogen concentrations, such as SC with normal glucose 

and nitrogen concentrations. This was reflected by 

similar extents of outgrowth after six days. Since the 

CLS of yeast was not reduced in response to these 

medias, they were not selected for further investigation. 

Conversely, some medias resulted in CLS that was too 

short, such as SC supplemented with high glucose. Since 

the WT yeast died after only two days, we hypothesized 

that this media would not produce consistent results and 

lifespan could not be accurately studied. However, one 

media, CSM supplemented with high glucose and 

normal nitrogen concentration, shortened WT lifespan 

to just six days (highlighted in red). Similarly, rpn4Δ 

CLS was around six days. This was thirty-four days 

shorter than the lifespan observed in our initial media. 

This result was somewhat unsurprising, as high glucose 

concentration has been previously demonstrated to 

shorten CLS because of possible superoxide 

generation.30,32 We believed that reliable data involving lifespan extension after six days could be 

obtained and this media was used in further experiments.  

Yeast produce acetic acid which results in media acidification and subsequent death. We 

wanted to ensure that the shortened CLS observed from our optimized media was not the result of 

acidification. To test this, we performed a CLS assay with WT and rpn4Δ yeast that grew in CSM 

media or CSM media that was buffered with citric acid. Outgrowth of the yeast was compared to 

our original SD aging that was also buffered with citric acid. Every day, samples were diluted in 

Yeast Extract-Peptone-Dextrose (YPD) media, grew for sixteen hours, then the OD600 was 

measured. The resulting OD600 values were graphed to determine trends in CLS of both strains 
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Figure 3.8 Buffered Media Does Not Impact 

CLS of WT and rpn4Δ Yeast in CSM Media. To 

determine if acidification of the media was 

responsible for reduced CLS of the yeast, we 

grew the WT and rpn4Δ yeast in SD aging 

media which is buffered with citric acid, 

buffered, and unbuffered CSM media. The SD 

media was used in our initial CLS experiments 

with the Δ8 strain. Every day, samples of yeast 

were diluted in growth media and the OD600 was 

measured after 16 hours of growth. This data 
was graphed and revealed that the buffered 

CSM performed almost identically to the 

unbuffered media. This suggests that 

acidification of the media was not responsible 

for reduction in CLS. 
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(Figure 3.8). We found that both buffered and unbuffered CSM media performed almost exactly 

the same. The OD600 of the yeast for both strains decreased at a similar rate. When compared to 

the buffered SD aging media that was used in the study with the Δ8 strain, the CLS was, as expected, 

shortened, since the OD600 remained almost the same after eight days in the SD media. Considering 

that buffering did not appear to contribute the CLS of either yeast strain, we continued to use CSM 

media with high glucose concentration and normal nitrogen concentration that was not buffered 

(referred to as aging media from here on). 

3.2.3 Elucidating the Impacts of Proteasome Stimulators on Yeast Lifespan 

After establishing CLS assay conditions that expedited the data acquisition process, we 

next wanted to establish our controls for dosing yeast with proteasome stimulators. As a positive 

control, we used DMC, the small molecule discussed above that has been demonstrated to extend 

CLS by promoting autophagy.21 We 

selected BTZ as our negative control, as it 

is a well-established proteasome 

inhibitor.25,33,34 WT and rpn4Δ yeast were 

grown on agar plates for four days to allow 

them to enter a senescent state. Then, 

single colonies were inoculated in YPD 

broth and grew overnight at 30 ˚C. The 

following day, the OD600 was measured, 

yeast were pelleted, then resuspended in 

aging media and added to the wells of a 

deep well 96-well plate. Samples were 

dosed in triplicate with either DMSO, 200 

µM DMC, or 200 µM BTZ. The final 

concentration of DMSO in all the wells 

was 0.2%. Every day, samples of yeast 

were diluted in sterile water and spotted on agar plates. Outgrowth was compared each day to 

determine if these compounds influenced CLS of either strain (Figure 3.9). We expected to find 

that dosage with DMC would result in extension of CLS of the yeast and this would be reflected 

Figure 3.9 Establishing Controls for the CLS Assay. WT and 

rpn4Δ yeast reached a senescent state and were then diluted in 

aging media. Yeast were dosed with DMSO, or 200 µM DMC 

or BTZ. Everyday samples of yeast were diluted in sterile water 

and spotted on agar plates. Outgrowth in response to dosage with 

one of the small molecules was monitored over six days. Since 
DMC promotes autophagy and has been previously shown to 

extend CLS, we expected to find that dosage with this small 

molecule would result in better outgrowth at high dilutions of 

yeast compared to the DMSO control. Conversely, we expected 

to see reduced outgrowth in response to dosage with BTZ 

compared to the DMSO control. We found that DMC did appear 

to slightly extend the lifespan of the rpn4Δ yeast, but this effect 

was not as profound in the WT strain. This could because the 

WT strain has fully functional protein clearance pathways. BTZ 

successfully reduced outgrowth of both strains, suggesting that 

inhibiting proteasome activity reduces CLS of both strains. 
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by better outgrowth of more dilute samples compared to the DMSO control. Conversely, we 

expected to find that CLS would shorten in response to dosage with BTZ. This would be observed 

by less outgrowth of the more dilute yeast compared to the DMSO control. Analysis of the 

outgrowth after six days revealed that DMC extended lifespan of the rpn4Δ yeast, while BTZ 

shortened lifespan. Interestingly, BTZ shortened the lifespan of the WT yeast, but the impacts of 

DMC were not as profound as the rpn4Δ strain. Since the WT strain is not compromised in protein 

clearance, it is possible that the DMC will not impact this strain to the same extent as the rpn4Δ 

that has reduced proteasome activity. 

After establishing our positive and negative controls, we next wanted to determine the 

optimal concentration of UA for monitoring lifespan extension. Unlike the Δ8 strain, the WT and 

rpn4Δ strains have fully functional drug transporters, meaning small molecules could be expelled 

by the yeast. As a result, we tested several concentrations of UA to determine which elicited the 

best effect on CLS. We expected to find that dosage with higher concentrations of UA would result 

in greater CLS extension. WT and rpn4Δ yeast were grown on agar plates and allowed to reach a 

nondividing state. Then, single colonies were inoculated in YPD broth and grew overnight. Yeast 

were diluted in 

aging media and 

added to the wells of 

a deep well 96-well 

plate. Samples were 

dosed with 200 µM 

of DMC and 

concentrations of 

UA varying from 5-

50 µM. Every day, 

samples of yeast 

were diluted in 

sterile water and 

spotted on agar 

plates to monitor outgrowth (Figure 3.10). We expected to find that dosage with higher 

concentrations of UA would result in better extension of CLS. Surprisingly, we found that none of 

Figure 3.10 Outgrowth of WT and rpn4Δ Yeast In Response to Varying Concentrations of 

UA. WT and rpn4Δ yeast reached a nondividing state, diluted in aging media, then dosed 

with 200 µM of DMC as a control, or varying concentrations of UA in replicates of five. 

Every day, samples were diluted in sterile water and spotted on agar plates. Outgrowth was 

monitored over six days and compared to the DMSO control. None of the UA 
concentrations seemed to impact CLS of WT yeast, as evidenced by similar amounts of 

outgrowth observed at all dilutions compared to the DMSO control. Dosage of 20 µM and 

10 µM of UA (red) slightly extended the CLS of the rpn4Δ yeast. This is reflected by better 

outgrowth of the diluted yeast compared to the DMSO control. It is possible UA did not 

extend WT CLS because this strain exhibits normal proteasome activity. 
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the concentrations tested appeared to extend the lifespan of the WT yeast. This is reflected by the 

similar amounts of outgrowth at each dilution of yeast after six days. However, dosage with 20 

µM and 10 µM of UA seemed to 

slightly extend the lifespan of the 

rpn4Δ strain. This was 

demonstrated by better outgrowth 

of more diluted yeast dosed with 

UA than the DMSO control 

(highlighted in red). It is unclear 

why UA did not extend the 

lifespan of the WT yeast. Since this 

strain exhibits full expression of 

the proteasome compared to the 

rpn4Δ strain and thus does not 

have compromised proteasome 

activity, it is possible that 

impairment of proteasome activity 

is necessary for the stimulators to 

extend CLS. Similarly, the number 

of proteasomes in the WT strain is 

larger than the rpn4Δ strain and this may lower the drug to target ratio, making the impacts of UA 

more minute.  

Since the impacts on CLS seemed slight for the rpn4Δ strain, we confirmed this result by 

monitoring the OD600 of each sample by diluting yeast in YPD media in a sterile 96-well plate. 

Cultures grew for 18 hours, then the OD600 was measured and graphed (Figure 3.11). Since OD600 

reflects the growth of the yeast, we expected to find that dosage with UA would result in higher a 

OD600, indicating better outgrowth. These results correlated with the observations from the spot 

assay. Dosage with DMC was the only condition that appeared to extend the lifespan of the WT 

yeast. This was reflected by a significantly higher OD600 than the DMSO sample on day three. 

Similarly, both dosage with DMC and 10 µM of UA significantly increased the OD600 of the rpn4Δ 

yeast on day one and three. Excitingly, the enhancement of the OD600 was similar to that from 
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Figure 3.11 Monitoring the OD600 of Yeast in Response to Dosage with 

UA. The OD600 of the same samples used for the spot assay was measured 

for the WT and rpn4Δ strain. Samples were diluted in growth media and 

added to the wells of a sterile 96-well plate. After 18 hours of growth, the 

OD600 was measured for each well. This data correlated with the results 

observed from the spot assay experiment. DMC was the only small 

molecule that significantly extended the growth rate of the WT yeast. 

However, dosage with both UA and DMC significantly increased the 

growth rate of the rpn4Δ yeast on day 3. This suggested that 10 µM was 

the optimal concentration to monitor lifespan extension. 
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dosage with 200 µM of DMC. None of the other concentrations of UA tested produced a significant 

result on day three. Although dosage with 5 µM of UA appeared to significantly enhance the 

growth of the rpn4Δ yeast on day five, the low OD600 observed for all samples suggested that the 

yeast were dead, and this result is not reliable.  

With the optimal concentration of UA established and observing that UA resulted in only 

slight CLS extension from the spot assay, we next sought to determine if dosage with the other 

derivatives of UA, BA and OA, could extend CLS to a greater extent. WT and rpn4Δ yeast grew 

on agar plates until reaching a senescent state. Single colonies were then inoculated in growth 

media and grew 

overnight. The 

following day, 

yeast were diluted 

in aging media and 

dispensed in the 

wells of a deep 

well 96-well plate. 

Samples were 

dosed with 10 µM 

of UA, BA, or OA 

in replicates of 

three. As additional controls, samples were also dosed with DMSO, 200 µM DMC, or 200 µM 

BTZ. Every day, samples of yeast were diluted in sterile water and spotted on agar plates. 

Outgrowth was monitored over six days and compared to the DMSO-dosed samples (Figure 3.12). 

According to our biochemical data obtained with purified human proteasome, all three derivatives 

stimulated the proteasome to a similar extent, although OA exhibited slightly higher proteasome 

activity than UA and BA. Therefore, we expected to find that lifespan would be extended to a 

similar extent with dosage of each small molecule. None of the stimulators appeared to extend 

lifespan of the WT strain, which was consistent to our previous results. DMC also did not appear 

to significantly extend CLS of the WT strain. As expected, BTZ reduced WT lifespan to just four 

days. Excitingly, both UA and BA appeared to extend the lifespan of the rpn4Δ yeast (highlighted 

in red). This was evidenced by better outgrowth of more dilute samples compared to the DMSO 

Figure 3.12 UA and BA Extend the CLS of rpn4Δ Yeast. WT and rpn4Δ yeast were dosed 

with 10 µM of UA, BA, or OA after reaching a nondividing state. As additional controls, 

samples were also dosed with 200 µM of DMC or BTZ or DMSO. Every day, samples were 

diluted in sterile waster and spotted on agar plates. Outgrowth was monitored over six days. 

The CLS of WT yeast did not appear to extend in response to dosing with any of the 

compounds, including DMC, which was consistent with previous observations. However, 

BTZ reduced the lifespan of the WT yeast to just four days. However, dosage of the rpn4Δ 

yeast with UA and BA successfully increased CLS. This is evidenced by the better outgrowth 

of more dilute yeast compared to the DMSO control (highlighted in red). Outgrowth was 

similar to that produced by dosing with 200 µM DMC. BTZ reduced lifespan of the rpn4Δ to 

four days. 



 

 

114 

control. Lifespan was extended to a similar extent as dosage with 200 µM of DMC. Although OA 

resulted in the highest amount of proteasome stimulation in our biochemical assay, it did not appear 

to impact the lifespan of the rpn4Δ strain. Although it is unclear why OA did not extend the CLS 

of the yeast, it is possible that this small molecule interacts with other cellular pathways that did 

not influence the biochemical data. Taken together with the in vitro assay with purified human 

proteasome, these results suggested that the proteasome could be a viable therapeutic target to 

delay on the onset of aging.   

3.2.4 Proteasome Stimulators Enhance Degradation of YFP-Fused α-synuclein in Yeast 

Lysate 

Since none of the compounds appeared to extend lifespan to a greater extent than UA, we 

moved forward with UA to determine if dosage with this compound could facilitate better 

degradation of aggregate-prone proteins by the proteasome. Among several proteins known to 

aggregate is α-

synuclein, a protein 

that is key in the 

progression of 

Parkinson’s Disease 

(PD).5,35 Aggregates of 

α-synuclein are 

extremely difficult for 

the proteasome to clear 

and buildup eventually 

leads to cell death. 

