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ABSTRACT OF THE DISSERTATION 

 

A small molecule dissociates the PAM motor from the TIM23 channel 

 

by 

 

Tsz Mei Jesmine Cheung 

Doctor of Philosophy in Biochemistry and Molecular Biology 

University of California, Los Angeles, 2017 

Professor Carla Marie Koehler, Chair 

 

 

Mitochondrial dysfunction is a contributing factor in various neural and muscular 

degenerative diseases. Modulation of mitochondrial protein pathways can have regulatory effects 

on mitochondrial function. Conventional methods using yeast genetics and RNAi approaches are 

powerful, but limited because RNAi requires several days and during this time, cells can alter 

metabolism. Therefore, we have developed several approaches to identify small molecule 

modulators for mitochondrial protein translocation.  

This study utilizes a high-throughput small molecule screening approach to identify 

modulators of the TIM23 import pathway, which transports proteins across the inner membrane 

and into the matrix. This strategy will be useful in generating a toolbox of small molecule 

modulators for mitochondrial translocation to understand how defects in mitochondrial assembly 

contribute to disease.  
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To this end, we have identified and characterized a small molecule probe MitoBloCK-20 

(MB-20) that binds specifically to Tim17 in the TIM23 complex. MB-20 inhibits the import of 

substrates that use the TIM23 translocon, but not the TIM22 translocon. MB-20 seems to target 

Tim17, because Tim17p, but not Tim23p and the PAM complex, was resistant to protease in the 

presence of MB-20. In pull-down experiments with His-tagged components, the interaction 

between Tim17 and Tim23 was stabilized but Tim44, Pam18 and Pam16 of the motor 

precipitated, suggesting the interaction between Tim17/Tim23 and the PAM complex was 

disrupted. Based upon biochemical analysis, MB-20 seems to target Tim17 and suggests that 

Tim17 plays a critical role in coordinating activities between the channel and the import motor. 

This modulator also showed a critical role for mitochondria in development of the zebrafish 

neural system.  
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Chapter 1: Introduction –  
High-throughput screening methods to develop 
small molecule probes targeting mitochondria 

 
Introduction 

Mitochondria are known as the power house of the cells, generating ATP to support the 

vast range of activities in cells that are essential for life. As scientists explore these fascinating, 

yet complicated organelles, we found that they are much more than we once thought1. 

Mitochondria also perform numerous vital functions in cells, including activation of apoptosis2,3, 

maintenance of calcium homeostasis4,5 and management of oxidative stress6,7 (Figure 1-1).  

Besides the heterogeneity of mitochondrial functions, mitochondria are found to be 

involved and connected with other components of the cell8 (Figure 1-2). These organelles can be 

considered as an integral part of cellular signaling and cell communication and survival9–13. The 

mitochondrial outer membrane plays a crucial role in communicating with other cellular 

compartments and signaling under different cellular conditions14–16. The emerging network of 

mitochondria-organelle contacts revealed pivotal mitochondrial functions for proper cell 

functions and survival. The best-studied mitochondrial organelle contact site, the ER-

mitochondria encounter structure (ERMES) has been linked to many vital processes including 

mitochondrial fission, inheritance, mitophagy and phospholipid transport17–19. All these 

regulations and processes are detrimental in maintaining the quality of mitochondria and in 

restoration of proper mitochondrial functions. For instance, bidirectional signaling between the 

nucleus and mitochondria regulates the nuclear transcriptional response triggered by 

accumulation of misfolded proteins within the mitochondria20–22 (UPRmt). If misfolded proteins 
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accumulate to a level that exceeds the capacity of the UPRmt, autophagy of mitochondria 

(mitophagy) follows to mitigate the proteotoxic stress23–26.         

As highlighted above, mitochondria are intimately linked to a wide range of processes 

that are important to the cells. Dysfunctions of these processes contribute to various muscular 

and neurodegenerative diseases27. Thus, enormous endeavor from the scientific communities has 

been put to better understand the mechanism of the different functions of mitochondria, with the 

goal to gain insight for developing effective mitochondria-targeted therapies.         

 
The mitochondrial protein import system  

 
Mitochondria retain features of their bacterial ancestors, including a genome28,29. 

However, 99% of the mitochondrial proteins are synthesized in the cytosol containing different 

targeting and sorting information and must be imported across one or both mitochondrial 

membranes and transported to their functional destination30–33. Mitochondria are complex 

organelles that contain different compartments, the outer membrane (OM), the inner membrane 

(IM), the intermembrane space (IMS) between the OM and IM, and the mitochondrial matrix 

inside the IM. Mitochondria have developed a sophisticated translocation system for the import 

of nuclear-coded proteins (Figure 1-3). The outer membrane contains the TOM (translocase of 

the outer membrane) complex for translocation across the outer membrane34,35 and the SAM 

(sorting and assembly machinery) complex for assembly of outer membrane proteins36–39. At the 

inner membrane, the TIM23 (translocase of the inner membrane) complex mediates the import of 

precursor proteins with a typical N-terminal targeting sequence40,41, and the TIM22 complex 

mediates the import of carrier proteins42–44. 

Almost all mitochondrial proteins are imported through the TOM complex45 (Figure 1-4). 

The central component of TOM is Tom40p, which has a β-barrel structure that forms the main 
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channel for protein to cross the outer membrane35,46. In the complex, Tom20p, Tom22p, Tom70p 

and Tom5p are the receptors, recognizing the precursor targeting sequence, guiding the 

precursors to the TOM channel34,47. For proteins with an N-terminal targeting presequence, 

import is then mediated by the TIM23 complex41,48 (Figure 1-4), which contains Tim17p, 

Tim23p, Tim50p and Tim21p, and it is associated with the PAM (protein-associated 

translocation motor) complex. The translocation motor consists of Tim44p, mitochondrial Hsp70 

(mHsp70), the nucleotide exchange factor Mge1p, and J-proteins Pam16p and Pam18p49–51. The 

TIM23 import pathway is membrane potential (∆ψ) dependent. For the matrix-targeted protein, 

targeting sequence is cleaved by the matrix processing protease (MPP) once it is translocated 

into the matrix40,52. For inner-membrane-sorted pre-proteins, they are cleaved twice, first by 

MPP, then by the inner-membrane peptidase53 (IMP). 

The carrier proteins and import components utilize the TIM22 import pathway (Figure 1-

4). Most carrier proteins are located in the inner membrane and are synthesized without a 

cleavable presequence. This pathway is specific for the import of the mitochondrial carrier 

family, including the ADP/ATP carrier (AAC), phosphate carrier (PiC), and the dicarboxylate 

carrier (DiC) and also the inner membrane translocation components Tim17p, Tim22p and 

Tim23p54–56. Components of the TIM22 translocation system include the small Tim proteins 

(Tim8p, Tim9p, Tim10p, Tim12p and Tim13p)57–59 and the membrane components58,60 (Tim18p, 

Tim22p and Tim54p). The small Tim proteins function as chaperones. Tom40 of the TOM 

complex recruits small TIM chaperones of the intermembrane space to the channel exit, 

escorting the substrates to the insertion complex, which are then inserted into the inner 

membrane of the mitochondria46,61. 
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Mitochondrial diseases associated with defective import 
system 
 

 Dysfunctions in mitochondrial import machineries are found to be associated with 

numerous muscular and neurodegenerative diseases. The human deafness dystonia syndrome 

(MTS/DFN-1) is a recessive, X-linked neurodegenerative disorder characterized by progressive 

sensorineural deafness, cortical blindness, dystonia, dysphagia, and paranoia62. It is caused by 

truncation or deletion of DDP1/Tim8, which is involved in the import of mitochondrial carrier 

proteins63. Similarly, mutations in other mitochondrial import components directly cause 

mitochondrial diseases including chaperone Hsp60 in hereditary spastic paraplegia64,65 and 

atypical mitochondria disease involving multisystem failure and DNAJC19 in dilated 

cardiomyopathy with ataxia66–68. Moreover, the TOM and TIM translocons have recently been 

associated with Parkinson disease24,69 and Alzheimer’s disease70–74, and alteration of import 

pathways may prevent disease progression. Although there exist numerous mitochondrial 

diseases affecting a lot of people, due to inadequate tools and approaches, it has been difficult to 

make further progress in studying mitochondrial protein machineries and import process.   

 
High-throughput screening approaches to discover and 
develop small molecules probes  
 

As most of the transport proteins are essential for viability75, it has been challenging to 

study how defects in mitochondrial protein translocation contribute to diseases using 

conventional genetic and biochemical approaches. Genetic knockout of essential proteins cannot 

be generated. Temperature-sensitive mutants is an alternative approach to study essential 

proteins, however, this method in studying the molecular mechanisms are very limited and often 

have secondary effect or inefficient. Therefore, there is a critical need to develop small molecule 
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modulators as tools to dissect how mitochondrial dysfunction contributes to the characterization 

of diseases.  

The overall research goal is to develop verified chemical probes that alter mitochondrial 

assembly and use these agents in model systems to shed lights on the mechanistic detail on the 

mitochondrial import system. In our lab, we have successfully identify and characterize small 

molecules that targets different part of the import machineries, including MitoBloCK-1 (MB-1), 

which is a Tim9-Tim10 complex inhibitor76 and MitoBloCK-6 (MB-6), which is an Erv1 

inhibitor77. 

As part of this goal, this project focuses on small molecules inhibitors that modulate the 

TIM23 import pathway, using saccharomyces cerevisiae (budding yeast) as a model. As proof of 

principle, three small molecules, MitoBloCK-10 (MB-10), MitoBloCK-11 (MB-11), DECA have 

been shown to inhibit protein translocation in yeast, and results show that MB-10 targets Tim44 

of the TIM23 translocon78 and MB-11 potentially blocks Tom70 of the TOM translocon.  

 
Design of small molecule screen targeting the TIM23 
pathway 
 

The mitochondrial import pathways are highly conserved between yeast and mammalian 

cells, and their overall structures are very similar with 25% to 30% sequence homology79. 

Therefore, we used yeast as our model organism for the high-throughput small molecule screen 

as it is an easier organism to manipulate. 

Saccharomyces cerevisiae contains several drug pumps, which are not ideal in small 

molecule screening because of small molecule efflux. Therefore, two drug pumps were knocked 

out to increase the intracellular concentration of the small molecule (Figure 1-5 A). Su9-Ura3 

that is imported to the matrix was integrated into this yeast strain (GA74 ∆PDR5 ∆SNQ2). High-
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throughput screening of import inhibition was performed by a growth assay. Ura3 is an enzyme 

that is involved in the uracil biosynthetic pathway and normally functions in the cytosol so that 

yeast can grow in the absence of uracil. In this strain, the fusion protein Su9-Ura3 was 

genetically integrated into the yeast genome, therefore Ura3 is targeted to the mitochondrial 

matrix by the N-terminal mitochondrial targeting sequence (Su9), and the strain failed to grow in 

media lacking uracil (Figure 1-5 B). However, growth was restored by the subset of small 

molecules that impaired protein import using the TIM23 pathway (Figure 1-5 C).   