Since proteasome 

activity is known to 

slow during aging, it is 

unsurprising that onset 

of neurodegenerative 

diseases such as PD 

happens later in life. Aggregate formation of α-synuclein is further exacerbated by reduction in 

Figure 3.13 UA Facilitates Degradation of YFP-α-Synuclein. Lysate from yeast induced 
to express YFP-α-synuclein was dosed with 10 µM UA or DMC, or 50 µM MG-132. 

(A) After dosing, western blots were performed with an antibody that recognizes YFP 

to determine the amount of α-synuclein remaining in the lysate (B) The experiment was 

conducted in experimental and technical triplicate. Fluorescence intensities were 

quantified for each protein band. Signal was normalized to the DMSO control for each 

independent run, then the data was compiled as graphed. DMC did not significantly 

impact α-synuclein levels. However, dosage with MG-132 resulted in significant 

accumulation of α-synuclein. Excitingly, dosage with UA resulted in significant 

reduction of α-synuclein compared to the DMSO control, suggesting that proteasome 

stimulator can facilitate better degradation of aggregate-prone proteins. 
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proteasome activity. We sought to determine if dosage with a proteasome stimulator could assist 

the proteasome in clearing α-synuclein aggregation.  

To test this, we utilized  strain of yeast that can be induced to express high levels of α-

synuclein fused to Yellow Fluorescent Protein (YFP) at a genomically integrated loci.36 

Importantly, α-synuclein is not natively expressed in yeast, but previous studies suggest that 

expression of α-synuclein in yeast is relevant to that expressed in human models.36 Further, 

aggregates of α-synuclein that are formed in yeast models are detectable.  

Yeast were induced to express YFP-α-synuclein and samples were lysed. Lysate samples 

were dosed with 10 µM of UA or DMC, or DMSO. As an additional control, samples were also 

dosed with MG-132, a well-established proteasome inhibitor.37 Lysate incubated with each 

compound for four hours. Then, protein concentration was normalized. Samples were then 

subjected to SDS-PAGE, transferred to a membrane for western blot analysis, and blotted with an 

antibody that recognizes YFP. After staining with a fluorescently labeled secondary antibody, blots 

were imaged to determine the amount of α-synuclein remaining in the sample (Figure 3.13A). The 

fluorescence intensities for each band were quantified and graphed (Figure 3.13B). We expected 

to find that dosage of the YFP-α-synuclein expressing yeast lysate with UA would result in a 

significant decrease in remaining α-synuclein, as the small molecule should stimulate the 

proteasomes in the lysate and facilitate degradation of the protein. Conversely, we expected that 

dosage with MG-132 would inhibit proteasomes in the lysate and lead to an accumulation of α-

synuclein. Excitingly, we found that dosage with UA resulted in a significant decrease α-synuclein 

levels compared to 

the DMSO control. 

This suggested that 

the small molecule 

proteasome 

stimulator facilitates 

degradation of this 

aggregate-prone 

protein. As 

anticipated, dosage 

with MG-132 resulted in significant accumulation of α-synuclein, showing that inhibiting 
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Figure 3.14  Levels of G6PDH Are Not Significantly Impacted by Dosage with 

Proteasome Stimulators.  The western blots stained with the YFP were also stained with 

an antibody for the housekeeping protein, G6PDH. Levels of the loading control were 

similar between the DMSO samples and samples dosed with MG-132 and UA. This 

suggests that no significant degradation or accumulation of this protein resulted from 

dosed with the proteasome stimulator or inhibitor, respectively. Levels of G6DPH were 

lower in the DMC dosed lysate than the negative control, all though this was not 

statistically significant. 
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proteasome activity leads to buildup of the protein. Dosage with DMC did not significantly alter  

α-levels. This is unsurprising, as DMC is known to promote autophagy.21 Autophagy can still 

occur in the absence of cells, but it is likely that it is not fully functional in this type of system, 

explaining why no decrease in α-synuclein was observed.38 

As a loading control, we also blotted the membranes for a housekeeping protein, Glucose-

6-phosphate 1-dehydrogenase (G6DPH). Fluorescence intensities of the resulting bands were 

quantified and graphed (Figure 3.14). Dosage of lysate with UA and MG-132 did not result in 

significant degradation of the loading control. This suggested that chemical stimulation could 

prove to be a viable strategy to prevent accumulation of unwanted proteins and modulation of 

proteasome activity does not result in enhanced degradation of all proteins. This has also been 

previously established.39 A slight, but not significant, decrease in G6DPH levels was observed in 

response to dosing with DMC.  

3.3 Conclusions 

Aging poses a significant public health threat and economic burden as a large portion of the 

world’s population enters later stages of life. One of the hallmarks of aging onset and progression 

is a decline in protein clearance pathways, including the ubiquitin-proteasome system.2,3 As 

proteasome activity declines, unwanted proteins buildup, which can result in cell death. This is 

further amplified by dysregulation of the transcriptome and proteome, making proper function of 

the proteasome critical to cell survival. Reduced proteasome activity has been shown in several 

aged human tissues such as fibroblasts,11 heart,10 and brain.9 Conversely, proteasome activity in 

centenarians has been demonstrated to be higher than other aged humans and similar to that of 

younger populations.12 Long-lived rodents are also known to have increased proteasome activity 

and decreased buildup of ubiquitinated proteins compared to other rodents of similar size.7 All of 

this evidence strongly suggests that there is link between proteasome activity and the onset of 

aging, warranting thorough investigation of the proteasome as a therapeutic target to delay aging 

and its associated pathologies. Specifically, elucidating the impacts of small molecule proteasome 

stimulators on aging pathologies will lead to a better understanding of its onset. 

Monitoring cellular changes that take place during aging processes in humans can be difficult, 

as subjects must be studied over several years. However, model organisms such as yeast have 

emerged as important tools to study the impacts of aging.13 Genetic manipulation of genes 
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encoding for proteasome subunits in yeast have revealed that knocking down proteasome activity 

significantly shortens their lifespan.19 Likewise, stabilizing proteasome activity leads to significant 

lifespan extension. Although these genetic studies have provided critical information to 

understanding proteasome expression and aging, research surrounding the ability of proteasome 

stimulators to enhance lifespan is limited. Recently, DMC, a small molecule that enhances 

autophagy, was shown to increase the lifespan of yeast.21 This suggests that small molecules that 

target protein clearance pathways show potential to be developed into therapeutics to delay aging. 

We sought to determine if proteasome stimulators could elicit a similar extension in lifespan as 

demonstrated by DMC. To do this, we optimized assays to monitor the CLS of yeast knocked 

down for proteasome expression. 

Our lab and others have identified several proteasome stimulators, including UA and BA.22,23 

We demonstrated that UA, BA, and a related molecule, OA, significantly elevate purified human 

proteasome activity using a reporter probe recently developed by our lab.26 We next turned our 

attention to elucidating the impacts of these stimulators on yeast CLS. We first tested a suite of 

stimulators for CLS extension with a strain of yeast knocked down for drug efflux pumps, as it is 

difficult for small molecules to cross the cell wall and be retained.20 While our initial data revealed 

some lifespan extension, the assay required over one month of data collection before results were 

measurable. As a result, we sought to optimize the CLS assay conditions to make it more amenable 

to high-throughput applications. Alterations in the amino acid composition, glucose, and nitrogen 

source concentration successfully reduced the assay to just six days. Similarly, the assay was 

scaled down to a deep well 96-well plate format, greatly increasing the number of small molecules 

that could be evaluated at one time. 

With the new assay conditions optimized, we next established our positive and negative 

controls. We utilized two BY4741 yeast strains, WT and rpn4Δ. The rpn4Δ strain is knocked down 

for proteasome subunit expression, and we demonstrated that this reduced expression is correlated 

with reduced activity.20 Both strains were dosed with DMC, the positive control small molecule 

that enhances autophagy, or BTZ, a proteasome inhibitor.21,34 Excitingly, CLS extension was 

observed in response to dosing with DMC and shortened in response to BTZ treatment. From this, 

we concluded that our optimized assay could be used to detect changes in CLS. Since the extent 

of proteasome stimulation was very similar among UA and all its derivatives according to the data 

obtained with our biochemical assay with purified human proteasomes, we utilized UA to establish 
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the proper dosage concentration to evaluate the impacts of proteasome stimulation on CLS 

extension. We found that 10 µM resulted in better outgrowth of diluted yeast on agar plates 

compared to DMSO-dosed control yeast and higher OD600’s after several days. CLS extension was 

similar to that of the DMC-dosed yeast. 

WT and rpn4Δ yeast were dosed with UA, BA, OA, DMC, and BTZ. None of the compounds 

appeared to extend the CLS of WT yeast. This result is not surprising, as these yeast are not 

compromised for proteasome activity and have more proteasomes in the cell than the rpn4Δ strain. 

However, lifespan extension was detected in the rpn4Δ strain in response to dosing with UA and 

BA. OA did not appear to extend rpn4Δ CLS, despite producing significant simulation of human 

proteasomes. It is possible that OA interferes with other pathways in yeast which prevents CLS 

extension. Excitingly, lifespan extension that resulted from UA ad BA was similar to that of the 

DMC-dosed control. Importantly, DMC was added to a final concentration of 200 µM, while UA 

and BA were added to a final concentration of 10 µM. The extent of lifespan extension was similar 

among all samples, even though UA and BA were added at a much lower concentration. This 

suggests that the proteasome could be a viable target to delay the onset of aging. 

 Since neurodegenerative diseases are characterized by protein buildup and often onset 

during later stages of life, we next sought to determine if chemical stimulation of the proteasome 

could facilitate better degradation of aggregate-prone proteins.1,5 We utilized a strain of yeast that 

can be induced to express YFP-fused α-synuclein to monitor its degradation in response to 

chemical stimulation of the proteasome.36 Lysate from the yeast were dosed with UA, DMC, or 

MG-132, a known proteasome inhibitor.37 The amount of α-synuclein remaining in the lysate was 

determined by western blot analysis and blotting for YFP. We observed a significant decrease in 

the amount of YFP-fused α-synuclein in response to dosing with UA, which suggested that 

stimulating the proteasome could facilitate clearance of aggregate-prone proteins. Similarly, a 

significant increase in α-synuclein levels was observed in response to dosing with MG-132. No 

significant change in α-synuclein levels was seen in response to dosage with DMC. It is possible 

that autophagy does not work efficiently in lysate, but this warrants further investigation. 

Importantly, levels of the housekeeping protein, G6PDH were not significantly altered in response 

to dosing with UA or MG-132. This suggested that specific proteins are more impacted by 

modulating proteasome activity and stimulation of the proteasome does not result in enhanced 

degradation of all proteins. 
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 It should be noted that changes in CLS were minute in response to UA and its derivatives. 

This could suggest that UA is not potent enough in yeast to cause large extensions in lifespan. 

Although the specific simulators tested here did not result in extreme CLS extension, the presented 

optimized CLS assay could be readily used to evaluate other proteasome stimulators. Currently, 

there are very few techniques to consistently monitor changes in lifespan and aging onset. 

Therefore, the assays presented here represent a streamline approach to monitor the impacts of 

small molecule proteasome stimulators on lifespan. In the future, more potent proteasome 

stimulators should be tested using our new CLS method, as this will further characterize the 

proteasome as a therapeutic target for aging. 

3.4 Materials and Methods 

3.4.1 General Materials and Methods 

 Wildtype (WT) BY4741 and rpn4Δ BY4741 yeast strains were purchased from Dharmacon. 

The α-synuclein expression strain was previously described and has the α-synuclein gene fused to 

Yellow Fluorescent Protein (YFP) under control of the galactose promoter at the URA3 locus 

(W303 pGAL-α-Synuclein-YFP::URA3).36 The yeast strain with increased drug sensitivity had 

deletions of eight drug resistance and transport-associated genes (Δ8).28 

Components for the yeast media including complete supplement mixture (CSM) amino 

acid mixture, synthetic complete (SC) amino acid mixture and yeast nitrogen base (YNB) were 

purchased from Sunrise Science Products. SD aging media amino acid mix was made as previously 

described.40 Glucose, ammonium sulfate, and yeast extract were purchased from Fisher Scientific. 

The following compounds were purchased from Fisher Scientific: ursolic acid (UA), oleanolic 

acid (OA), betulinic acid (BA), bortezomib (BTZ), and vitamin E succinate. 4’4 -

Dimethoxychalcone (DMC) was purchased from ChemImpex. The proteasome stimulator MK886 

was purchased from Tocris Bioscience. Chronological lifespan experiments were conducted in 

sterile deep well 96-well plates purchased from VWR. Plates were covered with sterile gas 

exchange membranes purchased from VWR. Solid black 96-well plates were used for the 

biochemical assays to monitor proteasome activity and were purchased from Fisher Scientific. 

MG-132 used in the α-synuclein degradation assays was purchased from Enzo Life Sciences. All 

compounds were diluted in molecular biology grade dimethyl sulfoxide (DMSO) (Fisher 
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Scientific). Purified human 20S proteasome used in the biochemical assays was purchased from 

Boston Biochem. 

 Yeast stocks were stored in 25% glycerol at -80 ˚C. To recover yeast from the stock, a 

small amount of yeast was streaked on prewarmed yeast-peptone-dextrose (YPD) plate. Colonies 

were allowed to grow for two to four days at 30˚C, depending on the experiment. For liquid culture, 

a single colony from the agar plate was inoculated in 8 mL of liquid YPD media with a sterile 

inoculating loop and allowed to grow overnight at 30 ˚C with agitation. Yeast were then pelleted 

for the biochemical assay or further diluted in various media after 4 days for the chronological  

lifespan (CLS) assay. 

3.4.2 Media Preparation 

 YPD media was prepared by dissolving 10 g of YNB and 20 g of peptone in 900 mL of 

water. The volume of the solution was adjusted to 1 L with water and then autoclaved. Sterile 

filtered glucose was supplemented to 2% directly before use.  

YPD agar media plates were prepared by adding 20 g of bacto agar to the ingredients used 

to prepare the YPD media described above. The solution was the autoclaved and gently mixed as 

it cooled to prevent solidification of the agar. Just prior to pouring the plates, a glucose solution 

that had been previously filter sterilized was added to the solution such that the final glucose 

concentration was 2%. Media was poured into sterile single well omni plates (Fisher Scientific) 

such that the bottom of the plate was completely covered. This was performed in a laminar flow 

hood. Plates were allowed to solidify for one hour, then were turned upside down to prevent 

condensation from settling on the plates. Plates were dried in the laminar flow hood overnight, 

then placed in a plastic bag, sealed, and stored at 4 ˚C until use. Right before use, plates were 

prewarmed by placing them in a 30 ˚C incubator for 30 minutes. 

 SD aging media used in the Δ8 strain CLS experiments was prepared by first dissolving 

4.6 g of sodium phosphate dibasic and 1.73 g of citric acid in 450 mL of water. The pH was 

adjusted to 6.0 by adding 6 M HCl.  Subsequently, 0.87 g of aging media amino acid powder, 10 

g of glucose, 0.85 g of yeast nitrogen base, and 2.5 g of ammonium sulfate were added. The final 

volume was adjusted to 500 mL with water. This media was then filter sterilized and supplemented 

to 2% glucose. CSM aging media with high glucose was prepared by dissolving 1.71 g/L of yeast 

nitrogen base (Sunrise Science Products) in water and autoclaving. While the liquid was still hot, 
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0.79 g/L of CSM (Sunrise Science Products) was added and the solution was swirled to mix. 

Directly before use, a sterile filtered ammonium sulfate solution (nitrogen source) was added to a 

final concentration of 0.5%. Similarly, a previously sterile filtered solution of glucose was added 

to a final concentration of 10%.  

 Induction media for expression of α-synuclein-YFP was prepared by first dissolving 1.7 g 

of yeast nitrogen base and 5 g of ammonium sulfate in 1 L of water. The solution was autoclaved, 

and 1.5 g of synthetic complete amino acid mixture was added immediately after autoclaving and 

stirred until it fully dissolved. Media was supplemented with 2% raffinose and 2% galactose. 

3.4.3 Monitoring Purified Human Proteasome Activity in Response to Dosing with UA, BA, 

OA, DMC, and BTZ 

The day of the experiment, a 20 mM TAS-1 

stock was thawed and diluted to a final concentration 

of 11.4 µM in 50 mM Tris-HCl pH 7.4. Importantly, 

the tris buffer was made fresh every two days. 1 mg 

of UA, BA, OA, DMC, and BTZ was weighed. 20 

mM stocks of UA, DMC, and BTZ were prepared by 

dissolving the solids in DMSO. Because of solubility 

issues, 10 mM stocks of BA and OA were prepared 

by dissolving the solid in DMSO. 500 µM stocks of 

UA, BA, and OA were prepared by further diluting 

the 20 mM or 10 mM stocks in DMSO. A 2.5 mM 

stock of BTZ was prepared by diluting the 20 mM 

stock in DMSO. 198 µL of the 11.4 µM TAS-1 

solution was added to 0.6 mL eppitubes. 4.5 µL of 

each compound was added to one tube of TAS-1 

solution. Samples were thoroughly vortexed to mix. 

As a control, 4.5 µL of DMSO was diluted in 198 µL 

of TAS-1 solution. A black 96-well plate was placed 

on ice and 45 µL of the TAS-1 solution with the 

compounds was added to the wells in replicates of 
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Figure 3.15 Lines Resulting from Cleavage of the 

TAS-1 Probe by the Proteasome. 50 nM of purified 

human 20S proteasome was dosed with 10 µM of 

UA, BA, OA, and DMC. As a control, samples were 

dosed with 50 µM or 25 µM BTZ or DMSO. The 
final concentration of TAS-1 was 10 µM. 

Fluorescence that resulted from cleavage of the 

reporter probe by the proteasome was monitored 

every two minutes for one hour and graphed as 

shown above. Each graph represents one replicate 

of the experiment. Each line represents three data 

points.  
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three. The edge wells of the plate were not used. 125 µL of a 50 nM stock of purified human 20S 

proteasome was prepared by diluting a 2,000 nM stock in tris buffer. This was pipetted up and 

down several times to mix. 5 µL of proteasome was added to all the wells as quickly as possible. 

The plate was struck gently on the edges to mix then briefly spun in a plate centrifuge. The final 

concentration of UA, BA, OA, and DMC was 10 µM. The final BTZ concentration was 50 µM. 

The final TAS-1 concentration was 10 µM. The final proteasome concentration was 5 nM. The 

final volume in the well was 50 µL. Fluorescence was read every two minutes for one hour on a 

plate reader prewarmed to 30 ˚C. This experiment was performed in experimental duplicate and 

technical triplicate. One run was performed with a final BTZ concentration of 50 µM and one run 

was performed with a final BTZ concentration of 25 µM.  

Data was collected from the plate reader and plotted with GraphPad Prism 9 software 

(Figure 3.15). Slopes from the lines resulting from graphing fluorescence versus time were 

calculated to determine the rate of cleavage of the probe by the proteasome. The resulting slopes 

were normalized to the DMSO control dosed samples by taking the average of the DMSO slopes 

and dividing all other slopes by the average. This number was multiplied by 100 and graphed as a 

bar graph, as shown in Figure 3.3. Significance was calculated with an unpaired T-test between 

the DMSO sample and each compound. 

3.4.4 Monitoring Proteasome Activity in Lysate of WT and rpn4Δ Yeast 

Two days prior to the experiment, frozen stocks of WT or rpn4Δ yeast were plated on YPD 

agar plates and incubated at 30 ˚C. Single colonies were inoculated into 8 mL of YPD broth and 

allowed to grow overnight at 30 ˚C. The following day, yeast were pelleted at 1,000 xg for 5 

minutes and media was decanted. Yeast were resuspended in 300 µL of ice-cold lysis buffer (10 

mM Tris-HCl, 150 mM NaCl, and 0.5 mM EDTA with no protease inhibitor). About 300 µL of 

0.5 mm glass beads were added to each sample. Samples were vortexed at max speed for 25 

seconds followed by incubation on ice for 25 seconds. This was repeated a total of seven times. 

Lysate was clarified by centrifuging at 13,000 rpm for 10 minutes in a centrifuge prechilled to 4 

˚C. Supernatant was transferred to a new tube and protein concentration was determined with a 

BCA assay. A 40 µM stock of the reporter probe, suc-LLVY-AMC was prepared by diluting a 20 

mM stock in tris buffer (see recipe in the above section). 25 µL of the reporter probe solution was 

added to the wells of a black 96-well plate that was placed on ice. 2 ng/µL stocks of WT and rpn4Δ 
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lysate were prepared by diluting the lysate in tris buffer. 25 µL of this was then added to the wells 

in replicates of three as fast as possible. The final amount of lysate in each sample was 50 ng. The 

final concentration of the reporter probe was 20 µM. The plate was gently struck on each side to 

facilitate mixing of the probe solution with the lysate. The plate was then briefly spun in a plate 

centrifuge. Fluorescence that resulted from the reporter probe being cleaved by the proteasomes 

in the lysate was measured every 2 minutes for 40 minutes on a plate reader that was prewarmed 

to 30 ˚C. The experiment was repeated in experimental triplicate and technical triplicate.  

The resulting data was graphed as fluorescence versus time 

with GraphPad Prism 9 software to visualize cleavage of the probe 

over time for each trial (Figure 3.16). Slopes of the resulting 

graphed lines were calculated to determine rate of probe cleavage 

by proteasomes in the samples. For each run, the slope was 

normalized to the WT strain by calculating the average rate of 

change of the WT strain then dividing all remaining slopes by this 

value. Data was combined for each of the three trials and graphed 

as bar graph as displayed in Figure 3.4. Statistical significance was 

calculated with an unpaired T-test. This revealed that proteasome 

activity in the rpn4Δ strain was significantly lower than the WT 

strain. 

3.4.5 CLS Assay using Various Proteasome Stimulators with 

Δ8 BY4741 Yeast 

Several proteasome stimulators from our previous studies, 

including vitamin E succinate, MK886, and UA were tested for 

their ability to prolong the lifespan of Δ8 yeast with a CLS assay. 

The Δ8 strain of yeast was selected for initial study because of its 

increased permeability and intracellular retention of compounds. 

Other strains of yeast with the full complement of drug 

transporters and pleiotropic drug  resistance genes expel 

compounds more efficiently, making it difficult to establish the 

impact of a small molecule on lifespan. This strain served as an 
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Figure 3.16 Lines Resulting from 

Dosing WT and rpn4Δ Yeast 

Lysate with a Proteasome 

Reporter Probe. 50 ng of lysate 

from the WT and rpn4Δ strain was 

dosed with 20 µM of suc-LLVY-

AMC in replicates of three. 

Fluorescence was monitored every 

2 minutes for 40 minutes. This was 

performed in experimental 

triplicate and graphed. Each graph 
represents one trial of the 

experiment. The slopes of the lines 

shown were calculated, 

normalized to the WT strain, and 

graphed as a bar graph as shown in 

Figure 3.5. 
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initial point of study to ensure small molecules were more likely to produce a measurable effect.  

Two days prior to the experiment, a frozen stock of Δ8 yeast was plated on a YPD agar plate and 

allowed to grow at 30 ˚C. A single colony was inoculated in YPD liquid media and allowed to 

incubate overnight at 30 ˚C with agitation. Next, vitamin E succinate,  MK886, and UA were 

weighed and dissolved in DMSO to create a stock concentration of 2 mM and 20 mM. Yeast 

cultures were diluted in 125 mL of buffered SD aging media such that the final OD600 was 0.01. 5 

mL of diluted culture was distributed to sterilized culture tubes. 50 µL of each compound at each 

concentration was added to tubes in duplicate such that the final concentration of test compound 

in each tube were 20 µM or 200 µM. As a control, two cultures were dosed with 50 µL of DMSO. 

Cultures were then allowed to grow to saturation at 30 ̊ C for 3 days with agitation. Starting 

from day 3, yeast cultures were sampled and serially diluted with sterilized deionized water  in a 

96-well plate.  On day 3, 20 µL of each yeast sample was diluted in 180 µL of sterile water to 

produce a 1:10 dilution in a sterile clear flat-bottom 96-well plate. 30 µL of the 1:10 diluted sample 

was then further diluted in 270 µL of sterile water to produce a dilution of 1:100. This was repeated 

two more times with each dilution to achieve final dilutions of 1:10, 1:100, 1:1,000, and 1:10,000. 

3 µL of each sample at each dilution were spotted on YPD agar plates and allowed to grow at 30 

˚C for 2 days before the plate image was acquired (Figure 3.5). This was repeated every seven 

days for 21 days. Then the frequency of spotting plates was increased to every three days until 

excess death of yeast. The results from this experiment revealed that 200 µM MK886 and 20 µM 

UA were both capable of prolonging yeast lifespan as evidenced by the enhanced outgrowth at 

higher dilutions compared to the DMSO-dosed control yeast after 39 days of growth. We 

proceeded our further studies with UA since it produced the desired effect at a lower concentration 

than MK886. 

3.4.6 Establishing Optimal Media for the Chronological Lifespan Assay 

Because the CLS assay required extended incubation of 40 days to produce results, we 

investigated if altered media conditions would allow this assay to be conducted in a more timely 

and high-throughput manner. We tested several modified synthetic complete medias differing in 

amino acid composition (SD, CSM, and SC) and varying glucose and nitrogen source 

concentrations. Each synthetic complete media was tested with three different glucose 

concentrations, low (0.2%), normal (2%) or high (10%) and three different ammonium sulfate 
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concentrations, low (0.05%), normal (0.5%) or high (1%). Media was prepared by dissolving yeast 

nitrogen base (YNB) in distilled water, then autoclaving. Each concentration level of ammonium 

sulfate and glucose concentrations was combined with  three amino acid mixtures, producing a 

total of 15 combinations.  

 Four days prior to the experiment, WT or rpn4Δ glycerol stocks that were stored at -80˚C 

were streaked on YPD agar plates by scrapping a small amount of yeast from the frozen stock with 

a flamed inoculating loops and spreading the product on an agar plate. Then, individual colonies 

were inoculated in 8 mL of liquid YPD media with a sterile inoculating loop and allowed to shake 

overnight at 30 ˚C. The following morning, the OD600 of each strain sample was determined with 

a NanoDrop One system and diluted in 1,500 µL of each of the 15 media types. 500 µL of each 

sample was added to the wells of a sterile deep well 96-well plate in duplicate. This produced a 

total of 60 samples, 30 WT samples and 30 rpn4Δ samples. The outer edge wells of the 96-well 

plate were filled with 500 µL of sterile water to prevent excessive evaporation of the samples. The 

plate was sealed with a sterile gas exchange membrane. A lid was then placed on the plate and 

secured with medical tape. The plate was then placed in a plastic container with wet paper towels 

and a lid was attached. The plate was allowed to incubate at 30 ˚C with agitation for 8 days.  

 Yeast samples removed from the stock plate and diluted 1:10, 1:100, 1:1,000, and 1:10,00 

in sterile water. Samples of each dilution were spotted on YPD agar plates and plates were 

incubated at 30 ˚C prior to imaging. Outgrowth of each media type was compared over 8 days for 

the WT and the rpn4Δ strain. Clear differences in the ability of the yeast to grow in varying media 

conditions were observable. Neither the WT nor rpn4Δ strain apparently differed in their viability 

after 8 days in the SD aging media. The other two medias, however, had appreciable effects on 

yeast viability from day 2. We reasoned that media resulting in low viability after only two days 

would not produce reliable results. The rpn4Δ strain appeared to have increased sensitivity 

compared to WT at low glucose conditions consistent with a recent report that investigated 

replicative lifespan.41 However, we found that the low glucose conditions were susceptible to 

regrowth phenomena which is attributed to release of nutrients from dying cells.13 Instead, we 

opted to use the CSM media with high glucose, which will now be referred to as “aging media”, 

as this appeared to decrease viability of both the WT and the rpn4Δ strains more consistently after 

6 days. This media was used for the remaining CLS experiments. 
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 It has been previously established that as yeast age, they release acetic acid into the 

surrounding media, and this may contribute to shortening of lifespan of yeast in unbuffered medias. 