 
Characterization of hits obtained from the high-throughput 
screens 
 
 Results showed a total of 64 hits from the small molecule libraries we screened. 

Unfortunately, it would be impossible to further investigate all 64 compounds. Therefore, based 

on similar scaffold on the structure, the hits were grouped into 11 different groups (Figure 1-6). 

Small molecules can be quite expensive, and sometimes unavailable due to difficulties regarding 

their synthesis. Therefore, I picked a few molecules from each group depending on the price, 

availability and the growth rate from the high-throughput screening. A total of 25 small 

molecules were selected and 24 were purchased (no molecule was selected from group 4 due to 

price and unavailability) for secondary screening (Table 1-1).    

 
Concluding remarks 
 

Mitochondria dysfunction has been implicated in increasing number of diseases and 

cellular processes. As scientists constantly uncover new and exciting functions of mitochondria, 

we anticipate that the field of mitochondria studies will continue to expand. In addition, as 

technology advances, including imaging techniques, mass spectrometer analysis, interactome 



 7 

studies, these can hopefully help scientists to get a better understanding of these fascinating, yet 

complicated organelles.   

Mitochondria are mysterious, there are still a lot of unknowns about these organelles, and 

using the high-throughput screening approach, we will be able to develop a toolbox consisting 

different small molecule probes to study mitochondrial functions. Hopefully, that can shed some 

lights into the mechanisms and can lead to drug discoveries for mitochondrial diseases.  
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Figures  

 
Figure 1-180. The diverse roles of mitochondria. (A) Function of mitochondria under normal 

cell conditions. (B) Mitochondria response during different stress conditions.  
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Figure 1-28. Integration of different organelles in cells. Organelles in cell are organized 

through a network of contact sites. ER-mitochondria-peroxisome contact is shown in box 1. 

Nucleus-vacuole contact is shown in box 2. Mitochondria-vacuole contact is shown in box 3.   
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Figure 1-3. Main components of the mitochondrial import system. There are five main 

complexes that are important for protein translocation across mitochondrial membranes. 

Translocase of Outer Membrane (TOM) and Sorting and Assembly Machinery (SAM) are 

located in the outer membrane of the mitochondria. Translocase of the Inner Membrane (TIM22 

and TIM23) and Oxidase Assembly Translocase (OXA) are located in the inner membrane of the 

mitochondria.  
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Figure 1-481. The TIM23 and TIM22 import pathways. Mitochondrial proteins are 

synthesized as precursor proteins in the cytosol. N-terminal targeting sequence of the precursor 

proteins is recognized by the Translocase of Outer Membrane (TOM) complex and then to the 

matrix through the Translocase of Inner Membrane (TIM23) translocon. The targeting sequence 

was then cleaved by the mitochondrial processing peptidase (MPP) in the matrix. Carrier 

proteins also pass through the TOM complex and then transferred to the TIM22 complex by the 

Tim9-Tim10 complex in the intermembrane space. The protein is then inserted into the inner 

membrane of the mitochondria.  
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Figure 1-5. Design of the small molecule screen targeting the TIM23 pathway. (A) Two drug 

pumps were knocked out from the yeast strain to maintain intracellular concentration of the small 

molecule. (B) Su9, an N-terminal targeting sequence was fused with the gene URA3 and 

integrated into the yeast genome. (C) By inhibiting mitochondrial import, Su9-URA3 can stay in 

the cytosol.  
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Figure 1-6. Hits from the screen grouped by similar scaffold on the structure. The hits 

results from the screen described in Figure 1-5 were grouped according to their structure 

scaffolding.   
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Group Name Survival Rate Short Name 
Group 1 AEM 11113437 35.89% AN17 
Group 1 AEM 11113384 30.70% AN14 
Group 1 ASN 04428878 49.37% AN18 
Group 2 ASN 03775847 43.61% B02 
Group 2 ASN 04188696 35.96% A05 
Group 2 ASN 05303721 38.49% A06 
Group 3 6639260 72.63% EN30 
Group 3 5145909 43.17% CB39 
Group 3 Gossypol 37.40% ------------- 
Group 4 Syrosingopine CDD-46925 * 37.26% ------------- 
Group 5 F2536-1579 23.16% LS59 
Group 5 F3226-0462 25.26% LS52 
Group 6 SYN 15590170 37.76% AN60 
Group 7 F2624-0032 97.89% LS72 
Group 7 SYN 15446633 34.67% AN73 
Group 7 T5577396 46.29% EN76 
Group 7 T5591571 39.58% EN71 
Group 8 Benzethonium chloride 50.20% ------------- 
Group 9  F3007-0019 24.21% LS99 
Group 10 T6008280 39.36% EN108 
Group 11 ASN 03886845 32.47% AN114 
Group 11 ASN 04363508 32.11% A01 
Group 11 SYN 15633705 38.34% AN110 
Group 11 T5882433 34.39% EN113 
Group 11 T5932896 42.80% EN116 

 

Table 1-1. Small Molecules purchased for secondary screen. A total of 25 small molecules 

were selected based on survival rates and structural scaffold.  

*This is a natural compound, and we did not order it because it was too expensive.  
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Chapter 2:  Discovery of MB-20, a small 
molecule modulator of the Tim23 channel 
 
Introduction 

Most mitochondrial matrix proteins contained a characteristic N-terminal presequence, 

upon folding, it forms a positively charged amphiphathic α-helix. Once the proteins are 

synthesized in the cytosol, the presequence directs the proteins to the mitochondria and transport 

through both the outer and inner mitochondrial membranes into the matrix where the 

presequence is usually cleaved by the mitochondrial processing peptidase (MPP).   

Upon translocation through the TOM, presequence-carrying proteins are then headed 

towards the TIM23 complex82,83. The TIM23 complex can recognize the preproteins and 

transport the proteins into two directions, into the inner membrane or into the matrix. The 

binding of Tim50 to Tim23 in the absence of a substrate keeps the Tim23 channel in a closed 

state84. The subunit Tim50 of the TIM23 complex functions as a receptor that binds the 

presequence, and upon binding, the channel is activated and opened for the preprotein to be 

translocated across the inner membrane. Tim50 cooperates with the regulatory subunit Tim21 to 

recruit Pam17, and subsequently association of the PAM complex for matrix translocation85,86. 

Tim17 is a central, membrane-embedded subunit of the TIM23 machinery, but the exact 

molecular function has not been reported. However, it is shown to be involved in regulation of 

the Tim23 channel and in preprotein sorting at the inner membrane87–90. The most recently 

identified subunit Mgr2 has shown to be in close proximity to the inner membrane sorting signal, 

providing quality control for the release of the preproteins into the inner membrane91. 
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Protein translocation into the matrix cannot be complete without the import motor PAM. 

The ATP-driven chaperone mitochondrial heat-shock protein 70 (mtHsp70) forms the core of the 

motor92,93. The N-terminal domain of Tim44 interacts with the import motor, whereas its C-

terminal domain interacts with the translocation channel94, serving as a middle-man between the 

two complexes and help transfer the preprotein to mtHsp70 from the channel. The two J-proteins 

Pam18 and Pam16 are associated with the ATP-hydrolyzing activity of mtHsp70, and the 

nucleotide exchange factor Mge1 regulates the cycling of mtHsp70 through the release of ADP 

for the new reaction cycle95,96.  

 

Results 

Secondary screens of the small molecule hits  

Previous screens in the lab have shown small molecules that affect the quality of 

mitochondria, thus before further investigating any of the small molecules, several assays need to 

be performed to ensure the small molecules do not affect the quality of mitochondria. There are 

two classes of hits that are found to be false-positive from previous screens: general uncouplers 

of the membrane potential and compounds that affect mitochondrial membrane integrity, causing 

nonspecific release of mitochondrial proteins. Therefore, the small molecules were further 

selected using 3 secondary screening assays to remove these false-positives97. There are two 

ways to determine if the small molecules uncouple mitochondria: using a spectrofluorimetric 

assay based on quenching of a fluorescent dye, DiSC3(5), in energized mitochondria and testing 

whether energized mitochondria become uncoupled in an oxygen electrode. The oxygen 

electrode is advantageous if the small molecule interferes with the fluorescent dye. To determine 



 43 

if the small molecule nonselectively permeabilize mitochondrial membrane, isolated 

mitochondria were treated with the small molecule and both the pellet and supernatant fractions 

were collected to determine whether mitochondrial proteins are released. Small molecules that 

did not pass all the tests were removed from the candidate lists for further study. 

Respiration Assay 

The oxygen consumption rates from isolated mitochondria can be measured using the 

Clarke-type oxygen electrode. It is a useful technique to evaluate the small molecules’ effect to 

mitochondrial respiration since ADP-dependent oxygen consumption directly reflects coupled 

respiration or oxidative phosphorylation (OXPHOS). Respiration was initiated by addition of 

Nicotinamide adenine dinucleotide (NADH), and the rate of oxygen consumption was monitored 

using the oxygen electrode. DMSO or small molecule was then added, the rate of oxygen 

consumption was continuously monitored during the process, and carbonyl cyanide m-

chlorophenyl hydrazine (CCCP), a known uncoupler was added at the end to ensure the 

mitochondria are behaving as expected. Figure 2-1 showed different examples of the results 

obtained from the oxygen electrode and DMSO is used as the vehicle control (Figure 2-1 A). 

Table 2-1 gave a summary of the results obtained from all the small molecules. Small molecules 

that showed inhibition of respiration or uncouple of mitochondria were removed from the 

candidate lists for further study.  

DiSC3(5) Assay 
 

3,3’-Dipropylthiadicarbocyanine Iodide or DiSC3(5) is a cationic dye that accumulates on 

hyperpolarized membranes and is translocated into the lipid bilayer. Mitochondrial membrane 

potential is critical for maintaining the physiological function of the respiratory chain for ATP 

production. When mitochondria are coupled, DiSC3(5) accumulates in the membranes of the 
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mitochondria and the fluorescence is quenched. However, in the presence of depolarized 

mitochondria, DiSC3(5) is released to the supernatant and high fluorescence was observed. Small 

molecules were incubated with isolated mitochondria and DiSC3(5) and fluorescence was 

measured (Figure 2-2). DMSO was used as a negative control and CCCP was used as a positive 

control for comparison. Small molecules that showed high fluorescence measurement (higher or 

close to the reading for CCCP) were removed from the candidate lists for further study. 