To test the effects of buffering on the lifespan of both yeast strains in CSM media, we conducted 

a CLS experiment in which the outgrowth of yeast in citric acid-buffered and unbuffered media 

was compared to SD media, which contained citric acid as a buffer. If prolonged lifespan was 

observed in the buffered CSM media, this would indicate that acetic acid released by the yeast was 

responsible for shortening the lifespan. Media was prepared as described above, except citric acid 

was added to a final concentration of 0.34% weight by volume (this was consistent with the amount 

of citric acid added to the SD aging media). Yeast were streaked on a YPD agar plate and grew for 

four days at 30 ̊ C. Then, single colonies were inoculated in 8 mL of YPD liquid media and allowed 

to grow overnight at 30 ˚C with agitation. The following day, the OD600 of both samples was 

determined with a NanoDrop One system and yeast were diluted in either SD media, buffered 

aging media, or unbuffered aging media such that the final OD600 was 0.2. 500 µL of yeast diluted 

in each media type was added to wells of a sterile deep well 96-well plate in replicates of five. 

Every day, 20 µL of each sample was diluted to 1:100 and 30 µL was added to YPD media in a 

sterile clear, flat bottom 96-well plate and allowed to grow for 16 hours at 30 ˚C with agitation. 

The OD600 of each sample was measured with a Tecan Infinite F200 Pro plate reader system. 

Values were then graphed and compared over six days. 

3.4.7 Monitoring CLS of WT and rpn4Δ Yeast Dosed with DMC and BTZ 

With the new CLS conditions and media established, we next sought to establish that our 

positive control DMC, and negative control, BTZ, were sound for further use. We monitored the 

CLS of WT and rpn4Δ yeast in response to dosing with 200 µM DMC or BTZ in replicates of five. 

The final DMSO concentration was 0.2%. As a control, DMSO was added to five wells of both 

yeast strains to 0.2%. Edge wells were filled with 500 µL of sterile water to prevent excess 

evaporation of the sample. A gas exchange membrane was placed on the plate and a lid was secured 

to the plate with medical tape. The plate was placed in a plastic container with wet paper towels. 

The plate was agitated at 30 ˚C. Every day for 6 days, 20 µL of each sample was removed from 

the stock plate and diluted to 1:10, 1:100, 1:1,000, and 1:10,000. Samples from these dilutions 

were spotted onto YPD plates and allowed to grow. To quantitate yeast viability, a liquid 

outgrowth experiment was performed where 30 µL of the 1:100 dilution of yeast was added to 270 
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µL of YPD media in a sterile 96-well plate. A lid was placed on the plate and sealed with parafilm 

and agitated at 30 ˚C for 18 hours. The OD600 of each well was then read on a Tecan Infinite200 

Pro plate reader system. This data was compiled and graphed. Values beyond one standard 

deviation from the mean were designated as outliers and 

excluded, unless this resulted in less than three values 

being graphed. In this case, all values were kept. The data 

was graphed to compare outgrowth of yeast dosed with 

each compound compared to the DMSO control (Figure 

3.17). Interestingly, DMC did not appear to greatly 

impact the OD600 of the WT yeast. BTZ, however, was 

successful in lowering the OD600 at day one, indicating 

decreased viability in response to dosage with this 

compound. DMC increased the OD600 of the rpn4Δ strain, 

indicating that lifespan extension occurred at day 2 and 

3. BTZ also successfully prevented growth of the rpn4Δ 

strain on day 1.   

3.4.8 Optimizing Proteasome Stimulator 

Concentrations to Monitor Lifespan Extension 

After establishing the positive and negative 

controls, we then dosed WT and rpn4Δ yeast with 

varying concentrations of UA. We had initially selected 

10 µM for monitoring proteasome activity with human 

proteasome, but it can be difficult for compounds to cross the cell membrane or be retained 

intracellularly, so we investigated if a higher dosage of UA was necessary to observe an effect on 

yeast lifespan.  WT or rpn4Δ strains were tested in replicates of five. A final OD600 of 0.1 was 

dispensed to each well and UA concentrations of 50, 20, 10, or 5 µM, and a DMC concentration 

of 200 µM were tested. Yeast were allowed to grow at 30 ̊ C with agitation and reached saturation 

the next day. Every day, 20 µL of each sample was removed from the plate and diluted 1:10 in 

sterile water in a sterile 96-well plate. Outgrowth was compared day to day and to the DMSO 

control to determine which dosage of UA extended lifespan. Interestingly, none of the 
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Figure 3.17 Monitoring the OD600 of WT and 

rpn4Δ Yeast Dosed with DMC and BTZ. To 

establish our positive and negative controls, 

WT or rpn4Δ yeast were dosed with DMSO, 

200 µM DMC or BTZ. Yeast were diluted 
every day and spotted on agar plates. Yeast 

were further diluted in YPD media in a sterile 

clear 96-well plate and allowed to grow 18 

hours. The OD600 of each well was measured 

on a plate reader. This was repeated every day 

and the data was graphed as shown above. This 

data, combined with the spot assay, reveals that 

dosing with DMC extended lifespan of the 

yeast, as evidenced by higher OD600 during the 

first few days of the assay in the rpn4Δ strain. 

Likewise, BTZ successfully inhibited lifespan, 

as shown by the lower OD600 during the first 

few days of the experiment. The OD600 was 

similar for all samples on day 6, indicating the 

excess yeast had died. 
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concentrations of UA seemed to significantly extend the lifespan of the WT yeast, as evidenced 

by similar amounts of outgrowth of each dilution after six days. However, at 20 µM and 10 µM  

UA appeared to extend the lifespan of the rpn4Δ yeast. Since lifespan extension was of similar 

extent between the two dosages, we proceeded with 10 µM for further study. To further monitor 

outgrowth, a 1:100 dilution of the aged culture was added to YPD media in a clear, flat bottom 96-

well plate and allowed to agitate at 30 ˚C for 18 hours. The OD600 of each sample was read on a 

Tecan Infinite200 Pro plate reader system and the data was compiled. Values that were outside 

one standard deviation of the mean were excluded, assuming this resulted in at least three values 

per sample and graphed. 

3.4.9 Evaluating CLS Extension of Yeast with Reduced Proteasome Activity in Response 

to Dosage with Proteasome Stimulators 

With the CLS assay and concentration of UA to monitor CLS established, we next turned 

our attention to elucidating the impact of the derivatives of UA on CLS. Four days prior to the 

start of the experiment, WT and rpn4Δ yeast were plated on YPD agar plates and incubated at 30 

˚C. Single colonies were then inoculated in 8 mL of YPD broth and agitated overnight at 30 ˚C. 

The OD600 of each strain was determined using a NanoDrop One system. Yeast were pelleted at 

1,000 xg for 5 minutes. Yeast were resuspended in CSM media supplemented with 10% glucose 

and 0.5% nitrogen source. 250 µL of yeast was added to the wells of a sterile deep well 96-well 

plate. Edge wells were excluded and filled with 500 µL of water to prevent evaporation of the 

samples. UA, BA, and OA were dissolved in DMSO to create 5 mM stock. DMSO stocks of BTZ 

and DMC were prepared at a concentration of 100 mM.  11 µL of each compound was diluted in 

the aging media used to dilute the yeast. 250 µL of each compound was added to 5 wells with WT 

yeast and 5 wells with rpn4Δ yeast. The final UA, BA, and OA concentration was 10 µM. 5 wells 

for each strain were dosed with DMSO at a final concentration of 0.2%. The final BTZ and DMC 

concentration was 200 µM. The starting OD600 of the yeast in each well was 0.2. The plate was 

sealed with a gas exchange membrane and a plastic lid was secured with medical tape. The plate 

was placed inside a plastic container with wet paper towels to prevent sample evaporation. The 

container agitated at 30 ˚C.  

Every day, 20 µL of yeast was removed from each sample and diluted in 280 µL of sterile 

water. 30 µL of this was further diluted in 270 µL of sterile water. This was repeated two more 
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times to create final dilutions of 1:10, 1:100, 1:1,000, and 1:10,000. 3 µL of each dilution was 

plated on pre-warmed YPD agar plates. Yeast grew for 2 days at 30 ̊ C and the plates were imaged. 

Outgrowth was monitored by comparing growth of yeast at each dilution over six days. 

3.4.10 Monitoring Degradation of YFP-Fused α-Synuclein in Yeast Lysate 

Finally, to elucidate the ability of UA to promote the proteasome’s ability to clear proteins 

with a propensity to aggregate, we selected a strain of yeast that expresses YFP-fused α-synuclein. 

α-synuclein has previously been shown to aggregate in brain cells of people with Parkinson’s 

Disease. To determine the impact of UA on yeast expressing α-synuclein, lysate from yeast was 

dosed with DMC, UA, or MG-132. Two days prior the experiment yeast was plated on a YPD agar 

plate and incubated at 30 ˚C. Single colonies were then inoculated in 8 mL of YPD media and 

grew overnight at 30 ˚C with agitation. The next day, the OD600 was determined with NanoDrop 

One system and yeast were pelleted at 1,000 xg for 5 minutes such that resuspension in 20 mL of 

induction media (SC media with 2% galactose and 2% raffinose) would produce an OD600 of 0.2. 

The culture was incubated in induction media at 30 ˚C with agitation for six hours. The 20 mL 

culture was pelleted at 1,000 xg for 5 minutes. The pellet was then resuspended in 50 µL of ice-

cold lysis buffer and 50 µL of 0.5 mm glass beads were added to each sample. Samples were 

vortexed at max speed for 25 seconds followed by incubation on ice for 25 seconds and this was 

repeated seven times. Lysate was clarified by centrifuging at 13,000 rpm for 10 minutes at 4 ˚C in 

a prechilled centrifuge. Lysate was then transferred to a new 1.5 mL eppitube. Protein 

concentration was determined by BCA and 650 µL of a 0.75 µg/µL lysate stocks were prepared 

by diluting lysate in PBS. 100 µL of lysate was added to six wells of a clear, flat bottom 96-well 

plate to achieve a final lysate amount of 75 µg per well. 1 µL of DMSO, DMC, UA, or MG-132 

was added to wells in triplicate to make a final DMSO concentration of 1%, 10 µM DMC or UA, 

and 50 µM of MG-132.  

The plate was sealed with parafilm to prevent evaporation of the samples and the plate was 

incubated at 30 ˚C for 4 hours. Protein concentration was then rechecked with a NanoDrop One 

system and normalized with PBS if necessary (dosage with MG-132 resulted in a slight 

accumulation of protein, as it inhibits proteasomal degradation of proteins). 11 µL of each sample 

was mixed with 4 µL of 4X Laemmli buffer (Alfa Aesar) and heated for five minutes. Precast 15-

well Mini-PROTEAN TGX Gels 4-15% (BIO-RAD) were prepared and the whole 15 µL sample 
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was loaded on the gel. Gels were washed three times with water, then protein was transferred to a 

nitrocellulose membrane with a TurboBlot system (BIO-RAD). Membranes were washed three 

times with water, then blocked with 5% milk in PBS for 40 minutes at room temperature. An anti-

GFP antibody (Novus Biologics) with the ability to also detect YFP was diluted 1:1,000 in protein 

blocking buffer (LI-COR) and 5 mL was added to the membranes. The blots were incubated at 4 

˚C overnight with gentle agitation. The following morning, the antibody was collected, blots were 

washed three times with PBS, and an anti-rabbit 800CW antibody (LI-COR) was diluted 1:10,000 

in protein blocking buffer (LI-COR) and 5 mL was added to each blot. The secondary antibody 

incubated with the blots for 40 minutes at room temperature with gentle agitation, protected from 

light. The antibody was then collected, and the blots were washed three times with PBS, then 

imaged on a LI-COR CLx Odyssey imaging system.  

 The fluorescence intensities of bands corresponding to the YFP-fused α-synuclein (about 

41 kDa) were quantified with ImageStudio software (LI-COR) and graphed as bar graphs. These 

graphs were produced by combining data from experimental and technical triplicate (9 values in 

total). DMSO bands were considered to show 100% of α-synuclein and values for treatment with 

DMC, UA, or MG-132 were divided by the mean fluorescence of the DMSO bands to produce the 

amount of α-synuclein remaining in each sample compared to the DMSO control and this was 

graphed. As a control, the membranes were reblotted for the house keeping protein, G6PDH with 

a molecular weight around 57 kDa. Blots were re-blocked with 5% milk in PBS for 40 minutes at 

room temperature with gentle agitation. Then, an anti-G6PDH antibody (Abcam) was diluted 

1:1,000 in protein blocking buffer (LI-COR) and 5 mL was added to the blots. This incubated 

overnight at 4 ˚C with gentle agitation. The following day, the antibody was collected, and the 

blots were washed three times with PBS. Next, an anti-rabbit 680RD antibody (LI-COR) was 

diluted 1:10,000 in protein blocking buffer (LI-COR) and 5 mL was added to the blots. This was 

allowed to incubate at room temperature for 40 minutes with gentle agitation, protected from light. 

The antibody was then collected, and the blots were washed three times with PBS, then imaged on 

a LI-COR CLx Odyssey system. Bands corresponding to the fluorescence intensities of the loading 

control were quantified and graphed, revealing no statistically significant differences.  Although 

not statistically significant, DMC treatment appeared to potentially decrease the level of G6PDH. 