Permeability Assay 
 

To ensure the integrity of the mitochondria, small molecules were assessed for the non-

specific permeabilization of mitochondrial membranes. The small molecules were incubated 

with isolated mitochondria, and the supernatant and pellet fractions were collected separately. 

The samples were then separated using SDS-PAGE and analyzed by Coomassie staining (Figure 

2-3). Most of the proteins should be in the pellet fraction if the mitochondria were intact. 

However, in the case of MB-4, a known small molecule that permeabilize mitochondrial 

membrane, most proteins were found in the supernatant fraction, indicating that the mitochondria 

were no longer intact. Small molecules that showed permeabilization of mitochondrial 

membranes were removed from the candidate lists for further study.  

       

Identify the target of the small molecules 

There are different components of the TIM23 pathways, including the TOM complex, the 

TIM23 complex and the PAM motor, where each complex contains multiple subunits. The small 

molecules can be inhibiting the pathway by targeting any of these components. Ideally, the small 

molecule is specifically targeting one component of the pathway, such that it can used to study 
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that particular protein. Various biochemical assays were used on the remaining candidates after 

the secondary screen (Table 2-2) to further investigate their potential target.   

In vitro import assay 

In order to identify the target, different precursors that are known to be imported through 

different pathways were used in an in vitro import assay (Figure 2-4). The protein Su9-DHFR 

was generated by the fusion of protein subunit 9 (Su9) and dihydrofolate reductase (DHFR). This 

protein consists of the 69-residue presequence of ATPase Su9, and it is translocated into the 

matrix, where the presequence is cleaved. ADP/ATP carrier (AAC) is typical substrates of the 

TIM22 complex that is commonly used. If a small molecule inhibits the import of both Su9-

DHFR and AAC, it is very likely that the small molecule is targeting the TOM complex or it can 

also be non-specific (Figure 2-5 B). On the other hand, if the small molecule only inhibits Su9-

DHFR import but not AAC, which would suggest the small molecule could be targeting the 

TIM23/PAM complex (Figure 2-5 C). Some small molecules showed no inhibition towards any 

of the precursors (Figure 2-5 A). 

For small molecules that inhibit both Su9-DHFR and AAC import, it suggests that the 

small molecule could be targeting the TOM complex. In order to verify that, import of Su9-

DHFR into mitochondria and mitoplasts were performed (Figure 2-6 A). Mitoplasts are 

mitochondria post-hypotonic treatment. After treatment, the outer membrane of mitochondria 

was burst open, and only inner membrane is intact. Therefore, if the small molecule is targeting 

the TOM complex, it should not exhibit import inhibition with mitoplasts (Figure 2-6 B).  

The TIM23 complex can also transport preproteins with an additional sorting sequence 

into the intermembrane space, and cytochrome (Cyt) b2 represents a typical example98–103. Its 

preprotein carries a second cleavable segment, which arrests the protein in the inner membrane 
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and prevents it from crossing the membrane completely. The sequence is then cleaved by the 

inner membrane peptidase I104,105. A single mutation of Cytb2, a substitution of alanine 63 by 

proline generates a preprotein that is targeted to the matrix space106. Using these two different 

precursors, if a small molecule inhibits import of both preproteins, the target would likely to be 

the TIM23 complex, and if a small molecule only inhibits the Cytb2(167)A63P-DHFR, it would 

suggest the target to be the PAM complex. Results obtained suggest that EN30 and A01 are 

targeting the PAM motor while LS59 targets the TIM23 complex (Figure 2-7). In our lab, there 

is no small molecule modulator that targets the TIM23 complex, therefore I focused on 

characterizing LS59, named MitoBloCK-20 (MB-20) during the remaining of my graduate 

study. 

 

Concluding Remarks 
 
 The goal of the screen was to identify and create a collection of small molecule 

modulators for different components in the import pathways. From the Ura3 screen, we have 

identified a total of 6 molecules (MB-10, MB-11, DECA, EN30, A01 and LS59) that targets 

different components of the Tim23 pathway. These small molecules can be used to investigate 

mechanisms that were previously too challenging due to inadequate tools, and hopefully expand 

our knowledge of how import dysfunction contributes to various degenerative diseases. 
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Materials and Methods 

Monitoring the rate of oxygen consumption using Clarke-type oxygen electrode. Oxygen 

consumption of isolated mitochondria were performed as described previously107. Briefly, 100 

μg of mitochondria isolated from yeast were incubated in 1 ml of respiration buffer with gentle 

stirring. Respiration was initiated with addition of 2 mM NADH. Once a steady-state level was 

reached, small molecule or DMSO (vehicle control) is added. As a control, mitochondria were 

uncoupled by addition of 20µM Carbonyl cyanide 4-(trifluoromethoxy) phenlhydrazone (CCCP) 

at the end of the experiment. Slope indicates the rates of oxygen consumption.  

 

Membrane potential measurements using DiSC3(5). Membrane potential measurements of 

purified mitochondria were performed with fluorescent 3,3’-Dipropylthiadicarbocyanine Iodide 

dye DiSC3(5). 1% DMSO, CCCP or small molecules were added to mitochondria in import 

buffer and incubated for 10 minutes, 0.2 μM of dye was then added. 5 minutes later, fluorescence 

was measured at excitation and emission length of 620 nm and 670 nm respectively.  

 

Mitochondria integrity assay. 25 μg of yeast isolated mitochondria were incubated in import 

buffer (0.6 M sorbitol, 2 mM KH2PO4, 60 mM KCl, 50 mM HEPES-KOH, 5 mM MgCl2, 2.5 

mM EDTA,5 mM L-methionine, pH 7.1) the presence of small molecules at 25ºC for 30 

minutes. Mitochondria were then pelleted by centrifugation at 8,000 x g for 10 minutes at 4ºC. 

Supernatant containing released proteins from mitochondria were TCA precipitated on ice for 30 

minutes. Precipitated proteins were recovered by centrifugation at maximum speed for 15 

minutes at 4ºC. Both mitochondrial pellet and released proteins were resuspended in 5x-Laemmli 
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sample buffer (0.25 M Tris-Cl pH 6.8, 10% SDS, 30% glycerol, 0.02% bromophenol blue) with 

5% β-mercaptoethanol (βME) and analyzed on SDS-PAGE. Resulting gel were stained with 

coomassie blue for 30 minutes and destained in destaining solution (20% methanol, 10% acetic 

acid) overnight in order to visualize the proteins.  

 

Import of radiolabeled proteins into isolated yeast mitochondria. Mitochondria were purified 

from yeast grown in ethanol-glycerol media. 35S-labeled precursors were synthesized in vitro 

using TNT Quick Coupled Transcription/Translation kits (Promega) from purified plasmid. 15 

µg mitochondria were used per import reaction. The mitochondria were then incubated with 

small molecules or DMSO vehicle control for 15 minutes at 25 ºC in import buffer (0.6 M 

sorbitol, 2 mM KH2PO4, 60 mM KCl, 50 mM HEPES-KOH, 5 mM MgCl2, 2.5 mM EDTA,5 

mM L-methionine, pH 7.1) supplemented with 2 mM NADH. Import reactions were initiated by 

precursor addition. Import was stopped by adding 50 µg/mL trypsin in cold buffer, and the 

samples were transferred to ice for 15 minutes. 250 µg/mL soybean trypsin inhibitor was then 

added. Mitochondria were isolated by centrifugation at 8,000 x g at 4ºC for 10 minutes. Final 

mitochondria pellet were dissolved in 5x Laemlli sample buffer. Samples were resolved on SDS-

PAGE. Gels were dried prior to exposure to film. 

 

Mitoplasting. 100 µg of mitochondria were incubated in 1 ml of 20mM HEPES pH 7.4 for 30 

minutes on ice. Treated mitochondria (mitoplasts) were then recovered by centrifugation at 

maximum speed for 15 minutes. The mitoplasts were then resuspended in import buffer (0.6 M 

sorbitol, 2 mM KH2PO4, 60 mM KCl, 50 mM HEPES-KOH, 5 mM MgCl2, 2.5 mM EDTA,5 

mM L-methionine, pH 7.1) for in vitro import assay.     
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Miscellaneous. Mitochondrial proteins were analyzed by SDS-PAGE using a 12 or 15% 

polyacrylamide gel and a Tricine-based running buffer. Proteins were detected by 

immunoblotting using PVDF membranes.  
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Figures and tables 

 
Figure 2-1. Respiration assay of the hits. (A) DMSO was used as a control of the assay. (B) An 

example of a small molecule that slows down respiration. (C) An example of a small molecule 

that potentially uncouples mitochondria. (D) An example of a small molecule that does not affect 

respiration. 
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Figure 2-2. DiSC3(5) assay of the hits. Isolated mitochondria were incubated with DMSO/small 

molecules and DiSC3 (5) and the fluorescence was measured. DMSO is used as a negative 

control whereas CCCP is used as a positive control.  
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Figure 2-3. Membrane permeability assay of the hits. The assay was conducted using 50μM 

of the small molecules. Supernatant (S) and pellet (P) fractions were collected separately. 

Samples were then separated by SDS-PAGE and analyzed by Coomassie staining. DMSO is 

used as a negative control and MB-4, a known compound that permeabilizes mitochondrial 

membrane, is used as a positive control.  
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Figure 2-4. Illustration of the rationale of using in vitro import to identify the target 

complex of the small molecules. By using different precursors that are known to be imported 

using different pathways, we can get  
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Figure 2-5. Examples of the results obtained from the in vitro import assay of Su9-DHFR 

and AAC with different small molecules. (A) An example of a small molecule that does not 

inhibit either Su9-DHFR or AAC. (B) An example of a small molecule that inhibits both Su9-

DHFR and AAC. (C) An example of a small molecule that only inhibits Su9-DHFR but not 

AAC. 
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Figure 2-6. In vitro import assay with mitochondria and mitoplast. (A) Generation of 

mitoplasts using hypotonic treatment from mitochondria. (B) An example of a small molecule 

that inhibits Su9-DHFR import with mitochondria and mitoplasts. MB-11, a known TOM 

complex inhibitor was used as a positive control. 
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Figure 2-7. Results obtained from the in vitro import assay of Cytb2(167)-DHFR and 

Cytb2(167)A63P-DHFR with EN30, A01 and LS59. EN30 and A01 showed inhibition for only 

Cytb2(167)A63P-DHFR and LS59 showed inhibition for both Cytb2(167)-DHFR and 

Cytb2(167)A63P-DHFR. 
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Name Respiration effect  
AN17 No change 
AN14 No change 
AN18 No change 
B02 No change 
A05 slow down respiration  
A06 No change 
EN30 slow down respiration  
CB39 slow down CCCP 