MG-132 and UA dosage did not reveal any difference, suggesting only certain proteins are being 

preferentially targeted for proteasomal degradation under the conditions of this experiment. 
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 DISCOVERY OF IMMUNOPROTEASOME 

STIMULATORS 

4.1 Introduction 

Cells undergo several changes in response to inflammatory conditions in order to trigger an 

immune response against invading pathogens, such as viruses, and warn neighboring cells of tissue 

damage.1 Upon interaction with the cytokine interferon 

gamma (IFN-γ) cells begin to produce new catalytic 

subunits of the proteasome, β1i, β2i, and β5i.2 These 

subunits are incorporated into newly synthesized 

proteasomes to form the immunoproteasome (iCP) 

(Figure 4.1). The cleavage specificities of these 

catalytic subunits differ slightly from their sCP 

counterparts, resulting in a proteasome that is more 

efficient at generating peptides with hydrophobic C-

termini.3  These peptides are compatible with major 

histocompatibility complexes type I (MHC-I).2 The iCP is capable of degrading both cellular 

proteins and pathogenic proteins into antigenic peptides. Peptide-loaded MHC-I complexes are 

transported to the cell surface and displayed to immune cells which survey the loaded peptides to 

detect abnormalities.4,5 If a peptide:MHC-I complex is recognized by a cytotoxic T-cell, the 

immune cell takes action to kill the infected cell, preventing propagation of a virus.6,7 T-cells force 

the infected cell to undergo apoptosis by either injecting a cocktail of proteases such as granzyme 

B into the cell or by activating the caspase cascade. Once activated by a virally infected cell, a 

cytotoxic T-cell can kill multiple cells infected with the same virus. 

Because of its important role in antigen presentation via MHC-I expression, the iCP is 

endogenously expressed in several immune cell types, particularly antigen presenting cells such 

as dendritic cells.4,8–10 In addition to the iCP’s role in generating antigenic peptides, recent research 

has also suggested its expression plays an important role in the differentiation of certain immune 

cell types. Particularly, knockdown of iCP subunit expression in dendritic cells has shown to cause 

significant changes in the amount of transcription factors such as IRF3, IRF7, STAT1, STAT3, 

and STAT6.11 All of these transcription factors are critical for triggering an immune response and 

Figure 4.1 Structure of the iCP. Upon stimulation 
by cytokines such as IFN-γ, three new catalytic 

subunits are expressed, β1i, β2i, and β5i. These 

are incorporated into newly synthesized 

proteasomes to form the iCP. 
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cell division, suggesting the iCP plays an additional role beyond generating antigenic peptides in 

dendritic cells. Similarly, T-cells from mice knocked down for iCP expression were shown to 

hyper proliferate in response to mitogenic stimulation compared to mice with normal iCP 

expression.11 This suggests that the iCP could be important in regulating mitotic division of certain 

cell types. 

Since viral infection leads to the production of cytokines, including IFN-γ, infected cells often 

produce the iCP.1,12 This results in an increase in the number of antigenic peptides in the cell and 

a subsequent increase in MHC-I expression on the outside of the cell. As a result, immune cells 

are better able to recognize virally infected cells and clear them to control an infection. As 

successful infection relies on the virus evading the immune system, several viruses have developed 

counter measures to reduce MHC-I expression on the outside of the cell.1 Several viruses, 

including Human Immunodeficiency virus (HIV),13–15 Hepatitis C,16 and Epstein-Barr virus17 are 

all known to deploy proteins that inhibit the activity of the iCP. This reduces the number of 

antigenic peptides and leads to a reduction in MHC-I expression on the outside of the infected cell. 

As a result, circulating T-cells do not detect the infection and the virus propagates. It should be 

noted that viruses must maintain a delicate balance of MHC-I expression reduction, as too drastic 

of a reduction will trigger the immune system to kill the abnormal cell.18,19  

In addition to its role in aiding with antigen presentation during viral infection, recent research 

suggests the iCP is expressed in other disease states such as cancer.20 Cancer cells often rely more 

heavily on proteasome activity than normal cells to clear protein buildup that results from 

abnormal levels of transcription and translation.21,22 Some cancers are marked by increased 

expression of the iCP such as some forms of breast,23 prostate,24 and multiple myeloma (MM).25 

Although the exact implications of iCP expression in these cancers remains unclear, attention has 

been turned to the iCP as a novel target for therapeutic intervention. As most healthy cells do not 

express the iCP, it could be used to discriminate between normal and cancerous cells. Additionally, 

great success in the treatment of cancers such as MM with agents that inhibit the standard 

proteasome suggest that the iCP could also prove to be an important target for inhibition by small 

molecules.26 Currently, several iCP specific inhibitors are under development and research to 

elucidate their impacts on cancer cells is ongoing.27–29 
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More recently, iCP expression has been detected in a variety of autoimmune disorders30 and 

neurodegenerative diseases.31 Autoimmune diseases are generally characterized by a dysregulated 

immune response in which immune cells attack normal body tissues. This results in a wide array 

of symptoms and chronic inflammation. Release of cytokines due to inflammation such as IFN-γ 

can trigger expression of the iCP in tissues in which it would not normally be expressed.32 iCP 

expression has been detected in tissues implicated in autoimmune disorders such as multiple 

sclerosis33 and  type 1 diabetes.34 Similarly, expression of the iCP has been detected in brain tissue 

of patients with neurodegenerative disorders such as Alzheimer’s35 and Huntington’s disease.31 

One of the hallmarks of neurodegenerative disease progression is the slowdown of proteasome 

activity and subsequent buildup of unwanted proteins in the cell.36 Similar to some autoimmune 

diseases, tissues in the brain can become inflamed as cellular damage from protein buildup 

progresses and are exposed to a plethora of cytokines, including IFN-γ. 

This triggers expression of the iCP in these tissues. The implications of 

iCP expression in both autoimmune disorders and neurodegenerative 

diseases remain to be fully understood, but modulation of its activity could 

represent a novel strategy to treat some forms of these diseases. 

Since iCP activity has been implicated in a suite of biological 

processes such as antigen presentation during viral infections, certain 

cancers, autoimmune disorders, and neurodegenerative diseases, attention 

has been turned to modulating its activity. In the case of cancer, 

autoimmune disorders, and neurodegenerative disorders, in which 

increased iCP activity is thought to exacerbate these conditions, reduction 

of its activity could result in therapeutic benefit. Several small molecule inhibitors have resulted 

from research to fully characterize the implications of iCP expression in these diseases. Among 

these inhibitors is ONX-0914, an epoxyketone that shows 20-fold selectivity for the β5i subunit 

compared to the β5 subunit of the sCP (Figure 4.2).34  Dosage of ONX-0914 in mouse models of 

rheumatoid arthritis resulted in reduction in disease progression, indicating that inhibition of the 

iCP’s activity could represent a new strategy to treat some autoimmune disorders.34 

Although work is underway to determine the impacts of iCP inhibition in disease models 

characterized by aberrant iCP expression, progress lags in elucidating the biological impacts of 

iCP stimulation. The well-established link between viral inhibition of the iCP and decreased MHC-

Figure 4.2 Structure of 

ONX-0914. ONX-0914 

was among the first iCP 

selective probes 

discovered. It specifically 

binds the β5i subunit with 

20-fold specificity over the 
β5 subunit. It is 

commercially available 

and commonly used to 

modulate iCP activity. 
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I expression suggests that the iCP could function as a target for therapeutic intervention against 

certain viral infections. This could be particularly useful for chronic infections such as HIV, where 

infected cells continuously evade the immune system.37,38 Latently HIV-infected cells can remain 

dormant for several years and represent a significant challenge in the development of a cure for 

HIV, as they cannot be readily targeted by the immune system for elimination. It is possible that 

stimulating iCP activity with a small molecule could rescue its inhibition by certain viruses. This 

could then lead to an increase in the pool of antigenic peptides in the infected cell and subsequent 

increased expression of MHC-I:peptide complexes on the outside of the cell. Restoring MHC-I 

expression on the cell surface would allow circulating T-cells to recognize infected cells and clear 

them. Here, we describe the impacts of ursolic acid (UA) on iCP activity in vitro and in cells 

induced to express the iCP. 

4.2 Results and Discussion 

4.2.1 Identification of Ursolic Acid and its Derivatives as Immunoproteasome Stimulators  

UA has previously been 

reported as a stimulator of the 

20S.39 Similarly, we extensively 

studied the impacts of UA and 

structurally similar derivatives, 

betulinic acid (BA), and oleanolic 

acid (OA) on the chronological 

lifespan of yeast with reduced 

proteasome activity in Chapter 3. 

After dosage of purified human 

20S with 10 µM of UA, BA, or 

OA, a significant increase in activity was observed (Figure 4.3). We next wanted to determine if 

UA could also stimulate the iCP. Our lab has recently developed a probe, called TBZ-1, that can 

specifically detect iCP activity in a variety of biochemical assays and in live-cells (Figure 4.4).40 

Like the TAS-1 probe, TBZ-1 is a peptide/peptoid hybrid probe that contains a rhodamine moiety. 

Figure 4.3 UA and Its Derivatives Significantly Increase sCP Activity. 

Purified human 20S proteasome was dosed with 10 µM of UA, BA, or OA. 
TAS-1, an sCP reporter probe, was then added to the samples and cleavage 

of the probe by the sCP was monitored over one hour. Rate of cleavage of 

the probe was calculated for each compound and normalized to samples 

dosed with DMSO. This revealed that UA, BA, and OA all significantly 

increase sCP activity. * p < 0.05, ** p < 0.01, *** p < 0.001 
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The peptide sequence is recognized by the iCP and 

cleaved, which releases the rhodamine-peptoid to 

produce a fluorescent signal. The peptoid region 

makes TBZ-1 more soluble and cell permeable. To 

evaluate the impacts of UA on iCP activity, we 

dosed purified iCP with varying concentrations of 

UA and with TBZ-1. Changes in fluorescence 

intensity were monitored over one hour and 

compared to samples dosed with DMSO (Figure 4.5). We observed a dose-dependent increase in 

iCP activity, with dosage of 50 µM UA resulting in a 500% increase in activity compared to DMSO 

control samples.  

After demonstrating that UA stimulates the iCP, we next sought to determine if BA and 

OA were also iCP stimulators. Purified iCP was dosed 

with 25 µM, 5 µM, or 0.5 µM of each compound and 

cleavage of TBZ-1 was monitored over one hour. Our 

previous results indicated that UA and its derivatives 

stimulate the sCP to a similar extent, so we anticipated 

to see an analogous result with iCP stimulation. 

Dosage of the iCP with varying concentrations of each 

compound confirmed this hypothesis; UA and all its 

derivatives stimulated the iCP to a similar extent, 

suggesting that other derivatives have similar potency 

(Figure 4.6).  

Thus far, no stimulators of the iCP have been 

reported and the iCP largely remains as an 

underexplored target for therapeutic intervention. We previously established that UA and its 

derivatives significantly stimulate the sCP. Here, we demonstrated that this also extends to the iCP. 

With these stimulators in hand, we next turned our attention to elucidating the impacts of UA 

dosage in cells induced to express the iCP. 

Figure 4.4 Structure of TBZ-1. TBZ-1 is a reporter 

probe that is cleaved by the iCP. The peptide region 

(blue) is specifically recognized by the iCP and 

cleaved. This releases the rhodamine (green) to 

produce a fluorescent signal. The peptoid region (red) 

makes the probe cell permeable and more soluble. 
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Figure 4.5 UA Stimulates the iCP in a Dose-

Dependent Manner. 5 nM of purified iCP was 

dosed with varying concentrations of UA. TBZ-1 
was added to a final concentration of 15 µM and 

fluorescence was monitored over one hour. Slopes 

that resulted from the iCP cleaving the probe over 

time were calculated and normalized to DMSO-

dosed samples. This revealed that UA stimulates 

the iCP in a dose-dependent manner. 
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4.2.2 Monitoring iCP Activity in Cells Induced 

to Express the iCP 

After determining that UA and its 

derivatives stimulated purified iCP, we next wanted 

to determine if UA could stimulate the iCP in cells. 

As previously discussed, most cells do not 

endogenously express the iCP. However, IFN-γ can 

trigger its expression in a variety of cell types. To 

begin this study, we first needed to establish 

conditions to induce iCP expression and select a 

suitable cell line. Cell lines such as BT-20 (breast 

carcinoma), and MRC-5 (lung fibroblasts) were 

dosed with varying amounts of IFN-γ for three 

days. iCP expression was determined by western blot analysis of cell lysates in which expression 

of β5i was compared to β5 expression. We expected to find that the amount of β5i present in the 

lysate would increase with increasing amounts of IFN-γ. This should have correlated with a 

decrease in the amount of β5 present in the 

lysate. Western blot analysis revealed that all 

cell lines could be induced to express the iCP, as 

evidenced by the presence of a band when 

blotting with a β5i antibody (Figure 4.7). As 

expected, dosage with higher amounts of IFN-γ 

resulted in increased expression of the β5i 

subunit, indicating the iCP was expressed in the 

cells.  

Although all the tested cell lines resulted 

in expression of the iCP, the amount of sCP 

remaining after IFN-γ treatment varied. The BT-

20 cells still expressed the β5 subunit after 

dosage of up to 20 ng/mL of IFN-γ. This 

indicated that the sCP was still being expressed. 
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Figure 4.6 UA and Its Derivatives Stimulate the iCP. 

5 nM of purified iCP was dosed with varying 

concentrations of UA, BA, and OA. TBZ-1 was added 

to a final concentration of 15 µM and fluorescence 

was monitored over one hour. Slopes that resulted 

from cleavage of the prober over time were calculated 

for each compound and normalized to control samples 

dosed with DMSO. UA and all its derivatives 

stimulate the iCP. 