Gossypol 
oxygen level 
increased 

LS59 No change 
LS52 oxygen level 

increased 
AN60 No change 
LS72 possible uncoupler  
AN73 No change 
EN76 No change 
EN71 slow down respiration  

Benzethonium chloride 
oxygen level 
increased 

LS99 oxygen level 
increased 

EN108 slow down respiration  
A01 No change 
AN110 No change 
EN113 No change 
EN116 slow down CCCP 
A04 No change 

 

Table 2-1. Summary of the results from the respiration assay.  
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Name 
AN17 
AN14 
AN18 
B02 
A05 
A06 
EN30 
CB39 
LS59 
AN60 
AN73 
EN76 
EN71 
EN108 
A01 
AN110 
EN113 
A04 

 

Table 2-2. List of candidates remained after the secondary screen.  
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Name 
Su9-DHFR 

import 
AAC import Import into 

mitoplasts 
Cytb2(167)-

DHFR import 
Cytb2(167)A63P-

DHFR import 
AN17 No inhibition No inhibition       
AN14 No inhibition No inhibition       
AN18 No inhibition No inhibition       
B02 No inhibition No inhibition       
A05 + No inhibition       
A06 ++ ++ ++     
EN30 ++ No inhibition   No inhibition ++ 
CB39 +++ +++ +++     
LS59 +++ No inhibition   +++ ++ 
AN60 + No inhibition       
AN73 No inhibition No inhibition       
EN76 No inhibition No inhibition       
EN71 ++ ++ ++     
EN108 ++ + ++     
A01 ++ No inhibition   No inhibition ++ 
AN110 ++ ++ +     
EN113 +         
A04 ++ + +++     

        Very slight inhibition, therefore no further investigation 
   Nonspecific inhibition, therefore no further investigation 
   No inhibition, therefore no further investigation 
   No data 

      Small molecule of interest, named MB-20 
  

       

Table 2-3. Summary of the small molecules on the import assays.  
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Chapter 3:  MB-20 reveals the role of Tim17 in 
stabilizing the TIM23/PAM complex 
 
Abstract 

Growing evidence reveals how mitochondrial dysfunction contributes to degenerative 

diseases. Modulation of the mitochondrial protein import pathways can have regulatory effects 

on mitochondrial function. Conventional methods using yeast genetics and RNAi approaches are 

powerful, but limited. RNAi requires several days to take effect and during this time, cells can 

alter metabolism to adapt. Therefore, we are committed to identify small molecule modulators 

for mitochondrial protein translocation with the goal of dissecting the link of a defective 

mitochondrial import system to diseases. This study utilizes a high-throughput small molecule 

screening approach to identify modulators of the TIM23 import pathway, which transports 

proteins across the inner membrane and into the matrix. This strategy will be useful in generating 

a toolbox of small molecule modulators for mitochondrial translocation in order to understand 

how defects in mitochondrial assembly contribute to disease and will advance future mechanistic 

studies. Here, we identify a small molecule, designated MitoBloCK-20 (MB-20), which binds 

specifically to Tim17 in the TIM23 complex. Using a pulldown assay, as well as BN-PAGE, we 

have shown that MB-20 dissociates the PAM motor from the TIM23 channel through the 

disruption of Tim17-Tim44 interactions. Using zebrafish as a model organism, MB-20 also 

showed a critical role for mitochondria in development of the zebrafish neural system.  
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Introduction 

Mitochondria play a complex multi-factorial role in cell metabolism and mitochondrial 

dysfunction contributes to neural and muscular generative diseases. There are over 1500 proteins 

within the mitochondria, but only 13 are encoded by the mitochondrial genome28,29. Most 

mitochondrial proteins are encoded in the nucleus and imported into the mitochondria. 

Mitochondria have developed a sophisticated translocation system for the import of nuclear-

encoded proteins30,108. Most mitochondrial matrix proteins contain a characteristic N-terminal 

presequence, which forms a positively charged amphiphathic α-helix upon folding47. Once the 

proteins are synthesized in the cytosol, the presequence directs the proteins to the mitochondria 

where they are first transported across the outer mitochondrial membrane through the TOM 

complex and then across the inner membrane through the TIM23 complex. Next, the presence of 

the sorting signal or the lack thereof determines the destination of the preproteins10. The 

preproteins can be inserted into the inner membrane or transported into the matrix using the 

PAM motor. The presequence is cleaved by the mitochondrial processing peptidase (MPP)40,52. 

Most carrier proteins are located in the inner membrane and are synthesized without a cleavable 

presequence. The carrier proteins and some import components utilize the TIM22 import 

pathway54–56. The small Tim proteins function as chaperones, escorting the substrates to the 

insertion complex, which are then inserted into the inner membrane of the mitochondria61. 

The TIM23 core complex consists of subunits Tim50, Tim23 and Tim17, where Tim23 

and Tim17 form the translocation channel109 and Tim50 functions as a receptor84. Tim21 

assembles with the TIM23 core complex to facilitate the transfer of substrates into the inner 

membrane41,110. Translocation to the matrix requires the ATP-driven protein-associated motor 

(PAM)111. Components of the PAM complex include Tim44, nucleotide exchange factor Mge1, 
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mitochondrial Hsp70 (mtHsp70), and J-proteins Pam16 and Pam18. Tim44 associates the PAM 

complex to the TIM23 complex and helps transfer the preproteins from the TIM23 complex to 

mtHsp7049,50. The stimulatory subunit Pam 18 and the regulatory subunit Pam16 regulate 

ATPase activity of mtHsp70112. Finally, Mge1 is required for the completion and recycling of 

mtHsp70 cycle. 

Defects in the TIM23 protein import machinery are found to be associated with a variety 

of diseases113. The human deafness dystonia syndrome (MTS/DFN-1) was shown to be caused 

by truncation or deletion of DDP1/Tim862,114,115. Tim8, together with Tim13, is involved in the 

import of Tim23 into the mitochondria. DNAJC19 (Pam18) mutant causes dilated 

cardiomyopathy with ataxia syndrome66–68. A recent study showed that TIMM17a functions as a 

suppressor of mitochondrial DNA instability and might be a potential target for disorders 

associated with mitochondrial DNA loss116. Moreover, high expression of TIMM17a117–119 and 

TIMM50120 have been observed in breast cancer cells, and suppression of the expression inhibits 

the proliferation ability of the cancer cells.  

Although there are numerous mitochondrial diseases affecting a lot of people, due to 

inadequate tools and approaches, it has been difficult to make further progress in studying 

mitochondrial protein machineries and import processes. Thus, the development of small 

molecule modulators for the mitochondrial import system would aid the study of how protein 

translocation contributes to diseases. To this end, we have successfully identified inhibitors for 

Tim10, Erv1 and Tim4476,78,121. From the same genetic screen that discovered MB-10, an 

inhibitor of Tim44, another hit compound, designated MB-20, was characterized in detail. MB-

20 likely targets Tim17 of the TIM23 complex and inhibits the import of substrates that require 

the TIM23 complex. MB-20 also reveals the role of Tim17 in stabilizing the PAM complex, 
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possibly through the Tim17-Tim44 interaction. Moreover, MB-20 treatment in mammalian cells 

has shown LC3 lipidation and LC3 tubules formation, which suggests induction of mitophagy. 

However, we did not see Pink1 accumulation or Parkin recruitment with MB-20 treatment, 

suggesting that MB-20 might be inducing Pink1/Parkin independent mitophagy. Finally, MB-20 

treatment in zebrafish supports an important role for Tim17 in neural development. MB-20 has 

proven to be a useful tool to investigate the mechanistic role of Tim17 in protein translocation, as 

well as its relationship to diseases.         

  

Results 

The discovery of MitoBloCK-20 (MB-20) 

From the same genetic screen that resulted in the discovery of MitoBloCK-10 (MB-10), a 

Tim44 inhibitor, we discovered another hit compound, designated MitoBloCK-20 (MB-20) for 

further characterization. The detail and the rationale of this screen has been previously 

described78. The chemical name for MB-20 is N-(3-(benzo[d]thiazol-2-yl)-6-methyl-4,5,6,7-

tetrahydrothieno[2,3-c]pyridin-2-yl)-2-(phenylsulfonyl)acetamide hydrochloride (Figure 1A). 

We used another compound, designated MB-20.1 with similarity to MB-20 for structural-activity 

relationship (SAR) studies. MB-20.1 showed negative result in the screen with highly similar 

structure to MB-20, therefore it is an ideal molecule for testing specificity. Previous screens have 

shown nonspecific damages of mitochondria from the potential hits, therefore, secondary assays 

were performed to investigate the mitochondrial membrane integrity and oxidative 

phosphorylation properties in the presence of MB-20. To assess the integrity of the 

mitochondria, small molecules (100μM) were incubated with isolated mitochondria, and the 
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supernatant (S) and pellet (P) fractions were collected separately. The samples were then 

analyzed by Coomassie staining (Figure S3-1B) and immunoblotting (Figure S3-1C). As a 

positive control, 0.2% Trition X-100 (TX) was used to permeabilize mitochondrial membranes. 

DMSO (vehicle) was used as a negative control. Treatment with MB-20 and MB-20.1 did not 

result in release of proteins from yeast mitochondria, in contrast to the Triton X-100 treatment. 

Respiration of isolated mitochondria in the presence of the small molecule was measured using 

the Clarke-type oxygen electrode107 (Figure S3-1E). Respiration was initiated by addition of 

Nicotinamide adenine dinucleotide (NADH), and the rate of oxygen consumption was monitored 

using the oxygen electrode. The addition of DMSO or MB-20 showed similar effect, a 38% 

decrease of the respiration rate, but the addition of carbonyl cyanide m-chlorophenyl hydrazine 

(CCCP), a known uncoupler of mitochondria, increased the rate of oxygen consumption as 

expected. Mitochondrial membrane potential is critical for maintaining the physiological 

function of the respiratory chain for ATP production. To assess the membrane potential of the 

mitochondria in the presence of the compounds, the cationic dye 3,3’-

Dipropylthiadicarbocyanine Iodide or DiSC3(5) was used. DiSC3(5) accumulates on 

hyperpolarized membranes and is translocated into the lipid bilayer. When mitochondria are 

coupled, DiSC3(5) accumulates in the membranes of the mitochondria and the fluorescence is 

quenched. However, in the presence of depolarized mitochondria, DiSC3(5) is released to the 

supernatant and high fluorescence is observed. Small molecules were incubated with isolated 

mitochondria and DiSC3(5), and the fluorescence was then measured (Figure S3-1A). DMSO 

(vehicle) was used as a negative control and CCCP was used as a positive control. Both MB20 

and MB20.1 showed similar fluorescence measurements compared to DMSO, in contrast to the 

high fluorescence reading observed with CCCP. We also tested the effect of MB-20 on the 
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mitochondrial membrane potential in vivo using HeLa cells. Results showed that the membrane 

potential was not perturbed in the presence of MB-20, because staining with membrane potential 

dependent MitoTracker Red was robust (Figure S3-2). CCCP-treated cells were used as a 

negative control for MitoTracker staining, confirming that the membrane potential was 

dissipated.  

 

MB-20 targets the Tim23 complex 

The minimum inhibitory concentration required to inhibit the growth of 50% of the yeast 

(MIC50) for MB-20 was determined for the WT and tim23-2 strains. These strains lacked the 

multidrug resistance pumps Pdr5 and Snq2 to increase the intracellular concentration of the small 

molecules. Based on a previous screen for TIM22 modulators76, we expected that the translocon 

that MB-20 targets would exhibit increased sensitivity or lower MIC50 to MB-20. The MIC50 of 

MB-20 is 5.6 μM for the tim23-2 strain, in contrast to the value 10.6 μM obtained for the WT 

(Figure 3-1B, left panel). This suggests that the MB-20 likely targets the TIM23 translocon. The 

assay was also performed with MB20.1, and the results showed that the compound does not 

affect either strain (Figure 3-1B, right panel).     

To further verify that MB-20 specifically targets the TIM23 translocon, in vitro import 

assays with selected radiolabeled substrates were performed. Isolated mitochondria were 

incubated with different concentration of MB-20 before the addition of radiolabeled substrates 

Su9-DHFR (TIM23 substrate) or AAC (TIM22 substrate). The results indicated that 100 μM of 

MB-20 inhibited Su9-DHFR import by 86%, while it did not block the import of AAC (Figure 3-

2A, top panel). Next, using cytochrome (cyt) b2 variants, we investigated the effect of MB-20 on 

the sorting of precursors to the intermembrane space and the matrix. Cyt b2(167)-DHFR is 
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laterally sorted to the intermembrane space by the TIM23SORT complex100,110,122. The precursor of 

cyt b2(167)-DHFR contains a stop transfer sequence, which prevents the mature portion of the 

protein from entering the matrix122. The protein is arrested in the inner membrane, forming an 

intermediate (i) after cleavage by MPP. It is subsequently cleaved by IMP, forming the mature 

form (m) and released to the intermembrane space. Cyt b2(167)A63P-DHFR is targeted to the 

mitochondrial matrix due to the point mutation A63P in the stop transfer sequence123. For the 

import of cyt b2(167)-DHFR, we observed an inhibition of 86% for the intermediate form and 

82% for the mature form in the presence of 100 μM MB-20 (Figure 3-2A, bottom panel). 

Inhibition of cyt b2(167)A63P-DHFR import was also observed, but at a lower rate of 31% with 

the same concentration of MB-20. Taken together, MB-20 showed inhibition of PAM motor-

independent import using the TIM23 pathway, as well as PAM motor-dependent import into the 

matrix, suggesting that MB-20 targets specifically the TIM23 complex (Tim50, Tim21, Tim17 

and Tim23).     

 

MB-20 binds specifically to Tim17 of the TIM23 complex 

and disrupts the Tim17-Tim44 interaction  
The TIM23 complex includes Tim50, Tim21, Tim17 and Tim23. In order to identify 

which subunit MB-20 specifically targets, a Drug Affinity Responsive Target Stability (DARTS) 

assay was performed. DARTS is an approach to identify potential protein targets for small 

molecules124,125. It relies on the protection against proteolysis of the target protein by binding to 

the small molecule. The interaction of the target protein and the small molecule could make the 

potential cleavage sites less accessible. This method can avoid immobilization or modification of 

the small molecules, which could potentially affect its interaction with the target protein.  
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We used this assay to determine which subunits of TIM23 is the potential target of MB-

20. To optimize conditions in which the degradation of the protein could be captured in a time 

course by immunoblotting, various proteases at varying concentrations were tested and 

thermolysin gave the desired results. Isolated yeast mitochondria were lysed with buffer 

containing 0.2% Triton X-100. The lysates were then incubated in the presence of 1% DMSO, 

100μM of MB-20, followed by protease treatment and immunoblot analysis. In the presence of 

DMSO, Tim23, Tim17 and Tim50 all showed increased degradation with increasing 

concentration of the protease (Figure 3-3A). However, when treated with MB-20, only Tim17 

showed resistance to protease degradation, suggesting a probable interaction of MB-20 with 

Tim17. The same experiment was performed in mitochondria purified from HeLa cells. 

TOMM40 was used as a control, and only TIMM17 showed insensitivity towards protease 

treatment in the presence of MB-20 (Figure 3-3C). Another version of the assay was performed 

with isolated yeast mitochondria to further verify the protein target of MB-20. Instead of 

increasing protease concentration with constant MB-20 concentration, we used a constant 

protease concentration with increasing MB-20 concentration. We expected that the protein target 

of MB-20 should be more resistant to protease degradation when we increase the concentration 

of MB-20 due to increased protein interaction with the small molecule. Indeed, the results 

showed an increased resistance for Tim17 to protease treatment with increasing concentrations of 

MB-20, but not for Tim23 and Tim50 (Figure 3-3B). Thus, these data support that MB-20 likely 

targets Tim17 of the TIM23 complex.   
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MB-20 reveals the role of Tim17 in stabilizing the PAM 

complex formation 
To determine whether MB-20 treatment altered interactions between Tim17 and other 

subunits of the TIM23 complex, we generated a yeast strain with a histidine tag integrated at the 

3’end of TIM17, synthesizing Tim17-His protein for pulldown experiments with Ni2+-agarose 

beads126.  Mitochondria were incubated with 1% DMSO or indicated concentration of MB-20 

followed by solubilization in 1% digitonin. When Tim17-His was isolated, the interaction of 

Tim17 and Tim23 was not disrupted by the addition of MB-20, up to 100 µM (Figure 3-4A). 

However, at 25 µM MB-20, the interaction between Tim17 and Tim44 was significantly 

weakened. Hsp70 was used as a negative control. We used the same method to generate another 

yeast strain with a histidine tag integrated at the 3’ end of TIM23 and the same experiment was 

repeated using this strain. When Tim23-His was isolated, the interaction of Tim23 and Tim17 

was not disrupted by the addition of MB-20 (Figure 3-4B), as seen with the Tim17-His pulldown 

experiment. As expected, the interaction between Tim23 and Tim44 was disrupted in the 

presence of MB-20. Results also showed disruption of interaction of Tim23 with other 

components of the PAM motor, Pam16 and Pam18 (Figure 3-4B), suggesting the possibility of 

MB-20 did not disrupt the interaction within the TIM23 complex, but between the TIM23 

complex and PAM motor. The subunits of the PAM motor (Tim44, Pam 18 and Pam16) are also 

shown to be precipitated and became insoluble upon dissociation induced by the presence of 

MB-20 (Figure 3-4C). Isolated yeast mitochondria were incubated with DMSO or indicated 

concentration of MB-20, followed by solubilization with 1% digitonin. Both supernatant (S) and 

pellet (P) fractions were collected after centrifugation, and the samples were then separated by 
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SDS-PAGE. Taken together, MB-20 disrupts the Tim17-Tim44 interaction and causes the PAM 

motor to dissociate and to become insoluble.        

 Next, we investigated the effect of MB-20 treatment on the assembly of the complexes 

using Blue Native (BN)-PAGE. It has been shown that there exist two different forms of the 

presequence translocase for distinct transport routes of pre-proteins: a TIM23CORE complex, 

consisting of Tim17, Tim23 and Tim50, that associates with the PAM motor for matrix 

translocation of pre-proteins; and a TIM23SORT complex that contains Tim21 with no association 

to the PAM motor, which mediates the lateral release of sorted pre-proteins into the inner 

membrane41,127. The results showed that the assembly of Tim17 to both the TIM23CORE and 

TIM23SORT complex was significantly decreased (Figure 3-4D), which supports the in vitro 

import assay discussed earlier that MB-20 inhibits protein imports for both Cyt b2(167)-DHFR 

(TIM23CORE) and Cyt b2(167)A63P-DHFR (TIM23SORT) precursors. Based on the BN-PAGE, 

the TIM23 complex formation was disrupted in the presence of MB-20, although the individual 

Tim23-Tim17 interaction was not affected (Figure 3-4A). The results also showed that the 

assembly of the PAM motor (Tim44, Pam16 and Pam18) was strongly affected in the presence 

of MB-20 (Figure 3-4E), supporting the observation from the pulldown assay.  

 

MB-20 treatment does not induce or affect the Pink1/Parkin 

pathway 
Parkinson’s disease (PD) is the second most common neurodegenerative disease128. 

Evidence has linked the disease to defective mitophagy, a mechanism that selectively removes 

damaged mitochondria in the cells. The main players include PTEN-induced putative kinase 

protein 1 (PINK1) and the E3 ubiquitin ligase Parkin. PINK1 accumulates on depolarized 
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mitochondria specifically, marking them for elimination, and Parkin is subsequently translocated 

to mitochondria129–131 followed by recruitment of the autophagy machinery. In healthy 

mitochondria, PINK1 is imported through the TOM complex of the outer mitochondrial 

membrane and into the TIM 23 complex of the inner mitochondrial membrane, where it is 

cleaved first by the mitochondrial processing peptidase132 (MPP), then by the presenilin-

associated rhomboid-like protein133,134 (PARL). Cleaved PINK1 is then released to the cytosol 

and degraded by the ubiquitin proteasome system135, thus the PINK1 level on healthy 

mitochondria is very low or undetectable. On the other hand, in damaged mitochondria where 

import is disrupted, PINK1 processing is disrupted because import into the inner membrane 

where PARL and MPP reside is blocked, resulting in uncleaved PINK1 accumulation on the 

outer membrane of the mitochondria bound to the TOM complex69,136. Since rapid and 

constitutive degradation of PINK1 in healthy mitochondria relies on the TIM23 import pathway, 

we set out to investigate whether blocking the pathway leads to accumulation of PINK1 on 

mitochondria, subsequently inducing mitophagy.        