Figure 4.7 Cells Dosed with IFN-γ Express the iCP. BT-

20, and MRC-5 cells were dosed with varying amount of 

IFN-γ for three days and western blots were performed 

with a β5 and β5i antibody to monitor expression of the 

sCP and iCP, respectively. Bot cell lines showed an 

increase in iCP expression, as evidenced by the presence 

of a band after blotting for β5i. This was met with a 

correlating decrease in the intensity of the β5 band. MRC-

5 was selected as a suitable cell line for further 

experimentation because the β5 band intensity decreased 

most significantly at every IFN-γ amount tested 

compared to the BT-20 cells. This indicated that these 
cells are expressing mostly iCP and not a mixture of the 

sCP and iCP. *Data collected by Christine Muli 
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Since we had demonstrated that UA stimulated both the sCP and iCP, we sought to select a cell 

line that predominantly expressed the iCP over the sCP. Dosage with as little as 5 ng/mL of IFN-

γ in the MRC-5 cells resulted in the largest decrease in β5 

expression and subsequent increase in β5i expression of 

the cell lines tested. Since these cells appeared to express 

the iCP to a greater extent than the sCP, we selected 

MRC-5 as our cell line for further studies. 

After establishing a suitable cell line for iCP 

expression, we next sought to determine if dosage of iCP-

expressing cells with UA would result in iCP stimulation. 

MRC-5 cells were dosed with 5 ng/mL of IFN-γ for two 

days then dosed with varying concentrations of UA for 

two hours. A viability assay was performed to determine 

the extent of 

cytotoxicity (Figure 

4.8). This revealed that 

only dosage with 25 µM of UA resulted in significant cell death. 

However, all other concentrations tested were not cytotoxic to 

the cells. As a result, 10 µM was selected as an initial 

concentration for monitoring changes in iCP activity. 

To determine the extent of iCP stimulation in cells, we 

utilized the TBZ-1 probe, as it is cell permeable.40 Although our 

western blot analysis showed that the sCP was still expressed in 

these cells after dosage with IFN-γ, the iCP expression 

represented the vast majority of proteasomes present in the cells. 

Similarly, TBZ-1 is more selective toward the iCP than the sCP, 

suggesting that signal produced by its cleavage in cells primarily 

resulted from iCP activity. MRC-5 cells were induced to express 

the iCP by dosing with 5 ng/mL of IFN-γ for two days. Cells 

were then dosed with 10 µM of UA. After incubating for two 

hours, cells were dosed with 31 µM of TBZ-1 and fluorescence 
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Figure 4.8 Viability of iCP-Expressing MRC-

5 Cells After Dosage with UA. MRC-5 cells 

were inducted to express the iCP by dosing 

with 5 ng/mL of IFN-γ for 2 days. Cells were 

then dosed with varying concentrations of UA 
for 2 hours. A Cell Titer Glo assay was 

performed to determine viability of the cells 

after dosing. Luminescent signal was 

normalized to cells dosed with DMSO (0 µM). 

Only dosage with 25 µM of UA resulted in 

significant cell death. 

D
M

SO

10
μM

 U
A

25
μM

 O
N
X-0

91
4

0

50

100

150

%
 A

c
ti

v
it

y

***

*

Figure 4.9 UA Stimulates the iCP in 

Cells. MRC-5 cells were induced to 

express the iCP and 5,000 cells were 

seeded in the wells of a 96-well 

plate. Cells were dosed with 10 µM 

of UA, DMSO, or 25 µM ONX-0914 

for 2 hours. Cells were washed and 

dosed with 31 µM of TBZ-1. 

Fluorescence was monitored for 1.5 
hours. Slopes of the resulting lines 

were calculated and values above or 

below one standard deviation were 

removed for each sample. Slopes 

were normalized to the DMSO 

control and graphed as shown. This 

revealed that dosage with UA 

stimulated the iCP. Importantly, 

dosage with 25 µM ONX-0914, an 

iCP inhibitor, significantly reduced 

activity. 
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was monitored over one and a half hours. The lines that resulted from the probe being cleaved over 

time were graphed and the resulting slopes were calculated. The slopes were normalized to DMSO-

dosed cells and analyzed (Figure 4.9). 

Dosage with 10 µM UA resulted in a significant increase in iCP activity, which indicated 

that UA stimulated the iCP both in vitro and in cell models. Importantly, a significant decrease in 

iCP activity was observed in response to dosing cells with 25 µM of ONX-0914, a known iCP 

inhibitor. Previous viability studies with iCP-expressing MRC-5 cells dosed with ONX-0914 

suggested that this concentration is nontoxic (See Materials and Methods section for viability data).  

The results of this study indicated that UA stimulates the iCP in a cell model. While 

significant research remains to be performed to fully characterize UA as an iCP stimulator, this 

initial study suggested that it could be an interesting small molecule to develop into a tool to 

monitor the impacts of  an increase iCP activity on MHC-I expression. 

4.3 Conclusion 

The iCP has emerged as an interesting therapeutic target because it is generally only expressed 

under inflammatory conditions such as a viral infection.40 Recently, iCP expression has also been 

implicated in a variety of diseases such as hematological cancers,20 autoimmune disorders,30 and 

neurodegenerative diseases.35 Since the iCP is not typically highly expressed in healthy counterpart 

tissues of these diseases, it represents a method to discriminate between normal and abnormal cells. 

Modulation of iCP activity through the use of small molecules could represent a novel method to 

treat these diseases, some of which currently only have therapies that treat symptoms and not the 

underlying cause of disease. In particular, inhibition of activity could prevent the onset and 

progression of some autoimmune disorders, as they are characterized by overexpression of 

autoantibodies that target the body’s own tissues. Reduction of iCP activity in inflamed tissues 

could reduce the pool of antigenic peptides, leading to a decrease in MHC-I expression. Reduced 

MHC-I expression could prevent autoantibodies from recognizing these tissues and prevent 

progression of some autoimmune disorders. As a result, studies to evaluate the iCP as a therapeutic 

target are underway.  

While inhibition of iCP activity could be useful to treat diseases such as autoimmune disorders 

and certain neurodegenerative diseases, stimulation of the iCP could prove to be a useful strategy 

to treat chronic viral infections. Viruses such as Hepatitis B16 and HIV14 are known to cause 
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chronic infection. To evade the immune system, these viruses deploy proteins that directly interact 

with the iCP and slow its activity. It is believed that this reduces the pool of antigenic peptides, 

which partially contributes to a decrease in MHC-I expression and subsequent immune system 

evasion. We hypothesize that iCP inhibition by these viral proteins could be rescued with a small 

molecule stimulator. This could potentially restore MHC-I expression and trigger an immune 

response.  

Thus far, no iCP stimulators have been reported, making elucidation of the iCP as a potential 

target for viral infection difficult. We have successfully demonstrated that UA stimulates not only 

purified iCP, but also iCP in live cells. We monitored iCP activity with TBZ-1, a reporter probe 

that is specifically recognized by the iCP.40 A dose-dependent increase in purified iCP activity was 

observed in response to dosing with UA. Dosage with two structurally similar derivatives, BA and 

OA produced a similar result, although the extent of iCP stimulation was very similar among the 

three compounds. Toxicity studies in MRC-5 cells induced to express the iCP suggested that UA 

is relatively well tolerated, as cells were still viable after dosing with up to 12.5 µM for two hours. 

Excitingly, dosage of 10 µM of UA in iCP-expressing cells resulted in significant stimulation of 

the iCP. Although significant progress still needs to be made to fully characterize UA as a small 

molecule iCP stimulator, the preliminary results described here suggest that it could be further 

developed into a tool to study the iCP as a therapeutic target in viral infections. 

Further work is needed to fully understand the impacts of UA on iCP activity and how this 

modulates expression MHC-I. We are currently focusing efforts into understanding if stimulation 

of the iCP can result in increased MHC-I expression. We hypothesize stimulating the iCP will 

result in an increase in the pool of antigenic peptides that are compatible with MHC-I and this 

could facilitate increased expression at the cell surface.  

4.4 Materials and Methods 

4.4.1 General Materials and Methods 

UA, BA, and OA were purchased from Fisher Scientific. ONX-0914 was purchased from 

MedChemExpress. Purified iCP and sCP were purchased from Boston Biochem. All biochemical 

assays were performed in black 96-well plates purchased from Fisher Scientific. 50 mM Tris-HCl 

pH 7.4 buffer was prepared fresh every two days with Tris-HCl purchased from Fisher Scientific. 
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Reagents and the description of TBZ-1 synthesis were described previously.40 MRC-5 cells were 

purchased from ATCC and were maintained in Eagle’s Minimum Essential Medium (EMEM) 

supplemented with 10% fetal bovine serum (FBS) purchased from Corning. Cell viability assays 

were conducted in sterile white 96-well tissue culture plates purchased from corning. Cell Titer 

Glo reagent purchased from Promega was used for cell viability studies exactly following the 

manufacturer’s protocol. All iCP activity assays conducted in cells were performed in sterile black 

96-well tissue culture plates purchased from Fisher Scientific. IFN-γ used to induce iCP expression 

was purchased from BioLegend.  

4.4.2 Monitoring Immunoproteasome Activity with a Biochemical Assay 

To determine if UA stimulated the iCP, we performed a biochemical assay in which 

purified iCP was incubated with varying amount of UA. 1 mg of UA was dissolved in DMSO to 

make a 20 mM stock. This was further diluted in DMSO to make stocks such that the final 

concentration in the well would be 50, 25, 10, 5, 1, or 0.5 µM. A 20 mM frozen stock of TBZ-1 

was thawed and diluted in 50 mM Tris-HCl pH 7.4 (tris buffer) to produce a 17 µM stock. 154 µL 

of the diluted TBZ-1 was added to 0.6 mL conical tubes incubating on ice. 3.5 µL of each UA 

concentration was added to one of the tubes containing TBZ-1 and vortexed to mix. As a control, 

3.5 µL of DMSO was added to a stock of TBZ-1 to make master stocks. 45 µL of the master stocks 

was added to wells of black 96-well plate on ice in replicates of three. 44 µL of 17 µM TBZ-1 was 

added the three wells followed by 6 µL of tris buffer as a control to monitor background 

fluorescence. 107.5 µL of a 50 nM stock of iCP was prepared by diluting a 3 µM stock in tris 

buffer. 5 µL of iCP was added to the wells as quickly as possible. The plate was gently struck with 

the hand on all sides to facilitate mixing and was briefly spun in a plate centrifuge. Fluorescence 

was monitored every 2 min for 1.5 hour with a TecanInfinite200 Pro plate reader that was 

preheated to 37 ˚C. The final volume in the well was 50 µL. The final TBZ-1 concentration was 

15 µM. The final DMSO concentration in the well was 2%. 

Data collected from the plate reader was graphed with GraphPad Prism 9 software to 

produce a graph to view fluorescence vs. time (Figure 4.10). The resulting slopes of each line 

were calculated and normalized to the DMSO control by taking the average of the slopes from the 

DMSO samples and dividing all slopes by that number. The resulting normalized slopes were 

graphed as shown in Figure 4.5. This was conducted in experimental duplicate and technical 
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triplicate for UA curves. The exact same procedure was conducted to determine iCP stimulation 

with BA and OA. This was conducted in experimental singlet and technical triplicate. 

4.4.3 Induction of iCP Expression in MRC-5 Cells 

MRC-5 cells were maintained in EMEM 

supplemented with 10% FBS at 37 ˚C with 5% CO2. Two 

days prior to the start of an experiment, cells were dosed with 

5 ng/mL of IFN-γ by adding a 10 ng/µL stock to the cells. 

The following day, cells were trypsinized and counted. The 

desired number of cells were resuspended in media and 5 

ng/mL of IFN-γ was added to the suspension. Cells were then 

seeded in a new plate and adhered overnight. Experiments 

were performed the next day.  

4.4.4 Determining Viability of iCP-Expressing MRC-5 

Cells Dosed with UA and ONX-0914 

After determining that UA stimulated purified iCP, we next wanted to determine its toxicity 

in MRC-5 cells expressing the iCP. 2 days prior to the experiment. Cells were dosed with 5 ng/mL 

of IFN-γ by adding a 10 ng/µL stock to the flask. The following day, cells were trypsinized and 

counted. 500,000 cells were resuspended in 2.5 mL of media and 5 ng/mL of IFN-γ was added to 

the suspension. 100 µL of cells were added to the wells of sterile white 96-well plate (20,000 cells 

per well) and adhered overnight. The following day, 1 mg of UA was weighed and dissolved in 

DMSO to produce a 20 mM stock. Stock solutions were prepared such that the final concentration 

in the well would range from 0.5 µM to 25 µM by diluting the 20 mM stock in DMSO. 3.5 µL of 

each concentration or DMSO was diluted in 31.5 µL of media. 10 µL was added to the wells in 

replicates of 3. Cells were dosed for 2 hours with each concentration. 

The plate was then removed from the incubator and equilibrated to room temperature for 

30 minutes. A frozen aliquot of Cell Titer Glo was thawed. 100 µL of Cell Titer Glo was added to 

each well. The plate was agitated on an orbital shaker for 5 minutes at room temperature to 

facilitate lysis of the cells. The plate was then placed on the bench top for 10 minutes protected 

from light to allow the luminescent signal to stabilize. Luminescence was read on a Synergy Neo2 
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Figure 4.10 Raw Data of Purified iCP 

Stimulation by UA. Purified iCP was 

dosed with varying concentrations of UA. 