First, we tested whether MB-20 inhibits PINK1 protein import using an in vitro 

mitochondria import assay. In the presence of MB-20, import of PINK1 was inhibited as 

expected (Figure 3-5A). Su9-DHFR was used as a positive control. Using HeLa cells, we then 

investigated the accumulation of PINK1 and subsequent Parkin recruitment to the mitochondria 

in the presence of MB-20. Surprisingly, results showed no PINK1 accumulation on the 

mitochondria (Figure 3-5B) or Parkin recruitment (Figure 3-5C). CCCP was used as a positive 

control. Taken together, MB-20 treatment does not induce the PINK1/Parkin pathway. We then 

tested the effect of combining MB-20 and CCCP treatment. HeLa cells were pre-incubated with 

MB-20, followed by CCCP treatment. Results show that MB-20 treatment did not affect Parkin 
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recruitment to the mitochondria. Same experiment was done for immunoblots analysis, and MB-

20 does not affect PINK1 accumulation on mitochondria (Figure S3-6B). It is very intriguing 

that PINK1 import was inhibited in the presence of MB-20, yet PINK1 accumulation is not 

affected. This raised the question on the precise mechanism of PINK1 import and how PINK1 

detects damaged mitochondria.   

 

MB-20 treatment induces LC3 lipidation and LC3 tubules 

formation 
While investigating the Pink1/Parkin pathway using MB-20, we also looked at an 

autophagy marker LC3. The LC3 proteins are essential in the all autophagic process including 

mitophagy and are involved in the formation of autophagosomes137–139. It was shown that LC3-I 

is conjugated to phosphatidylethanolamine (PE) to form lipidated LC3-II during mitophagy and 

remains associated with mitochondria until after lysosomal fusion occurs and subsequent 

elimination of the mitochondria140. Therefore, the presence or increased level of LC3-II is often 

used as a mitophagy marker and is indicative of mitophagy activation. 

Although Pink1 accumulation and Parkin recruitment to the mitochondria was not 

observed, we saw increased level of LC3-II upon MB-20 treatment (Figure 3-6A), but not with 

MB20.1 (Figure 3-6B). We also visualized LC3 in HeLa cells by tranfecting fluorescently 

labeled LC3 into the cells and perform live imaging with a fluorescence microscope. Under 

condition with minimum autophagy, GFP-RFP-LC3-I is mostly diffused in the cytosol. When 

autophagy is induced, GFP-RFP-LC3-I is modified by lipidation and form GFP-RFP-LC3-II 

puncta in the cells. As autophagosomes fuse with lysosomes, the outer membrane GFP-RFP-

LC3-II is quenched for the GFP signal but not the RFP signal due to the lysosomal acidic 
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environment that protonates the fluorophore of the GFP not the RFP signal. Therefore, there 

should be yellow and red only puncta under normal autophagy condition. In conditions inhibiting 

lysosomal fusion to the autophagasome, red only puncta will not be observed. Upon MB-20 

treatment, we can see LC3 tubules formation in the cells, which is not observed with DMSO or 

MB20.1 (Figure 3-6C). We repeated the experiment with MEF cells and MEF cells stably 

expressing Flag-Parkin. LC3 tubules formation was also observed in these cell lines (Figure S3-

5). As shown above, Pink1 accumulation and Parkin recruitment to mitochondria were not 

observed, yet an increased level of LC3-II was detected, suggesting MB-20 might be inducing a 

Pink1/Parkin independent mitophagy.  

Recent studies have identified another mitochondrial E3 ubiquitin ligase, Mulan, 

involved in mitophagy141–143. Therefore, we next investigated whether MB-20 is inducing Mulan 

specific mitophagy. HeLa cells with Mulan knocked out were tranfected with LC3-RFP and 

MLS-DsRed (mitochondria marker) for 24 hours. Cells were then treated with DMSO, CCCP or 

MB-20 for 3 hours, and live images were taken using a fluorescence microscope. LC3 tubules 

formation was observed upon MB-20 treatment with or without Mulan in the cells (Figure S3-

3A). Experiment was repeated without the transfection for immunoblot analysis, and increased 

level of LC3-II was observed with all cell lines (Figure S3-3B). These results suggest that MB-

20 does not induce Mulan specific mitophagy. 

Next, we want to investigate the location of the LC3 tubules observed. We co-transfected 

LC3-GFP with MLS-DsRed (mitochondria marker) or LC3-RFP with Sec61b-GFP (ER marker), 

followed by MB-20 treatment to visualize whether the LC3 tubules formed co-localize with 

mitochondria or ER. Results show that the LC3 tubules formed under MB-20 treatment does not 

co-localize with either mitochondria or ER (Figure S3-4). This is a very intriguing result, 
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because MB-20 causes LC3 lipidation and tubules formation, which is indicative of autophagy 

activation. MB-20 targets mitochondria specifically, therefore it is likely that it is inducing 

mitophagy, rather than general autophagy. However, the LC3 tubules do not seem to localize to 

mitochondria, suggesting defect in mitochondrial import system might be causing some 

unknown cargo-specific autophagy. 

 

MB-20 treatment showed defect of neural development in 

zebrafish 
Defects in mitochondrial protein import have been associated with numerous neural 

degenerative diseases. Therefore, we applied MB-20 to zebrafish embryos to determine how 

impaired TIM23 pathway altered development, particularly focusing on the motor neuron. In the 

zebrafish line we used, Gal4-driven GFP expression marks primary motor neuron, and 

mitochondria are marked by a TOL2-mediated insertion of a MLS-DsRed construct that is 

expressed by the Gal4-UAS promotor144. Embryos were incubated with either 1% DMSO, MB-

20 or MB20.1 at 4 hpf and allowed to develop until 72 hpf. Aberrant neuronal cells accumulation 

at the tail tip was observed in embryos incubated with 8 µM of MB-20 (Figure 3-5A). 

Interestingly, accumulated neuronal cells at the tail tip showed loss of mitochondria (Figure 3-

5C). In addition, embryos incubated with MB-20.1 did not show similar developmental defects 

to MB-20 (Figure 3-5B), suggesting that the phenotype observed in zebrafish is specific to 

TIM23 pathway defect induced by MB-20 treatment. 
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Discussion 
 
 Using the genetic screen described previously78, we discovered a small molecule, 

designated MB-20 that targets Tim17 of the TIM23 translocon. Combining a genetic approach 

using the tim23-2 mutant and a battery of import assays using substrates of different import 

pathways, we narrowed the target to four subunits of the TIM23 complex. Subsequent studies 

using the DARTS assay showed that MB-20 likely targets Tim17. Unfortunately, the structure of 

Tim17 is unknown, and therefore it is difficult to verify the target and identify the binding sites. 

Further effort using His-tagged Tim17 and BN-PAGE showed that MB-20 disrupts the Tim17-

Tim44 interaction and such disruption destabilizes the PAM motor formation. It has been shown 

that the translocation channel and the import motor of the TIM23 complex communicate through 

Tim44. The N-terminal domain of Tim44 binds to the components of the import motor, whereas 

its C-terminal domain binds to the translocation channel, possibly through Tim1794,145. Tim17 

contains four predicted transmembrane (TM) helices, spanning the inner membrane of the 

mitochondria. Desmishtein-Zohary and colleagues showed that mutations in TM1 and TM2 of 

Tim17 impairs the interaction of Tim17 and Tim23, and the second half of Tim17 (in particular, 

a highly conserved arginine residue at position 105)  plays an essential role in recruitment of 

Tim4450,146. Taken together, we propose that the possible binding site of MB-20 lies between the 

second half of the Tim17 protein and the C-terminal domain of Tim44, where Tim44 and Tim17 

interact. Tim17 is an essential subunit of the translocase, yet its function remains unclear. Hence, 

MB-20 will be a useful tool in mechanistic studies, thereby providing insights into Tim17 

function.  

 The mitochondrial protein translocation system is highly conserved throughout higher 

eukaryotes; therefore the small molecules developed can also be used in different model systems, 
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including zebrafish and mammalian cells. There are significant numbers of diseases such as 

Parkinson’s disease and Alzhemier’s disease that are associated with the import system, yet the 

detailed mechanisms are still unclear. Here, we deliberately introduced damage to mitochondria 

in cultured cells using MB-20. Surprisingly, the results show LC3 lipidation without induction of 

the PINK1/Parkin dependent mitophagy, indicating that the mechanism is more complicated than 

what is currently known. Besides single cell models, it is also very interesting to see the effect on 

a whole organism. Zebrafish is a great model for developmental study, and MB-20 treated 

embryos showed aberrant neuronal phenotype that can be related to neurodegenerative diseases 

in human. Further investigation is underway to explain these observations, but we are certain that 

MB-20 can be served as an effective tool to continue mechanistic studies of the TIM23 

translocon.    

 Some of the import components are essential, therefore studies on these components have 

been very challenging using conventional genetic methods like gene deletion. Moreover, these 

components are assembled in complexes, expression of one component often alter the expression 

of the other components in the same complex, making them difficult to study by RNAi. Using 

small molecules, we can investigate the effect of the loss of a particular protein under different 

cellular stresses, for varying lengths of time. We can also study the recovery of such effect 

because most treatments with small molecules are reversible. Hence, small molecules can be an 

extremely useful tool for future mechanistic studies on the mitochondrial protein translocation 

system.   
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Materials and Methods 

Monitoring the rate of oxygen consumption using Clarke-type oxygen electrode. Oxygen 

consumption of isolated mitochondria were performed as described previously107. Briefly, 100 

μg of mitochondria isolated from yeast were incubated in 1 ml of respiration buffer with gentle 

stirring. Respiration was initiated with addition of 2 mM NADH. Once a steady-state level was 

reached, small molecule or DMSO (vehicle control) is added. As a control, mitochondria were 

uncoupled by addition of 20µM Carbonyl cyanide 4-(trifluoromethoxy) phenlhydrazone (CCCP) 

at the end of the experiment. Slope indicates the rates of oxygen consumption.  

 

Membrane potential measurements using DiSC3(5). Membrane potential measurements of 

purified mitochondria were performed with fluorescent 3,3’-Dipropylthiadicarbocyanine Iodide 

dye DiSC3(5). 1% DMSO, CCCP or small molecules were added to mitochondria in import 

buffer and incubated for 10 minutes, 0.2 μM of dye was then added. 5 minutes later, fluorescence 

was measured at excitation and emission length of 620 nm and 670 nm respectively.  

 

Mitochondria integrity assay. 25 μg of yeast isolated mitochondria were incubated in import 

buffer (0.6 M sorbitol, 2 mM KH2PO4, 60 mM KCl, 50 mM HEPES-KOH, 5 mM MgCl2, 2.5 

mM EDTA,5 mM L-methionine, pH 7.1) the presence of small molecules at 25ºC for 30 

minutes. Mitochondria were then pelleted by centrifugation at 8,000 x g for 10 minutes at 4ºC. 

Supernatant containing released proteins from mitochondria were TCA precipitated on ice for 30 

minutes. Precipitated proteins were recovered by centrifugation at maximum speed for 15 

minutes at 4ºC. Both mitochondrial pellet and released proteins were resuspended in 5x-Laemmli 
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sample buffer (0.25 M Tris-Cl pH 6.8, 10% SDS, 30% glycerol, 0.02% bromophenol blue) with 

5% β-mercaptoethanol (βME) and analyzed on SDS-PAGE. Resulting gel were stained with 

coomassie blue for 30 minutes and destained in destaining solution (20% methanol, 10% acetic 

acid) overnight in order to visualize the proteins.  

 

Import of radiolabeled proteins into isolated yeast mitochondria. Mitochondria were purified 

from yeast grown in ethanol-glycerol media as described in previous studies126,147. Mitochondria 

concentration was measured by bicinchoninic acid (BCA) assay, and flash-freezed in 25 mg/ml 

aliquots using liquid nitrogen. Mitochondria were stored at -80°C and thawed in 25°C water bath 

before experiment.  35S-labeled precursors were synthesized in vitro using TNT Quick Coupled 

Transcription/Translation kits (Promega) from purified plasmid. 15 µg mitochondria were used 

per import reaction. The mitochondria were then incubated with small molecules or DMSO 

vehicle control for 15 minutes at 25 ºC in import buffer (0.6 M sorbitol, 2 mM KH2PO4, 60 mM 

KCl, 50 mM HEPES-KOH, 5 mM MgCl2, 2.5 mM EDTA,5 mM L-methionine, pH 7.1) 

supplemented with 2 mM NADH. Import reactions were initiated by precursor addition. Import 

was stopped by adding 50 µg/mL trypsin in cold buffer, and the samples were transferred to ice 

for 15 minutes. 250 µg/mL soybean trypsin inhibitor was then added. Mitochondria were isolated 

by centrifugation at 8,000 x g at 4ºC for 10 minutes. Final mitochondria pellet were dissolved in 

5x Laemlli sample buffer. Samples were resolved on SDS-PAGE. Gels were dried prior to 

exposure to film. 

 

Mitochondria isolation from mammalian cells for protein import. Cultured cells were grown 

to confluency. One day prior to mitochondria isolation, cells were fed with fresh media. Cells 
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were then harvested and homogenized in 20 mM HEPES pH 7.6, 220 mM mannitol, 70 mM 

sucrose, 2 mg/ml BSA, and 0.5 mM PMSF. Lysates were dounced with Teflon dounce. 

Homogenates were centrifuged at 770 x g at 4ºC for 5 minutes. Post-nuclear supernatants were 

centrifuged at 10,000 x g for 10 minutes to obtain mitochondria pellets. Pellets were further 

washed with homogenization buffer without BSA. Protein concentrations were measured using 

BCA assay (Thermo Scientific).  

 

Import of radiolabeled proteins into isolated mammalian mitochondria. Mitochondria were 

isolated as described above. 35S-labeled precursors were synthesized using the TNT Quick 

Coupled Transcription/Translation kits (Promega). 20 µg mitochondria were added to import 

buffer (20 mM HEPES pH 7.6, 220 mM mannitol, 70 mM sucrose) supplemented with 1 mM 

ATP, 0.5 mM magnesium acetate, 5 mM NADH, and 20 mM sodium succinate. Small molecules 

or DMSO vehicle control were added and samples were incubated for 15 minutes at 25ºC. 10 µL 

precursor was added to initiate import. Import was stopped by adding cold import buffer with 25 

µg/mL trypsin after 15 minutes. Soybean trypsin inhibitor (50 µg/mL) was added following 15 

minutes trypsin treatment. Mitochondria were pelleted by centrifugation at 12,000 x g at 4ºC for 

5 minutes. Final mitochondria pellet were dissolved in 5x Laemnli sample buffer. Samples were 

resolved on SDS-PAGE. Gels were dried prior to exposure to film for autoradiography. 

 

Cell culture. HeLa and HeLa cells stably expressing EGFP-Parkin were cultured in Dulbecco’s 

modified eagle medium with pyruvate (DMEM) (Life Technologies) supplemented with 10% 

FBS (v/v) and 1% penicillin/streptomycin (Life Technologies) in humidified atmosphere with 
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5% CO2 at 37°C. For small molecules treatment, cells were seeded at 70% confluency and 

treated the next day.  

 

Cell viability measurement. Cells were seeded at 50% confluency, incubated for 24 hrs, then 

treated with the DMSO or the indicated MB-20 concentrations. After 24 hrs, cell viability was 

measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

toxicology assay (Sigma), according to the manufacturer’s protocol. 

 

Small molecule treatment and mitochondria isolation. HeLa cells were seeded at 50% 

confluency, incubated for 24 hrs, then transfected with indicated plasmid. After 16 hrs, cells 

were treated with the indicated small molecule for 3 hrs, and cells were then harvested. For 

mitochondria isolation, cells were homogenized in 20 mM HEPES pH 7.6, 220 mM mannitol, 70 

mM sucrose, 2 mg/ml BSA, 10 mM NEM and 0.5 mM PMSF and 1 μM MG132. Cells were 

passed through a 25-gauge needle using a 1 mL syringe to lyse the cells. Homogenates were 

centrifuged at 770 x g at 4ºC for 5 min. To isolate mitochondria, post-nuclear supernatants were 

centrifuged at 10,000 x g at 4ºC for 10 min. Pellets were washed with homogenization buffer 

lacking BSA. Protein concentrations were measured using BCA assay (Thermo Scientific). 

Samples were resolved on SDS-PAGE and transferred to polyvinyl difluoride (PVDF) 

membrane (EMD Millipore) for immunoblot analysis. 

 

Immunofluorescence. Cells were seeded on a 6-wells plate containing glass coverslips and 

treated the next day with indicated small molecules or DMSO vehicle control. Cells were fixed 

in 3.7% formaldehyde for 15 minutes followed by 3 times PBS wash. For immunostaining, cells 
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were permeabilized in 0.2% Triton X-100 in PBS for 10 minutes after fixation. Subsequently, 

cells were incubated with appropriate antibodies diluted in PBS-BSA (2% BSA in PBS). 

Following PBS washes, cells were incubated with secondary antibodies conjugated Alexa Fluor 

dyes 350, 488, or 568 (Life Technologies) diluted in PBS-BSA. Images were obtained using 

Yokogawa spinning disc with Zeiss 3i system or Axiovert 200M Carl Zeiss inverted microscope. 

For MitoTracker Red staining, cells were incubated in 25 nM MitoTracker Red CMXROS (Life 

Technologies) for 30 minutes prior to fixation.   

 

Yeast MIC50 assay. An early-log growth of the indicated yeast strains in YPEG media was 

diluted to an initial OD600 of 0.01 in fresh YPEG media76. This diluted stock was dispensed in 50 

µl aliquots into individual wells of a 96-well glass bottom plate. MB-20/MB-20.1/DMSO was 

serially diluted with YPEG by a factor of 2 to the indicated concentration. The final 

concentration of DMSO was 1%. Plates were then incubated at 25°C in a humidified chamber for 

24 hours. Before OD600 measurement of each well was taken, the plates were shaken in a 

Beckman orbital shaker to resuspend settled cells. The OD600 in YPEG with 1% DMSO was set 

as 100% survival.        

 

Drug Affinity Responsive Target Stability (DARTS) assay. 40 µg of isolated yeast 

mitochondria were solubilized with buffer containing 20 mM HEPES-KOH pH 7.4, 50 mM KCl 

and 0.2% Triton X-100 for 30 minutes on ice, followed by centrifugation at maximum speed for 

15 minutes. Lysate was treated with 1% DMSO or indicated concentration of MB-20 at 25°C for 

15 minutes. Various concentration of thermolysin (Sigma) was added to the samples and after 10 

minutes incubation, the reaction was immediately quenched by the addition of TCA to a final 
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concentration of 15%. Proteins were recovered by centrifugation at maximum speed for 15 

minutes at 4°C, and the protein pellets were resuspend in Laemmli sample buffer containing 15% 

β-mercaptoethanol. The samples were separated by SDS-PAGE and analyzed by 

immunoblotting.         

 

Generation of Tim17-His and Tim23-His yeast strains. The TIM17-His10 strain was 

generated using PCR-based integration at the 3’ end of TIM17 and integration was selected using 

the HISMX6 selection cassette126. The TIM23-His10 strain was generated the same way. The 

strains were verified using PCR with isolated genomic DNA, as well as immunoblotting with His 

antibody (Abcam). 

 

Pulldown assay using Tim17-His and Tim23-His yeast strains. Isolated yeast mitochondria 

(400 µg) were treated with 1% DMSO or indicated concentration of MB-20 for 30 minutes and 

subsequently lysed in pulldown buffer (1% digitonin from AG scientific, 20 mM HEPES-KOH 

pH 7.4, 80 mM KCl, 105 glycerol, 20 mM imidazole and 1 mM PMSF) for 30 minutes on ice. 

Lysate was centrifuged at maximum speed for 30 minutes to remove insoluble material. 50 µg 

lysate was removed from the supernatant to use as a reference for the total sample (T). The 

remaining 350 µg was diluted to 0.4 µg/µl in pulldown buffer. Samples were incubated with 30 

µl of HisPur Ni2+ beads (Thermo Scientific) overnight at 4°C with rotation. After binding, 50 µg 

of lysate was removed as a reference for the material that did not bind (denoted flow-through, 

FT). The beads were then washed 3 times with buffer. The beads were then boiled with Laemmli 

sample buffer supplemented with 15% β-mercaptoethanol and 300 mM imidazole, and the 
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proteins bound (B) to the beads were released. The samples collected throughout the experiment 

(T, FT, B) were separated by SDS-PAGE and analyzed by immunoblotting.  

 

Blue Native (BN)-PAGE analysis. 100 – 200 µg of isolated yeast mitochondria were lysed in 

BN lysis buffer (20 mM HEPES-KOH pH7.4, 50 mM NaCl, 2.5 mM MgCl2, 10% glycerol, 0.1 

mM EDTA, 0.5 mM PMSF, 1% digitonin) at a concentration of 2.5 mg/ml for 30 minutes on ice. 

After centrifugation at maximum speed for 10 minutes, the mitochondrial extract was separated 

on 6-16% BN-PAGE. Proteins were transferred to a PVDF membrane and detected by 

immunoblotting using indicated antibodies. 

 

Zebrafish manipulations. Zebrafish lines derived from the characterized TL background were 

maintained in a 14-hr light/10-hr dark cycle and mated for 1 hour to obtain synchronized 

embryonic development. Embryos were grown for 3hpf in E3 buffer (5mM NaCl, 0.17 mM KCl, 

0.33 mM CaCl2, 0.33 mM MgSO4) and then incubated with E3 buffer supplemented with 1% 

DMSO or MB-20/MB-20.1 in 1% DMSO for 3 days at 28.5°C. Following treatment, embryos 

were imaged using a Leica MZ16F fluorescent stereoscope at 5X magnification. Images were 

resized to 300dpi without resampling using Photoshop software (Adobe).    