TBZ-1 was added to each well at a final 

concentration of 15 µM. As a control, 

wells containing only TBZ-1 with no iCP 

were included to monitor background 

fluorescence. Samples were also dosed 

with DMSO as a control. Fluorescence 

intensity was measured over 1 hour and 

graphed to visualize fluorescence vs. time. 

The slopes of each line were calculated, 

normalized to the DMSO-dosed wells, and 

graphed as shown in Figure 4.5. 
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plate reader system with the gain set to 100. Signal was normalized to the DMSO-dosed cells by 

taking the average of those wells and dividing the remaining signals by this average. This was then 

graphed with GraphPad Prism 9 software to determine the viability of the cells as displayed in 

Figure 4.8. 

A similar experiment was performed for determining the cytotoxicity of ONX-0914. 

20,000 iCP-expressing MRC-5 cells were seeded in the wells 

of a sterile black 96-well plate and adhered overnight. The 

following day, a frozen 20 mM stock of ONX-0914 was 

thawed and diluted in DMSO such that the final 

concentration in the well would range from 50 µM to 0.5 µM. 

3.5 µL of each concentration was diluted in 31.5 µL of media 

and 10 µL was added to each well in replicates of 3. The final 

volume in each well was 110 µL. The final DMSO 

concentration was 1% per well. Cells dosed for 2 hours, then 

the plate was allowed to equilibrate to room temperature. 100 

µL of Cell Titer Glo was added to each well and the plate was 

agitated for 5 minutes on an orbital shaker. The plate was 

then incubated, protected from light, at room temperature for 

10 minutes to allow the luminescent signal to stabilize. 

Luminescence was measured with a Synergy Neo2 plate 

reader system with the gain set to 100. Data was analyzed exactly as described above. This revealed 

that ONX-0914 is not cytotoxic with dosage up to 50 µM (Figure 4.11) 

4.4.5 Activity-Based Assay to Monitor iCP Activity in Cells in Response to Dosage with UA 

After establishing that UA stimulates purified iCP, we next turned our attention to 

evaluating its impacts on iCP activity in cells. MRC-5 cells were induced to produce the iCP as 

discussed above. After one day of dosing with IFN-γ, cells were tyrpsinized and counted. 150,000 

cells were resuspended in 3 mL of media and 1.5 µL of a 10 ng/mL IFN-γ stock was added to the 

cells. 100 µL of cells was added to the wells of a sterile black 96-well plate (5,000 cells per well) 

and cells adhered overnight. The following day, 1 mg of UA was weighed and dissolved in DMSO 

to make a 20 mM stock. A frozen aliquot of 20 mM ONX-0914 solution was thawed. A 1,100 µM 
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Figure 4.11 Evaluating Cytotoxicity of 

ONX-0914 in iCP-Expressing MRC-5 

Cells. 20,000 iCP-expressing MRC-5 

cells were seeded in a black 96-well plate. 

3 wells were dosed with varying 

concentration of ONX-0914 for 2 hours. 

Cell Titer Glo was then added to each 

well and luminescence was measured. 

The signal was normalized to DMSO-

dosed wells by dividing the signal from 

each well by the average of the wells 

dosed with DMSO and graphed as shown 

above. ONX-0914 is not toxic to cells 

with dosage as high as 50 µM. 
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stock of UA and 2.75 mM stock of ONX-0914 was prepared by diluting the 20 mM stocks in 

DMSO. 6 µL of each compound or DMSO was diluted in 54 µL of media. 10 µL was added to 

wells in replicates of 5. The final UA concentration in each well was 10 µM. The final ONX-0914 

concentration was 25 µM. The final DMSO concentration was 1%. The final volume in the well 

was 110 µL. Cells were dosed for 2 hours. 

Media was then aspirated, and the cells were washed 3X with 100 µL of sterile PBS. A 2 

mM stock of UA was prepared by diluting the 20 mM stock in DMSO. A 2.5 mM stock of ONX-

0914 was prepared. A frozen aliquot of 20 mM TBZ-1 was thawed and a 6.2 mM stock was 

prepared by diluting it in DMSO. 1.4 µL of each compound or DMSO was diluted in 272.2 µL of 

Krebs-Ringer buffer (KRBH) followed by 1.4 µL of the 

TBZ-1 solution. Samples were vortexed to mix. 50 µL of 

each master stock was added to the cells in replicates of 5. 

The final UA concentration was 10 µM. The final ONX-

0914 concentration was 25 µM. The final TBZ-1 

concentration was 31 µM. The final DMSO concentration 

was 1%. The final volume in each well was 50 µL. 

Fluorescence intensity was measured every 2 minutes for 

1.5 hour on a TecanInfinite200 Pro plate reader preheated 

to 37 ˚C.  

Data was collected and graphed with GraphPad 

Prism 9 software to visualize fluorescence vs. time 

(Figure 4.12). The first 30 minutes of the data was 

removed, as there is a lag period between adding the probe 

and subsequent cleavage. Slopes that resulted from the 

probe being cleaved over time were calculated. Slopes that were +/- one standard deviation from 

the mean were excluded. At least three data points remained for each sample. The slopes were then 

normalized by calculating the average of the DMSO slopes and dividing all data by that number. 

Slopes were then graphed as bar graphs as shown in Figure 4.9. The experiment was conducted in 

experimental triplicate and technical quintuplicate.  
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Figure 4.12 Monitoring iCP Activity in MRC-

5 Cells. MRC-5 cells were induced to express 

the iCP and 5,000 cells were seeded in a black 
96-well plate. Cells were dosed with DMSO, 

10 µM UA, or 25 µM ONX-0914 for 2 hours. 

Cells were then washed with PBS and dosed 

with 31 µM of TBZ-1. Fluorescence was read 

every 2 minutes for 1.5 hours. The resulting 

lines were graphed as shown above. A lag 

time is seen during the first 30 minutes of 

monitoring fluorescence. This was removed 

and the resulting slopes were calculated and 

normalized to the DMSO-dosed cells as 

described. The slopes were displayed as bar 

graphs as shown in Figure 4.9. 
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 CONCLUSIONS AND FUTURE DIRECTIONS 

5.1 General Conclusions 

The proteasome is responsible for the majority of cellular protein degradation, making its 

activity critical to cell viability.1 Dysregulation of all three isoforms of the proteasome: the 26S, 

20S, and iCP is implicated a variety of disease states such as cancer,2,3 aging,4–6 and 

neurodegeneration.7–9 The link between alterations in proteasome activity and the onset and 

progression of these diseases has warranted significant investigation of the proteasome as a 

therapeutic target. This has led to the development of several small molecules that bind the 

proteasome and modulate its activity. In particular, great success in treating certain forms of 

cancers with proteasome inhibitors has been demonstrated.3,10 While inhibition of proteasome 

activity has shown to be a novel strategy to treat certain forms of cancer, attention is also being 

turned to elucidating the benefit of proteasome stimulation. 

Thus far, most small molecule binders of the proteasome target the 20S proteasome, such as 

bortezomib and carfilzomib.11,12 Both of these interact with catalytic subunits of the proteasome 

and prevent them from cleaving incoming protein substrates. However, the noncatalytic subunits 

of the 19S regulatory particle also significantly contribute to the activity of the 26S and may be of 

therapeutic interest.13 The Rpn-6 subunit facilitates linkage of the 19S to the 20S.14 Disruption of 

this subunit could result in altered 26S activity, as attachment of the 19S to the 20S could be altered 

by a small molecule binder. Similarly, the Rpn-13 subunit is responsible for recognizing ubiquitin 

tags on proteins marked for degradation by the 26S.15,16 Disruption of this subunit could prevent it 

from recognizing proteins tagged for degradation and alter 26S activity. While these 19S subunits 

and others are attractive targets to modulate 26S activity, very few small molecule binders to these 

subunits have been discovered. This is partially due to the difficulty of screening these subunits.  

Screening proteins with noncatalytic functions is difficult, as several screening methods rely 

on measuring the functional output of a protein in response to binding a small molecule. Many 

screening techniques utilize one-bead-one-compound (OBOC) libraries in which thousands of 

small molecules can be synthesized simultaneously.17 Noncatalytic proteins can be screened 

against OBOC libraries through the use of magnetic beads in which a combination of primary 

antibodies and magnetic beads conjugated to secondary antibodies are used to physically separate 
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hits from nonhits. While this method has been successfully used to screen a variety of proteins, 

hits cannot be readily prioritized. This results in lengthy validation experiments to determine the 

top binders to a target protein. Our lab and others have begun to investigate the use of fluorophores 

to make screening methods more quantitative.18–20  

In this work, we successfully developed a screening method in which a protein of interest is 

labeled with a near-infrared range (NIR) fluorophore. The protein is incubated with beads of an 

OBOC library individually separated into a well plate, which eliminates the need to cleave the 

small molecule from the bead prior to the screen. Beads are rinsed to removed excess protein and 

the plate is imaged for fluorescence. Fluorescence intensities that result from the labeled protein 

binding the small molecule can be quantified and provide a basis to rank hits. We evaluated this 

screening method by incubating beads conjugated to ligands of varying affinity to the carbonic 

anhydrase protein labeled with a NIR fluorophore.19 Clear differences in the fluorescence 

intensities that resulted from the labeled protein binding a high and low affinity ligand were 

observed. From this we concluded that our screening technique could be used to quickly 

distinguish between good binders and excellent binders in a screen against a target protein. Since 

this method does not rely on the catalytic activity of a biological target, the types of proteins that 

could be screened are vast.  

We next sought to use this screening method to identify a covalent binder to the oncoprotein 

gankyrin. In healthy cells, gankyrin is a chaperone of the 19S regulatory particle.21 However, its 

overexpression in some cancers allows it to form novel protein-protein interactions. This results 

in enhanced degradation of two cell cycle regulating proteins, p53 and retinoblastoma protein.22–

24 Degradation of these proteins disrupts check points in the cell cycle and allows cancer cells to 

undergo uncontrolled proliferation. Since aberrant expression of gankyrin facilitates cell cycle 

dysregulation, we selected it as our target to screen against an OBOC library. Similarly, gankyrin 

was also an attractive target because it has no known enzymatic function.  

Gankyrin was screened against a 343-member covalent peptoid library.25 We selected a 

covalent library because we sought to generate a binder of gankyrin that could eventually be 

developed into a probe to monitor gankyrin’s expression and activity in cells. Covalent linkage of 

the ligand to gankyrin would facilitate better moderation of its expression in cells, as the ligand 

would not readily disassociate from the protein. Gankyrin was labeled with a NIR fluorophore and 

two screens against the OBOC were performed. Fluorescence intensities that resulted from the 
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labeled gankyrin binding the beads were quantified and the top 5% of fluorescence intensities from 

both screens were considered our initial hits. When comparing hit structures between the two 

screens, we noted that ten structures had similar amines in the similar positions. We concluded 

that these were likely important for binding to gankyrin and selected these ten structures for 

validation. Validation was performed by an in-gel fluorescence assay, which produced one 

validated hit, TMM-6. We further demonstrated that TMM-6 primarily binds gankyrin in spiked 

HEK 293T cell lysate. 

Based on our results from the OBOC screen against gankyrin, we concluded that our screening 

method can be used to rapidly identify high quality binders to target proteins. Not only did we 

successfully demonstrate that differences in binding affinities between a protein and ligands with 

known affinities can be readily detected, but we 

also used this technique to identify TMM-6, a 

covalent ligand of gankyrin . To the best of our 

knowledge, TMM-6 is the first reported covalent 

binder of gankyrin.  Another noncovalent binder 

was recently reported and was shown to stabilize 

expression of p53, highlighting the potential of 

gankyrin as a therapeutic target.21 We are next 

interested in elucidating the impact of TMM-6 

on cells that overexpress gankyrin (Figure 5.1). 

Aging and neurodegeneration are 

characterized by a decrease in proteasome 

activity.6,26 Reduction in proteasome activity 

results in buildup of unwanted proteins that 

eventually leads to cell death if left unchecked. 

Our lab and others have begun to explore the 

impacts of small molecules that stimulate the 

proteasome on these pathologies.4,27 Elucidating 

impacts of proteasome activity in aged humans is difficult, as humans have long lifespans. As a 

result, research has turned to the use of model organisms that undergo similar mechanisms of aging, 

such as Saccharomyces cerevisiae, or budding yeast.28,29 The structure of yeast proteasome and 

Figure 5.1 Future Directions for TMM-6. We next plan 

to evaluate the impacts of TMM-6 on cells that 

overexpress gankyrin. We plan to dose cells with TMM-

6 and monitor the extent of apoptosis and levels of p53 

and retinoblastoma protein. We hypothesize that TMM-

6 could prevent gankyrin from enhancing degradation of 

these two cell cycle regulating proteins and result 

stabilizing their expression. This could lead to activation 

of apoptosis. We are also interested in using fluorescently 

labeled TMM-6 to monitor expression of gankyrin in 

cells during the onset and progression of cancers. 
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human proteasomes are remarkably similar.11 Yeast can also be readily genetically manipulated to 

alter proteasome subunit expression and activity.30 Importantly, genetic stabilization of 

proteasome expression has been shown to extend yeast lifespan, while repressing its expression 

shortens lifespan.30 We sought to determine if dosage of yeast with reduced proteasome activity 

with small molecule stimulators could produce similar lifespan extension. This would provide 

more insight into the proteasome as a therapeutic target for aging. 