 

Antibodies. The following antibodies were used in this study: PINK 494 (Novus Biologicals), 

Tom20 (sc-11415), Tim 17 (sc-13293), Parkin (sc-32282) (Santa Cruz Biotechnology, Inc.), LC3 

(Cell Signaling), Mortalin (NeuroMab).  
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Miscellaneous. Mitochondrial proteins were analyzed by SDS-PAGE using a 12 or 15% 

polyacrylamide gel and a Tricine-based running buffer. Proteins were detected by 

immunoblotting using PVDF membranes and visualized with HRP labeled goat secondary 

antibody against rabbit or mouse IgG. Chemiluminescent and autoradiographic imaging was 

performed on film.  

  

 

 

 

 

 

 

 

 



 99 

Figures  

 
Figure 3-1. Structure and MIC50 of MB-20 and MB20.1. (A) Chemical structures of MB-20 

and MB-20.1. (B) MIC50 measurements of MB-20 and MB-20.1 in WT and tim23-2 strains. 

Results showed increased sensitivity of MB-20 in tim23-2 strain. No MIC50 value can be 

obtained with MB-20.1 because it does not affect the growth of yeast cells. (C) MTT viability 
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assay was used to measure the MIC50 of MB-20 and MB20.1 in HeLa cells. Results showed 

similar value, 9.1 μM, to the MIC50 in yeast, which is 10.6 μM. No MIC50 value can be obtained 

with MB-20.1 because it has very little effect on the growth of HeLa cells. 
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Figure 3-2. MB-20 targets the TIM23 complex. (A) In vitro mitochondrial import of different 

precursors with MB-20 titration. Results showed MB-20 blocks import of Su9-DHFR, Cyt 

b2(167)-DHFR, Cyt b2(167)A63P-DHFR but not AAC. Results suggested that MB-20 targets the 

TIM23 complex. (B) In vitro mitochondrial import of Su9-DHFR and AAC with MB-20 and 

MB-20.1 titration. MB20.1 showed decreased inhibition in contrast to MB-20. (C) As in (A), 

same experiment was performed with mitochondria isolated from HeLa cells. Again, results 

showed that MB-20 blocks import of Su9-DHFR, but not AAC. 
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Figure 3-3. MB-20 targets Tim17 specifically. (A) Yeast mitochondrial lysate was incubated 

with MB-20, and treated with increasing concentration of thermolysin. Tim17 is stabilized but 

not Tim23 in the presence of MB-20. (B) As in (A), MB-20 was titrated with 2ng/ul of 

thermolysin. Again, results showed that Tim17 is protected from protease degradation, but not 

Tim23. (C) As in (A), the experiment was repeated with purified mitochondria from HeLa cells. 

TOMM40 was used as the negative control. Again, results showed that TIMM17 is protected 

from protease degradation. 
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Figure 3-4. MB-20 disrupts the Tim44-Tim17 interaction and destabilizes the PAM motor. 

(A) Pulldown experiment was conducted in the presence and absence of MB-20 with Tim17-His 

to test the interaction of the TIM23 and PAM complex. Immunoblots show that Tim23 and 

Tim17 interacted but Tim44 interaction was disrupted in the presence of MB-20. (B)  Another 
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pulldown experiment was conducted in the presence and absence of MB-20 with mitochondria 

isolated from the Tim23-His strain to test the interaction of the TIM23 and PAM complex. 

Results show that Tim23 and Tim17 interact but Tim44, Pam18 and Pam16 interactions were 

disrupted in the presence of MB-20. (C) Isolated mitochondria were incubated with increasing 

concentration of MB-20 and solubilized with 1% digitonin. Soluble proteins (S) were separated 

from the insoluble proteins (P) by centrifugation. Treatment with the Triton X-100 was included 

as a positive control. 50 μM of MB-20 resulted in PAM complex precipitation. (D) Isolated 

mitochondria were incubated with increasing concentration of MB-20 and solubilized with 1% 

digitonin. BN-PAGE analysis showed that MB-20 treatment caused perturbation in TIM23CORE 

complex and loss of PAM complex.  
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Figure 3-5. MB-20 treatment does not induce or affect mitophagy. (A) Pink1 was imported 

into isolated yeast mitochondria in the presence of different concentrations of MB-20. (B) HeLa 

cells were treated with DMSO, CCCP, MG132 or varying concentration of MB-20 for 3 hours. 

Cells were then collected, and mitochondria were isolated from the cells. Immunoblots showed 

MB-20 does not cause Pink1 accumulation. CCCP was used as a positive control. (C) HeLa cells 

stably expressing eGFP-Parkin were treated with MB-20 for 3 hours and fixed for 15 minutes 

with 4% formaldehyde in PBS. Mitochondria were visualized by immunostaining using 

TOMM20 antibody, followed by anti-rabbit IgG antibody conjugated with Alexa Fluor 568. 

Results show that Parkin is not recruited to the mitochondria. (E) HeLa cells stably expressing 

eGFP-Parkin were incubated either with 5 µM MB-20 or DMSO for 30 minutes prior to 10 µM 
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CCCP treatment. The cells were treated the same way as in (D). Results showed that MB-20 

does not affect Parkin recruitment to the cells.    
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Figure 3-6. MB-20 treatment induces LC3 lipidation and LC3 tubules formation. (A) HeLa 

cells were treated with DMSO, CCCP, MG132 or varying concentration of MB-20 for 3 hours. 

Cells were then collected, and mitochondria were isolated from the cells. Immunoblots show 

MB-20 causes LC3 lipidation. (B) Experiment in (A) was repeated with MB20.1, and results 

show that MB20.1 does not cause LC3 lipidation as expected. (C) HeLa cells were transfected 

with either GFP-RFP-LC3 or eGFP-mcherry-MLS for 24 hours. Cells were then treated with 8 
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µM MB20 or MB20.1 for 3 hours, and live images were taken. Results show that MB-20 causes 

LC3 tubules formation in cells, but not MB20.1. Mitochondria were more fragmented with MB-

20 treatment, but not MB-20.1. 
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Figure 3-7. MB-20 treatment in zebrafish showed aberrant neuronal phenotype. (A) 

Zebrafish expressing GFP in primary motor neurons was used to investigate the neuronal 

development. Embryos (4 hpf) were treated with MB-20 or 1% DMSO. Motor neurons were 

visualized by fluorescence microscope at 72 hpf. Neuronal cells accumulated at the tail tip with 

MB-20 treatment. (B) As in (A), embryos were treated with MB-20.1 instead, and no neuronal 
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accumulation was observed. (C) As in (A), mitochondria were visualized by DsRed fused with 

mitochondrial targeting signal. Accumulated neuronal cells at tail tip showed loss of 

mitochondria.   
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Supplementary Figures  

 

Figure S3-1. MB-20 does not impair general mitochondrial functions. (A) Mitochondrial 

membrane potential (Δψ) was evaluated using the DiSC3(5) dye. The dye is taken up and 

quenched in coupled mitochondria. Purified mitochondria were incubated with 50 or 100 μM of 

MB-20 or MB-20.1 and DiSC3(5) for 5 minutes. Fluorescence was measured at excitation and 
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emission wavelengths of 620nm and 670nm respectively. CCCP addition caused release of the 

dye, but both MB-20 and MB-20.1 did not impair Δψ. (B) (Left panel) 50 μM or 100 μM of MB-

20 was added to purified mitochondria for 30 min at 25°C.   Released proteins (S) were separated 

from mitochondria (P) by centrifugation. Coomassie blue staining was used to visualized 

proteins. As a control, treatment with the vehicle (1% DMSO) was included. The mitochondrial 

membranes remained intact in the presence of MB-20 and MB20.1. (C) As in (B), same 

experiment was performed, and immunoblot analysis was used to determine fractionation of key 

mitochondrial proteins. Again, results show that the mitochondrial membranes remained intact in 

the presence of MB-20 and MB20.1. (D) Respiration measurements were performed with an 

oxygen electrode using mitochondria from WT yeast in the presence of the small molecule. The 

slope indicates the rate of oxygen consumption. Respiration was initiated with NADH addition. 

DMSO was used as a vehicle control and addition of DMSO did not significantly affect the 

respiration of mitochondria. As a control, CCCP was added to uncouple the mitochondria. (E) As 

in (D), 100 μM MB-20 was added instead of DMSO, and MB-20 addition did not alter steady 

state respiration hat was induced with NADH.      
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Figure S3-2. MB-20 does not affect mitochondrial membrane potential. HeLa cells were 

treated with DMSO, CCCP or varying concentration of MB-20 for 3 hours. An antibody against 

TOMM20 marked mitochondria and the membrane potential was verified by MitoTracker 

staining. MB-20 treatment does not uncouple mitochondria. 
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Figure S3-3. Mulan KO cells exhibit the same phenotype as WT. (A) Mulan KO cells from 2 

different colonies were transfected with LC3-RFP and MLS-DsRed for 24 hours. Cells were then 

treated with MB-20 and live images were taken. Results show mitochondrial fragmentation as 

well as LC3 tubules formation, which is the same as WT. (B) Experiment in (A) was repeated for 

immunoblot analysis. Cells treated with MB-20 showed LC3 lipidation, and same results were 

obtained with Mulan KO cells. 
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Figure S3-4. LC3 does not localize to the mitochondria or to the ER. (A) HeLa cells were co-

transfected with Sec61b-GFP (ER marker) and LC3-RFP for 24 hours. Cells were then treated 

with DMSO or 8µM of MB-20, and live images were taken. Results show that LC3 does not co-

localized with the ER. (B) HeLa cells were co-transfected with MLS-DsRed (mitochondria 

marker) and LC3-RFP for 24 hours. Cells were then treated with DMSO or 8µM of MB-20, and 

live images were taken. Results show that LC3 does not co-localized with the mitochondria. 
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Figure S3-5. LC3 tubules formation is also observed in MEF cells and MEF cells stably 

expressing Parkin-flag. Both cell lines (MEF WT and MEF stably expressing Parkin) were 

transfected with GFP-RFP-LC3 for 24 hours. Cells were then treated with DMSO or 8µM MB-

20, and live images were taken. LC3 tubules formation was observed. 
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Figure S3-6. MB-20 does not affect mitophagy. (A) HeLa cells stably expressing Parkin were 

transfected with RFP-LC3 for 24 hours. Cells were then treated with DMSO, MB-20 alone, or in 
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combination with CCCP after 30 mins preincubation. Live images were taken and results show 

that MB-20 does not affect Parkin recruitment to mitochondria with CCCP. (B) Same experiment 

was repeated for immunoblot analysis, and results show that MB-20 does not affect PINK1 

accumulation on mitochondria.  
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