We utilized a BY4741 yeast strain which is known to have a relatively long chronological 

lifespan (CLS).31 This strain was selected because there are several commercially available 

isogenic strains, including rpn4Δ that is knocked down for the RPN4 transcription factor that 

controls expression of proteasome subunits.32 Since the CLS of this strain was shown to be over 

one month, we first sought to optimize an assay to monitor CLS in response to dosing with 

proteasome stimulators. Through alterations in media composition, we successfully reduced the 

CLS from over 40 days, to just one week.33,34 Following the work of other research groups, we 

also successfully scaled yeast culture conditions down to a deep well 96-well plate format which 

increased the number of stimulators that could be tested simtaneously.35  

We used these optimized assay conditions to determine if ursolic acid (UA) and structurally 

similar compounds, betulinic acid (BA) and oleanolic acid (OA), could extend the CLS of the 

rpn4Δ yeast strain with reduced proteasome capacity. We found that dosage with UA and BA 

resulted in slight CLS extension. Although UA and its derivatives may not be very potent 

proteasome stimulators in this yeast model, we concluded that this assay could be used in future 

work to evaluate other proteasome stimulators in a biologically relevant environment. We further 

evaluated UA as a proteasome stimulator by monitoring degradation of α-synuclein, a protein 

prone to aggregation.36 We found that dosage of UA in lysate of yeast induced to express α-

synuclein resulted in a significant decrease in the amount of this protein. The results of this work 

indicate that we have successfully established a method to monitor yeast longevity in response to 

small molecules that modulate proteasome activity. Similarly, we concluded that UA provides 

slight lifespan extension in yeast with reduced proteasome activity. 

Expression of the iCP has recently been implicated in a variety of diseases such as 

neurodegenerative diseases,9,37 some cancers,38,39 and autoimmune disorders.40,41 The iCP is 

generally not expressed in the tissues impacted by these conditions unless they are exposed to 

inflammatory conditions. As a result, the iCP represents a way to distinguish between health and 
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diseased tissues. Our research group and others have begun to elucidate the impacts of modulating 

iCP activity to counteract the pathologies associated with these diseases. Here, we present that UA 

and its derivatives stimulate purified iCP. We further demonstrated this same phenomenon in cells 

induced to express the iCP. Currently, we are beginning to elucidate the impacts of iCP stimulation 

on MHC-I expression.  

5.2 Future Directions 

5.2.1 Expand OBOC Library Screening Technology  

We have successfully demonstrated use of our OBOC library screening method to identify 

a covalent binder to gankyrin, TMM-6. However, we believe this technology could be expanded 

into a technique to identify pathogens and antibodies in human tissues. Autoimmune diseases are 

characterized by overexpress of autoantibodies that attack healthy tissues.42,43 Current methods to 

diagnose these diseases are often not sensitive enough to detect the presence of these antibodies at 

early stages.44 As a result, it can be difficult to intervene with therapeutics before significant 

disease progression. With our OBOC screening methods, we were able to reliably detect as little 

as 0.2 ng of antibody in a protein mixture.19 We believe this could be expanded to sensitively detect 

antibodies that are overexpressed in autoimmune disorders. 

 We hypothesize that a ligand specific to an autoantibody could be synthesized on resin. 

Blood serum could then be exposed to the beads and the autoantibody would bind the ligand. 

Fluorescently labeled secondary antibodies could then be used to detect the autoantibody. The 

amount of fluorescent signal produced by the fluorescently labeled antibody binding the 

autoantibody could be quantified to reveal abnormal levels of antibodies in a blood sample. Small 

molecule ligands to autoantibodies would first have to be discovered using our OBOC screening 

method or other commercially available techniques. We believe repurposing this technology into 

a method to detect autoantibodies could result in a very sensitive diagnostic tool for autoimmune 

disorders. 

 Similarly, current techniques to identify blood cancers often involve invasive bone marrow 

biopsies or analyzing blood smears under a microscope for abnormal cells.45 These methods 

require expertise in blood analysis, as abnormal cells must be manually counted. They are also not 

very sensitive, resulting in significant disease progression before some blood cancers can be 
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diagnosed. This results in poor prognosis and reduced patient lifespan. As a result, development 

of more sensitive diagnostic methods, such as the use of flow cytometry are underway.46 We 

believe our OBOC screening method could be repurposed into a sensitive technique to identify 

cancer cells present in blood samples. This would not only expedite the diagnosis of certain blood 

cancers, but also result in a novel detection method. 

 Cancer cells often overexpress protein markers on the cell surface, providing a basis to 

discriminate between cancerous and normal cells.47 We envision a method to detect these cells in 

which ligands specific to these proteins could be synthesized on resin. Blood samples could then 

incubate with the beads and only cancer cells 

that overexpress the target protein would bind 

the resin. We could then use fluorescently 

labeled secondary antibodies to detect the 

cancer cells bound to the bead. Since 

noncancerous cells do not overexpress the 

same types of proteins as cancer cells, 

fluorescence that results from an antibody 

binding a cell on-bead could be attributed to the 

presence of a cancerous cell. This would not 

only expedite the diagnosis of some blood cancers, but also offer a less invasive and potentially 

very sensitive method to detect blood cancers at earlier stages (Figure 5.2). 

5.2.2 Screen for New Proteasome Stimulators and Evaluate Lifespan Extension Properties 

In this work, we presented an optimized assay to evaluate the impact of small molecule 

proteasome activity modulators on the lifespan of yeast with reduced proteasome capacity. 

Research suggests that reduction in proteasome activity is a hallmark of human aging, making the 

proteasome an interesting therapeutic target.4,6 It can be difficult to study the impacts of chemical 

stimulation of the proteasome in humans because of their relatively long lifespan. However, yeast 

have emerged as an important tool to monitor lifespan, as they can be genetically manipulated to 

mimic human conditions.28 We successfully optimized a method to monitor the chronological 

lifespan (CLS) of yeast by shortening the time required to acquire results and scaling down to a 

Figure 5.2 Expanding our OBOC Screening Technology. 

We plan to broaden the applications of our OBOC 

screening method into a technique to detect autoantibodies, 
bacteria, or cancer cells in patient blood samples. This 

could expedite the process of diagnosing autoimmune 

diseases, bacterial infections, and certain cancers. 
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96-well plate format. This assay could be used to rapidly elucidate the impacts of proteasome 

stimulators on aging. 

Although UA and its derivatives were not especially potent, our optimized assay could be 

used to evaluate newly identified proteasome stimulators on aging. Importantly, it is difficult to 

for yeast to retain small molecules within the cell. This is partially because the cell wall prevents 

uptake of small molecules in the surrounding environment and the fact that yeast are equipped 

with several drug efflux pumps that rapidly expel compounds.48 The BY4741 strain utilized in this 

study is known to have functional efflux pumps, which may have contributed to our observation 

of only slight lifespan extension in response to dosage with UA. There are commercially available 

strains of yeast that are knocked down for drug efflux pump expression, namely the Δ8 BY4741 

strain.49 Since the drug efflux pumps in this strain are not fully expressed, it is easier for small 

molecules to be retained within the cell. Moving forward, we are interested in creating a double 

deletion strain of BY4741 that is knockdown for both the RPN4 transcription factor and the drug 

efflux pumps. This strain of yeast of could prove to be very helpful in determining the impacts of 

small molecule proteasome stimulators on aged yeast. We predict that better retention of small 

molecules such as UA by a double deletion strain will result in more significant lifespan extension 

than the single deletion strains. 

Our optimized CLS assay bridges the gap between biochemical methods used to identify 

proteasome stimulators and evaluating their impacts in complex mammalian cellular environments. 

Yeast are relatively easier to work with than mammalian cells and several strains with reduced 

proteasome activity are commercially available.32 This eliminates the need to optimize mammalian 

cells line or passage cells until they reach sufficient age to test small molecule stimulators. 

Similarly, this method could be further be used to evaluate the proteasome as a therapeutic target 

for aging. 

5.2.3 Elucidate the Impacts of iCP Stimulators on MHC-I Expression 

The iCP has recently emerged as a potential therapeutic target for a variety diseases such as 

neurodegenerative disorders,37 autoimmune disorders,40 and certain cancers.38,41 Modulation of its 

activity could be viable strategy to specifically target diseased cells as most healthy cells do not 

express the iCP.1 Our lab has recently developed a reporter probe that is recognized by the iCP 

and can be used in biochemical and cell-based assays.50 In this work, we utilized this probe to 
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identify UA and its derivatives as iCP stimulators. We observed stimulation both biochemically 

and in cells induced to express the iCP. 

Many viruses, such as human immunodeficiency virus (HIV), target the iCP to prevent it from 

generating antigenic peptides compatible with MHC-I complexes.51–53 HIV deploys a protein 

called Tat which is known to form a heptameric ring structure that binds the alpha subunits of the 

iCP.52 This prevents the iCP from degrading both cellular and viral proteins, resulting in a 

reduction in the pool of antigenic peptides in the cell. It is believed that this may partially contribute 

to a decrease in MHC-I expression on the outside of the infected cell and allow the virus to evade 

the immune system. Despite huge advancements in the 

therapies available to treat HIV, there is currently no cure. 

We hypothesize the iCP could represent a novel target for 

HIV therapies. Stimulating the iCP with a  small 

molecule may rescue its inhibition by Tat and restore the 

pool of MHC-I compatible peptides. This could lead to 

an increase in the amount of MHC-I expressed on the 

outside of an infected cell and allow the immune system 

to recognize and clear it. Currently, we are beginning to 

elucidate the impacts of HIV Tat on iCP activity and 

effects of dosing Tat-expressing cells with iCP 

stimulators. We have recently demonstrated that MRC-5 

cells induced to express the iCP and subsequently 

transfected with HIV Tat exhibit lower iCP activity than 

mock transfected cells (Figure 5.3). This indicates that 

the iCP could be an important target for therapeutic intervention. 

Further characterization of UA is required to fully evaluate it as an iCP stimulator. Since we 

have demonstrated that cells induced to express the iCP that are transfected with HIV Tat show 

reduced iCP activity, we are next interested in determining if dosing these cells with UA could 

rescue its inhibition. Upon successfully stimulating the iCP in a Tat-transfected cell model, we 

will then turn our attention to determining the impacts of iCP stimulation on MHC-I expression 

by monitoring changes in the amount of MHC-I complexes on the outside of transfected cells 
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Figure 5.3 Tat-Transfected Cells Exhibit 

Reduced iCP activity. MRC-5 cells were 

induced to express the iCP by dosing with 5 

ng/mL of IFN-γ for two days. Cells were then 

transfected with HIV Tat DNA. Mock-

transfected or Tat-transfected cells were dosed 

with 31 µM of our iCP reporter probe, TBZ-1. 

Cleavage of the probe was monitored for 1.5 

hours and the slopes of the resulting lines were 

graphed as bar graphs as shown above. This 

revealed that cells expressing HIV Tat have 

lower iCP activity than the mock transfected 

cells. This suggests the iCP could be an 

interesting target for therapeutic intervention. 
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dosed with iCP stimulators by flow cytometry. We anticipate that stimulating the iCP will result 

in more MHC-I expression on the cell surface.  

5.3 Final Conclusions 

The discovery of small molecule binders to the proteasome has significantly aided in our 

understanding of the proteasome as a therapeutic target in a variety of diseases. However, 

standardized assays to screen for small molecule binders of the proteasome and evaluate their 

impacts in biologically relevant systems remain unavailable. This has resulted in inconsistencies 

in fully characterizing the role of the proteasome in diseases such as cancer, aging, and 

neurodegeneration. Similarly, until recently, research has primarily focused on discovering small 

molecules that modulate the catalytic subunits of the proteasome, leaving the remaining subunits 

largely underexplored. We believe that the set of assays presented in this work to discover small 

molecule binders to target proteins and evaluate the impacts of modulating proteasome activity in 

aged yeast will facilitate a better understanding of the proteasome as a therapeutic target. 

Identification of new small molecule binders to the noncatalytic subunits will allow for the 

development of probes that can be used to study the impacts of these subunits on proteasome 

function. Similarly, recent research has revealed that expression of the iCP is implicated in a 

variety of diseases and could emerge as an important therapeutic target. However, small molecule 

tools to probe its activity are limited, leaving a significant need to identify binders. The assays 

presented in this study could allow for the development of sensitive iCP probes and be used to 

answer questions regarding its therapeutic potential. 

The discovery of small molecules that inhibit the proteasome has resulted new therapeutics for 

diseases such as cancer. Usage of these small molecules in the clinic has resulted in better 

prognosis and longer lifespans of cancer patients. However, the therapeutic benefit of proteasome 

stimulation in diseases such as neurodegeneration and aging remain largely underexplored. This 

is partially due to the lack of reported proteasome stimulators and assays to evaluate their impacts 

in aged cells. We believe the assays presented in this work will move the field of proteasome 

stimulation forward by facilitating rapid discovery and evaluation of small molecules that 

modulate proteasome activity.  
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APPENDIX A. EXAMPLE STRUCTURES OF HITS FROM AN OBOC 

SCREEN AGAINST GANKRYIN.  

 The following data represents numerous example structures of the hits identified from both 

screens and several of the overlapping structures between the two screens. Structures were 

considered overlapping if they had similar amines in similar positions. The overlapping structures 

were selected for validation by the in-gel fluorescence experiment.  
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APPENDIX B. LC/MS TRACES OF FLUORESCENTLY LABELED 

LIGANDS FOR VALIDATION BY IN-GEL FLUORESCENCE 

Shown below are several examples of LC/MS traces of the overlapping structures between 

the two screens that were selected for validation. Ligands were purified by RP-HPLC and the 

traces below represent injections of samples from the peaks from HPLC purification on an Agilent 

single quadrupole LC/MS system. 
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APPENDIX C GRAPHS FROM THE IN-GEL VALIDATION 

EXPERIMENTS  

 The following graphs represent examples of the quantified data from the in-gel 

fluorescence experiment in which purified gankyrin incubated with varying amounts of each 

fluorescently labeled ligands. The intensity of the protein band corresponding to the labeled ligand 

or negative control binding gankyrin was quantified and graphed using GraphPad Prism 9.0 

software as shown below. TMM-6 was the only peptoid that produced higher fluorescence 

intensities than the negative control in the initial experiment, indicating that it was a true hit.  
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